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Abstract Ophiolite metamorphic soles preserve important records of ophiolite emplacement, but there
have been few detailed investigations into their non‐maﬁc portions. We present new thermobarometric
and petrochronologic data from a metasediment and maﬁc restite in the upper Wadi Tayin sole exposure in
the Samail (Oman‐UAE) Ophiolite. Thermodynamic modeling suggests metasedimentary garnet nucleation
at ~4 kb, ~550°C and ﬁnal growth at 7.5 ± 1.2 kbar, 665 ± 32°C, occurring by 93.0 ± 0.5 Ma (Lu‐Hf isochron).
Zircon U‐Pb dates of 106.9 ± 2.3 (detrital) and 98.7 ± 1.7 to 94.1 ± 1.6 Ma (metamorphic) bracket the
initiation of metamorphism, and monazite U‐Pb dates from ~97–89 Ma suggest a lengthy period of growth or
recrystallization. A maﬁc titanite U‐Pb age of 92.2 ± 1.8 Ma records the earliest possible juxtaposition of
high‐ and lower‐grade sole rocks. These and other data suggest that (i) the Wadi Tayin sole preserves an
inverted metamorphic, metasomatic, and age gradient,(ii) metasediment metamorphism occurred during,
or soon after, crystallization of the overlying ophiolite (≤96.5 Ma); and (iii) sole metasediments deﬁne a
thermal gradient continuous with hotter, higher‐P amphibolites. Some of these data conﬂict with existing
models for sole formation, and we propose several hypotheses to explain them. Cooling of the sole below Ar
closure by ~92 Ma suggests that strain rapidly partitioned away from the sole, leading to large‐scale,
thin‐skinned thrust emplacement of the ophiolite >100 km across the continental margin and the late, cool
underthrusting of the continental margin.

1. Introduction
Ophiolites—thrust sheets of dense oceanic lithosphere emplaced over more buoyant continental crust—are
an important record of plate tectonics, recording the evolution of convergent margins and providing a window into the formation of oceanic lithosphere (e.g., Coleman, 1981; Moores, 1982, 2002; Stern, 2004).
High‐temperature metamorphic rocks welded to the base of ophiolites—colloquially referred to as “metamorphic soles”—are remnants of the subducting footwall rocks (Coleman, 1981; Wakabayashi &
Dilek, 2000, and references therein). They represent material thrust beneath hot, young oceanic lithosphere
and metamorphosed at greenschist to granulite facies conditions, resulting in an inverted metamorphic ﬁeld
gradient with P and T decreasing from the thrust contact with overlying peridotite (e.g., Dewey &
Casey, 2013; Gnos, 1998; Hacker, 1991; Hacker & Mosenfelder, 1996; Jamieson, 1986; Searle & Cox, 2002;
Searle & Malpas, 1980, 1982; Wakabayashi & Dilek, 2000). Following earlier thermobarometric, rheological,
and geochronological studies (e.g., Boudier et al., 1982, 1985, 1988; Ghent & Stout, 1981; Hacker, 1991;
Hacker et al., 1996; Hacker & Mosenfelder, 1996; Searle & Cox, 2002; Searle & Malpas, 1980, 1982), a series
of recent studies on the metamorphic sole of the Samail Ophiolite of NE Oman have (i) emphasized the similar P‐T conditions of formation along the length of the ophiolite, and globally in other ophiolites (Agard
et al., 2016; Cowan et al., 2014; Soret et al., 2017); (ii) shown that high‐grade sole metamorphism and melting
occurred at distinct times at different sole localities, in some cases preceding (Guilmette et al., 2018) or synchronous with ophiolite crystallization (Rioux et al., 2016); and (iii) used microtextural studies of sole and
deformed ophiolite mantle to understand ﬂuid metasomatism and slab‐mantle coupling in subduction zones
(Agard et al., 2016, 2018, 2020; Ambrose et al., 2018; Dubacq et al., 2019; Prigent, Agard, et al., 2018; Prigent,
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Guillot, Agard, & Ildefonse, 2018; Prigent, Guillot, Agard, Lemarchand, et al., 2018; Soret et al., 2017, 2019).
These studies highlight the relevance of metamorphic soles to understanding the dynamics, thermal structure, and geochemical evolution during ophiolite formation, which may be fundamentally linked to subduction initiation (e.g., Stern, 2004).
Most previous work on metamorphic soles has focused on the highest‐T assemblages, especially those closest
to the fault between the sole and the overlying peridotite, where soles are composed almost entirely of metamaﬁc rocks (e.g., Agard et al., 2016; Cowan et al., 2014; Searle & Cox, 2002; Searle & Malpas, 1980, 1982;
Soret et al., 2017). Though there has been some recent work (e.g., Dubacq et al., 2019), less attention has been
directed to the P‐T conditions, timing, and evolution of structurally lower and lower‐grade rocks, which typically have mixed metamaﬁc and metasedimentary lithologies (Agard et al., 2016; Gnos, 1992). Not only are
metapelites in the structurally lower parts of the sole fruitful for thermobarometry, but detailed studies of
these rocks may help clarify evolving geotherms during intraoceanic thrusting or subduction, as well as
the relative timing of sole metamorphism and ophiolite crystallization, with implications for subduction
initiation and evolution.
In this study, we address the following questions:
1. What is the pressure‐temperature‐time (P‐T‐t) path of non‐maﬁc, structurally lower metamorphic sole
assemblages in the Samail Ophiolite?
2. When did prograde metamorphism of lower‐grade sole rocks occur relative to ophiolite crystallization
and high‐grade granulite facies metamorphism?
3. How did the tectonic setting and geotherm of the metamorphic sole evolve beneath the Samail Ophiolite?
To address these questions, we present a series of focused analyses on a garnet‐bearing metasediment and a
maﬁc restite from the Wadi Tayin (Oman) exposure of the metamorphic sole to the Samail Ophiolite. Using
major‐element analyses of the bulk rock and major minerals – with particular attention to garnet—we ﬁrst
calculate the thermobarometric evolution of the metasediment. Using garnet, zircon, monazite, and titanite
petrochronology, we quantify the timing and duration of sole metamorphism, and place it in context relative
to high‐grade assemblages at Wadi Tayin and other sole exposures. Finally, we consider a range of sole P‐T‐t
data to test existing models and develop new models for sole formation, and consider the relevance of the
metamorphic soles and their thermal histories to longer‐lived subduction.

2. Geological Setting
The Samail Ophiolite of Oman and the United Arab Emirates (UAE) is the largest and best exposed ophiolite
on Earth; it contains a complete oceanic crustal cross section with some underlying mantle lithosphere
(Figure 1) (Coleman, 1981; Glennie et al., 1973; Hopson et al., 1981; Lippard et al., 1986; Pallister &
Hopson, 1981). The oceanic crust of the ophiolite crystallized from ~96.2–95.2 Ma, with subsequent, localized magmatism continuing until ~95.0 Ma (Rioux et al., 2012, 2013; Rioux et al., 2016). The ﬁnal stages
of the obduction process involved attempted subduction of the leading edge of the Arabian plate by
~79 Ma (Warren et al., 2003), after the emplacement of the ophiolite across the continental margin.
Outcrops of the Samail metamorphic sole are exposed locally along the entire base of the ophiolite, including
both leading (W) and trailing (E) edges (Gnos, 1992, 1998; Searle & Cox, 2002). In this study, we focused on
the Wadi Tayin exposure of the metamorphic sole (Figure 1) that has undergone extensive study over the
past 35 years (e.g., Ghent & Stout, 1981); published geochemical (Ishikawa et al., 2005); and thermobarometric transects (Cowan et al., 2014; Hacker & Mosenfelder, 1996; Soret et al., 2017) are shown in
Figure 1 for reference. Wadi Tayin exhibits a relatively coherent inverted metamorphic gradient with several
different lithologic units. The rocks grade from (i) coarse‐grained maﬁc granulites and amphibolites directly
below the thrust contact with the overlying mantle harzburgite, with clinopyroxene ± garnet locally present
within ~2–10 m of the Samail thrust, and rare metasediment horizons; (ii) an isoclinally folded garnet‐ and
epidote‐bearing metachert layer, with thin amphibolite horizons, to (iii) ﬁne‐grained hornblende‐plagioclase amphibolites with thin metachert layers toward a basal fault contact with underlying, unmetamorphosed Haybi and Hawasina Complex rocks (Cowan et al., 2014; Hacker & Mosenfelder, 1996; Ishikawa
et al., 2005). These textural and lithologic boundaries are also expressed in bulk composition: amphibolites
within each unit are chemically similar, although the grt‐cpx rocks closest to the sole are richer in CaO, TiO2,
and ﬂuid‐mobile trace elements than structurally lower amphibolites in the same unit (Ishikawa
GARBER ET AL.
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Figure 1. (top panel) Geologic map of the Samail ophiolite, modiﬁed from Rioux et al. (2016) and based on Nicolas et al. (2000). The red box in the inset identiﬁes
the geographic outline of the larger ﬁgure. Samples analyzed in this study are from the location marked by the yellow star (Wadi Tayin). The cross section is
modiﬁed from Searle (2007). (bottom panel) Lithologic map of the Wadi Tayin/Green Pool exposure of the metamorphic sole, modiﬁed from Rioux et al. (2016).
The two samples analyzed in this study are labeled, as are the location of geochemical, geochronological, and thermobarometric sampling transects from
previous studies (HM96 = Hacker & Mosenfelder, 1996; I05 = Ishikawa et al., 2005; C14 = Cowan et al., 2014; S17 = Soret et al., 2017). The measured
pseudostratigraphic column is modiﬁed from Hacker and Mosenfelder (1996), and the cross section is modiﬁed from Ishikawa et al. (2005). Foliation and lineation
data are from Hacker and Mosenfelder (1996) and Boudier et al. (1985), respectively. Units are as follows: Kharz = Samail Ophiolite mantle harzburgite;
Kca = metamorphic sole, coarse‐grained amphibolite; Ksqz = metamorphic sole quartzite (isoclinally folded); Kfa = metamorphic sole, ﬁne‐grained amphibolite;
Mhhc = Haybi and Hawasina complexes; Qtg = terrace gravels; and Qa = alluvium.
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et al., 2005). There is also a distinct change in lineation downsection, with subparallel, SW directed lineations in coarse amphibolites and overlying banded peridotites, and more S directed lineations in the quartzites (Boudier et al., 1985). Though the uppermost amphibolites are pervasively retrogressed (Soret
et al., 2017), lower‐grade rocks with greenschist facies peak metamorphic conditions are rare at Wadi
Tayin, in contrast to other archetypal Samail sole localities (e.g., Sumeini). Peak pressures and temperatures
are estimated at >1 GPa and >800°C at the top of the section grading to ~500°C with unknown pressures at
its base (Cowan et al., 2014; Hacker & Mosenfelder, 1996; Soret et al., 2017). Though P‐T discontinuities have
been inferred (Soret et al., 2017), none are evident in the ﬁeld, and P‐T conditions decrease monotonically
downward from the sole thrust at Wadi Tayin (Hacker & Mosenfelder, 1996). Protoliths for the Wadi
Tayin maﬁc sole rocks are distinct from basalts in the overlying ophiolite, but different sections of the amphibolites have distinct trace element patterns and may have originated from a variety of sources (Ishikawa
et al., 2005; Searle & Cox, 2002). With the exception of bulk rock chemistry (Ishikawa et al., 2005), there
are few detailed analyses of the abundant metasedimentary rocks in the section.

