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Abstract

High-precision dating of the metamorphic sole of ophiolites can provide
insight into the tectonic evolution of ophiolites and subduction zone processes.
To understand subduction initiation beneath a young, well-preserved and
well-characterized ophiolite, we performed coupled zircon laser-ablation
inductively coupled mass spectrometry trace element analyses and high-
precision isotope dilution-thermal ionization mass spectrometry U-Pb dating
on 25 samples from the metamorphic sole of the Samail ophiolite (Oman-
United Arab Emirates). Zircon grains from amphibolite- to granulite-facies
(0.8-1.3 GPa, ~700-900°C), garnet- and clinopyroxene-bearing amphibolite
samples (n = 18) show systematic trends of decreasing heavy rare earth ele-
ment slope (HREE; Yb/Dy) with decreasing Yb concentration, reflecting pro-
gressive depletion of the HREE during prograde garnet growth. For half of the
garnet-clinopyroxene amphibolite samples, Ti-in-zircon temperatures increase,
and U-Pb dates young with decreasing HREE slope, consistent with coupled
zircon and garnet growth during prograde metamorphism. In the remaining
samples, there is no apparent variation in Ti-in-zircon temperature with
decreasing HREE slope, and the combined U-Pb and geochemical data suggest
zircon crystallization along either the prograde to peak or prograde to initial
retrograde portions of the metamorphic P-T-t path. The new data bracket the
timing of prograde garnet and zircon growth in the highest grade rocks of the
metamorphic sole between 96.698 + 0.094 and 95.161 + 0.064 Ma, in contrast
with previously published geochronology suggesting prograde metamorphism
at ~104 Ma. Garnet-free amphibolites and leucocratic pods from lower grade
(but still upper amphibolite facies) portions of the sole are uniformly HREE
enriched (Yb/Dy > 5) and are ~0.5-1.3 Myr younger than the higher grade
rocks from the same localities, constraining the temporal offset between the
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metamorphism and juxtaposition of the higher and lower grade units. Positive
zircon ey (6.5 to +14.6) for all but one of the dated amphibolites are consis-
tent with an oceanic basalt protolith for the sole. Our new data indicate that
prograde sole metamorphism (96.7-95.2 Ma) immediately predated and over-
lapped growth of the overlying ophiolite crust (96.1-95.2 Ma). The ~600 ky
offset between the onset of sole metamorphism in the northern portion of the
ophiolite versus the start of ophiolite magmatism is an order of magnitude
shorter than previously proposed (~8 Ma) and is consistent with either sponta-
neous subduction initiation or an abbreviated period of initial thrusting during
induced subduction initiation. Taken together, the sole and ophiolite crust pre-
serve a record of the first ~1.5 Myr of subduction. A gradient in the initiation
of high-grade metamorphism from the northwest (96.7 Ma) to southeast (96.0-
95.7 Ma) may record propagation of the nascent subduction zone and/or varia-
tions in subduction rate along the length of the ophiolite.

KEYWORDS

1 | INTRODUCTION

As the largest and most studied ophiolite in the world, the
Samail ophiolite (Oman-United Arab Emirates) has played
a key role in our current understanding of ocean ridge pro-
cesses and the structure of the oceanic crust (e.g., Boudier
et al., 1996; Kelemen et al., 1997; Nicolas et al., 1988;
Phipps Morgan & Chen, 1993; Quick & Denlinger, 1993).
However, several lines of evidence suggest that the Samail
ophiolite formed in a supra-subduction zone setting, likely
during subduction initiation (Section 2.1) and as a result is
also a valuable analogue for studying nascent subduction-
zone processes. The ophiolite is underlain by a ‘metamor-
phic sole’ (Figure 1), which is interpreted as the initial
suite of rocks thrust below the ophiolite (Bailey, 1981; Gass
et al., 1983; Nicolas et al., 2000; Searle & Cox, 2002). Ele-
vated pressures (>1 GPa) within the highest grade
amphibolites of the metamorphic sole exceed the litho-
static pressures implied by the ~10-15 km thick ophiolite
and are consistent with their formation in a nascent sub-
ducted slab (Ambrose et al., 2021; Cowan et al., 2014;
Gnos, 1998; Hacker & Gnos, 1997; Soret et al., 2017). As
such, the Samail metamorphic sole has the potential to
provide unique insight into the tectonic development of
the ophiolite, including the role of subduction initiation
during ophiolite formation.

High-precision geochronology is crucial for determin-
ing rates of subduction initiation processes and can pro-
vide unique insights into the tectonic mechanisms of
initiation. In our previous work, we used the relative tim-
ing between sole metamorphism and formation of the

geochronology, ophiolite, petrochronology, Samail, zircon

ophiolite crust to support a supra-subduction-zone origin
for the Samail ophiolite (Rioux et al., 2016). Building on
this work, Guilmette et al. (2018) highlighted how the off-
set between the timing of sole metamorphism and ophio-
lite magmatism can be used to differentiate between
existing models for subduction initiation (induced versus
spontaneous; Stern, 2004). In this framework, during
induced subduction initiation, initial development of sub-
duction is triggered by regional compression prior to the
onset of subduction, and as a result, metamorphism in the
sole related to early thrusting may predate ophiolite forma-
tion by several million years (e.g., Gurnis et al., 2004; Leng
et al., 2012). In contrast, in spontaneous subduction initia-
tion, density differences between two adjacent pieces of
oceanic crust lead to spontaneous sinking of a plate into
the mantle, and sole metamorphism is predicted to be
(nearly) synchronous with ophiolite magmatism
(e.g., Maunder et al., 2020; Stern & Bloomer, 1992). Both
of these processes have been numerically modelled
(e.g., Gerya, 2011; Gerya et al., 2008; Gurnis et al., 2004;
Hall et al., 2003; Leng et al., 2012; Maunder et al., 2020;
Nikolaeva et al., 2008), but the relative importance of each
process on Earth, and whether model timescales match
those of natural processes, is still poorly constrained
(Guilmette et al., 2018; Stern, 2004; Stern & Gerya, 2018;
Zhou & Wada, 2021).

While the importance of precise geochronology for
understanding subduction initiation processes and the
tectonic development of the Samail ophiolite is clear, the
timing and duration of sole metamorphism is currently
debated. In our previous work, we found that high-
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FIGURE 1 Geologic map of the Samail (Oman-United Arab Emirates) ophiolite. Inset shows the location map and a simplified

stratigraphy for the metamorphic sole (after Soret et al., 2017). Sample locations from the metamorphic sole from this study (bold) and Rioux

et al. (2016, italic) are plotted. Sole locality names are in italics. Map after Nicolas et al. (2000)

precision U-Pb zircon dates from leucocratic pods and a
garnet amphibolite within the Samail metamorphic sole
record metamorphism from ~96.2-94.8 Ma (Rioux
et al., 2016), overlapping or slightly predating the forma-
tion of the ophiolite crust (96.1-95.2 Ma) (Rioux
et al., 2012, 2013, 2016; Rioux, Garber, et al., 2021). These
data are consistent with earlier K-Ar and *°Ar/*’Ar stud-
ies of the sole, which suggested sole metamorphism
either overlapped or directly post-dated ophiolite forma-
tion (Gnos & Peters, 1993; Hacker et al., 1996; Montigny
et al., 1988). In contrast, Guilmette et al. (2018) reported

garnet-whole rock Lu-Hf isochron dates of ~104-103 Ma
from the same sole localities. These authors interpreted
the Lu-Hf dates to record prograde garnet growth, and
the zircon U-Pb dates to record zircon crystallization
from amphibolite melts during retrograde cooling, requir-
ing that the sole remained at supra-solidus temperatures
for ~8 Myr. The ~8 Ma offset between the older Lu-Hf
dates and the timing of ophiolite magmatism was taken
as evidence for induced subduction initiation.

The disparate dates from the metamorphic sole cur-
rently limit meaningful interpretation of the offset
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between sole and ophiolite formation, and thus the tec-
tonic conditions of sole development. To better constrain
the temporal evolution of the metamorphic sole of the
Samail ophiolite, we present new high-precision U-Pb
zircon dates from 25 samples from the sole along the
length of the ophiolite. Coupled zircon U-Pb and trace
element data directly link the high-precision dates to
metamorphic processes—including garnet growth—
providing new insight into the timing of prograde meta-
morphism in the Samail ophiolite, variations in the tim-
ing of sole metamorphism along the length of the
ophiolite and the relative timing of metamorphism in dif-
ferent units within the sole. New zircon Hf isotopic data
place constraints on the composition of the sole protolith.

2 | GEOLOGIC BACKGROUND

2.1 | The tectonic setting of ophiolite
formation

The Samail Ophiolite is the largest, best-preserved and
best-exposed ophiolite in the world. Decades of research
on the ophiolite have shown that it is a thrust slice of
Cretaceous-aged fast-spread oceanic crust and upper
mantle (Gass et al., 1983; Hopson et al., 1981; MacLeod &
Rothery, 1992; Nicolas, 1989; Nicolas et al., 1996;
Pallister & Hopson, 1981; Rioux et al., 2012; Searle &
Cox, 1999; Tilton et al., 1981; Warren et al., 2005) that
formed during the approach and collision of the Arabian
plate with Eurasia (Agard et al., 2007). The tectonic set-
ting of the Samail ophiolite has long been controversial,
with endmember models envisioning formation at a nor-
mal mid-ocean ridge spreading centre (Boudier
et al., 1988; Nicolas & Boudier, 2017) or in a supra-
subduction zone setting (Alabaster et al., 1982; Pearce
et al., 1981; Searle & Cox, 1999; Searle & Malpas, 1980,
1982). However, several lines of evidence, including
numerous recent studies, strongly favour a supra-
subduction zone origin:

1. Geochemical data show that both early (V1) and late
(V2) ophiolite lavas were likely hydrous and that even
lavas within the early V1 series have geochemical sig-
natures suggesting a subduction component (Alabaster
et al., 1982; Belgrano & Diamond, 2019; Ernewein
et al., 1988; MacLeod et al., 2013; Pearce et al., 1981).

2. High peak metamorphic pressures (0.8-1.3 GPa) for
the highest grade sole rocks suggest that they were
metamorphosed in a subducting slab below the ophio-
lite (Ambrose et al., 2021; Cowan et al., 2014;
Gnos, 1998; Hacker & Gnos, 1997; Searle &
Cox, 2002).

3. Geochemical evidence suggests that the protolith of
the metamorphic sole had a different composition
than the ophiolite lavas, arguing against emplacement
of the ophiolite over adjacent oceanic crust of the
same composition, as would be expected if thrusting
initiated along a mid-ocean ridge (Searle &
Malpas, 1982).

4. High-precision U-Pb zircon dating indicates that sole
metamorphism (96.2-94.8 Ma) was synchronous with
or immediately predated formation of the ophiolite
crust (96.1-95.2 Ma), requiring the presence of a sub-
ducted slab at the time of ophiolite formation
(Guilmette et al., 2018; Rioux et al., 2012, 2013, 2016;
Rioux, Garber, et al., 2021).

Several studies have further argued that the ophiolite
likely formed during the initiation of an entirely new sub-
duction zone. This model is supported by the similar stra-
tigraphy observed in many ophiolites and the Izu-Bonin-
Mariana (IBM) forearc, which has been attributed to sub-
duction initiation. The observed stratigraphy in both set-
tings includes a progression from lavas with compositions
similar to mid-ocean ridge basalts (forearc basalts), to
transitional compositions, and then the subsequent erup-
tion of boninites (Reagan et al., 2010, 2017; Stern
et al., 2012; Stern & Bloomer, 1992). In a recent study,
Belgrano et al. (2019) compared compiled data from the
IBM forearc and the Samail ophiolite and concluded that
the similar geochemical progression in both settings sup-
port formation of the ophiolite during subduction initia-
tion, albeit with distinct mantle and slab compositions
between the two localities. The identification of boninite
lavas within the V2 lavas series of the ophiolite (Ishikawa
et al., 2002; Kusano et al., 2014, 2017)—which are typical
of early arc environments—further supports formation of
the ophiolite during subduction initiation. The thermal
history of the metamorphic sole, with P-T conditions that
are hotter than average subduction zone geotherms, also
broadly suggests a juvenile subduction zone (Agard
et al.,, 2020; Cowan et al.,, 2014; Ghent & Stout, 1981;
Gnos, 1998; Hacker & Mosenfelder, 1996; Holt &
Condit, 2021; Peacock, 1991, 1996; Searle & Malpas, 1980;
Soret et al., 2017; Syracuse et al, 2010; Zhou &
Wada, 2021). Finally, the temporal progression of Samail
ophiolite magmatism matches those observed in the IBM
forearc during subduction initiation (Rioux et al., 2013;
Rioux, Garber, et al., 2021).

