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1. Introduction
The Samail (Oman-United Arab Emirates [UAE]) ophiolite exposes an extensive section of Late Creta-
ceous oceanic lithosphere. The ophiolite is dominated by ultramafic to mafic rocks, with the exception 
of small-volume tonalite and trondhjemite intrusions (“plagiogranites”) in the upper crust (Bailey, 1981; 
Lippard et al., 1986) and a relatively sparse series of felsic sills, dikes, and plugs that intermittently intrude 
the uppermost mantle and lower crust along the length of the ophiolite (Adachi & Miyashita, 2003; Amri 
et al., 1996, 2007; Haase et al., 2015; Lippard et al., 1986; Rollinson, 2009, 2014a, 2015). The upper-crustal 
tonalite and trondhjemite intrusions are typically exposed directly below, and intruding into, the base of 
the sheeted dike complex. They have depleted radiogenic isotope ratios (εNd(t) ∼ +7–8) (Amri et al., 2007; 
Godard et al., 2006; Haase et al., 2015; McCulloch et al., 1981; Rioux et al., 2012, 2013; Tsuchiya et al., 2013), 
similar to modern mid-ocean ridges, and geochemical data indicate they are related to either the main 
phase of ophiolite crust formation at the ridge axis (Geotimes or V1) or the overlying volcanic sequence 
(Lasail/Alley or V2) (e.g., Adachi & Miyashita, 2003; Haase et al., 2016; MacLeod & Yaouancq, 2000; Pallis-
ter & Hopson, 1981). These upper-crustal intrusions have been attributed to crystallization of residual felsic 
melts derived by fractionation of primitive gabbro (Amri et al., 1996; Pallister & Hopson, 1981) or on-axis 
anatexis of gabbros or sheeted dikes related to interaction of magmatic and hydrothermal systems (France 
et al., 2009; Koepke et al., 2004; Nicolas et al., 2008; Rollinson, 2009). Similar rock types are observed at 
modern slow- and fast-spreading ridges (e.g., Aldiss, 1981; Natland & Dick, 2002; Wilson et al., 2006).

In contrast, the felsic intrusions into the upper mantle and lowermost crust of the ophiolite are geochem-
ically and mineralogically distinct; they are commonly enriched in light rare earth elements (LREE) and 

Abstract An isotopically diverse suite of felsic dikes, sills, and plugs (εNd(t) = −7.8 to +7.8) intrude 
the uppermost mantle and lower crust in the Samail ophiolite in Oman and the United Arab Emirates 
(UAE). These features have been interpreted to represent amphibolite and metasediment melts from an 
underthrust sheet of oceanic lithosphere. As such, the intrusions provide a record of melting of oceanic 
crust and sediment at depth, with implications for mass transfer from the down-going plate in young, hot 
subduction settings. Several studies have used geochemical data to constrain the magmatic sources of the 
dikes; here we build on this previous work using integrated whole rock major element, trace element and 
Nd isotopic data from a more geographically extensive suite of dikes. New and existing data suggest the 
felsic intrusions preserved within mantle peridotites in the Oman portion of the ophiolite were generated 
by three distinct mixing and fractionation trends: (1) three-component mixing between sediment melt, 
amphibolite melt and a mantle component; (2) two component mixing between amphibolite and sediment 
melts, with little mantle contribution; and (3) fractional crystallization of depleted, mantle derived 
magmas, likely related to the ophiolite V2 volcanic series. Combined geochemical and pseudosection 
modeling suggest that amphibolite melting occurred at P ≤ 1.4 GPa (∼40–45 km) and T ≥ 700–750°C. 
Felsic intrusions in the mantle section in the UAE, including garnet-andalusite-cordierite leucogranites, 
follow similar mixing trends, but crystallized ∼0.9–4.0 Ma after the Oman intrusions.
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typically have low Nd isotopic ratios (εNd(t) < 0; i.e., continent-like), although some have higher positive 
εNd(t) (Amri et al., 2007; Briqueu et al., 1991; Cox et al., 1999; Haase et al., 2015; Lippard et al., 1986; Ri-
oux et al., 2013). Some of the felsic intrusions in the northern section of the ophiolite within the UAE are 
more aluminous garnet-, andalusite-, and cordierite-bearing leucogranites. U-Pb zircon dating indicates 
that the dikes within the Oman portion of the ophiolite intruded toward the end of crustal growth (Rioux 
et  al.,  2013,  2021) suggesting they are related to ophiolite formation or emplacement, rather than later 
obduction onto the continental margin. Based on the geochemical and isotopic data, the intrusions have 
been interpreted to reflect melting of metasediment and amphibolite on the top of either underthrust oce-
anic lithosphere (Boudier et al., 1988; Briqueu et al., 1991) or a subducted slab (Haase et al., 2015; Rioux 
et al., 2013; Rollinson, 2009, 2014a, 2015; Spencer et al., 2017). The dikes are therefore a valuable analog 
for the melting of oceanic crust and sediment at intermediate pressures and temperatures, which may be 
an important mass transfer process in young, hot subduction settings (e.g., Maunder et al., 2020; Nikolaeva 
et al., 2008).