3. Sample Descriptions
To determine the P‐T‐t history of a lower‐grade, non‐maﬁc sole rock, we collected a rare garnet‐ and mica‐
rich metasediment (13222M06); a high‐grade maﬁc rock (13OJGWT17) was also sampled to assess differences in the timing of peak to retrograde high‐ and low‐grade metamorphism. Sample 13222M06 is a
qtz + wm + bt + pl + grt + ilm + mag metasediment from Wadi Tayin (mineral abbreviations after
Whitney & Evans, 2010) (see Figure 1 for sample locations). It was collected ~12 m below the Samail thrust,
but several meters above the isoclinally folded quartzite body at Wadi Tayin (cf. Cowan et al., 2014; Hacker &
Mosenfelder, 1996), and is the structurally highest metasediment identiﬁed by us and Hacker and
Mosenfelder (1996) at Wadi Tayin. The sample (Figure 2a) is composed of alternating, mm‐scale mica‐rich
and quartzofeldspathic bands, with elongate grains of all minerals paralleling the band margins. Small
(≤300 μm) pink garnet grains make up ≤1 vol.% of the rock; the garnet grains locally overprint biotite folia
(Figure 2b) but are elsewhere wrapped by biotite and white mica (Figure 2c), and some have biotite‐ﬁlled
strain shadows. White mica is <1 mm long, and many larger grains are mantled by rims of ﬁne‐grained biotite (Figure 2a). Plagioclase occurs as blocky but ﬂattened grains up to ~2 mm in length, and is partly
replaced by ﬁne‐grained sericite (Figure 2a). Quartz is more deformed than plagioclase but nearly all grain
junctions are ~60°. Thin‐section point counting yields modal percentages of ~55% quartz, ~15–20% biotite,
~15–20% muscovite, ~10% plagioclase, ~1% garnet, and ~1% oxides. Monazite forms ~10–50 μm stubby to
elongate grains (aspect ratios ≥5), most often as inclusions in white mica (Figure 2c). Zircon occurs as
~10–40 μm equant inclusions in separated garnet (Figure 2d) and ≤50 μm loose crystals in grain separates.
The sample is generally fresh, though there is rusty alteration and some retrograde chlorite along grain
boundaries, the latter especially around mica.
Sample 13OJGWT17 is an amph + grt + ttn + ep + opq hornblendite. It was collected <5 m from the Samail
thrust, adjacent to a diorite pod. The sample is interpreted as a restite after partial extraction of a more siliceous, in situ sole melt (Rioux et al., 2016). 13OJGWT17 is dominantly composed of dark green to brown
hornblende (>90 vol. %), with a shape‐preferred orientation that deﬁnes a foliation evident in thin section
but not in hand sample. Garnet forms ≤1‐mm‐sized reddish, equant grains that are pervasively fractured
and variably retrogressed to chlorite, epidote, and prehnite (Figure 2e). Clinopyroxene and plagioclase are
not present in the matrix but occur as rare inclusions in garnet. Titanite occurs as small, ≤100 μm grains
included in hornblende and littered along hornblende grain boundaries (Figure 2f). Rare titanite inclusions
in garnet (Figure 2e) are almost all associated with cracks or obvious retrogression textures.

4. Methods
Method details are documented in Text S1 in the supporting information and are brieﬂy outlined here.
Garnet and matrix mineral X‐ray maps and quantitative analyses were obtained by electron‐probe microanalysis (EPMA) (Table 1) at the University of California, Santa Barbara (UCSB). Laser‐ablation central‐section and depth‐proﬁling trace element measurements in garnet were also done at UCSB to supplement
interpretation of garnet geochronology (Tables S1 and S2). A P‐T pseudosection was constructed for metasediment 13222M06 using the measured bulk‐rock composition from X‐ray ﬂuorescence (XRF) at the
GARBER ET AL.

4 of 28

Tectonics

10.1029/2020TC006135

Figure 2. Rock and mineral textures from sample 13222M06 (a–d) and 13OJGWT17 (e–f). (a) Deformed feldspar clasts in
a foliation deﬁned by biotite, white mica, and deformed quartz; folia alternate between more quartzofeldspathic and
more micaceous. (b) Garnet grains overprinting biotite folia and quartz. (c) Garnet grain wrapped by white mica with a
monazite inclusion. Note also the darker pink core in the center of the garnet grain. (d) Image from garnet separate
showing the prevalence of zircon inclusions in garnet, both in cores and rims. (e) Garnet grain in amphibolite, partly
retrogressed to chlorite, epidote, and prehnite. Titanite grains occur in garnet, but they are often associated with
chlorite‐ﬁlled cracks. (f) Titanite grains disseminated in the amphibolite matrix; the circles are laser ablation pits.

Washington State University (WSU) GeoAnalytical Lab (Table 2), and the Gibbs free‐energy minimization
software Perple_X (Connolly, 2005). Modeling was performed in the system SiO2‐TiO2‐Al2O3‐FeO‐Fe2O3‐
MnO‐MgO‐CaO‐Na2O‐K2O‐H2O, with solution models appropriate for pelites (e.g., White, Powell,
Holland, et al., 2014). Compositional isopleths calculated for the pseudosection were compared to measured
mineral compositions. Peak P‐T conditions were also determined by the avPT method in THERMOCALC v.
3.40 (Powell et al., 1998), using the thermodynamic data set of Holland and Powell (2011). Lu‐Hf garnet‐WR
dating (Table 3) was performed on bulk garnet and whole‐rock separates from 13222M06 by isotope‐dilution
mass spectrometry at the WSU Radiogenic Isotope and Geochronology Laboratory (RIGL) using the methods detailed in Johnson et al. (2018). U‐Pb zircon dates for 13222M06 were determined by isotope dilution
thermal ionization mass spectrometry (ID‐TIMS) at Boise State University using the methods outlined in
GARBER ET AL.
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0.31
‐‐
0.47
‐‐
0.69
0.77
0.17
0.17
‐‐
‐‐

Note. Italicized data represent 2σ uncertainties.

8.00
0.53
0.27
0.16
0.04

100.24
8 cat
2.97
‐‐
1.96
‐‐
1.56
0.10
0.81
0.46
0.13
‐‐
‐‐

Total oxides
Basis for cation calculation
Si
Ti
Al
Cr
2 +
Fe
3 +
Fe
Mn
Mg
Ca
Na
K

Total cations
2 +
2 +
+Mn +Mg +Ca)
Fe /(Fe
2 +
Mn/(Fe
+Mn +Mg +Ca)
2 +
+Mn +Mg +Ca)
Mg/(Fe
2 +
Ca/(Fe
+Mn +Mg +Ca)
Mg/(Mg +Fe)
K/(K +Na)
Ca/(Ca +Na)

37.12
b.d.
20.82
b.d.
24.89
12.01
3.83
1.56
b.d.
b.d.

8.00
0.57
0.23
0.14
0.05

99.88
8 cat
2.98
‐‐
1.96
‐‐
1.71
0.07
0.69
0.43
0.15
‐‐
‐‐

37.14
b.d.
20.70
b.d.
26.57
10.14
3.63
1.71
b.d.
b.d.
0.32
‐‐
0.31
‐‐
0.47
0.50
0.07
0.26
‐‐
‐‐

n = 56

n = 113

SiO2
TiO2
Al2O3
Cr2O3
FeO*
MnO
MgO
CaO
Na2O
K2O

grt medium core
(avg)

grt coarse core (avg)

Table 1
13222M06 Mineral Compositional Data

8.00
0.61
0.20
0.14
0.04

99.97
8 cat
2.97
‐‐
1.98
‐‐
1.82
0.07
0.60
0.42
0.12
‐‐
‐‐

37.01
b.d.
20.90
b.d.
28.26
8.85
3.52
1.44
b.d.
b.d.
0.38
‐‐
0.48
‐‐
0.68
0.68
0.09
0.33
‐‐
‐‐

n = 163

grt ﬁne core (avg)

8.00

99.78
8 cat
2.99
‐‐
1.98
‐‐
1.93
0.04
0.48
0.40
0.16
‐‐
‐‐

37.11
b.d.
20.91
b.d.
29.39
7.11
3.36
1.90
b.d.
b.d.
1.05
‐‐
0.69
‐‐
0.99
1.08
0.38
0.39
‐‐
‐‐

n = 134

grt rim (avg)

0.53

7.77

92.96
11 O
2.74
0.10
1.65
‐‐
1.12
‐‐
0.01
1.28
0.01
0.04
0.82

35.57
1.78
18.13
b.d.
17.46
0.11
11.11
0.15
0.29
8.31
0.61
0.36
0.64
‐‐
0.81
0.03
0.78
0.10
0.10
0.94

n = 20

bt avg

0.83

7.00

94.63
7 cat
3.04
0.03
2.67
‐‐
‐‐
0.18
‐‐
0.09
‐‐
0.16
0.83

45.23
0.61
33.79
b.d.
3.18
b.d.
0.91
b.d.
1.26
9.65
0.72
0.11
1.08
‐‐
0.77
‐‐
0.68
‐‐
0.17
0.53

n = 36

wm avg

0.19

5.02

100.31
8O
2.77
‐‐
1.23
‐‐
0.00
‐‐
‐‐
‐‐
0.19
0.81
0.02

62.83
b.d.
23.72
b.d.
0.09
b.d.
b.d.
3.95
9.44
0.28
2.48
‐‐
1.87
‐‐
0.32
‐‐
‐‐
2.19
1.17
0.87

n = 29

fsp avg

2.00

94.75
2 cat
0.01
0.95
0.00
0.00
0.82
0.09
0.11
0.00
0.01
0.00
0.01

0.21
47.68
0.04
0.07
41.16
5.07
0.03
0.30
0.02
0.16

ilm

0.01
0.20
0.01
0.02
0.14
0.05
0.01
0.01
0.01
0.01

3.00

91.02
3 cat
‐‐
0.52
0.01
0.01
1.50
0.94
0.02
‐‐
‐‐
‐‐
‐‐

b.d.
17.37
0.11
0.21
72.67
0.65
b.d.
b.d.
b.d.
b.d.