2.2 | The metamorphic sole

The metamorphic sole of the Samail ophiolite consists of
a thin (tens to hundreds of m thick) layer of granulite- to
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greenschist-facies metabasalts and metasediments located
along the base of the ophiolite (Figure 1). The sole is
exposed in several localities along the margins of the
ophiolite (Gnos, 1992; Nicolas et al., 2000; Searle &
Cox, 2002; Searle & Malpas, 1980, 1982), with the best-
studied sections at the Wadi Tayin (Oman), Sumeini
(Oman) and Masafi (UAE) localities (Figure 1). At each
exposure, the sole is separated from the overlying mantle
harzburgite by the Samail Thrust (Searle et al., 2022);
where the highest grade sole rocks are exposed, they are
juxtaposed across the thrust with a <1 m veneer of
serpentinite overlain by a section of sheared, banded
mantle harzburgites (Ambrose et al.,, 2018; Prigent,
Agard, Guillot, Godard, & Dubacq, 2018; Prigent, Guillot,
Agard, & Ildefonse, 2018; Prigent, Guillot, Agard,
Lemarchand, et al., 2018). Below the thrust, sole expo-
sures record condensed, inverted and imbricated meta-
morphic gradients, reflecting tectonic juxtaposition of
rocks metamorphosed at different pressures and tempera-
tures (Agard et al, 2016; Ambrose et al, 2021;
Gnos, 1998; Soret et al., 2017). The highest grade rocks in
the metamorphic sole consist of garnet-clinopyroxene
amphibolites exposed in a narrow layer (~1-85 m thick)
(Ambrose et al., 2021; Cowan et al.,, 2014; Ghent &
Stout, 1981; Hacker & Mosenfelder, 1996; Searle &
Cox, 2002; Searle & Malpas, 1980, 1982; Soret
et al., 2017). In many sole localities, this high-grade layer
is absent from the section, likely reflecting post-
emplacement reactivation of the Samail thrust and excision
of the highest grade rocks. The garnet amphibolites are
sequentially underlain by lower grade, mostly garnet- and
clinopyroxene-free amphibolites, followed by greenschist-
facies mafic and metasedimentary rocks (Garber
et al., 2020; Gnos, 1998; Hacker & Mosenfelder, 1996;
Kotowski et al., 2021; Searle & Malpas, 1980; Soret
et al.,, 2017). We adopt the nomenclature of Soret et al.
(2017) and refer to the highest grade garnet- and
clinopyroxene-bearing amphibolites exposed directly below
the Samail thrust as the HTa unit; the underlying, lower
grade, largely garnet- and clinopyroxene-free amphibolites
as the HTDb unit; and the low-grade, lowermost metabasalts
and metasediments as the LT unit.

Pressure and temperature (P-T) estimates from the
sole range from 700°C to 900°C and 0.8-1.3 GPa for
granulite-facies mineral assemblages within the HTa
amphibolites (Ambrose et al., 2021; Cowan et al., 2014;
Gnos, 1998; Hacker & Mosenfelder, 1996; Soret
et al., 2017); ~650-775°C and 0.7-0.9 GPa for the upper
amphibolite-facies HTb mineral assemblages (Garber
et al., 2020; Soret et al., 2017, 2019); and 480-580°C and
0.4-0.6 GPa for the LT lower amphibolite to greenschist-
facies metasediments and metabasalts (Gnos, 1998;
Hacker & Mosenfelder, 1996; Soret et al., 2017), although

recent work argues for higher peak pressures of 0.7-
1 GPa in the LT sole, similar to the HT units (Kotowski
et al., 2021). Peak P estimates from thermobarometry are
consistent at the Masafi, Sumeini, Al Ajaiz and Wadi
Tayin localities, which span the length of the ophiolite
from north to south (Figure 1) (Cowan et al., 2014;
Cox, 2000; Gnos, 1998; Searle & Cox, 2002; Soret
et al., 2017). The package of high- to low-grade sole units
are together thrust over low-grade to un-metamorphosed
sedimentary and volcanic rocks of the Haybi and Hawa-
sina complexes, consisting of Permian to Triassic deep-
sea sediments, limestones and alkali basaltic seamounts
(Searle, 1985; Searle et al., 1980).

Using data and observations primarily from the
Sumeini Window, Soret et al. (2017) argued that the HTa,
HTb and LT units form discrete, internally coherent
thrust sheets, consistent with models linking the detach-
ment of the sole to changes in rheology and plate cou-
pling in a subducting slab (Agard et al.,, 2020, 2016).
Alternately, evidence primarily from Wadi Tayin suggests
a semi-continuous thermal gradient in the sole away
from the Samail thrust, which may in turn indicate that
the sole is composed of numerous, thinner thrust slices
(Garber et al., 2020; Hacker & Mosenfelder, 1996).

The metamorphic sole was originally attributed to
metamorphism as the ophiolite was thrust over adjacent
oceanic lithosphere; however, because the peak meta-
morphic pressures in the sole of 1.0-1.3 GPa correspond
to lithostatic depths of 30-40 km, the pressures are too
high to be explained by the current thickness of the litho-
spheric section of the ophiolite (15-20 km) (Ambrose
et al., 2021; Cowan et al., 2014; Gnos, 1998; Hacker &
Gnos, 1997). Further, there appear to be systematic
chemical differences between the metamorphic sole
amphibolites and the ophiolite lavas, with the sole
amphibolites characterized by higher Cr and higher light
rare earth element/heavy rare earth element (LREE/
HREE) ratios (Godard et al., 2006, 2003; Ishikawa
et al.,, 2005; Kusano et al., 2012, 2014, 2017; Searle &
Malpas, 1982). These observations support the interpreta-
tion that the metamorphic sole is a preserved remnant of
a subducted slab.

2.3 | Existing temporal constraints

Previous geochronology from the ophiolite and metamor-
phic sole includes U-Pb, K-Ar and Lu-Hf dating
(e.g., Goodenough et al., 2010; Guilmette et al., 2018;
Hacker et al., 1996; Rioux et al., 2016; Styles et al., 2006;
Tilton et al., 1981; Warren et al., 2005). Zircon, titanite
and monazite U-Pb and garnet-whole rock Lu-Hf iso-
chron dates are interpreted to reflect the timing of
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mineral growth or recrystallization within the ophiolite
crust and metamorphic sole, whereas hornblende
“OAr/*Ar dates reflect the timing of cooling of the crust
and sole below ~500-550°C (Cherniak et al.,, 2004;
Cherniak & Watson, 2001; Guilmette et al., 2018; Hacker
et al., 1996; Harrison, 1982; Holder et al., 2019; Scherer
et al., 2000; Soret et al., 2022). Here, we briefly summa-
rize the existing temporal constraints, with an emphasis
on U-Pb dates from our previous research, which provide
a large, internally consistent dataset for comparison to
the results reported herein.

The timing of crustal magmatism within the ophiolite
has primarily been constrained through U-Pb zircon geo-
chronology, including detailed studies by Tilton et al.
(1981), Warren et al. (2005) and Styles et al. (2006). Build-
ing on these previous studies, we carried out extensive
isotope dilution-thermal ionization mass spectrometry
(ID-TIMS) U-Pb zircon dating along the length of the
ophiolite in Oman and the UAE (Rioux et al., 2012, 2013,
2016; Rioux, Garber, et al., 2021). Our data indicate that
plutonic rocks related to V1 magmatism crystallized from
96.1-95.6 Ma (n = 21), followed by intrusion of plutonic
rocks related to V2 magmatism from 95.6-95.2 Ma
(n = 18). Felsic dikes with low eyg and ey and elevated
880 (Amri et al., 2007; Haase et al., 2015; Rioux, Benoit,
et al., 2021; Rollinson, 2014, 2015; Spencer et al., 2017)—
which have been attributed to the subduction and melt-
ing of oceanic crust and sediment below the ophiolite—
yield U-Pb dates from 95.2-95.0 Ma (n = 6; excluding
one older outlier) in the Oman portion of the ophiolite,
while similar and more peraluminous intrusions in the
UAE have younger dates of 94.1-91.0 Ma (n = 5) (Rioux,
Garber, et al., 2021).

In the metamorphic sole, K-Ar and *°’Ar/*’Ar dating
first demonstrated that cooling ages from the sole are
similar to the timing of ophiolite magmatism (Gnos &
Peters, 1993; Hacker et al., 1996; Montigny et al., 1988).
Hacker et al. (1996) reported a large set of high-precision
“Ar/*°Ar dates from along the length of the ophiolite,
demonstrating that hornblende cooling dates from the
metamorphic sole ranged from 957 + 0.6 to
92.6 + 1.2 Ma, overlapping hornblende cooling dates
from plutonic rocks in the ophiolite crust and mantle of
96.3 + 2.6 to 93.3 + 1.0 Ma (+ 206). The authors inter-
preted the data to reflect rapid formation and cooling of
the metamorphic sole after formation of the ophiolite.

Warren et al. (2005) and Styles et al. (2006) further
reported ID-TIMS U-Pb zircon dates from the Wadi
Tayin (94.48 + 0.23 Ma; n = 2) and Masafi (95.29 + 0.21
to 95.69 + 0.25 Ma; n = 2) sole localities, respectively—
these dates are reported as in the original studies, with
no Th correction. We subsequently carried out ID-TIMS
U-Pb zircon dating on samples from the Sumeini and

Wadi Tayin localities (Rioux et al., 2013, 2016; Rioux,
Garber, et al., 2021). Two leucocratic pods from the
Sumeini sole locality yielded Th-corrected *°°Pb/***U
weighted mean dates of 96.169 + 0.022 Ma (13213MO05)
and 96.146 + 0.035 Ma (13213M06), and a third, textur-
ally cross-cutting dyke yielded a younger date of 95.28
+ 0.24 Ma (13213M02). Two leucocratic pods from the
Wadi Tayin sole locality yielded weighted mean dates of
94.815 + 0.030 Ma (13222M02) and 94.69 + 0.11 Ma
(CWO014), while a garnet amphibolite sample yielded a
range of dates from 96.067 + 0.068 to 95.085 + 0.063 Ma
(13222MO08, redated in this study). We also dated an addi-
tional amphibolite sample from the Bani Hamid
section in the UAE—an out of sequence thrust sheet of
metamorphic rocks within the mantle section—which
yielded a date of 94.51 + 0.12 Ma (Searle et al., 2015).
Kim et al. (2020) reported laser-ablation inductively
coupled mass spectrometry (LA-ICP-MS) U-Pb zircon
dates from a single garnet amphibolite sample that range
from 95.7-88.8 Ma, while Garber et al. (2020) reported
LA-ICP-MS zircon rim dates from two zircon grains of
98.7-94.1 Ma from a metasediment within the garnet
free-amphibolites.

In contrast to the range of metamorphic sole U-Pb
dates that overlap with the overlying ophiolite, Guilmette
et al. (2018) reported Lu-Hf garnet-whole rock isochron
dates of 104.1 + 1.1 Ma to 103.2 + 1.2 Ma on garnet-
clinopyroxene amphibolites from Sumeini (n = 1) and
Wadi Tayin (n =2). They also reported TIMS U-Pb
zircon and titanite dates from one of their Wadi Tayin
samples of 96.19+ 0.14Ma and 95.60 + 0.27 Ma,
respectively. The Lu-Hf isochron dates are signifi-
cantly older than the U-Pb dates from the ophiolite
crust and metamorphic sole and were attributed to
metamorphism during an early phase of induced sub-
duction initiation. The authors suggested that the
younger zircon dates from both leucocratic pods and
garnet amphibolite samples in the sole—from their
study and previous work—reflect zircon crystallization
from late, highly fractionated melts during retrograde
cooling of the sole. In a separate study, we reported a
Lu-Hf garnet-whole rock isochron date of
93.0 + 0.5 Ma from an HTb amphibolite-facies meta-
sediment at Wadi Tayin, which we interpreted as the
timing of peak metamorphism in lower grade rocks
structurally beneath the garnet amphibolites (Garber
et al., 2020).