The geochemistry of the felsic intrusions has been the focus of several previous studies (Amri et al., 2007; 
Briqueu et al., 1991; Cox et al., 1999; Haase et al., 2015; Rollinson, 2009, 2014a, 2015; Spencer et al., 2017). 
Here, we present new whole-rock major element, trace element, and Nd-isotopic data from intrusions from 
a broader geographic area than previous studies. Integration of the elemental and isotopic data and the 
greater geographic extent provides new insight into the source of the felsic intrusions.

2. Geologic Setting
The Samail ophiolite, exposed in Oman and the UAE, is the largest and best studied ophiolite on Earth 
(Figure 1). It exposes a complete crustal and shallow mantle section, with a general stratigraphy of residu-
al mantle harzburgite, layered gabbro, foliated gabbro, discontinuous upper-level varitextured gabbro and 
tonalite/trondhjemite (plagiogranite), basaltic sheeted dikes, and pillow basalts and lava flows (Coleman & 
Hopson, 1981; Lippard et al., 1986; Nicolas et al., 2000; Pallister & Hopson, 1981). The volcanic sequence in 
the ophiolite has been divided into the lower Geotimes (V1) and upper Lasail/Alley (V2) series (Alabaster 
et al., 1982; Ernewein et al., 1988; Lippard et al., 1986; Pearce et al., 1981). Limited sedimentation between 
the two series suggest that these eruptive events may have been contiguous, with little to no time lapse 
between them. The V1 series, which is interpreted to reflect the extrusive equivalent to the main portion of 
the intrusive crust, is chemically similar to mid-ocean ridge basalts (MORB) (Ernewein et al., 1988; Godard 
et al., 2006), although the lavas follow differentiation trends to lower TiO2 and higher SiO2, and are deplet-
ed in Cr, Nb, and Ta relative to typical MORB (MacLeod et al., 2013; Pearce et al., 1981). The overlying V2 
(Lasail and Alley) lavas are depleted in fluid-immobile incompatible trace elements (e.g., Nb, Ta, REE, Zr) 
and enriched in large ion lithophile elements, and have been interpreted to reflect formation in a nascent 
subduction zone setting (Alabaster et al., 1982; Kusano et al., 2017; Pearce et al., 1981). Lavas in the upper 
portion of the V2 series have boninitic compositions (Ishikawa et al., 2002; Kusano et al., 2017). A similar 
dichotomy between MORB and boninitic-andesitic magmatic compositions exists in the population of maf-
ic dikes intruding the mantle section of the ophiolite (Benoit et al., 1999). The two series occupy different 
portions of the ophiolite, with the MORB dikes increasing in abundance in the southeastern massifs (Benoit 
et al., 1996; Ceuleneer et al., 1996; Python & Ceuleneer, 2003). Several studies have used field relations and 
geochemistry to also link intrusive plutonic rocks in the ophiolite crust to the V1 and V2 lavas (e.g., Adachi 
& Miyashita, 2003; Haase et al., 2016; Tsuchiya et al., 2013; Usui & Yamazaki, 2010), and we refer to these 
as the V1 and V2 plutonic series in this contribution.