‐‐
3.45
0.17
0.03
3.32
0.39
‐‐
‐‐
‐‐
‐‐

n=5

mag avg
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Table 2
13222M06 Bulk Composition

SiO2
TiO2
Al2O3
FeO*
Fe2O3
MnO
MgO
CaO
Na2O
K2O
Sum

Raw

With 10% ferric iron

76.12
0.48
10.42
4.49
0.00
0.16
2.18
0.99
1.57
2.17
98.60

76.12
0.48
10.42
4.04
0.50
0.16
2.18
0.99
1.57
2.17
98.63

10.1029/2020TC006135

Rioux et al. (2016). Additional U‐Pb dates and trace element compositions
were determined simultaneously on the same spots for zircon and monazite in 13222M06 and titanite in 13OJGWT17 using the laser ablation
split‐stream method (LASS) at UCSB (Kylander‐Clark et al., 2013)
(Tables S3–S6). All date and mineral compositions in the results section
are reported with ±2σ internal uncertainties but are displayed in
Figure 12 with ±2σ external uncertainties.

5. Results

5.1. Garnet and Matrix Mineral Composition
5.1.1. Major Elements
Major‐element X‐ray maps and quantitative EPMA transects were performed on eight centrally sectioned garnets spanning the range of grain
sizes observed in 13222M06 (Figures 3 and S1). The analyses reveal
smooth, symmetric, core‐to‐rim zoning in Fe and Mn, patchy zoning in Mg, and patchy to oscillatory zoning
in Ca and Ti. The compositional maps deﬁne sharply bounded, anhedral Ca‐rich cores with low‐Ca mantles
and oscillatory‐zoned high‐Ca rims (oscillation wavelength ~5–20 μm); cores show internal heterogeneity or
vermicular textures in Ca maps. The high‐Ca cores are evident in Mg chemical maps but are not observed in
Fe or Mn, and the size of the core is not correlated with the grain size of the garnet. Fe, Mn, and Mg exhibit
size‐dependent zoning—with smaller grains having higher core Fe and lower core Mg and Mn—but the Ca
proﬁles are topologically similar for all grains, typically with Ca‐rich cores, a steep drop‐off to lower‐Ca mantles, and an exponential Ca increase toward the outermost rim. Uniform major‐element compositions are
observed at the rims of all grain sizes of garnet. Grain edges show no evidence for resorption; the garnets lack
Mn rim spikes, and the vast majority of garnet grains are euhedral. Chlorite, quartz, ilmenite, zircon, and
Fe‐Mn oxides were found as mineral inclusions in high‐Ca garnet cores, with quartz, ilmenite, and zircon
(but not chlorite) in oscillatory‐zoned rims. The phase assemblage in equilibrium with the garnet rims is
thus interpreted to include all extant matrix minerals (qtz + wm + bt + pl + ilm ± mag), whereas the garnet
core assemblage was additionally in equilibrium with chlorite. No aluminum‐silicate phase (st, sill, ky) is
present. Biotite, white mica, feldspar, ilmenite, and magnetite compositions were measured from multiple
matrix grains in thin section and averages are shown with representative garnet data in Table 1.
5.1.2. Garnet Trace Element Transects and Depth Proﬁling
The two coarsest garnets in Figure 3 were analyzed for rare‐earth element (REE) concentrations along perpendicular transects of the central sections; results for Lu are shown in Figure 4. For one of the garnets, the
Lu concentration decreases from core to rim, but the second garnet is less systematic. To understand
volume‐weighted Lu distributions, cumulative % Lu is plotted against the volume of the garnet crystal for
each core‐to‐rim transect in Figure 4b. The calculations show that the Lu concentrations are nearly linear
with respect to volume and the majority (80–90%) of the Lu is in the outer 50 radial % of each grain.

Table 3
Lu‐Hf Data Summary
Aliquot

Description

13222M06
Grt‐1
impure garnet separate
Grt‐2
>100 μm garnet
Grt‐3
<100 μm garnet
WR‐B
bombed whole rock
WR‐S
tabletop whole rock

Lu (ppm)

Hf (ppm)

14.0
13.3
12.1
0.287
0.275

0.910
0.595
0.748
2.58
0.588

176

Lu/

177

Hf

2.186
3.179
2.297
0.01581
0.06638

a

2σ (abs)

0.004
0.006
0.005
0.00003
0.00013

176

177

Hf/

Hf

0.286566
0.288330
0.286767
0.282677
0.282901

a

b

2σ (abs)

Date

0.000006
0.000007
0.000006
0.000006
0.000006
w/ WRB
w/ WRS

95.8 ± 0.5 Ma
93.0 ± 0.5 Ma

c,d

εHﬁ

−2.6 ± 0.5
2.0 ± 0.5

a

Note. Data in bold represent the ﬁnal results reported for the sample. aIn‐run uncertainties only. bAge calculation includes propagated systematic
176
177
176
Lu/ Hf = 0.0336 ± 0.0001,
Hf/
uncertainties on all ratios. cCalculated with CHUR parameters from Bouvier et al. (2008):
177
176
177
Hf = 0.282785 ± 0.000011. dUncertainties include error on the calculated date and
Hf/ Hfi.
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Figure 3. Garnet Ca X‐ray chemical maps (left) and EPMA quantitative data (right) for sample 13222M06; warmer colors on maps indicate higher concentrations
(scaled individually to each garnet). The location of the quantitative transect is shown on each garnet with a dashed line, the color of which correlates
with the spot colors in the quantitative data. Thin white dashed lines on the largest garnets represent the location of the transects in Figure 4. Fe, Mn,
and Mg X‐ray maps for the same garnets are shown in Figure S1 in the supporting information.

Four additional ~200‐μm‐radius garnets were depth‐proﬁled by laser ablation from rim to interior to obtain a
high‐resolution view of the outer ~50 μm of garnet grains (Figure 5). The data reveal that (i) trace elements in
garnet do not monotonically increase or decrease toward the rim, with secondary concentration spikes
observed in most trace element depth proﬁles, and (ii) distinct garnets preserve radically different
near‐rim concentrations for nearly all trace elements. Concentration spikes occur for some speciﬁc trace elements independently of, or offset from, other elements; for example, Lu and Cr proﬁles are similar within
each grain, but the patterns are out of phase and there are spikes in the Cr data not observed in the Lu proﬁles. However, chondrite‐normalized REE patterns for each depth‐proﬁled grain (Figure 5) show that LREE
and HREE are almost always anticorrelated, such that the entire REE pattern pivots around Tb or Dy; this
anticorrelation holds for most short‐wavelength concentration spikes, though some also involve a change in
the REE pattern concavity. The ﬂuctuations observed for trace elements are not correlated with Ca annuli,
nor are the wavelengths of these spikes systematic for all grains as is the case for Ca (Figure 3).
5.2. Thermodynamic Modeling
The calculated pseudosection for 13222M06 (Figure 6a) shows a relatively large ﬁeld for the garnet core
assemblage (grt + qtz + chl + wm + bt + pl + ilm); compositional isopleths (Figure 6b) suggest greenschist
facies nucleation of garnet cores near the calculated garnet‐in boundary at low pressure (~4 kb, ~550°C).
THERMOCALC avPT results (7.5 ± 1.2 kbar, 665 ± 32°C; four independent reactions) and garnet rim and
matrix mineral compositional isopleths from the Perple_X pseudosection suggest amphibolite facies peak
conditions near the intersection of staurolite‐, sillimanite‐, and kyanite‐bearing ﬁelds. However, none of
these aluminum silicate phases are extant in the rock, and their predicted modal fractions at the calculated
rim P‐T conditions are <2% (Figure 6c). We also note that there is less white mica and more feldspar predicted in the pseudosection model than observed in the rock (Figure 6c), but this has little effect on the equilibria used to calculate the peak assemblage. Peak conditions recorded by garnet rims are ~50°C cooler than
GARBER ET AL.
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the calculated solidus, consistent with the absence of melting textures in
the rock. Finally, we tested the effect of fractionating garnet from the
bulk‐rock composition, but the low garnet modal fractions (≤1 vol. %)
yield miniscule changes and result in rim P‐T conditions within uncertainty of those discussed above.
5.3. Lu‐Hf Garnet Dating
Three garnet aliquots and two whole‐grain fractions (see Text S1) from
sample 13222M06 were analyzed for Lu‐Hf and Sm‐Nd isotopes. One garnet aliquot was picked to ~50% purity, and another aliquot was picked to
>99% purity before being split into >100 and <100 μm size fractions using
a Teﬂon mesh. All garnet fractions yielded elevated 176Lu/177Hf ratios
(>2; Table 3). The garnet fractions deﬁne two high‐precision, four‐point
isochrons depending on the whole‐rock point used (Figure 7); a regression
through all ﬁve points yields a poor ﬁt (MSWD = 52). A pressure‐digested
(bombed) whole‐rock point yields a garnet‐WR date of 95.8 ± 0.5 Ma (WR‐
B; MSWD = 0.29), whereas the use of a tabletop‐digested whole‐rock fraction yields a younger date of 93.0 ± 0.5 Ma (WR‐S; MSWD = 2.1). The calculated εHf(t) ranges from −2.6 to +2.0 (±0.5) depending on which
regression is used. A garnet‐only isochron yields a lower‐precision date
(95.0 ± 2.0 Ma, MSWD = 0.03) within uncertainty of the garnet‐WR dates.
There is no effect of grain size or aliquot purity on the calculated date: The
two‐point garnet‐WR isochrons yield dates that overlap each other within
uncertainty, and the multipoint isochrons are not signiﬁcantly changed
by excluding one or more garnet points. Lu concentrations do not vary
signiﬁcantly between the two whole‐rock fractions, but Hf concentrations are far higher in the bombed aliquot (2.58 ppm) than the tabletop
aliquot (0.59 ppm), consistent with the exclusion of refractory, high‐Hf
phases (e.g., zircon) from tabletop digestion. A plot of 176Hf/177Hf against
1/[Hf] (Figure 7, inset) shows that the whole‐rock bomb point lies along an
apparent mixing line with the garnet data, but the whole‐rock tabletop
digestion does not.
5.4. Zircon, Monazite, and Titanite U‐Th‐Pb Dates and Trace
Element Chemistry
To date metamorphic zircons coincident with (or predating) garnet
growth, we analyzed zircon inclusions in garnet (Figure 2d). To isolate zircon inclusions, we ﬁrst annealed pure garnet separates and then dissolved
them in full‐strength HF in Parr acid digestions vessels at 160–180°C. The
residual zircons were then fully dissolved and analyzed by ID‐TIMS. The
initial lower‐temperature leach served to both remove the garnets and
pretreat the zircon microinclusions, following the Mattinson (2005)
chemical‐abrasion technique. The residual zircons ranged from <20 to
Figure 4. Lu concentrations for two perpendicular transects measured ~70 μm, and both single‐grain and multigrain aliquots were analyzed;
across the two coarsest garnets shown in Figure 3; cf. supporting
results are presented in Figure 8 and Table S3 in the supporting informainformation Table S1. Solid lines connecting the data are shown for
tion. ID‐TIMS U‐Pb data were reduced using the Tripoli and ET_Redux
illustrative purposes only. The bottom plot (b) was constructed by
software packages (Bowring et al., 2011; McLean et al., 2011). The TIMS
calculating the volume‐normalized distribution of Lu for each core‐to‐rim
half‐proﬁle (with colors matching the top plot a); an average Lu proﬁle is
analyses show a range of discordant Th‐corrected 206Pb/238U dates of
shown in black.
~96–130 Ma, with (relatively) concordant analyses at ~103 and ~110 Ma;
if the lower date intercept is ﬁxed at ~96 Ma, upper intercepts suggest
age inheritance for some aliquots from a >2 Ga source. The youngest single‐grain 206Pb/238U date
(95.5 ± 1.0 Ma) provides the oldest age for the initiation of metamorphism from this method.
To extract further information from metamorphic and inherited zircon components, we performed LASS
U‐Pb and trace element depth proﬁling on two ~40 μm equant zircon grains (with morphologies similar
GARBER ET AL.