Finally, Soret et al. (2022) reported in situ LA-ICP-MS
titanite and monazite petrochronology from the meta-
morphic sole. Titanite from the highest grade garnet
amphibolites yielded dates of 100-95 Ma. Depletion of
the heavy rare earth elements and inclusion within gar-
net of the dated titanite were both attributed to
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synchronous titanite and garnet growth during prograde
metamorphism. Monazite from a metasedimentary rock
from the HTb unit yielded similar dates of 99.5-96.6 Ma.
Kotowski et al. (2021) reported LA-ICP-MS titanite U-Pb
analyses from the low-temperature (LT) sole that are con-
sistent with dates of ~95-90 Ma (based on the range of
dates in their Table S5).

The existing data for the timing of prograde to peak
metamorphism of the rocks below the ophiolite are
inconclusive. Guilmette et al. (2018) interpreted the
garnet-whole rock Lu-Hf isochron dates to reflect early
metamorphism at ~104 Ma, whereas the zircon yield sig-
nificantly younger U-Pb dates of ~96-95 Ma. Here, we
present new coupled zircon U-Pb dates and trace ele-
ment data that directly link zircon growth to prograde to
peak metamorphism and clarify the timing of sole
formation.

3 | METHODS

Zircon grains were separated using standard density and
magnetic separation techniques and then mounted,
polished to expose grain cores and imaged by cathodolu-
minescence (CL; Figure S1). Following imaging, coupled
zircon trace-element analyses and reconnaissance U-Pb
dating was carried out simultaneously by laser ablation
split stream (LASS) at UC Santa Barbara (UCSB)
(Kylander-Clark et al., 2013). Individual zircon grains
were then selected and plucked out of the grain mounts

(a) 171213J02

300 um

FIGURE 2
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for high-precision chemical abrasion ID-TIMS U-Pb dat-
ing in the Isotope Geology Laboratory at Boise State Uni-
versity (BSU) (Mattinson, 2005). All TIMS analyses in
this study were on either single zircon grains or grain
fragments. We selected grains that spanned the range of
chemical compositions observed in the LA-ICP-MS ana-
lyses for each sample and micro-sampled a subset of the
dated grains to test for intra-grain age variations or to iso-
late chemically distinct cores and rims. During micro-
sampling, the grains were either broken by hand or cut
with a laser (Figures 2 and S2-S4) (Crowley, 2018;
Kovacs et al., 2020), and resulting fragments were indi-
vidually dated. TIMS data were reduced using the Tripoli
and ET_Redux programs (Bowring et al., 2011; McLean
et al.,, 2011). Reported uncertainties on Th-corrected
206ph/238 dates are internal errors only, because this
study is primarily focused on comparing (1) the relative
timing of zircon grains with different chemical composi-
tions within individual samples and (2) the relative tim-
ing of U-Pb dates from the metamorphic sole to U-Pb
dates from the ophiolite crust. For context, a sample with
internal uncertainties of +£0.03 Ma has internal + tracer
uncertainties of +0.05 Ma and internal + tracer + decay
constant uncertainties of 0.11 Ma. Following the TIMS
analyses, the Hf isotopic compositions of remaining zir-
con grains were analysed by laser ablation at UCSB. To
understand the rock-wide trace element budget of the
garnet amphibolites in the metamorphic sole, we also
analysed the trace element compositions of garnet,
amphibole, clinopyroxene, plagioclase and titanite from

(b) 13222M08

iz5-1

100 um

100 um

Cathodoluminescence images of micro-sampled zircon grains. (a, b) Grains were broken into multiple pieces along yellow

dashed lines. (c) Example of a laser milled grain (Figure S2). The top and lower panels are CL from the front and back side of an ~30 pm
thick polished wafer of grain iz1. The white dashed lines show the laser cut. In all panels, blue spots have Yb/Dy > 5, red spots have
Yb/Dy < 5, black spots have Yb/Dy with high uncertainties and white fragment numbers (e.g., iz40-1) correspond to ID-TIMS fragment
dates in Table S2 and Figure 5. Numbers within the spots are the spot numbers (Table S1), and red and blue numbers beside spots are the
measured Yb/Dy. Spot Yb/Dy is not included for zircon grains from 171213J02, but the grains do not show any zoning with respect to

Yb/Dy. All other micro-sampled grains are shown in Figures S2-S4.
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several samples by LA-ICP-MS at UCSB and The
Pennsylvania State University (PSU). Detailed analytical
procedures for the zircon and major phase analyses are
provided in the supporting information.

4 | RESULTS

41 | Sample description

In this study, we focus on three different lithologies from
metamorphic sole outcrops along the length of the ophio-
lite: garnet-clinopyroxene amphibolites, garnet-free

amphibolites and leucocratic pods within the amphibo-
lites (Figure 1 and Table 1). The highest grade, garnet-
clinopyroxene amphibolite samples come from directly
below the Samail thrust and represent the HTa unit. We
tentatively also include a garnet-free, clinopyroxene-
bearing amphibolite in the HTa unit based on its U-Pb
date (171218M04). Four other garnet-free amphibolites
are from structurally lower in the sole, representing the
lower grade HTb unit—only one of these samples con-
tains clinopyroxene (130JG12). The HTb unit is defined
by the presence of cm- to m-scale mineralogical banding,
reflecting variations in the modal proportion of plagio-
clase + amphibole (Soret et al., 2017). In this context,

TABLE 1 Sample locations and descriptions.

Sample UTM (E)* UTM (N)® IGSN' Location Rock type Unit  eye(96 Ma)®

Oman
13222M08 663,609 2,550,565 MER302228 Wadi Tayin Garnet amphibolite HTa 10.6
130JGWT15 664,128 2,551,290 MER13JG15  Wadi Tayin Garnet amphibolite HTa 8.44
13223M02° 657,288 2,555,452 MER132302 Hammah Window  Leucocratic pod - 11.5
171213M01 657,956 2,555,558 MER171301  Hammah Window  Leucocratic pod - 9.8
171213MO08 657,614 2,555,401 MER171308 Hammah Window  Amphibolite HTb 6.5
171213702 657,286 2,555,486 MER1713]J2 Hammah Window  Garnet amphibolite HTa 133
130JG12 591,309 2,522,999 MER13JG12  Samail South Clinopyroxene amphibolite ~ HTb
181211M01 617,296 2,591,612 MER181101  Fanja Garnet amphibolite HTa  10.8
181212M01 626,900 2,582,008 MER181201 Fanja Garnet amphibolite HTa 13.1
171218M04 429,924 2,652,616 MER171804  Asjudi Clinopyroxene amphibolite ~ HTa
171218M10 420,894 2,656,627 MER171810 Asjudi Amphibolite HTb 11.7
181212M07 591,509 2,600,158 MER181207 Al Ajaiz Garnet amphibolite HTa  10.3
181212M10 589,291 2,596,216 MER181210 Al Ajaiz Garnet amphibolite HTa 11.74
171219M06 406,279 2,726,158 MER171906  Sumeini Garnet amphibolite HTa  10.0
171219M09 399,589 2,731,731 MER171909 Sumeini W Garnet amphibolite HTa 11.3
171219M12 399,859 2,731,697 MER171912 Sumeini W Amphibolite HTb
130JGSWO01 406,443 2,731,917 MER13JG01 Sumeini Garnet amphibolite HTa 8.9

UAE
181219M03 409,138 2,814,713 MER181903 Masafi NW Garnet amphibolite HTa 10.6
181219M13 408,855 2,814,711 MER181913  Masafi NW Garnet amphibolite HTa 9.6
181220M07 415,168 2,801,034 MER182007 Masafi S Garnet amphibolite HTa 10.6
181221M07 410,230 2,814,388 MER182107  Masafi E Garnet amphibolite HTa 9.8
181221M04 417,500 2,804,387 MER182104 Masafi E Garnet amphibolite HTa 14.6
TA-16 415,117 2,301,138 MER15TA16 Masafi S Garnet amphibolite HTa  10.0
TA-72 415,164 2,799,697 MER15TA72 Masafi S Garnet amphibolite HTa 9.8
TA-84 417,390 2,304,958 MER15TA84 Masafi E Garnet amphibolite HTa  10.0

“WGS 84, UTM zone 40.
bAssigned international geo sample number (IGSN).
“Age corrected ey from Table S2.

dWeighted mean for 181212M10 for spots with eg(t) > 0. 130JGWT15 has a range of exf(t) (see text).
°This sample is from the same pod as 171213M10, which Kelemen et al. (2022) dated by Th-U/He.
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three samples come from outcrops with interlayered mel-
anocratic (amphibole + epidote + titanite) and leuco-
cratic (plagioclase + amphibole + epidote + titanite)
bands (171213M08, 171218M10 and 171219M10), while
the context of the final sample is not well constrained
due to limited outcrop (130JG12). For conciseness, we
will refer to the garnet-clinopyroxene bearing amphibo-
lites as ‘garnet amphibolites’ and those without garnet
(with or without clinopyroxene) as ‘garnet-free amphibo-
lites’ throughout. The dated leucocratic pods occur as
cm-thick, cm- to m-long intrusions within garnet-free
amphibolites either at the base of the HTa unit or within
the HTb unit. The two dated pods are roughly parallel to
foliation, although sample 171213M01 is from a network
of veins, which cut foliation in some places. Similar pods
in the HTa and HTb amphibolites have previously been
attributed to partial melting of the amphibolites during
metamorphism (Cowan et al., 2014; Rioux et al., 2016;
Searle & Cox, 1999; Searle & Malpas, 1980, 1982; Soret
et al., 2017). These leucocratic pods probably do not
record primary melts, but rather cumulus fractions of
melts whose liquids percolated upwards into the mantle
section of the ophiolite (Rioux et al., 2016).

10000
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4.2 | Zircon trace element data

To characterize the zircon trace-element record in the
studied samples, we performed ~3,000 laser ablation
spot analyses on zircon grains from 25 samples
(Figures 3-5 and S5; Table S1). For plotting and inter-
pretation, we filtered data for each element to those ana-
lyses with 2¢ analytical uncertainties <30%; all plots and
discussion hereafter are based on these filtered data. All
analysed zircon grains are HREE enriched and generally
have positive Ce anomalies (Figure 3), although
chondrite-normalized HREE slopes vary systematically
with sample lithology. Throughout this manuscript, we
will quantify the HREE slope using the unnormalized
Yb/Dy ratio, where high Yb/Dy corresponds to zircon
with steep HREE slopes, and low Yb/Dy corresponds to
zircon with shallower HREE slopes (Figure 3). These
Yb/Dy changes can theoretically arise from differences
in Dy (middle rare earth element, MREE) or Yb
(HREE), but changes in this ratio in our data primarily
relate to variations in Yb (Figures 5 and S5), which we
attribute to partitioning of the HREE between garnet
and zircon.
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FIGURE 3 Rare earth element (REE) characteristics of analysed zircon grains. (a) Yb concentration (ppm) versus unnormalized

Yb/Dy. Zircon from garnet-free amphibolites (green) and melt pods (grey) have consistent, steep heavy REE slopes (Yb/Dy > 5). Garnet
amphibolites (warm colours) have a range from steep (Yb/Dy > 5) to shallow (Yb/Dy < 5) heavy REE slopes. A single datum from
130JGSWO01 plots off scale at Yb/Dy < 0.5. Inherited grains (>300 Ma) in sample 181212M10 are excluded. Individual plots for each sample
are provided in Figures 4 and 5. (b and c) Chondrite normalized REE plots and Yb versus unnormalized Yb/Dy plots showing the different
REE patterns in zircon grains from a garnet amphibolite (13222MO08; b) and a felsic melt pod (171213M01; c). Grey data points in (b) and
(c) are the field of zircon data from non-garnet bearing amphibolites and leucocratic pods.
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FIGURE 4 Zircon trace element and isotope dilution-thermal ionization mass spectrometry (ID-TIMS) U-Pb data for the garnet-free

amphibolites and leucocratic pods dated in this study. Darker green data points are clinopyroxene bearing garnet-free amphibolites. See the

Figure 5 caption for details.
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Garnet-free lithologies, including two leucocratic pods
(13223M02 and 171213M01) and five garnet-free amphibo-
lite samples (171213M08, 171218M04, 171218M10,
171219M12 and 130JG12), have consistently steep HREE
with Yb/Dy > 5 (n =586; six spots have lower
Yb/Dy = 3.5-4.6; Figures 3 and 4). Three of these samples
yield tightly clustered HREE slopes with Yb/Dy = 5.1-21.0
and define horizontal arrays on plots of Yb versus Yb/Dy
(13223M02, 171213MO01 and 171218M10). Data from a
fourth sample (171213M08) extend to steeper HREE slopes
(Yb/Dy = 4.6-96.4). The final three garnet-free amphibo-
lite samples (130JG12, 171218M04 and 171219M12)
yielded too few zircon grains to robustly characterize the
trace element systematics.