The ophiolite is underlain by a metamorphic sole composed of metabasaltic and metasedimentary lithol-
ogies. The highest-grade rocks consist of garnet- and clinopyroxene-bearing amphibolites, which are ex-
posed in a narrow 1–10 m thick layer in direct thrust contact with overlying, highly sheared harzburgite 
(Cowan et al., 2014; Ghent & Stout, 1981; Hacker & Mosenfelder, 1996; Searle & Cox, 2002; Searle & Mal-
pas, 1980, 1982; Soret et al., 2017). Estimated peak pressures (P) and temperatures (T) of metamorphism for 
the highest-grade rocks are 770°C–900°C and 1.0–1.3 GPa (Cowan et al., 2014; Gnos, 1998; Hacker & Mo-
senfelder, 1996; Soret et al., 2017). These are sequentially underlain by lower grade amphibolite- and then 
greenschist-facies mafic and metasedimentary rocks, defining an inverted metamorphic gradient (Garber 
et al., 2020; Gnos, 1998; Searle & Malpas, 1980; Soret et al., 2017). These sole units are in turn thrust over 
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low-grade metasedimentary and metavolcanic rocks of the Haybi and Hawasina Formations, which are in-
terpreted as deep-sea sediments, Permian to Triassic limestones, and alkali basaltic seamounts (Searle, 1985; 
Searle et al., 1980). In the UAE portion of the ophiolite, an out-of-sequence thrust sheet of granulite to up-
per-amphibolite metasedimentary and minor metabasaltic rocks is preserved within the mantle section at 
Bani Hamid, with peak P-T conditions of 850 ± 60°C and 0.63 ± 0.05 GPa (Searle et al., 2015).

The felsic intrusions that are the focus of this study typically occur as ∼1–10 m thick dikes, plugs, and sills 
that intrude the upper mantle and lowermost crust of the Samail ophiolite, although some intrusions are 
thicker (e.g., Bahla); for simplicity, we henceforth refer to these intrusions as “felsic mantle dikes”. The 
dikes are found intermittently along the entire length of the ophiolite (Figure 1). Where present, they often 
occur in clusters or swarms, but individual swarms occur tens of kilometers apart, with only a few dike 
localities in each massif. The dikes are generally classified as diorites, tonalites, trondhjemites, and granites 
with 65–84 wt% SiO2. In addition to their unique field context and major element expression, the dikes are 
isotopically distinct from the rest of the ophiolite. The V1 and V2 magmatic series in the ophiolite have 
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Figure 1. Geologic map of the Samail ophiolite (after Nicolas et al., 2000) showing the location of felsic mantle dikes 
from this and previous geochemical studies. Larger symbols and text denote samples from this study. Smaller green 
squares are samples from Rioux et al. (2013) with no whole rock isotope and/or geochemical data. Densely sampled 
locations from the southern Haylayn massif are offset slightly for clarity. Briqueu et al. (1991) focused on similar areas 
to the Cox et al. (1999) localities. Massif names are in italics. Map after Nicolas et al. (2000). Plot symbol shapes are 
consistent with Figures 2, 3, and 5.
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εNd(t) ≈ +7–8, similar to modern ridges (Amri et al., 2007; Godard et al., 2006; Haase et al., 2015; McCulloch 
et al., 1981; Rioux et al., 2012, 2013; Tsuchiya et al., 2013), although whole rock data from boninitic lavas in 
the upper part of the V2 series have lower values of εNd(t) = +0.88 to +5.69 (Kusano et al., 2017). In contrast, 
published data from the felsic mantle dikes in Oman and the UAE have εNd(t) = −7.8 to +7.8, typically with 
εNd(t) < 0 (Amri et al., 2007; Briqueu et al., 1991; Cox et al., 1999; Haase et al., 2015; Rioux et al., 2013, 2021).