9 of 28

Tectonics

10.1029/2020TC006135

Figure 5. (left column) Near‐rim (top) Lu, (middle) Sm, (bottom) Cr, and (right column) chondrite‐normalized REE
concentration proﬁles obtained by LASS depth‐proﬁling of four garnets from 13222M06; cf. supporting information
Table S2. The depth proﬁles are each ~50 μm long. REE with ionic radii larger than Sm are not shown due to low and
imprecise concentrations. Missing data in the “G1” proﬁle were excluded due to contamination by a zircon inclusion.

to those in Figure 2d) picked from the crushed bulk rock. The results of these analyses are plotted in Figure 9
and the data are shown in Table S4. Both depth‐proﬁled grains have ~10 μm thick rims with U‐Pb dates and
trace element compositions that are distinct from the zircon cores. Uncertainty‐weighted means of multiple
integration periods from the depth proﬁles yield 207Pb/206Pb‐corrected 206Pb/238U rim dates of 94.1 ± 1.6 Ma
(n = 38) and 98.7 ± 1.7 Ma (n = 35), and cores with dates of 106.9 ± 2.3 Ma (n = 21) and 138.0 ± 3.3 Ma
(n = 17), respectively. The zircon rims have lower Th/U ratios and elevated Hf concentrations compared
to the zircon cores; zircon cores are more MREE‐enriched than zircon rims, but HREE abundances for
cores and rims are nearly identical.
Monazites from 13222M06 were analyzed by LASS in thin section (Figure 10, Table S5). The analyzed grains
yielded a range of 208Pb/232Th dates from ~97–89 Ma, with a weighted mean 208Pb/232Th date of
94.1 ± 0.8 Ma (MSWD = 2.1, n = 25); the high MSWD of the weighted mean implies that the data are not
a single population (Wendt & Carl, 1991) or that analytical uncertainties have been underestimated. The
GdN/LuN and Th/U ratios tend to decrease with younger 208Pb/232Th dates (Figure 10, bottom), but there is
signiﬁcant scatter, and some spots with older 208Pb/232Th dates also have depleted HREE and low Th/U.
No age‐related variations in Ca, Sr, LREE, or Eu/Eu* were observed.

GARBER ET AL.

10 of 28

Tectonics

10.1029/2020TC006135

Titanites from garnet hornblendite 13OJGWT17 were analyzed in thin
section; U‐Pb and trace element results from multiple matrix titanite
grains are presented in Figure 11 and Table S6. Several spots exhibit elemental spikes consistent with zircon and apatite inclusions, and were
excluded from consideration. Titanite isotopic analyses deﬁne a
well‐constrained discordia trend in Tera‐Wasserburg space, with a
lower‐intercept date of 92.2 ± 1.8 Ma (MSWD = 1.0, n = 35). Titanite
spots closer to concordia—that is, those with higher U/Pb and Pb*/
PbC ratios—have higher Zr + LREE concentrations and Eu/Eu* ≤ 1,
whereas those farther from concordia have lower Zr, more concave
downward REE patterns with lower LREE, and Eu/Eu* ≥ 1. Using
the Zr‐in‐titanite thermometer (Hayden et al., 2008) with
P = 0.9 ± 0.2 GPa, aTiO2 = 0.75 ± 0.25 (Kapp et al., 2009), and
aSiO2 = 0.9 ± 0.1 (see Supporting Information S1), titanite Zr concentrations record temperatures of ~700–800°C, consistent with peak
metamorphic temperatures calculated previously (Cowan et al., 2014;
Soret et al., 2017). These temperatures are maxima. The greatest uncertainty derives from aSiO2; if the assumed value is halved, the calculated
temperatures still exceed 650–675°C. In comparison, Pb‐diffusion closure temperatures in these titanites are ~775–830°C using the
Dodson (1973) formulation, diffusive parameters for Pb in titanite
from Holder et al. (2019), an effective diffusion radius of 50 μm, and
cooling rates of 10–100°C/Ma.

6. Discussion
6.1. Range and Signiﬁcance of Measured Dates

Figure 6. (a) Pseudosection for sample 13222M06 constructed using the Gibbs
free‐energy minimization software Perple_X and the bulk composition listed
in Table 2, with calculation parameters and solution models detailed in the
Text S1. Darker colors indicate higher‐variance assemblages; all assemblages
contain quartz. The mineral assemblages associated with garnet cores and rims
are identiﬁed; a THERMOCALC avPT error ellipse (see main text and
Supporting Information S1) for garnet rim and matrix mineral compositions is
shown in yellow. (b) Same plot as in (a) with compositional isopleths for
garnet, plagioclase and biotite; garnet‐in, chlorite‐out, and melt‐in lines are
shown for reference. Isopleths are dashed for garnet rims. Titanium‐in‐biotite
temperatures (Henry et al., 2005) are shown as a vertical bar with purple
shading. The serpentinite‐out reaction is from a separate pseudosection
calculation for water‐saturated Samail mantle harzburgite, from Rioux
et al. (2016; their Figure 9). (c) Predicted and observed modal (vol.%) mineral
proportions for the calculated garnet rim P‐T conditions in (a) and (b).
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The range of isotopic dates determined in this study suggests that metasediment metamorphism in the Samail sole at Wadi Tayin started as
early as ~98.7–94.1 Ma (U–Pb zircon, monazite), and reached peak conditions by ~93.0 Ma (Lu‐Hf garnet) (Figure 12). The trace element data
for each isotopic dataset further clarify the relationship between dates
and petrologic processes, providing a high‐resolution chronology of prograde, greenschist to amphibolite facies sole metamorphism. Below, we
discuss and interpret the petrochronology of each dated phase in the
sole metasediment and hornblendite.
6.1.1. Garnet
Interpreting bulk garnet‐WR isotopic dates requires understanding (i)
the distribution of Lu in garnet, (ii) the garnet crystal size distribution
in relation to garnet growth rate, (iii) parent and daughter diffusion,
and (iv) the effect of inherited phases (e.g., Bloch et al., 2015; Bloch &
Ganguly, 2015; Kohn, 2009; Scherer et al., 2000; Skora et al., 2006;
Smit et al., 2013). Factors (ii) and (iii) are insigniﬁcant here: The pseudosection (Figure 5) shows that sample 13222M06 reached ~650°C,
and previous work suggests that cooling to ~400°C for the ophiolite
and metamorphic sole occurred at ≥100°C/My (Hacker et al., 1996),
precluding signiﬁcant volume diffusion for the REE or Hf (Bloch
et al., 2015; Smit et al., 2013). Our results are also insensitive to the garnet crystal size distribution and growth history: the exclusion of either
garnet grain size aliquot (Figure 6, Table 3) does not change the isochron date within error.
The garnet trace element analyses (Figures 3 and 4) indicate that the
Lu‐Hf date records the latest stage of garnet growth: most (80–90%)
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Figure 7. Lu‐Hf garnet date for sample 13222M06; two potential four‐point isochrons are shown, using either the
whole‐rock tabletop (WR‐S, blue) or whole‐rock bomb (WR‐B, red) measurement; using both whole rocks on the
same isochron yields a signiﬁcantly poorer ﬁt. (inset) Hf isotope composition versus 1/Hf, showing the mixing‐line
relationship between the garnet and WR‐B points. The WR‐S aliquot does not follow the same trend deﬁned by other
measured fractions.

Lu is in the outer ~50 radial % of the garnet crystals. This is unexpected because signiﬁcant fractions of Lu are
often concentrated in narrow portions of garnet cores (e.g., Hyppolito et al., 2019; Konrad‐Schmolke
et al., 2008; Lapen et al., 2003; Moore et al., 2013; Skora et al., 2006). Because our garnet trace element
transects (Figure 4) have limited spatial resolution, extreme HREE spikes in garnet cores may have been
overlooked, but the smooth core‐to‐rim proﬁles suggest that HREE distributions decrease along broad,
bell‐shaped curves rather than sharp exponential gradients. This is consistent with the observed low
garnet modal fraction (<1%), as depletion of whole‐rock REE by garnet
fractionation (Lapen et al., 2003) would not be signiﬁcant during early
garnet growth. Therefore, we interpret the garnet REE transect data –
with most Lu concentrated in garnet rims (Figure 4)—as broadly
representative of Lu distributions among the entire dated garnet
population. The depth‐proﬁling data (Figure 5) further reveal
small‐scale heterogeneities in near‐rim garnet REE zoning. The proﬁles
follow one of two similar patterns that broadly show core‐to‐rim
decreases in Lu, but trace element proﬁles are distinct for each grain:
the concentration spikes observed in any one proﬁle do not necessarily
appear in the others, and one garnet has signiﬁcant rim Lu spikes with
no evidence of resorption (suggesting that it is a growth feature). These
results permit that an even greater proportion of Lu is concentrated in
garnet rims than suggested by the cross‐sectional transects alone.

Figure 8. Zircon multigrain (blue) and single‐grain (red) U‐Pb TIMS
results for sample 13222M06. For the lower‐intercept date deﬁned by
metamorphic dates from zircon and other phases dated in this study
(~95 Ma), the most discordant data have an upper intercept date >2 Ga.
Complete isotopic data are contained in Table S3.

GARBER ET AL.