In contrast, garnet amphibolite samples (n = 18) con-
sistently record a range in zircon HREE, from steep
(Yb/Dy > 5) to shallow (Yb/Dy < 5) slopes (Figures 3 and
5). In each garnet-bearing sample, the high Yb/Dy ana-
lyses overlap the field of zircon data from garnet-free
samples, but the data from zircon grains from garnet-
bearing samples extend to much lower values (Yb/Dy <
5). Analysed Yb/Dy ranges from 0.3-64.2 for the com-
plete dataset, excluding two low outliers (n = 2,183). The
data from these samples have a positive slope on plots of
Yb versus Yb/Dy (i.e., decreasing Yb with decreasing
Yb/Dy), in contrast to the horizontal arrays of the garnet-
free samples. As discussed below, one sample
(181212M10) contains a significant fraction of inherited
zircon grains (~1980-370 Ma), and the trace element
data from these grains are shown in grey in Figure 5.

4.3 | Zircon U-Pb data

Following trace-element analyses, individual zircon grains
that spanned the range of observed compositions in each
sample were plucked from the grain mounts and dated by
ID-TIMS (Table S2). We analysed a total of 202 single
grains or grain fragments (Table S2; Figures 4 and 5). All
dates reported herein are Th-corrected **°Pb/***U dates,
which are the most precise and accurate dates for Creta-
ceous samples; most data points are either concordant or
plot slightly to the right of concordia (higher 2°’Pb/>*>U),
potentially reflecting excess **’Pb from initial incorpora-
tion of 2*'Pa (e.g., Rioux et al., 2015). We interpret data to
represent a single population if the reduced chi-squared
statistic (mean square of the weighted deviates, MSWD)
falls within the calculated 95% confidence interval for the
number of analysed fractions (Wendt & Carl, 1991).

Dated fractions from the two leucocratic pod samples
define single populations, with weighted mean dates of
95.539 + 0.051 and 94.793 + 0.030 Ma (Figure 4). Three
of the five garnet-free amphibolite samples also yield
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single-population dates, with weighted means of 96.32
+ 0.25 to 94.968 + 0.041 Ma. Two additional garnet-free
amphibolite samples (171218M10 and 130JG12) have a
spread in single-grain dates from 95.867 + 0.069 to
95.673 + 0.063Ma and 95444 + 0.095 to 95.161
+ 0.064 Ma, respectively.

Precise single-grain dates from 18 garnet amphibolite
samples range from 96.698 + 0.094 to 95.161 + 0.064 Ma
(Figure 5; excluding eight overlapping dates with
26 > 0.1 Ma). In 11 samples, zircon grains or grain frag-
ments with Yb/Dy > 5 (blue in Figure 5) yield dates older
than or within uncertainty of grains or grain fragments
with Yb/Dy < 5 (red in Figure 5) from the same sample
(Group A samples in Figure 5). For each of these sam-
ples, the weighted mean date for zircon fractions with
Yb/Dy > 5 is systematically older than the weighted
mean date of the Yb/Dy < 5 zircon fractions. In 9 of the
11 samples, one or more of the zircon fractions with
Yb/Dy > 5 is older than one or more of the zircon frac-
tions with Yb/Dy < 5, outside of uncertainty, while the
converse is not observed. The variability in dates within
individual samples ranges across the sample suite, with
all analyses overlapping within uncertainty for some
samples, whereas others have a spread of up to 0.98
+ 0.52 Myr. A single additional sample (TA-72) was not
amenable to dating of any Yb/Dy > 5 zircon fragments
due to low U and Pb concentrations, but the low Yb/Dy
(< 5) grains and grain fragments in this sample yield a
range of dates from 96.35 + 0.23 to 95.34 + 0.15 Ma.

The zircon U-Pb systematics of the six remaining gar-
net amphibolite samples are more variable (Group B
samples in Figure 5). Four samples (181211MO01,
181212M10, 181221MO07 and 13222MO08) contain one or
more older fraction(s) with Yb/Dy > 5, additional frac-
tions with Yb/Dy < 5 that either overlap within uncer-
tainty or are younger than the high Yb/Dy fraction(s),
followed by one or more younger fraction(s) with higher
Yb/Dy. These samples define a counterclockwise pattern
from older to younger dates on plots of Yb/Dy versus date
(Figure 5, second column from left; poorly defined for
181221M07). For samples 181211M01, 181212M10 and
181221M07, the youngest, high Yb/Dy fractions have
Yb/Dy > 5, whereas for sample 13222M08, the two youn-
gest fractions do not reach Yb/Dy > 5. For sample
181212M10, the preliminary dating by LA-ICP-MS identi-
fied a large population of inherited zircon with dates of
~1980-370 Ma (Table S1), and we focused on the
~96 Ma population in our TIMS analyses. Two final sam-
ples (181212M01 and 181219M13) have a range of dates
without any clear trend in Yb/Dy.

To identify and characterize any grain-scale age varia-
tions, we micro-sampled individual zircon grains from sev-
eral samples. For samples 171213J02, 13222MO08,
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FIGURE 5 Zircon trace element and isotope dilution-thermal ionization mass spectrometry (ID-TIMS) U-Pb data for the 18 garnet
amphibolite samples dated in this study. Data are divided into Groups A and B analyses, as described in the text. Samples are ordered to
highlight different data patterns. First column: ID-TIMS U-Pb dates. Second column: unnormalized Yb/Dy versus ID-TIMS date—plots
symbols show the average Yb/Dy and x-axis error bars show the range of Yb/Dy, including 2¢ uncertainties, from all of the spots on a dated
grain. Third column: Yb (ppm) versus unnormalized Yb/Dy—the grey data show the range of data in garnet-free amphibolites and
leucocratic pods from this study. Fourth column: Ti-in-zircon temperature versus unnormalized Yb/Dy, with inset showing Ti-in-zircon
temperature versus ID-TIMS date; for the inset plots the error bars cross at the average Ti-in-zircon temperature and the x-axis error bars
show the range of temperatures, including 2¢ analytical only uncertainties, from all of the spots on a dated grain. A limited number of data

points were excluded or plot of scale, as outlined in the supporting information.
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171213M01 and TA-72, the laser ablation analyses indicate
that individual sector- to oscillatory-zoned zircon grains
generally have uniformly high (>5) or low (<5) Yb/Dy
(Figures 2, S1 and S4). To critically assess whether large
grains with uniform Yb/Dy from these samples also have
uniform dates, we broke grains into two to three frag-
ments, then dated each fragment separately (all micro-
sampled grains are shown in Figures 2 and S2-S4). In each
case, the dates of the micro-sampled fragments agree
within uncertainty (grain fragments labelled in the left-
most column of Figure 5), suggesting that single-grain
dates provide a robust determination of the zircon crystal-
lization age and do not reflect physical mixtures between
older cores and younger rims. In sample TA-16, we identi-
fied grains with high Yb/Dy (> 5) cores overgrown by low
Yb/Dy (< 5) rims. To date both the high Yb/Dy and low
Yb/Dy zircon growth, we used laser milling to cut the
grains (Figures 2, S2 and S3). For zircon izl, we cut the
grain to isolate a high Yb/Dy core, low Yb/Dy rim and a
mixed zone in between (Figures 2 and S2). The dates for
all three fragments overlap within uncertainty, indicating
the transition from high to low Yb/Dy zircon occurred
within the resolution of the relatively imprecise U-Pb
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dates (~2.2 Ma); the dates from the rim and intermediate
zone are low precision (+1.1-1.2 Ma) due to very low Pb
contents and the small volume of dissolved zircon. For zir-
con iz14, we cut the grain into a rim fragment and mixed
core-rim fragment. Only the rim fragment ran success-
fully, yielding a date of 95.73 + 0.064 Ma.

Our previous U-Pb dating from the ophiolite (Rioux
et al., 2012, 2013, 2016; Rioux, Garber, et al., 2021) was
carried out in the Isotope Laboratory at the Massachu-
setts Institute of Technology (MIT), whereas the dating
for this study was performed in the Isotope Geology Lab-
oratory at Boise State University. Repeat analyses of the
EARTHTIME calibration solutions have shown good
agreement between the two labs, and we used identical
dissolution procedures and the same isotope tracer
(ET535) in each study, such that any interlaboratory
biases should be minimal. We additionally dated zircon
from 13222M08 in both labs, providing an opportunity to
compare the results. Single grain dates from our MIT
analyses range from 96.067 + 0.068 to 95.085 + 0.063 Ma
(n = 6) (Rioux et al., 2016) compared to a range from
96.012 + 0.094 to 95.472 + 0.083 Ma (n = 12) at BSU (this
study). The data show good agreement between the labs,
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recognizing that the range of zircon dates within this
sample limits more detailed comparison.

4.4 | Ti-in-zircon thermometry
Ti-in-zircon temperatures were calculated following
Ferry and Watson (2007), using estimated arjo, and
asio2 based on P-T pseudosection modelling of sole
amphibolite bulk compositions. For the prograde-to-
peak P-T conditions of the sole, and for two different
average sole amphibolite major-element compositions
from Ishikawa et al. (2005), pseudosections predict a
total range of ~0.6-1.0 for both ario, and agioz
(Figure S6). We adopted values of ario, = 0.75 £ 0.25
and agjo, = 0.9 = 0.1 in our calculations, reflecting the
predicted range in garnet- and clinopyroxene-free
amphibolites, which we consider to be the best estimate
of the bulk composition of the garnet-clinopyroxene-
bearing amphibolite protolith (Figure S6b), prior to
high-T  metamorphism. Analytical uncertainties alone
lead to 20 uncertainties on calculated Ti-in-zircon tem-
peratures of +5-30°C (plotted in Figure 5). Propagated
analytical and activity uncertainties translate to uncer-
tainties of +50-80°C. In this study, we are primarily
interested in relative changes in Ti-in-zircon tempera-
tures, and as such, the absolute values of ario, and agjo,
are less important than changes in these values during
metamorphism. We therefore plot data with only the
analytical uncertainties in Figure 5 but discuss the
potential impact of changing ario, and agio, below and
in the supporting information.

Ti-in-zircon temperatures for zircon from leucocratic
pods and garnet-free amphibolites range from ~590-
785°C, excluding two high outliers, and do not show any

831
V1 LE Y-

correlation with Yb/Dy (Figure 4). In the garnet amphibo-
lites, Ti-in-zircon temperatures range from ~615-830°C
(Figure 5). The analysed garnet amphibolite samples
define two distinct trends with respect to Ti-in-zircon tem-
peratures. Most of the samples in Group A in Figure 5—
with the exception of 181219M03, 171219M09 and
181212M0O7—record a negative correlation between Ti-in-
zircon temperatures and Yb/Dy, such that decreasing
Yb/Dy correlates with increasing apparent crystallization
temperature. For these samples, the average Ti-in-zircon
temperature for spot analyses with Yb/Dy < 5 is hotter
than the average Ti-in-zircon temperature for spot ana-
lyses with Yb/Dy > 5, with an offset of 24-63°C (Figures 5
and S7). In contrast, the remaining Group A and all Group
B samples do not show a correlation between Ti-in-zircon
temperature and Yb/Dy, and the range of Ti-in-zircon
temperatures overlap for high and low Yb/Dy samples
(Figures 5 and S7). On average, the samples with a correla-
tion between Ti-in-zircon temperature and Yb/Dy record
higher maximum temperatures, although there is overlap
with samples lacking a correlation (Figure S7). The differ-
ing Ti versus Yb/Dy systematics do not define geographic
trends; both data patterns are found along the length of
the ophiolite and individual sole exposures contain exam-
ples of both groups (e.g., Wadi Tayin; Figure 1).