3. Previous Work
Several previous studies have addressed the origin of the felsic mantle dikes. The dikes were first identified 
and mapped as small biotite granite intrusions into the upper mantle and lowermost crust in the Haylayn 
and Wuqbah massifs (Browning & Smewing,  1981; Lippard et  al.,  1986). Geochemical analyses on two 
dikes from Oman and the UAE showed that the dikes are enriched in LREE and one dike yielded a low 
εNd(t) = −4.1, suggesting a source with a time-integrated LREE enrichment. Based on the geochemical and 
isotope data and a K-Ar date from the UAE dike of 85 ± 3 Ma, these authors interpreted the dikes to reflect 
melting of continental material during obduction of the ophiolite over the Arabian margin. Using the same 
data, Pearce (1989) similarly concluded that the dikes were related to melting of turbidite deposits on the 
Arabian continental rise during initial obduction.

To further constrain the origin of the felsic mantle dikes, Briqueu et al. (1991) carried out whole rock geo-
chemical and Pb, Nd, and Sr isotopic analyses of (i) felsic mantle dikes from the UAE and (ii) metamorphic 
rocks from the Asimah-Masafi metamorphic sole locality and Bani Hamid thrust sheet. They found that the 
isotopic composition of the dikes was intermediate between a mantle source and more enriched, continen-
tal values. Based on these data, they argued that the dikes formed by melting of amphibolite and metasedi-
ments in the metamorphic sole of the ophiolite, during initial thrusting of the ophiolite over adjacent crust, 
with the residual heat of the ophiolite mantle acting as the heat source for sole metamorphism and melting. 
This model mirrored the conclusions of Boudier et al. (1988), who discussed the link between felsic mantle 
dikes and mantle shear zones. In a more limited study, Peters and Kamber (1994) presented geochemical 
data from the felsic dikes in the UAE. Based on comparisons to the quartz diorite to tonalite suite in the 
ophiolite crust, they argued that the dikes could reflect either extreme fractionation of mantle derived mag-
mas or hydrous partial melting of the ophiolite crust or mantle, with the enriched isotopic compositions 
attributed to addition of a fluid component derived from the metamorphic sole.

Cox et al. (1999) carried out a detailed major element, trace element, and isotopic study of felsic intrusions 
throughout the UAE. Their data supported the conclusion of Briqueu et al.  (1991) that the dikes reflect 
mixing between metabasalt and metasedimentary partial melts. They similarly argued that the metasedi-
mentary source had a composition similar to the Bani Hamid granulites and the metabasaltic source was 
compositionally similar to amphibolites preserved in the metamorphic sole (or equivalent un-metamor-
phosed volcanic units in the Haybi complex). Using whole-rock elemental and isotopic data, they argued 
that the dikes formed through both dehydration and fluid saturated melting at pressures of 0.3–0.5 GPa. Cox 
et al. (1999) attributed formation of the dikes to metamorphism and melting at the top of a subducting slab.

In the Oman portion of the ophiolite, Amri et al. (2007) reported major element, trace element, and Nd 
and Sr isotopic data for numerous felsic mantle dikes, ultimately attributing their petrogenesis to mixing 
between a depleted mantle source, a hydrothermal component, and potentially a component of terrige-
nous sediment. Four recent studies have addressed the origin of the Oman dikes in more detail. Haase 
et  al.  (2015) focused on the cluster of intrusions in the southern Haylayn massif, previously studied by 
Browning and Smewing (1981) and Lippard et al. (1986). They noted mixing trends in major element, trace 
element, and Hf isotopic data versus MgO, and argued for two-component mixing between sediment melts 
derived from the top of a subducting slab and basalts formed by partial melting of the overlying mantle 
wedge. Rollinson (2014a, 2015) presented additional whole rock geochemical data from felsic intrusions 
from the same area in the Haylayn massif, a cluster of intrusions in the Fizh massif, and intrusions in the 
UAE portion of the ophiolite. Focusing on dikes with the least fractionated compositions, he suggested 
that xenocrystic calcic plagioclase, small mafic inclusions within the dikes, and major and trace element 
variations were consistent with a component of melted amphibolite. Rollinson  (2014a, 2015) concluded 
that the dikes formed by three-component mixing between partial melts derived from amphibolite- to 
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granulite-facies meta-basalts in a subducted slab, partial melts of subducted sediment from the top of the 
slab, and assimilation of orthopyroxene and amphibole from harzburgites during accent of the slab melts 
through the mantle wedge. In a complementary study, Spencer et  al.  (2017) carried out oxygen isotope 
analyses on felsic mantle dikes in Oman and the UAE. The dikes recorded elevated zircon δ18O = 14–18‰, 
which the authors attributed to melting of pelitic or siliceous sediment on the top of a subducted plate.