The ﬁnal uncertainty in garnet‐WR isotopic date interpretations relates to
mineral inclusions in garnet or whole‐rock aliquots with inherited Hf.
The distinct 176Hf/177Hf, higher 176Lu/177Hf, and lower Hf concentration
for the tabletop relative to the bombed whole‐rock fraction (Table 3,
Figure 7) indicate that Hf‐rich refractory phases (e.g., zircon) were largely
excluded from the tabletop dissolution, but incorporated into the bombed
aliquot. The isotopic data alone cannot determine if the excluded phases
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Figure 9. Zircon U‐Pb and trace element depth‐proﬁling results (LASS) for sample 13222M06. For all plots, each datum is the mean of ﬁve integrations, representing
~1.25 s of data and ~200–250 nm of ablated material; see Text S1 for discussion of uncertainty calculations. Both analyzed zircons have ~8–10 μm, Hf‐rich,
Th/U‐ and LREE‐depleted rims with younger U‐Pb dates mantling older, Hf‐poor, Th/U‐ and LREE‐enriched cores. The missing data in the top proﬁle were excluded
from consideration due to contamination by monazite microinclusions. Complete isotopic and trace element data are contained in Table S4.

were in isotopic equilibrium with garnet because each of the whole‐rock measurements (bombed and
tabletop digestion) yields a statistically robust four‐point isochron with the garnet data (Wendt &
Carl, 1991). The zircon TIMS (Figure 8) and LASS data (Figure 9), however, demonstrate that inherited
zircon Hf is signiﬁcant, particularly from Hf‐rich (≥5000 ppm), inherited (U‐Pb dates ranging from
~105 Ma to ≥1 Ga) zircon inclusions in garnet. The presence of ≥1 Ga components in particular suggests
that the bombed whole‐rock aliquot is contaminated by inherited Hf. We cannot rule out the possibility
that the zircon inclusions within the garnets may have also contributed some inherited Hf to the garnet
and tabletop whole‐rock aliquots, particularly because the garnet data plot on an apparent mixing line
with the whole‐rock bomb data (Figure 7, inset). However, we consider it likely that any contribution was
small because the aliquots were not dissolved in pressure‐digestion vessels (bombs), and the digestion
temperatures used in the Lu‐Hf dating were similar to the leach conditions used in the TIMS U‐Pb dating,
which preferentially dissolved the garnets and left behind the residual zircon micro‐inclusions (see Text
S1). Regardless, the whole‐rock tabletop aliquot does not plot along the 176Hf/177Hf versus 1/Hf line
deﬁned by the garnet fractions (Figure 7, inset), suggesting that it yields a true isochron with the garnet
GARBER ET AL.
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data and is not a mixing line; if present, any inherited Hf in the garnet aliquots would decrease the reported date from the true age of the sample
(Scherer et al., 2000). We therefore report the garnet‐tabletop WR Lu‐Hf
date of 93.0 ± 0.5 Ma as a minimum garnet growth age.
6.1.2. Zircon
The concordant ~103–140 Ma TIMS and LASS zircon dates, and the evidence for ≥2 Ga zircons in the TIMS data (Figures 8 and 9), require a detrital component in the sole metasediment. Elevated Th/U and REE
concentrations in the zircon cores are consistent with an igneous origin.
The range of the younger detrital zircon dates overlaps the timing of
calc‐alkaline plutonism to the northeast, in Iran (170 Ma onward;
Burg, 2018, and references therein), whereas the Arabian margin was a
stable passive margin prior to the emplacement of the Oman ophiolite
(Glennie et al., 1973; Robertson, 1987; Searle et al., 2004). Regardless of
their origin, concordant zircon whole‐grain TIMS dates at 102.3 ± 2.5
and 103.8 ± 1.3 Ma, and a LASS zircon core date at 106.9 ± 2.3 Ma, establish that sole protoliths were exposed to sedimentation at the sea ﬂoor
until ~107–102 Ma.
The low‐Th/U zircon rims dated at 94.1 ± 1.6 and 98.7 ± 1.7 Ma by LASS
(Figure 9) are interpreted as metamorphic, although we recognize that the
oldest date could be complicated by incomplete resetting during recrystallization (e.g., Chen et al., 2010). The concordant TIMS result at
95.5 ± 1.0 Ma (Figure 8) supplements these dates, but this date is also susFigure 10. Monazite U/Th‐Pb and trace element results (LASS) for sample pect because the single‐grain analysis may have included an inherited
13222M06. Data were corrected for common Pb using the methods outlined core. With these limitations in mind, the three dates suggest metamorphic
208
232
in Text S1. The data do not deﬁne a single age population;
Pb*/ Th
zircon growth over a 3–4 Myr period ending at ~93–94 Ma, roughly syndates range from ~97–88 Ma, with a general trend from higher Th/U,
chronous with the cessation of garnet growth (see above). The zircon rims
HREE‐enriched older spots to lower Th/U, HREE‐depleted younger spots.
are richer in Hf but have similar HREE and depleted L‐MREE relative to
Complete isotopic and trace element data are contained in Table S5.
their host zircon cores (Figure 9), nominally suggesting that the zircons do
not record a signiﬁcant garnet inﬂuence (e.g., Rubatto & Hermann, 2007). This may imply zircon growth
prior to garnet but may also reﬂect local‐scale REE disequilibrium. It is unclear from our data if the zircon
rims represent new growth or dissolution‐reprecipitation recrystallization of preexisting zircon; the latter
option is more viable because new zircon precipitated from aqueous ﬂuids is often LREE‐enriched (e.g.,
Hoskin, 2005) whereas dissolved and reprecipitated zircons are typically depleted in trace elements
(Geisler et al., 2007; Soman et al., 2010; Tomaschek et al., 2003).
6.1.3. Monazite
The range in metasedimentary monazite Th/Pb dates compared to other chronometers (Figures 10 and 12)
suggests that monazite growth was continuous for ~8 Myr of metamorphism, or the monazite dates were
perturbed. The spread in dates does not result from improper common and thorogenic Pb corrections, as
the common Pb correction is minimal (<0.02 Myr) and 206Pb/238U dates are similar to 208Pb/232Th dates
(Figure 10). Signiﬁcant diffusive Pb loss is also unlikely: ~10 μm grains will retain >99% of their Pb even for
heating exceeding 10 My at ~750°C (Cherniak et al., 2004). Rather, the trace element variations in Th/U and
GdN/LuN with U–Pb date suggests that monazite records progressive depletion of the whole‐rock REE and
Th by garnet and/or monazite over metamorphic time scales, favoring an extended period of monazite
growth. This is additionally consistent with the observation that monazite can crystallize along any portion
of the prograde or retrograde metamorphic path (Hacker et al., 2015; Yakymchuk et al., 2017, and references
therein). Monazite dates therefore support the initiation of metasedimentary sole metamorphism by ~96 Ma,
and indicate heat‐ or ﬂuid‐assisted monazite growth or recrystallization until at least ~90 Ma. The latter
interpretation is further compatible with (albeit complex) Ar/Ar data from biotite that indicate slower
cooling below 400°C in the metamorphic sole (Hacker et al., 1996).
6.1.4. Titanite
The titanite date from garnet hornblendite 13OJGWT17 (92.2 ± 1.8 Ma) (Figure 11) – in combination with
Zr‐in‐titanite temperatures (~700–800°C) and Pb‐diffusion closure temperatures (~775–830°C) – can be
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Figure 11. Titanite U‐Pb and trace element results (LASS) for sample 13OJGWT17. The isotopic data yield a well‐deﬁned
lower‐intercept date. Though all spots plot on the same isochron within uncertainty, there are systematic variations
in trace element compositions from Zr−/LREE‐enriched with Eu/Eu* ≤ 1 to Zr−/LREE‐depleted with Eu/Eu* ≥ 1.
See text (and Supporting Information S1) for discussion of Zr‐in‐titanite T calculation; diffusive closure temperatures for
Pb in titanite were calculated using the formulation of Dodson (1973) and diffusion parameters from Cherniak (1993).
Complete isotopic and trace element data are in Table S6.

interpreted as a crystal growth age. All titanites lie on the same discordia—with no trace element variation
related to individual spot dates—suggesting that titanite growth occurred within the uncertainty of the
measured age (≤2 Myr). Additionally, the titanite trace element variability provides data about the
retrograde titanite‐forming reactions recorded by the maﬁc sole rocks, because titanite forms on a cooling
P‐T path after rutile or ilmenite in numerous bulk compositions (e.g., Angiboust & Harlov, 2017; Frost
et al., 2001; Lucassen et al., 2010). The data form an array between higher‐Zr, elevated U/Pb, and LREE‐
rich titanites with a negative Eu anomaly and lower‐Zr, LREE‐poor titanites with positive Eu/Eu* and
lower U/Pb ratios (Figure 11). A potential titanite‐forming reaction compatible with the chemical data is
the retrograde consumption of clinopyroxene by hornblende (hed + ilm + q + H2O = grun + ttn; cf.
Frost et al., 2001), which is consistent with textural data showing titanite as both inclusions in
hornblende and along hornblende grain boundaries (e.g., Figure 2f). Amphibole‐melt REE partitioning
GARBER ET AL.
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Figure 12. Summary of geochronological data determined in this study (top panel) and (middle and bottom panels)
other studies of the Samail Ophiolite. Only the youngest zircon dates determined by TIMS and LASS are shown.
Uncertainties for all dates are 2σ external, that is, they include decay‐constant uncertainties and systematic errors
1
2
inherent to each method. Compiled metamorphic sole data are from Guilmette et al. (2018), Rioux et al. (2016), and
3
Hacker et al. (1996). Ophiolite crystallization dates are from Rioux et al. (2012) and Rioux et al. (2013). Hornblende and
40
39
40
white‐mica Ar/ Ar dates (Hacker et al., 1996) are shown using the K decay constant of Steiger and Jäger (1977);
40
39
40
Ar/ Ar dates calculated using the updated K decay constant from Renne et al. (2010) and Renne et al. (2011) are
1.0–1.5 Myr older.