We used pseudosection modelling and comparison to
previous work to assess whether arjg, and agijo, were
likely to change during metamorphism (supporting infor-
mation). These considerations suggest that it is unlikely
that the observed variations in Ti-in-zircon temperatures
reflect whole rock changes in a0, and/or agjo, due to
solid state metamorphic phase changes, but removal of
partial melt during metamorphism could decrease the
agioy- In this context, the increase in Ti-in-zircon temper-
ature with decreasing Yb/Dy in most Group A samples
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FIGURE 6 Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) zircon eg(t). Vertical bars are spot data and

thick black horizontal lines with coloured bands show weighted mean values, with 26 uncertainties. The weighted mean for 181212M01 is

calculated for data with ey (t) > 0. Samples are arranged from southeast to northwest. Leuco. pods, leucocratic pods; gnt-free amph., garnet-

free amphibolite. Blue bars show the initial ey(t) values from the Lu-Hf isochrons from Guilmette et al. (2018). Grey bands show the range

of eg(t) in V1 and V2 volcanic rocks from Kusano et al. (2017).
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could reflect either a true increase in temperature at a
constant agjo, or a decrease in agio, at a relatively con-
stant temperature.

4.5 | Zircon Hf isotopic data

Nineteen of 22 analysed samples have weighted mean
ene(t) of 6.5 + 1.1 to 14.6 + 0.6 (Figure 6; Table S3),
with MSWD that are consistent with the data repre-
senting repeat measurements of a single value
(Wendt & Carl, 1991). One additional sample
(13222M08) has a weighted mean eyg(t) of 10.6 + 0.6
with a slightly elevated MSWD = 1.68, likely reflecting
minor excess analytical scatter. For these samples, we
consider the weighted mean of the spot data as the best
estimate of the initial Hf isotopic composition
(Figure 6). In contrast, two samples have a larger range
in measured Hf isotopic compositions that likely
reflects true geologic scatter: sample 130JGWT15
yields spot data with eyf(t) = 4.5 £ 2.7 to 12.5 + 2.8
(MSWD of 3.3), and sample 181212M10 yields a more
extreme range of eggf(t) = —32.7 £ 2.7 to 13.3 + 2.7. The
isotopic data for the latter sample correlate with laser
ablation U-Pb spot dates: analyses with eygt) = —18.1
to —9.7 are from inherited zircon grains with spot dates
of 1590-447 Ma, with lower eygt) corresponding to
older dates, while zircon with U-Pb dates of ~96 Ma
define a single population of Hf data with a weighted

mean eyft) = 11.7 + 0.85 (n = 10; MSWD = 1.4). All
reported eydt) data are corrected to 96 Ma, including
the inherited grains from 181212M10, to allow for com-
parison of the isotopic compositions at the time of sole
metamorphism.

4.6 | Trace element data from other
metamorphic phases

Trace-element data from garnet, amphibole, clinopyrox-
ene, plagioclase and titanite from garnet amphibolite
samples from the metamorphic sole are reported in
Table S4. Data from eight samples show consistent HREE
systematics, in which clinopyroxene, amphibole and tita-
nite have Yb/Dy < 1 (Figure 7), with the exception of
three anomalous, low-Yb clinopyroxene spots from a sin-
gle sample (171214J01). Yb concentrations are low for
clinopyroxene (0.1-5.1 ppm) and amphibole (1.5-
9.9 ppm) but reach higher values for titanite (1.1-
144.8 ppm). Garnet grains have the highest HREE slopes,
with Yb/Dy = 0.4-5.1, and Yb concentrations of 0.5-
76.9 ppm. Plagioclase analyses record uniformly low Yb
concentrations (<0.16 ppm) and Yb/Dy < 1, with the
exception of four anomalous spot analyses with Yb/Dy >
1. Of the analysed samples, 171214J01 had fresh plagio-
clase, while the plagioclase was altered and retrogressed
in all other samples; however, altered and fresh plagio-
clase yielded similar trace element results.
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FIGURE 7 (a) Yb/Dy of clinopyroxene, amphibole, titanite and garnet in sole garnet amphibolite samples. Letters in bold are samples
dated in this study or are a sample from the same outcrop as a dated sample. Grey background denotes published data from Garber et al.
(2020) and Guilmette et al. (2018). Data are from the following samples: a, 171212J01 (Wadi Tayin); b, 130JGWT15 (Wadi Tayin); c,
171213J01 (Hammah Window); d, 171213J02 (Hammah Window); e, 171214J01 (Fanja; same outcrop as 181211MO01); f, 171219J03
(Sumeini); g, 130JGSWO02 (Sumeini; same outcrop as 171219M06); h, 130JGSWO06 (Sumeini); i, 130JGWT17 (Wadi Tayin; Garber

et al., 2020); j, SU-03 (Sumeini), WT-150, WT-151 (Wadi Tayin; Guilmette et al., 2018). Samples 130JGSWO02 and 06 were collected from the
same field stop as 130JGSWO1, but the samples were collected tens of metres apart. (b) Yb (ppm) versus Yb/Dy for all samples
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5 | DISCUSSION

5.1 | Origin of zircon REE trends and the
timing of sole metamorphism

Zircon trace element geochemistry—especially variations
in the REE—can be used to link zircon crystallization to
igneous or metamorphic phase assemblages. Variations
in HREE concentrations and slope in zircon from garnet-
bearing metamorphic rocks are typically attributed to
partitioning of these elements between zircon and garnet
(e.g., Kohn & Kelly, 2018; Rubatto, 2002; Rubatto &
Hermann, 2007; Taylor et al., 2017, 2015). Partitioning
data from both natural samples and experimental studies
demonstrate that both zircon and garnet have a strong
affinity for the HREE (Buick et al., 2006; Fornelli
et al., 2014, 2018; Hermann & Rubatto, 2003; Hokada &
Harley, 2004; Kelly & Harley, 2005; Kohn & Kelly, 2018;
Rubatto, 2002; Rubatto & Hermann, 2003, 2007; Taylor
et al., 2017, 2015; Whitehouse & Platt, 2003) and garnet
growth prior to or synchronous with zircon leads to a
depletion of zircon HREE. Several lines of evidence indi-
cate that the observed variations in zircon HREE slopes
in this study reflect prograde garnet growth:

1. Comparison of the zircon HREE data from garnet-free
versus garnet-bearing amphibolites shows that the
garnet-free amphibolites have Yb/Dy > 5 and no trend
in Yb/Dy versus Yb, whereas each garnet-bearing
sample has a range in Yb/Dy from steep (Yb/Dy > 5)
to shallow (Yb/Dy < 5) HREE slopes and the data
define trends of decreasing Yb/Dy with decreasing Yb
(Figures 3-5).

2. To understand the effect of all major phases on zircon
REE, we analysed the main rock-forming minerals
present in six garnet amphibolite samples and a subset
of the minerals in two additional samples (Figure 7).
In all of the analysed samples, garnet is the only phase
with Yb/Dy > 1 and is therefore the only major min-
eral that could lead to the observed decrease in zircon
Yb/Dy; REE sequestration in all other phases would
lead to an increase in zircon Yb/Dy.

3. The combined zircon U-Pb and trace element data
document a temporal evolution from older, high
Yb/Dy to younger, low Yb/Dy zircon grains within
individual samples, consistent with depletion of zircon
HREE due to prograde garnet growth. In the Group A
samples, single grain zircon dates show resolvable dif-
ferences between high and low Yb/Dy grains in 9 out
of the 12 samples, and the weighted mean date for
high Yb/Dy zircon fractions is older than the weighted
mean date for low Yb/Dy zircon fractions in all sam-
ples (Figure 5).

4. There is a correlation between increasing Ti-in-zircon
temperature and decreasing Yb/Dy in many samples.
We consider it most likely that the increase in Ti-in-
zircon temperatures reflects a true increase in meta-
morphic temperature, although it could also reflect a
decrease in ag;o, during prograde to peak partial melt-
ing (supporting information) (e.g., Guilmette
et al., 2018; Soret et al., 2017). In either case, Ti-in-
zircon versus Yb/Dy trends support prograde deple-
tion of zircon HREE.

5. The temporal progression from high to low Yb/Dy zir-
con is texturally supported by grain-scale zircon core-
rim relations in some samples (e.g., TA-16; Figures 2,
S2 and S3). Likewise, synchronous zircon and garnet
growth are texturally supported by the occurrence of
zircon inclusions within garnet in the garnet amphib-
olites (Figures 8 and S9) (see also Soret et al., 2022);
unfortunately, the imaged inclusions were too small
for accurate and precise analysis by LA-ICP-MS or
TIMS.

6. Estimated garnet-zircon HREE distribution coeffi-
cients from individual samples are broadly consistent
with experimental values. Observed differences likely
reflect analytical scatter, incomplete characterization
of the chemistry of the different phases and/or differ-
ences between the metamorphic conditions in the sole
and experiments, rather than indicating disequilib-
rium (supporting information; Figure S8).

7. The zircon trace-element trends are inconsistent with
the observed trace element trends reflecting either
partitioning with other accessory phases or zircon
crystallization from a melt and strongly favour HREE
partitioning between zircon and garnet (supporting
information).

8. Other phases also show Yb/Dy changes that are con-
sistent with the prograde influence of garnet. For
example, Soret et al. (2022) similarly concluded that
HREE depletions in titanite inclusions in garnet
within garnet amphibolites from the Samail metamor-
phic sole reflect the progressive sequestration of
HREE in prograde garnet.

For these reasons, we interpret the trend from older,
high Yb/Dy (>5, blue data in Figure 5) to younger, low
Yb/Dy (<5, red data in Figure 5) zircon in the garnet
amphibolites as evidence for metamorphic zircon growth
during or bracketing prograde garnet growth: High
Yb/Dy zircon grew prior to or synchronously with early
garnet, while low Yb/Dy zircon grew synchronously with
low Yb/Dy garnet rims or after garnet growth. This pro-
grade pattern is observed in 11 out of the 18 studied gar-
net amphibolites. A counter-clockwise pattern in Yb/Dy
versus date in four Group B samples may reflect initial
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FIGURE 8 Backscattered electron images of zircon inclusions within garnet in grain mounts from dated garnet amphibolite sample
171213J02. Each zircon inclusion was verified by energy dispersive spectroscopy. Additional inclusions are shown in Figure S9.

prograde garnet growth followed by the release of HREE
during garnet break down on the retrograde path, which
is supported by ongoing geochemical mapping of garnet.
Overall, zircon data from 18 garnet amphibolite samples
along the length of the ophiolite record prograde meta-
morphism  between  96.698 + 0.094 and 95.161
+ 0.064 Ma (based on the oldest and youngest precise
dates—26 < 0.1 Ma—from the garnet amphibolite
samples).

The zircon forming reactions in these rocks were
not directly constrained in this study; however, our
analyses of the trace element chemistry of the major
and accessory minerals provide some insight into the
potential redistribution of Zr during prograde metamor-
phism. Mineral averages from eight garnet
amphibolites (Table S4) indicate that amphibole
(36-52 ppm), clinopyroxene (38-70 ppm) and garnet
(7-26 ppm) contain tens of ppm of Zr, plagioclase
contains negligible Zr and titanite contains hundreds
of ppm of Zr (228-510 ppm). Zr concentrations in gar-
net are systematically lower than in clinopyroxene and
amphibole, while amphibole and clinopyroxene from
individual samples either have similar concentrations
or clinopyroxene is enriched by ~20 ppm. The mass
balance of Zr during prograde metamorphism is depen-
dent on the abundance of each phase, and the mea-
sured concentrations from the peak to retrograde
amphibole in these samples may not be representative
of lower temperature prograde amphibole; however,
the fact that garnet is depleted in Zr relative to

amphibole, and the high Zr concentrations of the tita-
nite show that amphibole and titanite breakdown
could have driven prograde zircon growth.