In a companion study to this manuscript (Rioux et al., 2021), we present new high-precision U-Pb dating, 
which constrains the timing of dike intrusion relative to formation of the ophiolite crust, as well as age 
variations in the felsic mantle dikes along the length of the ophiolite. Our previous work has shown that 
gabbros related to the V1 volcanic series, the main phase of crustal growth in the ophiolite, yield zircon 
dates of 96.1–95.6 Ma (Rioux et al., 2012, 2016), indicating rapid crustal growth. Plutonic rocks associated 
with the V2 magmatic series yield slightly younger dates of 95.6–95.2 Ma (Rioux et al., 2013, 2021). The 
rapid formation of the crust is consistent with ophiolite formation along an NNW-SSE oriented spreading 
ridge (present geographical reference frame), parallel to the trend of the sheeted dikes. Our new U-Pb zir-
con analyses from four felsic mantle dikes from Oman yielded dates from 95.2–95.0 Ma, in agreement with 
our previous results from two additional samples (95.2–95.1 Ma) (Rioux et al., 2013), indicating intrusion 
at the end of crustal growth (Rioux et al., 2021). A single dike from the Sarami massif yielded an older date 
of 95.478 ± 0.032 Ma (discussed below). In contrast to the near synchronous dates throughout Oman, five 
dated dikes from the UAE yielded significantly younger and highly variable dates from 94.1 to 91.0 Ma 
(Rioux et al., 2021). The distinct U-Pb dates from the Oman and UAE dikes indicate that the two intrusive 
series crystallized ∼0.9–4.0 million years apart. To better constrain the origin of the felsic dikes and assess 
their chemical heterogeneity along the length of the ophiolite, we here report whole rock major and trace 
element data for the dated dikes from Oman, two of the dated dikes from the UAE, and a larger geochemical 
data set from undated intrusions in Oman.

4. Samples
The studied samples come from intrusions into the mantle and lowermost crust along the length of the 
ophiolite (Figure 1 and Table 1). Five of the samples were collected by Rioux and Garber in Oman. Three are 
tonalite to trondhjemite intrusions into the mantle section (13211M02, 13215M08, 13221M05) and one is a 
tonalite intrusion into layered gabbros just above the crust-mantle boundary (13219M03), these intrusions 
are from the Bahla, Fizh, Wadi Tayin, and Haylayn massifs, respectively. These samples have yielded Th-cor-
rected 206Pb/238U dates of 95.201 ± 0.032 to 94.95 ± 0.10 Ma, with εNd(t) = −1.63 to −5.05 (Table 2) (Rioux 
et al., 2021). The fifth sample from Oman, a tonalite that intrudes mantle harzburgite in the Sarami massif 
(13217M01), yielded a slightly older date of 95.478 ± 0.032 Ma and higher εNd(t) = 7.35 (Rioux et al., 2021). 
Two additional samples were collected by Searle in the UAE. MS13-1 is a garnet, muscovite, biotite leuco-
granite from a swarm of felsic intrusions into peridotite in Wadi Hulw bin Sulayman. MS13-5 comes from 
a series of intrusions at Ra's Dadnah, which include two distinct compositions: a first suite of biotite-horn-
blende to biotite granite intrusions and a nearby suite of peraluminous leucogranites containing andalusite, 
cordierite, garnet, biotite, and tourmaline. MS13-5 is a tourmaline-garnet leucogranite from the latter suite. 
These samples yielded Th-corrected 206Pb/238U dates of 94.119 ± 0.057 Ma (MS13-1) and 92.361 ± 0.026 Ma 
(MS13-5), with εNd(t) = −4.96 and −4.63, respectively.