coefﬁcients are similar but slightly higher than clinopyroxene‐melt values (e.g., Davidson et al., 2013; Huang
et al., 2006; Klein et al., 1997, and references therein), such that clinopyroxene‐present titanite should be
REE‐enriched relative to hornblende‐present titanite. An additional option is that titanite was a peritectic
phase during high‐grade melting: plagioclase is absent from the sample, and the rock was collected
adjacent to a sole melt dated by Rioux et al. (2016), all suggesting that it may be a restite phase after melt
extraction. Regardless of its origin, the titanite U‐Pb date shows that maﬁc sole rocks (Zr‐in‐titanite
T = ~700–800°C) cannot have been juxtaposed with the ≤650°C metasediment prior to 92.2 ± 1.8 Ma. We
note that this date is signiﬁcantly younger than a TIMS titanite U‐Pb date from the same outcrop
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(95.60 ± 0.27 Ma: Guilmette et al., 2018), but we also emphasize that many of our raw titanite spot data exhibit unambiguous evidence of zircon and apatite inclusions (section 5.4) – suggesting that the TIMS analyses
may not reﬂect a pristine titanite date.
6.1.5. Summary
Dates from the metasediment and amphibolite (Figure 12) suggest that (i) metamorphism of young,
ocean‐bottom sediments in the metamorphic sole did not begin until after ~107–102 Ma (zircon LASS,
TIMS); (ii) prograde heating and (re)crystallization began by ~99–94 Ma (zircon TIMS, zircon LASS, monazite LASS); (iii) prograde‐to‐peak garnet growth occurred by 93.0 ± 0.5 Ma (garnet Lu‐Hf); (iv) retrograde
titanite crystallization in high‐grade maﬁc sole rocks occurred by 92.2 ± 1.8 Ma (titanite LASS); and (v) retrograde metasediment (re)crystallization continued until ≤90 Ma (monazite LASS).
6.2. P‐T‐t History of Sole Assembly
The petrologic and compositional data suggest that the metapelite underwent its ﬁrst increment of garnet
growth during chlorite consumption (e.g., chl + qtz = grt + w). The ragged, anhedral outlines of chlorite‐
bearing, high‐Ca garnet cores may indicate resorption of the earliest garnets, as the pseudosection predicts
that the appearanceof sillimanite at ~600°C coincides withgarnet consumption (e.g., grt + wm+ qtz = bt + sill +
fsp). Such garnet resorption must have been minor, because nearly all garnets preserve high‐Ca cores
(Figure 3) and there is no sillimanite in the peak assemblage. Final garnet growth with decreasing spessartine
and pyrope but increasing almandine and grossular—compatible with a lower thermal gradient during the
ﬁnal stages of garnet growth—yields ﬁnal rim equilibration at 665 ± 32°C and 7.5 ± 1.2 kbar. Although calculated garnet rim and matrix mineral P‐T conditions occur at the intersection of sillimanite, kyanite, and
staurolite‐bearing ﬁelds—none of which are present in the peak assemblage—the agreement between forward and inverse thermodynamic results at similar P and T, the low predicted modal fractions of each
aluminum‐silicate phase (<2% total), and the thermodynamic overstepping required to nucleate these phases
(e.g., Pattison & Tinkham, 2009) suggest that these peak P‐T conditions are accurate. We also note that the
appearance of aluminum‐silicate phases in the pseudosection modeling may be tied to the inaccurate white
mica and feldspar modal proportions at the calculated P‐T conditions, that is, the measured bulk‐rock K2O
(by XRF) is too low relative to the effective bulk composition during metamorphism. Adding K2O would stabilize phengite with respect to feldspar, better matching the mineral modes—although it would not change
the calculated P‐T evolution signiﬁcantly, as both forward and inverse models agree with respect to peak
P and T. As such, we interpret the garnet Lu‐Hf date (93.0 ± 0.5 Ma) as a prograde‐to‐peak growth age.
In considering the relationship of the analyzed metasediment to higher‐grade rocks in the same section, we
note that there are conﬂicting data for the timing of highest‐grade sole metamorphism: Lu‐Hf garnet dates
from maﬁc rocks in the upper parts of the Wadi Tayin sole are ~104 Ma (Guilmette et al., 2018), predating
ophiolite crust crystallization (~96.2–95.2 Ma) and sole melt crystallization (~96.2–94.8 Ma) by 8–10 Myr
(Rioux et al., 2012, 2013; Rioux et al., 2016) (Figure 12). We also note that our metasedimentary Lu‐Hf
age is signiﬁcantly younger than both U‐Pb and Lu‐Hf datasets from the uppermost sole rocks, and our
coupled thermobarometric and chronological work (along with existing work) suggests that the ~104 Ma
date is anomalous. For example, compiled peak P‐T data from multiple Samail sole localities and metamorphic facies plot on a continuously decreasing thermobarometric gradient away from the Samail
Thrust, both locally and across the entire ophiolite (Figure 13; see below). This observation requires that
– if the ~104 Ma garnet dates are accurate—there was little cooling anywhere along the nascent subduction zone from an extreme thermal gradient between ~104–93 Ma, or there were multiple, temporally discrete metamorphic episodes in the sole that coincide along an apparently continuous geotherm (e.g.,
Agard et al., 2020). It would further indicate that metasediment protoliths were still at the seaﬂoor (detrital
zircon U‐Pb; Figures 8 and 9) while the garnet amphibolites were undergoing peak metamorphism. The data
therefore suggest that (i) the metasediment reached peak conditions 2–11 Myr after structurally higher,
higher‐grade rocks, suggesting younging peak metamorphism away from the sole thrust, and (ii) the metasediment experienced peak metamorphism 2–3 Myr after ophiolite crystallization.
6.3. Tectonic Models for Metamorphic Sole Formation
The Wadi Tayin metamorphic sole exposure is one of the best characterized sole outcrops globally. With our
new data, and those from previous studies (Boudier et al., 1985; Cowan et al., 2014; Ghent & Stout, 1981;
Hacker & Mosenfelder, 1996; Ishikawa et al., 2005; Soret et al., 2017), Wadi Tayin provides several critical
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Figure 13. (a) Schematic summary of thermobarometric, structural, chemical, and metasomatic data from the Wadi Tayin sole exposure; colors and symbols are
as in Figure 1. (b) Summary of P‐T data from the Samail metamorphic sole (green, blue, and purple symbols and arrows) as well as subsequent continental
subduction recorded by rocks in the Saih Hatat (yellow‐shaded oval and arrows); data are from Agard et al. (2010), Bucher (1991), Cowan et al. (2014),
Gnos (1998), Searle and Cox (2002), Soret et al. (2017), Yamato et al. (2007), and this study. The thick black dashed line and gray‐shaded area represent a
schematic ﬁt to the sole P‐T data, and the current thickness of the ophiolite (e.g., Nicolas et al., 2000) is identiﬁed by thin, horizontal dashed lines. Shown for
reference are the wet pelite solidus (Nichols et al., 1994), wet basalt solidus (Schmidt & Poli, 1998), amphibolite dehydration solidus (Zhang et al., 2013),
and a hand‐drawn geotherm (brown dashed line) through the Saih Hatat P‐T data. (c) Summary of tectonic models for the formation of the Wadi Tayin sole; see
text for detailed discussion.