5.2 | Hfisotope data and the protoliths
of the metamorphic sole amphibolites

The zircon Hf data provide new insight into the proto-
liths of the sole samples. Previous isotopic data from the
sole have been variable. Three sole amphibolites from
Sumeini and Wadi Tayin yielded whole rock eng(t) = 3.9,
4.6 and 7.1 (Cox et al., 1999; Rioux et al., 2016) and a sin-
gle garnet amphibolite sample from Masafi has zircon
epd(t) of 5.6-10.0 (Kim et al., 2020). A metasediment and
a leucocratic pod from Wadi Tayin yielded lower whole
rock eng(t) = —7.0 and —8.4, respectively (Garber
et al., 2020; Rioux et al., 2013, 2016). The lower exy(t) for
two of the three sole whole rock amphibolite samples
raises the possibility that either the basaltic protoliths
had low enq4(t) or that some amphibolites include a meta-
sedimentary component (Garber et al., 2020). Similarly,
the negative enqy(t) for a leucocratic pod from Wadi Tayin
could indicate that some or all leucocratic pods in the
sole reflect melting of sole metasediments, rather than
amphibolites.

The zircon from the amphibolites and leucocratic
pods analysed in this study generally yield high positive
enr(t) values: zircon grains from 19 of the 22 analysed
samples have weighted-mean ey(t) from +8.9 to +14.6,
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and a single sample has a slightly lower weighted mean
of +6.5. These values overlap but are generally slightly
lower than whole rock lava ey (t) from the ophiolite crust
(Figure 6 and Table S3): V1 and lower V2 lavas have
epf(t) = 13.0-16.8, and upper V2 lavas have eyg(t)
= 12.2-14.2 (Kusano et al., 2017). The high ey(t) are con-
sistent with the interpretation that the protolith to most
sole amphibolites were oceanic basalts (Searle &
Malpas, 1982), and the limited spread in ey(t) values sug-
gest most amphibolites did not contain a significant sedi-
mentary component prior to zircon growth, although the
lower value for garnet-free amphibolite sample
171213MO08 could reflect some sediment influence. The
two studied leucocratic pods have eygt) similar to the
amphibolite compositions, consistent with the interpreta-
tion that they represent amphibolite partial melts
(Cowan et al., 2014; Searle & Malpas, 1980).

Two of the analysed samples have more variable
eudt). Sample 130JGWTI15 vyielded zircon eyg(t)
=4.5+ 2.7 to 12.5 + 2.8 (MSWD = 3.3; Figure 6), poten-
tially reflecting the impact of a metasedimentary compo-
nent. The ey values are weakly correlated with Yb/Dy,
with low Yb/Dy zircon having lower ey Interestingly,
the U-Pb and Yb versus Yb/Dy patterns are also distinct
for this sample, with discrete dates for the high and low
Yb/Dy populations—rather than the spread of U-Pb
dates seen in other samples—and more consistent Yb
concentrations over the range of Yb/Dy. The U-Pb,
Yb/Dy and ey; data are thus all consistent with distinct
sources for the high Yb/Dy and low Yb/Dy zircon in this
sample, perhaps reflecting fluxing by metasedimentary
fluids or melts during zircon growth. The low Yb/Dy data
are still offset to higher Ti-in-zircon temperatures, sug-
gesting the data still reflect prograde metamorphism,
although the differences in apparent temperature could
also reflect different ag;o, or ario, activities.

Sample 181212M10 exhibits even more extreme varia-
tion, with egdt) = —32.7 + 2.7 to 13.3 + 2.7. As discussed
in the results (Section 4.5), grains with egf(t) = —18.1 to
—9.7 have older U-Pb dates of 1,590-447 Ma (Table S1),
with lower eygt) corresponding to older dates. In con-
trast, zircon with U-Pb dates of ~96 Ma within the sam-
ple define a single population of Hf data with a weighted
mean ey(t) = 11.74 + 0.85 (n = 10; MSWD = 1.4). Given
the two distinct populations—a ~ 96 Ma population with
enf(t) = 11.7 and a 1590-447 Ma population with ey(t)
= —18.1 to —9.7—we consider it likely that the sample
is a physical mixture, where the high eg(t) zircon grains
come from metabasalt layers and the eyft) < 0 grains
come from metasedimentary layers or melts. This
interpretation is consistent with layering between
amphibolite and extremely garnet-rich felsic bands at the
outcrop scale.

5.3 | The spatial and temporal
progression of sole metamorphism

Our new U-Pb dataset constrains the timing and dura-
tion of sole metamorphism along the length of the ophio-
lite. We will first discuss the garnet amphibolite dates,
which zircon geochemistry indicates record or bracket
the timing of prograde metamorphism (Sections 5.1), and
then compare the timing of garnet-free amphibolite
metamorphism and crystallization of leucocratic pods to
the prograde garnet amphibolite dates. The broader
implications of the spatial and temporal patterns
described in this section are discussed in detail in
Section 5.5. For the garnet amphibolite samples, we use
the timing of the observed change from Yb/Dy > 5 to
Yb/Dy < 5 zircon at each locality as a clear proxy for pro-
grade garnet growth (the interpretations are similar if we
instead compare the oldest zircon U-Pb date at each out-
crop but would shift the dates back ~0.1-0.3 Myr).

In our previous work on the metamorphic sole of the
Samail ophiolite, leucocratic pods from Sumeini and
Wadi Tayin exposures recorded disparate dates of 96.2
and 94.8 Ma, respectively, suggesting a temporal gradient
from northwest to southeast (Rioux et al., 2016). A simi-
lar spatial pattern still exists in the timing of prograde
metamorphism, although the magnitude and absolute
timing of the temporal gradient are different. Three gar-
net amphibolites from Sumeini record prograde dates of
~96.6 Ma (Figure 9). In contrast, three garnet amphibo-
lites from Wadi Tayin and Hammah in the southeast
record younger dates of ~96.0-95.7 Ma, suggesting
a ~ 0.6 Myr offset between the onset of prograde garnet
growth at Sumeini versus the southern sole localities.
Garnet amphibolite data from the geographically inter-
mediate localities of Fanja and Al Ajaiz yield intermedi-
ate dates (Figure 9), permissive of a smooth, relatively
continuous temporal gradient from north to south (albeit
with some complexity); however, more data are needed
to critically evaluate this trend.

In the northernmost portion of the ophiolite—
exposed in the UAE—the timing of the onset of prograde
garnet growth ranges from ~96.4 Ma (181219M03) to
~95.4 Ma (181221M04) (Figure 9). The oldest dates from
the Masafi exposure (~96.6 to 96.4 Ma) match the older
ages for prograde garnet growth at the adjacent Sumeini
locality; however, the dated samples from Masafi suggest
a more prolonged metamorphic history at Masafi versus
Sumeini, with the onset of prograde metamorphism last-
ing until ~954 Ma (181220M07 and 181221M04;
Figure 9). The youngest dates from Masafi are similar to
or slightly younger than the garnet-amphibolite zircon
U-Pb dates from southern parts of the ophiolite (Wadi
Tayin and Fanja).
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FIGURE 9 Summary of the U-Pb dates from the metamorphic sole from this study (bold) and Rioux et al. (2016) (italics). Only data
with +26 < 0.4 Ma were included for samples from this study, for clarity—for the 2016 data, we plotted the same data as plotted in the

original manuscript. The grey band shows the range of dates from V1 and V2 plutonic rocks in the ophiolite crust, based on interpreted

crystallization ages, as outlined in Rioux, Garber, et al. (2021). Underlined sample numbers denote Group A samples (Figure 5). Data from

Fanja, Al Ajaiz and Masafi are shown in detail below. Garnet amphibolites are plotted in blue and red, and garnet-free amphibolites are in

green.

Combined with our previous results (Rioux
et al., 2016), our new data also show that there is an off-
set between the timing of zircon crystallization and gar-
net growth in garnet amphibolites versus the timing of
zircon crystallization in the structurally lower garnet-free
amphibolites and leucocratic pods at each sole locality
(Figure 9). At Sumeini, the onset of prograde zircon crys-
tallization in garnet amphibolites was at ~96.7 Ma (based
on the oldest zircon dates), whereas one garnet-free
amphibolite and two leucocratic pods (excluding textur-
ally late vein sample 13213M02) yield dates of ~96.15,
indicating an offset of ~0.5 Ma. The youngest zircon from
the HTa amphibolites overlap the zircon dates from the
HTb samples, permitting overlap between the end of the
high-grade metamorphism in the garnet amphibolites
and prograde to peak metamorphism in the lower tem-
perature garnet-free amphibolites. Garnet amphibolites
from Wadi Tayin and Hammah Window record the onset
of prograde zircon growth from 96.1-96.0 Ma, while a
garnet-free amphibolite and two leucocratic pods yield
dates of ~95.0-94.8 Ma, suggesting an offset in the

initiation of garnet amphibolite versus garnet-free
amphibolite metamorphism of 1.0-1.3 Myr. The offset
between the youngest high-grade zircon grains and the
oldest lower grade zircon grains at these localities suggest
that the high-grade metamorphism of the garnet amphib-
olites (HTa) ceased 0.4 Myr before growth in the lower
grade garnet-free amphibolites. A single leucocratic vein
that is parallel to foliation in Hammah has an earlier date
of ~95.5 Ma (171213M01), which may reflect retrograde
melting of HTa amphibolites during exhumation prior to
lower grade HTb metamorphism. This interpretation is
supported by higher Ti-in-zircon temperatures in this
sample (602-782°C, average = 709°C) compared to the
other leucocratic pod from Hammah (13223M02; 604-
740°C, average = 667°C; Figure 4). There is also an offset
between the higher grade clinopyroxene-bearing amphib-
olite (96.32 + 0.25Ma) and the clinopyroxene-free
amphibolite (~95.87-95.67 Ma) from Asjudi.

A final garnet-free amphibolite sample from Samail
South (130JG12) has textures that are ambiguous regard-
ing the peak metamorphic conditions, that is, whether or
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not it was once a higher grade, garnet-bearing sample.
The sample contains abundant clinopyroxene but comes
from a small outcrop without a clear geologic context,
and the dates from the sample are similar to the garnet-
free amphibolites from the other sole exposures in the
southern massifs. This sample is interesting because it
comes from the leading edge of the ophiolite, like the
Sumeini and Masafi exposures, whereas the other sole
localities from the southern massifs are from the trailing
edge. While the context of the sample is poorly con-
strained, the younger date matches the dates from similar
Wadi Tayin and Hammah sole rocks and suggests that
the age offset between the northern versus southern mas-
sifs reflects a northwest to southeast age progression,
rather than a temporal difference between the leading
versus trailing edge of the ophiolite.

There is broad agreement between the zircon crystal-
lization ages of the youngest leucocratic pods and garnet-
free amphibolites at each locality: ~95.0-94.8 Ma at Wadi
Tayin/Hammah and ~96.15 Ma at Sumeini. We therefore
attribute the pods to melting of the lower grade (HTb)
amphibolites and interpret the zircon dates from the pods
and garnet-free amphibolites to record the timing of the
lower grade (HTb) metamorphism—with the possible
exception of the older leucocratic vein sample 171213M01
from Hammah. The zircon chemistry from the garnet-
free amphibolites does not constrain whether the zircon
grew on the prograde or retrograde path; however, inter-
preted peak P-T conditions for the lower grade amphibo-
lites were near the solidus (e.g., Soret et al., 2017), so the
agreement between the dates of the leucocratic pods and
garnet-free amphibolites suggest the dates record the tim-
ing of near-peak conditions.