constraints on sole formation and assembly, and serves as a test case for existing models. Recent tectonic
models for metamorphic soles invoke the accretion of units detached and exhumed from a downgoing slab
at discrete intervals, with each unit preserving distinct peak P‐T conditions reﬂecting their conditions of
detachment (e.g., Agard et al., 2016, 2018, 2020; Cowan et al., 2014; Dubacq et al., 2019; Prigent, Guillot,
Agard, & Ildefonse, 2018; Searle & Cox, 2002; Soret et al., 2017). Kinematic models of this process ascribe
the “discrete detachment” model to the coupled rheological evolution of the lower and upper plates,
particularly the observation that serpentinized peridotites strengthen with increasing T relative to maﬁc
rocks and metasediments (Agard et al., 2016). This is interpreted to drive slab‐mantle coupling (Agard
et al., 2020) and detachment during subduction initiation, with detached amphibolite (deep) and
metasediment (shallower) slices exhumed to the base of the modern ophiolite (Agard et al., 2016; Soret
et al., 2017, 2019). Sole exhumation is further thought to be coupled with the deformation and exhumation
of the overlying peridotites, and it has been suggested that the banded mantle peridotites overlying soles
have been exhumed from similar depths (Prigent, Agard, et al., 2018; Prigent, Guillot, Agard, &
Ildefonse, 2018).
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A ﬁrst important observation is that different parts of the Wadi Tayin sole do exhibit distinct
major‐element bulk compositions (Ishikawa et al., 2005), consistent with the interpretation that the sole
is a stacked series of thrust sheets (Agard et al., 2016, 2020; Soret et al., 2017). Clinopyroxene ± garnet
granulites in the top ~2–10 m of the sole are richer in CaO and TiO2 relative to structurally lower amphibolites still within the “coarse amphibolite” unit in Figure 1 (Ishikawa et al., 2005); major elements are
otherwise consistent within distinct amphibolite units, and roughly suggest three distinct amphibolite
protoliths in the Wadi Tayin section (Figure 13a). The coarse amphibolite unit additionally shows a progressive metasomatic overprint (K2O, Li, B) that increases in intensity toward the Samail Thrust
(Ishikawa et al., 2005) (Figure 13a). Down‐section, the thin amphibolite lenses within the isoclinal metaquartzite fold have a composition more similar to MORB than other amphibolites at Wadi Tayin (albeit
with higher K2O), and the lowermost 200–250‐m‐thick “ﬁne‐grained” amphibolite unit has a consistent
bulk composition across its exposure (Ishikawa et al., 2005).
Although these data do suggest that the sole is a stack of distinct, thrust‐bounded units, it is not clear that the
preserved P‐T gradient at Wadi Tayin follows the same discontinuities. Hacker and Mosenfelder (1996)
documented a continuous, exponentially decreasing thermal gradient away from the Samail Thrust at
Wadi Tayin, based on semiquantitative phase equilibrium constraints. Using basic amphibolite constitutive
laws, Hacker and Mosenfelder (1996) reasoned that the topmost part of the sole section represented highly
attenuated materials originally separated by tens to hundreds of kilometers, whereas the bottom of the sole
was a mostly intact block. Coupled with data from adjacent rocks (Hacker & Mosenfelder, 1996), our new
thermobarometric results nominally support this interpretation: within the top 12 m of Wadi Tayin sole,
peak metamorphic conditions spatially transition from 800–900°C and 11–13 kbar (Cowan et al., 2014;
Soret et al., 2017) to 665 ± 32°C and 7.5 ± 1.2 kbar (Figure 6). If this pressure is assumed to have been lithostatic, this implies ~15 km of missing and/or condensed section; given that most shallow subduction zones
have dips on the order of 20–25° (Hu & Gurnis, 2020), this implies materials derived from ~40 km apart on a
subducting slab. We note that the peak P‐T changes documented by Hacker and Mosenfelder (1996) occur
downsection through amphibolites with roughly similar major‐element bulk compositions (Ishikawa
et al., 2005), suggesting that sole rocks with common protoliths may have undergone a range of P–T paths.
We do recognize that there are clear textural, structural, chemical, and petrological differences stepping
downward from the Semail Thrust at Wadi Tayin and other sole localities, many of which indeed appear discontinuous at outcrop (Agard et al., 2016, 2018, 2020; Soret et al., 2017). However, we suggest that each of
these can be cast in the framework of an apparently continuous P‐T gradient independent of compositional
boundaries, such that the thermobarometric and chemical/lithological expression of metamorphic soles are
decoupled. One striking example is that the step function changes in Ti‐in‐amphibole at the top of the
Sumeini, Wadi Khubakhib, and Wadi Tayin sole sections (Soret et al., 2017, their Figure 7j–7l) may partly
reﬂect elevated bulk TiO2 in amphibolites closest to the Samail Thrust (Ishikawa et al., 2005) rather than
reﬂecting a signiﬁcant P‐T jump. If so, this bulk compositional difference—potentially reﬂecting a distinct
protolith, but more likely resulting from metasomatism—would have to be expressed along the entire base
of the Samail Ophiolite, and indeed for other sole exposures globally (e.g., Plunder et al., 2016). However, the
appropriate geochemical data to verify this exist only at Wadi Tayin (Ishikawa et al., 2005), so this hypothesis
cannot currently be ruled out.
A more complex example occurs at lower temperatures: the ﬁrst down‐section appearance of light to dark
mineralogical banding in sole amphibolites typically coincides with the ﬁrst appearance of metacherts
and metasediments (Soret et al., 2017, their HTa vs. HTb). At Wadi Tayin, these structurally highest metasediments record peak conditions of 665 ± 32°C and 7.5 ± 1.2 kbar (Figure 6); thermobarometric data from
other sole metasediments are rare, but recent, high‐resolution P‐T data from kyanite ± sillimanite ± staurolite bearing metasediments in the Mount Albert ophiolitic complex (Quebec, Canada) give similar conditions, ranging from ~650–700°C and ~7–10 kbar (Dubacq et al., 2019). The calculated P‐T conditions from
Mt. Albert are either at or just below the wet metapelite solidus—as in this study—and the structurally highest metasediments preserve nanogranitoid inclusions in garnet (Dubacq et al., 2019). Noting that (i) the temperature of the water‐saturated basalt solidus is similar to the wet pelite solidus at these pressures (Kessel
et al., 2005; Nichols et al., 1994; Schmidt & Poli, 1998), (ii) the top part of the sole experienced extensive
ﬂuid‐related metasomatism (Ishikawa et al., 2005), and (iii) materials in the top 10 m of the sole are highly
ﬂattened and recrystallized (Soret et al., 2019)—it is possible that the ﬁrst appearance of metasediments
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down‐section loosely reﬂects an “isotherm” above which both amphibolites and metasediments underwent
pervasive wet melting, leading to the observed textural and lithologic changes in both maﬁc and metasedimentary rocks (as partly suggested elsewhere: Agard et al., 2016; Dubacq et al., 2019; Soret et al., 2017),
including the extreme attenuation or removal (by melting) of the metasediments. Importantly, this transition need not represent a lithologic boundary: there are only minor changes in maﬁc major‐element compositions across this textural change (Ishikawa et al., 2005) and interpreted pressure gaps are well within
thermodynamic uncertainties (Soret et al., 2017). Further, felsic melts appear structurally above the highest
metachert horizons (Cowan et al., 2014; Rioux et al., 2016; Warren et al., 2005), including at least one with
εNd = −11 (Rioux et al., 2016)—suggesting at least some component of wet sediment melting above the highest coherent metasediment at outcrop. Finally, even if the absence of sole metasediments in the upper part of
the section is not solely a function of temperature, it may reﬂect evolving protoliths; downward increases in
metasediment fractions could simply reﬂect the approach of the ophiolite to the continent (Agard
et al., 2016).
The data therefore imply that—rather than representing discrete P‐T‐X slices accreted to the base of the
ophiolite—the Wadi Tayin exposure of the sole exhibits a discontinuous array of protolith bulk
compositions, but with potentially continuous pressure, temperature, and metasomatic gradients away
from the Samail Thrust. A high‐resolution thermobarometric transect across the Wadi Khubakhib
(UAE) sole exposure is likewise compatible with a thermal gradient that is at least partly continuous,
though data from the Sumeini Window (Oman) sole exposure suggests more abrupt thermal discontinuities (Soret et al., 2017, their Figure 11). We again recognize that there is little bulk‐rock geochemical
data from these other localities, so the effect of bulk composition on the thermobarometric results is
unknown.
We also note two key observations at Wadi Tayin that may be incompatible with the existing, rheology‐based
model. First, the metasediment in this study (and those of Dubacq et al., 2019) reached temperatures
(650–700°C) well beyond the stability of serpentinite in overlying Oman mantle peridotite (550–600°C;
Figure 6), even though this reaction is proposed to control the detachment of subducted metasediments
as soles are forming (Agard et al., 2016). Indeed, the prograde path of the Wadi Tayin metasediment
appears to have directly crossed the reaction (Figure 6), and the garnet rim P‐T conditions are signiﬁcantly hotter than the stability ﬁeld of serpentinite, well outside of thermodynamic uncertainties. It is
possible that these sediments were passively detached and exhumed in a coherent but lithologically
mixed (maﬁc + metasedimentary) unit (e.g., Soret et al., 2017, their HTb), although the metamorphic
temperatures determined here (665 ± 32°C; Figure 6) differ from the proposed HTb unit outside of
uncertainty (750 ± 50°C: Soret et al., 2017), and there are no published data that show identical P‐T‐t paths
for intercalated amphibolites and metasediments. We therefore posit that the distribution of metasediment
horizons in soles can be as readily explained thermally (progressively more attenuation ± melting toward
the top of the section) and/or tectonically (more signiﬁcant sediment fractions closer to the continent) as
rheologically (detachment from a downgoing slab governed by bulk‐rock strength).
Second, there are numerous amphibolites lower in the Wadi Tayin section, including a ~200‐m‐thick,
amphibolite facies maﬁc‐dominated unit at its base, and ~10 m of amphibolite structurally between the
metasediment studied here and the large quartzite fold (Figures 1 and 13— all of which exhibit apparent
peak temperatures <650°C, with the base of the section as cool as ~475–550°C (Hacker &
Mosenfelder, 1996). These units are signiﬁcantly less strained than the topmost amphibolites, and though
there is an apparent thermal gradient across them, the basal amphibolites probably do represent a coherently exhumed unit. However, the peak temperatures recorded by these units are signiﬁcantly cooler than
those posited for amphibolite decoupling from the downgoing slab (~850°C), and multiple sole exposures
throughout the Samail ophiolite exhibit thick piles of greenschist‐to‐amphibolite facies metamaﬁc rocks
(often intercalated with metaquartzites and marbles). These observations permit that maﬁc and metasedimentary sole rocks at Wadi Tayin experienced a range of peak pressures and temperatures, on either side
of rheologically signiﬁcant reactions (but not exceeding 1.1–1.3 GPa and 800–900°C). Likewise, the absence
of metasediments from the top part of the section could reﬂect a mixed maﬁc and metasedimentary “protolith”—potentially spanning several tens of km laterally—that underwent metasediment melting, attenuation, and dissolution into the volumetrically more dominant amphibolites (as partly suggested by Dubacq
et al., 2019).
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We therefore propose three endmember tectonic scenarios for the development of the Wadi Tayin sole that
are compatible with existing data sets (Figure 13):
Model 1a: Limited number of distinct P‐T‐X slices. Even if the particular rheological switches proposed by
Agard et al. (2016) are not necessarily the primary control on the excision of material thrust
beneath the Samail Ophiolite (above), it is possible that the sole consists of a limited number of distinct bulk compositions sourced from distinct P and T, with any continuities in metamorphic gradient at outcrop representing partial thermal relaxation or re‐equilibration during exhumation.
The “rheological backstop” at the peak conditions reached by grt‐cpx amphibolites (Agard
et al., 2016) may explain the maximum exhumed P and T, although this may be partially
explained as the maximum depth of amphibolite buoyancy relative to overlying mantle (Agard
et al., 2009, 2018; Angiboust & Agard, 2010; Rioux et al., 2016), such that deeper rocks were
stripped from the slab but not exhumed. The existence of high‐T (>600°C) metasediments in
the upper part of the sole must be explained as a result of their inclusion in a coherent, mixed
maﬁc‐metasedimentary unit (Soret et al., 2017, their HTb); other mechanisms must be evoked
to explain the detachment of low‐T amphibolites (500–650°C). Model 1a suggests that measured
P‐T data on any particular rock are representative of similar rocks throughout a given bulk compositional unit, that apparent temperature or pressure variations within these units are purely
related to the efﬁcacy of exhumation‐related overprinting (e.g., Soret et al., 2019), that age variations between high‐grade and low‐grade sole metamorphic rocks (Figure 12) reﬂect the progressive arrival of the protoliths into the nascent Samail subduction zone, and that both the upper
part of the sole and the lower part of the harzburgite unit have been exhumed relative to the rest
of the ophiolite (Prigent, Agard, et al., 2018; Prigent, Guillot, Agard, & Ildefonse, 2018)
(Figure 13). This model is testable with additional high‐resolution petrological, P‐T‐t, and geochemical (bulk compositional) data at each sole exposure—particularly across lithologic boundaries—coupled with thermal modeling.
Model 1b: Large range of distinct P‐T(X) slices. Our metasedimentary P‐T data (and those of Dubacq
et al., 2019) suggest that additional high‐resolution thermobarometric sampling will continue
to reveal more discrete slices and P‐T paths, even among rocks that share a similar bulk composition. If this prediction is true, it is possible that soles represent the exhumation of materials from
a wide range of pressures and temperatures along the surface of a subducting slab (>40 km), with
different bulk composition representing different stages in subducting slab chemistry (±metasomatism). As discussed above, the lowermost quartzite and amphibolite units undoubtedly do
represent discrete, relatively undeformed blocks, but this model casts the upper part of the section as a suite of ﬁnely intercalated and attenuated materials displaying a composite, semicontinuous thermobarometric gradient. Like Model 1a, this model also requires some thermal
relaxation during or after sole assembly, as there is an apparent ~100°C temperature gradient
across the quartzite isoclinal fold at Wadi Tayin (Figure 13) (Hacker & Mosenfelder, 1996); a
faithful representation of protolith P and T would require that both limbs of the fold preserve
the same peak metamorphic conditions. As in Model 1a, it also requires differential exhumation
of the uppermost sole and lowermost mantle relative to the rest of the ophiolite and sole. This
model is testable with the same approach as for Model 1a.
Model 2: Nonlithostatic pressures in a crustal‐scale ductile shear zone. Early studies of the Samail metamorphic sole argued that the heat for metamorphism was provided by the adjacent, overlying
ophiolite, in concert with frictional heating (Boudier et al., 1988; Ghent & Stout, 1981;
Hacker, 1990; Searle & Malpas, 1980). These models were abandoned when it was recognized
that sole amphibolites have pressures (~11–13 kbar) well in excess of the thickness of the overlying ophiolite (Gnos, 1998; Hacker & Gnos, 1997; Searle & Cox, 2002), suggesting that the garnet amphibolites were juxtaposed with the overlying ophiolite after peak metamorphism. Such a
pressure gap is observed in metamorphic soles globally (Agard et al., 2016).
However, there have been numerous modeled and reported cases in which calculated metamorphic pressures may not correspond to a lithostatic gradient, such that the pressure cannot
be directly converted to depth (tectonic overpressure or underpressure: Gerya, 2015). For example, numerical models have calculated huge tectonic overpressures—up to 100% of the
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lithostatic pressure—for ductilely deforming, weak, crustal‐scale shear zones mantled by stronger rocks (Schmalholz & Podladchikov, 2013). Such overpressure develops in response to a
deviatoric stress drop in the weak core of the shear zone, with a pressure increase reﬂecting force
balance (Schmalholz & Podladchikov, 2013). Analogous models have recently been used to
explain signiﬁcant metamorphic pressure differences between weak, eclogite facies inclusions
in stronger host gneisses, in which the inclusions record metamorphic pressures 0.6–0.8 GPa
higher than their host rocks (Jamtveit et al., 2018; Luisier et al., 2019). Other examples of overpressure are suggested where high‐T melting is conﬁned to a speciﬁc volume, that is, the “autoclave effect” (Vrijmoed et al., 2009). These ﬁeld observations are mostly limited to host inclusion
pairs that show similar metamorphic timing and temperatures, but very different pressures;
further, because overpressure is difﬁcult to test for directly, it is mostly limited to circumstantial
cases (albeit quantitatively rigorous).
Although there is no inherent reason to question the pressure‐to‐depth conversion in the
grt‐cpx amphibolites, metamorphic soles share some key similarities with the examples outlined above (see also Moulas et al., 2013; Schmalholz & Podladchikov, 2014). The sole is a
major, crustal‐scale shear zone, with weak, ductilely deformed amphibolites mantled by
stronger rocks on either side (drier peridotites above and cooler sole rocks below). Sole rocks
just below the Samail Thrust are highly strained, having undergone multiple episodes of
brittle‐ductile deformation, ﬂuid inﬁltration, and melting; the highest metamorphic pressures
are calculated in sole rocks that underwent the most metasomatism (Cowan et al., 2014;
Ishikawa et al., 2005; Soret et al., 2017, 2019). Peridotites immediately above the Samail
Thrust likewise record a protracted history of metasomatism and high strain (Ambrose
et al., 2018; Prigent, Agard, et al., 2018; Prigent, Guillot, Agard, & Ildefonse, 2018; Prigent,
Guillot, Agard, Lemarchand, et al., 2018). Notably, other than the metamorphic pressure
data, no other observations uniquely require exhumation of the sole rocks from signiﬁcant
depths. For example, there is no clearly documented evidence for large‐scale Samail mantle
thinning (Nicolas et al., 2000), and though the banded peridotite unit is undoubtedly a
major shear zone, a lack of reliable shear‐sense indicators in the deformed peridotites
(Prigent, Agard, et al., 2018; Prigent, Guillot, Agard, & Ildefonse, 2018) make the role and
sense of this shear zone ambiguous. Finally, there is abundant evidence for thermal, rheological, and chemical coupling between banded mantle peridotites and their immediately
underlying soles (Ambrose et al., 2018; Boudier et al., 1985; Prigent, Agard, et al., 2018;
Prigent, Guillot, Agard, & Ildefonse, 2018; Prigent, Guillot, Agard, Lemarchand, et al., 2018).
These data evince a genetic connection between sole deformation, metamorphism, and
ophiolite thrusting.
If the conditions of sole formation led to signiﬁcant tectonic overpressure (~2× lithostatic), it
is possible that metamorphic soles do not record exhumed materials at all, but instead could
represent a composite stack of materials deformed, metamorphosed, and metasomatized at
depths not exceeding the overlying thickness of the ophiolite. Heat for metamorphism could
be sourced from the hot overlying ophiolite with some contribution from shear heating,
coincident with pressure perturbations driven by shearing, ﬂuid ﬂow, melting, and weakening. “Prograde,” “peak,” and “retrograde” metamorphic stages for any given rock would then
refer to a frozen‐in thermobarometric snapshot of Samail Thrust shearing, rather than corresponding to depth variations along a geotherm. At the same time, differences in the timing
of peak metamorphism between high‐ and low‐grade sole rocks would not only relate to
their initial paleogeographic separation, but also to the mechanics of heat transfer during
sole deformation. The primary strength of this model is that it explains how a discontinuous
bulk compositional gradient could be fully decoupled from a continuous thermal, pressure,
and metasomatic gradient. It may also explain why pressures from the sole are a factor of
2 less than expected from the thickness of the overlying ophiolite (Agard et al., 2020;
Prigent, Agard, et al., 2018; Prigent, Guillot, Agard, and Ildefonse, 2018), and loosens the
constraint that each sole‐banded peridotite pair be exhumed relative to the ophiolite to
achieve their current structural position (Figure 13).
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However, the model has weaknesses, particularly with respect to the ophiolite‐sole chronology (Figure 12). Guilmette et al. (2018), Rioux et al. (2013), and Rioux et al. (2016) have
demonstrated that sole metamorphism is in some cases synchronous with or older than
the ophiolite crust: U‐Pb zircon dates of leucocratic melts in the metamorphic sole of the
ophiolite are as old as 96.2 Ma, whereas U‐Pb zircon dates from the main phase of crustal
growth in the ophiolite range from 96.2–95.6 Ma, with continued V2 related magmatism
from 95.6–95.2 Ma. The MORB‐like composition of the V1 volcanic rocks further suggest
that a > 60 km melt column existed below the ophiolite at the time of sole metamorphism
(Asimow et al., 2004; Kinzler, 1997; Kinzler & Grove, 1992). As a result, the metamorphic
sole cannot have been juxtaposed with its currently overlying ophiolite crust and mantle
during initial shearing and metamorphism, because the crust did not yet exist. Thus,
Model 2 still requires signiﬁcant lateral displacement between the ophiolite and sole, albeit
of a different magnitude and direction to Models 1a and 1b; some of this may have been
accommodated by shearing in the banded peridotite unit. If the ~104 Ma Lu‐Hf dates from
the metamorphic sole reﬂect the timing of prograde metamorphism (Guilmette et al., 2018; see
discussion above), this displacement problem becomes signiﬁcant for all metamorphic sole
models. Further, it is possible that—if present—overpressure does not explain the entirety of
the pressure difference between sole and mantle, but may be signiﬁcant in the context of
Models 1a and 1b. In this situation, there may have been differential exhumation of the sole
and banded harzburgite relative to the overlying ophiolite, but of a less signiﬁcant magnitude
than suggested by assuming lithostatic pressure. Finally, because peak metamorphic conditions
for the highest‐grade rocks are globally similar (Agard et al., 2016), Model 2 would require that
there is a variable effect of overpressure in nearly all sole exposures.
Though speculative, this model can be tested with targeted analyses using several new techniques. Raman‐based elastic barometry on quartz and zircon inclusions in garnet (Alvaro
et al., 2019; Stangarone et al., 2019) can complement the chemical thermobarometry results,
and may even be able to determine the magnitude of deviatoric stresses during metamorphism
(Angel et al., 2019). Quartz and zircon inclusions in garnet occur in the Wadi Tayin metasediment studied here (e.g., Figure 2d), and have been noted in the highest‐grade grt‐cpx amphibolites (Cowan et al., 2014; Rioux et al., 2016). Strength variations in contrasting lithologies
should also be apparent in the calculated metamorphic pressure data, that is, between adjacent
maﬁc and metasedimentary rocks.
Regardless of its origin, the Samail metamorphic sole may have limited utility in understanding subduction
dynamics after the formation of the ophiolite. This is because hornblende and white‐mica 40Ar/39Ar cooling
ages from the sole—as well as our new U‐Pb maﬁc titanite date—show that the entire sole underwent rapid
cooling shortly after the peak metasedimentary metamorphism discussed here (Hacker &
Mosenfelder, 1996) (Figure 12). However, additional material was thrust beneath the Samail ophiolite for
at least another ~15 Myr, leading to the high‐P, low‐T subduction of the northernmost Arabian continental
margin, now exposed along the northern margin of the Saih Hatat dome (e.g., Agard et al., 2010; El‐Shazly
et al., 1990; Goffé et al., 1988; Gray & Gregory, 2000; Gregory et al., 1998; Le Métour et al., 1990; Searle
et al., 1994, 2004) (Figures 1 and 13). We contend that the Ar/Ar ages represent the cessation of deformation
along the Samail sole; motion along structurally deeper thrusts eventually culminated in the subduction of
the Arabian margin and the obduction of the Samail Ophiolite on the Arabian Plate (Gray & Gregory, 2000;
Searle et al., 2004; Searle & Cooper, 1986). Other examples of continental subduction beneath ophiolites likewise record relatively cool metamorphic conditions (Agard & Vitale‐Brovarone, 2013), which probably partially reﬂects the partitioning of subduction away from the formerly hot ophiolite, and the underthrusting of
cool continental materials. Thus, while the Samail metamorphic sole is a key record of subduction initiation,
its application to the development of steady‐state subduction is more limited.