The duration of metamorphic zircon dates within
each sample constrains the minimum duration of high-
grade metamorphic conditions during garnet growth
(~650-800°C). For the garnet amphibolites, most sam-
ples with precise data suggest a minimum duration of
metamorphism from ~200-600 kyr, with four samples
potentially showing a longer duration of up to ~1 Myr
(supporting information). The U-Pb systematics for the
four samples that record a longer duration are complex
and the range of zircon dates in these samples may not
simply reflect metamorphic zircon growth.

5.4 | Implications for subduction
initiation

As outlined in the introduction, the timing of sole meta-
morphism relative to formation of the ophiolite crust is
crucial for understanding the geodynamic processes of
subduction initiation (Guilmette et al., 2018): Early

thrusting during induced subduction initiation may lead
to sole metamorphism millions of years prior to ophiolite
formation (e.g., Gurnis et al., 2004; Leng et al., 2012),
whereas spontaneous initiation will lead to near-
synchronous sole metamorphism and ophiolite magma-
tism (e.g., Maunder et al., 2020; Stern & Bloomer, 1992).

The data presented here—particularly the interplay
between zircon U-Pb dates, HREE concentrations, Ti-in-
zircon temperatures and the textural evidence for zircon
inclusions in garnet—directly link metamorphic zircon
dates to garnet growth and definitively show that pro-
grade (~650-800°C) metamorphic sole garnet growth
occurred between 96.698 + 0.094 and 95.161 + 0.064 Ma
along the length of the Samail ophiolite, with the dura-
tion of metamorphism spanning only a portion of this
range (~100s ka) at each location. The high Yb/Dy of the
oldest zircon from the garnet amphibolites—which are
similar to garnet-free samples from this study— argues
strongly against the presence of a significant volume of
garnet prior to zircon growth.

The zircon data are therefore inconsistent with previ-
ously reported 104-103 Ma garnet amphibolite Lu-Hf
dates (Guilmette et al., 2018) and suggest that the Lu-Hf
isochron dates do not accurately record the timing of gar-
net growth in the Samail metamorphic sole. We cannot
say definitively why the Lu-Hf results are inaccurate;
however, we note that the Lu-Hf isochrons from the
Guilmette et al. (2018) study yield low initial ey of —5 to
—12. These values are much lower than our reproducible
zircon eys values of +6.5 to +14.6 from garnet amphibo-
lites from the same (and numerous other) outcrops,
which presumably reflect the isotopic composition of the
protolith (Figure 6).

Soret et al. (2022) also recently reported LA-ICP-MS
titanite dates from garnet amphibolites in the sole, with
apparently  intermediate dates of 100+2 to
94.7 + 0.8 Ma, suggesting prolonged sole metamorphism.
However, the calculated dates from Soret et al. (2022) are
dependent on the assumed common Pb composition,
because all of the spot data are discordant and plot along
common-Pb tie lines. The published dates were calcu-
lated assuming a set common-Pb isotopic composition
based on the Stacey and Kramers (1975) model
(*°’Pb/**°Pb = 0.84), but unanchored regressions of the
same data suggest variable common Pb composition with
207pb/?°°Pb that are often lower than the Stacey and
Kramers (1975) model. Lower intercept dates for the
unanchored regressions range from 98.6 + 5.3 to
93.8 + 3.3 Ma (excluding a single younger date with large
uncertainties), with most dates ranging from 97 to 94 Ma
(calculated in IsoplotR using unanchored Model 1 discor-
dia) (Vermeesch, 2018). All of the recalculated dates over-
lap the range in zircon dates from the garnet amphibolite
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samples reported herein, within uncertainty. In the pub-
lished dates reduced using a fixed common Pb composi-
tion, five titanite populations with distinct trace element
chemistry from a single sample (SE14-31) yielded a range
in dates of ~5 Ma; however, the same five populations all
yield the same date within uncertainty (~95 Ma) when
the data are regressed without an assumed common Pb
composition, arguing against prolonged titanite growth.
Monazite data from the same study also yield ambiguous
results: The Soret et al. (2022) data define two popula-
tions based on trace element geochemistry, which yield
208ph/>32Th weighted mean dates of 98.9 + 0.5 and
97.9 + 0.8 Ma, but both have younger 2°°Pb/***U
weighted mean dates of 95.5 + 0.4 and 95.0 + 0.7 Ma.
The *°°Pb/>**U dates again overlap our zircon U-Pb dates
from the sole, and—because monazite U-Th-Pb standards
often have a calculated or assumed *°*Pb/***Th value,
rather than a measured one—it is not possible to deter-
mine whether the ***Pb/**’Th or *°°Pb/>**U dates are
‘correct’. Overall, the Soret et al. (2022) data are sensitive
to the chosen reduction parameters, and when reduced
differently, the data are entirely consistent with the new
U-Pb zircon dates from our study.

Our new zircon U-Pb dates from the metamorphic
sole (96.7-95.2 Ma) demonstrate that the earliest high-
grade metamorphism predated initial magmatism within
the ophiolite by ~600 ka but continued throughout ophio-
lite growth (96.1-95.2 Ma; Figure 9). This smaller sole-
ophiolite offset is consistent with ophiolite formation
through spontaneous subduction initiation (e.g., Maunder
et al., 2020)—as has been inferred for the IBM system
(Arculus et al., 2015; Maunder et al.,, 2020; Stern &
Bloomer, 1992; Stern & Gerya, 2018)—or a much shorter
duration of pre-subduction thrusting during induced sub-
duction initiation. While we cannot discount the possibil-
ity that there was earlier thrusting related to induced
subduction initiation, evidence of any earlier deformation
is not preserved in the ophiolite or sole. Given the con-
straints of the rock record, the offset between the onset of
prograde sole metamorphism and ophiolite magmatism
records a minimum duration for initiation and nascent
subduction of ~600ka prior to ophiolite formation.
Together, the sole and ophiolite preserve a record of the
first ~1.5 Ma of subduction—the span of dates in the
metamorphic sole and overlying ophiolite crust.

5.5 | The tectonic development of the
metamorphic sole

The combined record of ophiolite magmatism and sole
metamorphism provide new insight into the tectonic
development of the ophiolite. The new data presented

here record a shift in the timing of initial prograde meta-
morphism observed in the highest grade garnet amphibo-
lite samples from Masafi/Sumeini (~96.6 Ma) to Wadi
Tayin/Hammah (~96.0-95.7 Ma), which is mirrored in
dates from the lower grade amphibolites and leucocratic
pods from the same localities (~96.2 to 94.8 Ma) (Rioux
et al., 2016). In addition, we have shown in our previous
work that later felsic intrusions into the ophiolite mantle
and crust—which have low eyng and eyr and elevated
5'%0 and have previously been attributed to melting of
amphibolite and sediment on the subducting slab (Amri
et al., 2007; Haase et al., 2015; Rioux, Benoit, et al., 2021;
Rollinson, 2014, 2015; Spencer et al., 2017)—display a
significant variation from south to north, with dates of
95.2-95.0 Ma in the Oman portion of the ophiolite com-
pared to younger dates of 94.1-91.0 Ma in the UAE
section (Rioux, Garber, et al., 2021).

The tectonic implications of the timing of prograde
metamorphism in the highest grade garnet amphibolites
are dependent on the specific processes of sole accretion,
which are not definitively known. Here, we discuss the
new data for the highest grade rocks in the context of two
potential models for sole accretion, before then consider-
ing the offset between the garnet amphibolite and garnet-
free amphibolite dates:

1. Model 1, Rheological controls on sole accretion:
Several studies have suggested that accretion of the
sole is linked to rheological coupling between the sole
and overlying mantle at the subduction interface, due
to either strengthening of the mantle and thermal
weakening of the slab (Agard et al., 2020, 2016;
Hacker, 1990, 1991) or strengthening of the slab rela-
tive to the mantle due to metamorphic phases changes
(Ambrose et al., 2021). In these models, the rheologi-
cal transitions are linked to changes in P-T conditions
related to the transient thermal structure of the sub-
duction interface during subduction initiation or ini-
tial thrusting below the ophiolite. The detachment of
the high-temperature soles may be a discrete event in
the thermal evolution of the nascent subduction zone
or represent multiple discrete detachment events that
each occurred over a longer but finite window of time
(~1 Ma) (Soret et al., 2017). In the context of these
models, the highest grade rocks in each sole locality
would reflect the timing when the nascent slab first
reached ~800°C (the proposed temperature of rheo-
logical coupling). The progression of prograde dates
from Sumeini to Wadi Tayin would then indicate that
subduction started in the northwest and propagated to
the southeast (present geographical reference frame;
Figure 10a). The 0.6 Myr offset would suggest propa-
gation rates of ~540 km/Ma, which—while faster
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than many plate tectonic rates—are consistent with
geochronology that suggests near synchronous initia-
tion along the entire 1,700 km length of the IBM fore-
arc (Reagan et al., 2019). In this model, the younger
felsic mantle dikes in the UAE may reflect subduction
of a thick section of continental detritus or the conti-
nental margin below the northernmost portion of the
ophiolite soon after ophiolite formation, due to the
preexisting shape of the margin. The consistent ages
of V1 and V2 magmatism along the length of the
ophiolite indicate that if the metamorphic dates from
the sole do reflect southward propagation of the sub-
duction zone, this was not reflected in the timing of
initial magmatism in the overlying ophiolite.

2. Model 2, Slab rotation: Alternately, the progression
of ages from Sumeini to Wadi Tayin could reflect vari-
able subduction rates along the length of the ophiolite,
with faster subduction in the southeast (Rioux
et al., 2016) (present geographical reference frame;
Figure 10b). Placing the new sole dates in the context
of this model, our new U-Pb zircon dates would
require that subduction initiated prior to ~96.8 Ma.
The Sumeini and Masafi sole localities then reached
depths of ~1 GPa at ~96.6 Ma but stalled at that
depth. Faster subduction continued in the southeast
until the rocks from Wadi Tayin and Hammah under-
went metamorphism at ~96.0 Ma. The entire HTa
sole may have then been welded to the overlying

The progression of ages
from north to south
reflects propagation of
the subduction zone to
the south.

Model 2:
The offset in ages from
north to south reflects
variable subduction
rates and rotation of
the slab along the
length of the ophiolite.

FIGURE 10 Tectonic models to explain the progression of
ages between the northern and southern sole localities. WT, Wadi
Tayin. Model 2 is after Rioux et al. (2016).

mantle and exhumed as single slab. In this model, the
Euler pole of rotation would be located close to the
northern end of the ophiolite, which has been inde-
pendently suggested based on paleomagnetic data
(Morris et al., 2016; van Hinsbergen et al., 2019). The
slower subduction—and therefore slower cooling—in
the north is consistent with the intrusion of younger
felsic mantle dikes and the high temperatures (770-
900°C) of the younger (94.5-92.6 Ma) out-of-sequence
Bani Hamid thrust sheet (Searle et al., 2015). The pro-
longed period of zircon growth at the Masafi sole
locality (Figure 9) may also reflect a longer high-
temperature history, although some of the variability
in dates is likely also linked to variations in the proto-
lith compositions. In this model, it may be that the
rheological coupling proposed by Agard et al. (2020,
2016) and Ambrose et al. (2021) is the physical process
by which the high-grade metamorphic soles are
detached from the downgoing slab but that the ulti-
mate preservation and juxtaposition of the sole with
the base of the ophiolite are dictated by larger scale tec-
tonic considerations. The ~96.0 Ma age of the youngest
high-grade sole metamorphism at Wadi Tayin and
Hammah localities corresponds to the initiation of
magmatism within the ophiolite (Rioux et al., 2012,
2013, 2016; Rioux, Garber, et al., 2021), and perhaps,
the preservation of the sole is linked to the beginning
of slab rollback and extension in the overriding plate.

The offset between the timing of zircon growth in the
garnet amphibolites and garnet-free amphibolite-
leucocratic pods along the length of the ophiolite pro-
vides further insight into the development of subduction
(Section 5.3). This offset ranges from ~0.5 Myr at
Sumeini to 1.0-1.3 Myr at Wadi Tayin/Hammah. In gen-
eral, the observed offset in zircon U-Pb dates between
garnet amphibolites and the lower grade garnet-free
amphibolites indicates that in addition to the inverted
thermal gradient in the sole, there is also a temporal gra-
dient from older, high-grade rocks at the top (HTa) to
younger, lower grade rocks below (HTb) (Garber
et al., 2020). As a result, the different thrust sheets of the
sole do not represent a contemporaneous snapshot of
temperatures along the subduction interface but instead
reflect a continually evolving thermal structure of the
nascent subduction zone.