7. Conclusions
1. The timing of prograde metasediment metamorphism in the Wadi Tayin sole is bracketed by ~107–
102 Ma maximum depositional U‐Pb ages from detrital zircon, ~98–94 Ma metamorphic zircon and
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monazite U‐Pb dates, and a 93.0 ± 0.5 Ma Lu‐Hf garnet‐WR isochron date. A metabasic titanite U‐Pb date
of 92.2 ± 1.8 Ma records the earliest age for cooling and juxtaposition of high‐ and low‐grade assemblages
during exhumation.
2. The calculated P‐T path suggests that garnet growth occurred over an interval from ~4 kbar and ~550°C
to 7.5 ± 1.2 kbar and 665 ± 32°C. These data indicate that the measured Lu‐Hf garnet date records the
timing of prograde‐to‐peak metasediment metamorphism in the sole, and that sediments were nominally
subducted to pressures higher than can be accounted by the thickness of the overlying ophiolite, and past
the antigorite‐out reaction (~550°C) in overlying mantle.
3. Our data suggest that sediment accretion to the sole coincided with or postdated ophiolite crystallization
and high‐grade melting in sole garnet amphibolites. These dates are signiﬁcantly younger than Lu‐Hf
garnet‐WR isochron dates that predate ophiolite crystallization by ~8–10 Myr (Guilmette et al., 2018),
although the P‐T data show that greenschist to granulite facies sole rocks lie along a continuous pressure
and temperature gradient (locally at individual outcrops, as well as in globally compiled data).
4. We outline three tectonic models for the development of the Samail Ophiolite metamorphic sole: (i) that
soles represent discrete P‐T‐X intervals detached from a downgoing slab, with partial thermal relaxation
during and/or after exhumation; (ii) that the upper part of metamorphic soles represent the continuous
sampling of materials arrayed along a subducting slab (~40 km lateral separation prior to metamorphism); or (iii) that soles represent materials overpressured and heated during overthrusting of ophiolite
mantle, with materials subducted to depths potentially matching the thickness of the overlying ophiolite.
Each of these models has strengths and weaknesses with regard to existing observations, and additional
data are required to discriminate between them.
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