The implications of the offset between the timing of
higher grade and lower grade amphibolites again depend
on the mechanisms of sole formation. Thermobarometry
from the sole suggests there is an offset in peak pressures
and temperatures between these units; Cowan et al.
(2014) reported peak P-T conditions of 1.1-1.3 GPa, 770-
900°C (HTa) versus 0.9 GPa, 700-750°C (HTb), and Soret
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et al. (2017) inferred a similar offset with P-T of 0.8-
1.0 GPa, 800-900°C (HTa) versus 0.7-0.9 GPa, 675-775°C
(HTb). Assuming that the garnet-free amphibolites
reached peak conditions prior to or synchronously with
their structural juxtaposition with the higher grade gar-
net amphibolites and that the U-Pb dates record the tim-
ing of near-peak conditions, the offset in the U-Pb dates
between higher and lower grade amphibolites would sug-
gest that detachment and ~0.1-0.2 GPa of exhumation of
the garnet amphibolites occurred over 0.5-1.3 Myr. In
this model, it is not clear why the zircon age offset
between the garnet-bearing and garnet-free samples
increases from Sumeini to Wadi Tayin, although if sub-
duction was faster in the southern portion of the ophio-
lite (Model 2), perhaps the slower exhumation rate of the
highest grade rocks is related to the increased subduction
rate, providing a stronger downgoing basal traction and
inhibiting movement of material back up the subduction
channel.

Alternately, Ambrose et al. (2021) argued the garnet
amphibolites (HTa) and garnet-free amphibolites (HTb)
formed at similar pressures. These authors found consis-
tent pressures of 1.0-1.2 GPa from both garnet amphibo-
lites and garnet-free epidote amphibolites from a 250 m
thick sole at Masafi, with a gradient in peak tempera-
tures from ~800-900°C to ~650°C. They concluded that
the apparent offset in pressures between HTa and HTb
units in Soret et al. (2017) may be an artefact of phase
equilibrium P-T modelling and the choice of their equi-
librium metamorphic assemblage; further, though Soret
et al. (2017) argue for a~ 0.2 GPa pressure offset
between their HTa and HTb units, their reported pres-
sures from these units overlap within uncertainty. These
data raise the possibility that the highest grade garnet
amphibolites and lower grade garnet-free amphibolites
formed at the same depth, but at different temperatures
and times, as the subduction zone evolved: The garnet
amphibolites formed first at ~800°C and 1 GPa, before
being detached from the descending slab, then contin-
ued subduction below these rocks led to metamorphism
of the garnet-free amphibolites at the same depths
(~1 GPa), but lower temperatures (~650-750°C) as the
subduction interface progressively cooled. This model
naturally juxtaposes the lower grade amphibolites (HTb)
with the base of the higher grade unit (HTa), before
detachment and exhumation of the combined HTa-HTb
package. In this model, the offset in dates between the
higher and lower grade amphibolites would reflect the
rate of subduction, and the difference in this offset
between Sumeini (0.5 Ma) and Wadi Tayin/Hammah
(1.0-1.3 Ma) would suggest slower subduction in the
south—in conflict with Model 2 above. If the high
P estimates for the low temperature sole from Kotowski

et al. (2021) are accurate, the low temperature sole may
have also been subducted to ~1 GPa and juxtaposed
with the HT sole at these depths. In either of the models
outlined above, the hornblende “’Ar/*’Ar cooling dates
from the sole (95.7 + 0.6 to 92.6 + 1.2 Ma) suggest rapid
cooling of the sole following peak metamorphism
(Hacker et al., 1996).

6 | CONCLUSIONS

« New coupled zircon trace element analyses and high-
precision U-Pb dating directly constrain the timing of
prograde- to peak-metamorphism in the metamorphic
sole of the Samail ophiolite.

« Trends of decreasing Yb/Dy with decreasing Yb in zir-
con from garnet amphibolites record progressive deple-
tion of the HREE during prograde-to-peak garnet
growth. High precision dates from these samples indi-
cate that prograde garnet and zircon growth in the
highest grade rocks occurred between 96.698 + 0.094
and 95.161 + 0.064 Ma.

« The prograde to peak U-Pb dates are significantly
younger than recently reported Lu-Hf dates of ~104-
103 Ma (n = 3) from two of the same sole localities
(Guilmette et al., 2018) and suggest that the Lu-Hf iso-
chrons do not accurately reflect the timing of prograde
metamorphism.

« The new data record a gradient in the timing of pro-
grade to peak metamorphism from the northern
(Sumeini/Masafi; ~96.7-96.3 Ma) to southern massifs
(Wadi Tayin/Hammah; ~96.0-95.5 Ma), likely record-
ing either propagation of the nascent subduction zone
or changes in the rate of subduction along the length
of the ophiolite.

« Prograde to peak metamorphism in the sole (96.7-
95.2 Ma) began ~0.6 Myr prior to and then over-
lapped the timing of ophiolite magmatism (96.1-
95.2 Ma), consistent with either spontaneous subduc-
tion initiation or an abbreviated period of initial
thrusting (~0.6 Ma) during induced subduction
initiation.

« The new U-Pb data provide a precise temporal record
of subduction initiation in the Samail ophiolite and
can be used to calibrate and test both numerical and
geologic models of this important—but still incom-
pletely understood—process.
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SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

Figure S1. Cathodoluminescence (CL) images of ana-
lyzed zircon, including laser ablation spot locations. Spot
numbers correspond to blue (Yb/Dy >5), red (Yb/Dy <
5), and gray (imprecise Yb/Dy) trace element spots. Spot
locations and sizes are approximate.

Figure S2. Laser milling of grain TA-16 izl. (a—c) Cl
images of each side of the polished grain, with spot loca-
tions. Numbers next to spots are measured Yb/Dy.
Dashed white lines outline where the laser cuts were
made. Blue spots have Yb/Dy > 5, red spots have Yb/Dy
<5, and black spots have Yb/Dy with high uncertainties.
Spot analyses from panel (a) were analyzed at Boise State
University and the data are not reported in this manu-
script. (d) Reflected light image of the cut grain. Small
holes in (c) and (d) are a grid of laser pits used to guide
the cutting. (e) Transmitted light images of the plucked
grain fragments.

Figure S3. Laser milling of grain TA-16 iz14. (a-b) Cl
images of each side of the polished grain, with spot loca-
tions. Numbers next to spots are measured Yb/Dy.
Dashed white lines outline where the laser cut was made.
Blue spots have Yb/Dy > 5, red spots have Yb/Dy <5,
and black spots have Yb/Dy with high uncertainties. Spot
analyses from panel (b) were analyzed at Boise State Uni-
versity and the data are not reported in this manuscript.
(c) SEM image of the cut grain.

Figure S4. Cathodoluminescence images of micro-sam-
pled grains. Grains were broken into multiple pieces
along yellow dashed lines. In all panels, blue spots have
Yb/Dy > 5, red spots have Yb/Dy <5, black spots have
Yb/Dy with high uncertainties, and white fragment num-
bers (e.g., iz40-1) correspond to fragment dates in Table
S2 and Figures 5. Numbers within the spots are the spot
numbers (Table S1), and red and blue numbers beside
spots are the measured Yb/Dy. All other micro-sampled
grains are shown in Figures 2, S2, and S3.

Figure S5. Additional zircon trace element data for the
garnet-clinopyroxene amphibolites, garnet-free amphibo-
lites, and leucocratic pods dated in this study. Gray data
on the plots of Dy versus unnormalized Yb/Dy show the
range of data in garnet-free amphibolites and leucocratic
pods from this study. A limited number of data points
were excluded or plot off scale, as outlined in the Supple-
mental Text.

Figure S6. P-T pseudosections calculated for an average
garnet-clinopyroxene bearing amphibolite composition
(a) and an average garnet-clinopyroxene-free amphibolite
composition (b) using the Gibbs free-energy minimiza-
tion software Perple_X (Connolly, 2005), version 6.8.4.
The bulk compositions for analysis were sourced from
Wadi Tayin amphibolite bulk compositions measured by
Ishikawa et al. (2005), with compositional averages calcu-
lated as geometric means of the data (n=7 for the garnet
amphibolites and n=5 for the garnet-free amphibolites).
For all calculations, we used the Holland and Powell
(2011) thermodynamic dataset, with H,O modeled using
the CORK model of Holland and Powell (1991), and suffi-
cient H,O to saturate each bulk composition at its respec-
tive solidus. Thermodynamic modelling was performed
in the system SiO,-TiO,-Al,05-FeO-Fe,03;-MnO-MgO-
Ca0-Na,0-K,0-H,0. Fe*" was cast as 20% of total Fe.
Solution models for the calculation were as follows: Gt
(W) for garnet, Bi(W) for biotite, Mica(W) for white mica,
Crd(W) for cordierite, Chl(W) for chlorite, Ilm(WPH) for
ilmenite, and Opx(W) for orthopyroxene (White et al.,
2014a; White et al., 2014b); Augite(G) for clinopyroxene,
cAmph(G) for clinoamphibole, and melt(G) for tonalitic
melt (Green et al., 2016); Ep(HP11) for epidote (Holland
and Powell, 2011); Sp(WPC) for spinel (White et al.,
2002); feldspar for plagioclase (Fuhrman and Lindsley,
1988); and T for ideal talc. Silica and titania activities
were calculated after Ashley and Law (2015) by ratioing
the chemical potentials calculated for SiO, and TiO, to
those determined for quartz and rutile (respectively) over
the entire P-T grid. Ti-bearing phase boundaries are also
shown for each bulk composition; the Ti-phase relations
in “HTa” amphibolites are most consistent with those
observed in the clinopyroxene- and garnet-bearing
amphibolite bulk composition.
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Figure S7. The difference between average Ti-in-zircon
temperatures for spots with Yb/Dy > 5 and Yb/Dy < 5
versus the maximum observed Ti-in-zircon temperature
(a) and the average Ti-in-zircon temperature for zircon
with Yb/Dy < 5 (b) for each sample.

Figure S8. Comparison of zircon-garnet partition coeffi-
cients from this study and existing experiments. Blue
crosses are garnet-zircon partition coefficients calculated
for zircon with Yb/Dy > 5 and an average high Yb/Dy
garnet composition from the sample (core). Red crosses
are garnet-zircon partition coefficients calculated for zir-
con with Yb/Dy < 5 and an average low Yb/Dy garnet
composition (rim). Gray squares and circles show the
experimental data of Rubatto and Hermann (2007) and
Taylor et al. (2015), respectively. The center column
shows garnet Yb/Dy concentrations versus unitless dis-
tance along the analyzed transect. The dashed blue box is
the data used to calculate an average high (core) garnet
Yb/Dy and the red box is the data used to calculate an
average low (rim) garnet Yb/Dy value. For sample
171219J03/171219M06 we used an average value of all
the garnet Yb/Dy data to calculate the zircon-garnet par-
tition coefficients. The right column shows garnet Ca and
Mg concentrations (wt.%) along the same transect as the
Yb/Dy data.

Figure S9. Backscattered electron images of zircon inclu-
sions within garnet in garnet amphibolites from

metamorphic sole localities. (a-c) Thin sections of sam-
ples from Hammah (a; 171213J02), Fanjah (b;
171214J01), and Sumeini (c; 171219J03). (d-h) Zircon
inclusions within garnet in grain mounts from samples
from Masafi (d; 181221M04) and Hammah (e-h; sample
171213J02). Samples 171213J02 and 181221M04 were
dated in this study. Each zircon inclusion was verified by
energy dispersive spectroscopy.

Table S1. Laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) zircon U-Pb and trace
element data.

Table S2. ID-TIMS U-Pb zircon data.

Table S3. Zircon Lu-Hf isotopic data.

Table S4. LA-ICP-MS analyses of garnet, amphibole,
clinopyroxene, and titanite.
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