All remaining dike samples were collected by Amri, Ceuleneer, and Benoit. Sm-Nd and Rb-Sr isotopic data 
and some whole-rock geochemical data for these samples were previously discussed by Amri et al. (2007); 
however, the full datasets were not reported in that contribution and are reported here (Table 3). The ana-
lyzed samples include granite, tonalite, and quartz diorite intrusions into mantle peridotite and a single 
tonalite intrusion into lower crustal layered gabbros (94M375). An intrusion adjacent to sample 94M375 
previously yielded a U-Pb zircon date of 95.063 ± 0.062 Ma (Rioux et al., 2013).

Finally, to better constrain the composition of underthrust sediment, we also present trace element data from 
a single garnet- and muscovite-rich metasediment (13222M06; Table 2) collected by Rioux and Garber from 
∼12 m below the Samail Thrust at the Green Pool sole locality in the Wadi Tayin massif. Nd isotope and major 
element data have previously been reported by Rioux et al. (2016) and Garber et al. (2020), respectively. The 
metasediment is composed of quartz + white-mica + biotite + plagioclase + garnet + ilmenite + magnet-
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ite and occurs as a m-scale layer within a section of amphibolite, see Garber et al.  (2020) for a detailed 
discussion of the petrogenesis and field relations.

5. Methods and Results
Geochemical data were analyzed at the Washington State University GeoAnalytical Lab; the Center de 
Recherches Pétrographiques et Geochimiques (CRPG) at the Université de Lorraine; the Observatoire 
Midi-Pyrénées (OMP), Unités Mixtes de Recherche (UMR) 556, Toulouse; and Institut Universitaire Eu-
ropeen de la Mer (IUEM), UMR6538, Plouzané. For the Washington State analyses (Table 2), major and 
minor elements were analyzed on fused beads by x-ray fluorescence, following the procedures of Johnson 
et al.  (1999). Trace element analyses were carried out by inductively coupled plasma-mass spectrometry 
(ICP-MS) using a combined fusion-acid digestion method, following the procedures of Knaack et al. (1994). 
Estimates of analytical precision are provided in Table 2, based on comparison of repeat analyses of 250 
unknowns for the XRF data (Kelly, 2018) and 50 analyses of the AGV-1 standard over 5 years for the ICP-
MS data (Steenberg et al., 2017). The accuracy of Washington State XRF analyses has been estimated as the 
relative percent difference between regressions of measured versus reported values for certified reference 
materials, with deviations of 0.03% (Na2O) to 4.1% (TiO2), with an average of 1.6% for major elements, and 
an average deviation of 3.1% for trace elements, with elevated values for Zr (7.7%) and Y (8.5%) (Kelly, 2018). 
The accuracy of Washington State ICP-MS analyses has been estimated from the relative percent difference 
from consensus values of 100 analyses of certified reference materials over 5  years; percent differences 
range from 1.6% to 9.0%, with values ≤3.1% for all elements except Sm, Eu, Tb, Dy, Ho, and Er (4.8%–9.0%) 
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Sample UTM (E)a UTM (N)a IGSNb Location Rock type

Felsic mantle dikes, Oman—This study and Rioux et al. (2021)

13211M02 522884 2542834 MER302112 Bahla massif trondhjemite intruding peridotite

13215M08 424505 2706290 MER302158 Fizh massif trondhjemite intruding peridotite

13217M01 462,778 2651893 MER302171 Sarami massif tonalite intruding peridotite

13219M03 520423 2606267 MER302193 Haylayn massif tonalite intruding layered gabbro

13221M05 623594 2514217 MER302215 Wadi Tayin massif tonalite intruding peridotite

Felsic mantle dikes, UAE—This study and Rioux et al. (2021)

MS13-1 422411 2787266 MERMS1301 Khor Fakkan massif gar.-musc. granite int. peridotite

MS13-5 436536 2822486 MERMS1305 Khor Fakkan massif gar. granite intruding peridotite

Sole metasediment, Oman—This study, Rioux et al. (2016), Garber et al., (2020)

13222M06 663854 2550840 MER302226 Wadi Tayin massif garnet muscovite schist

Felsic mantle dike, Oman—This study and Amri et al. (2007) c

92FZ401A 426899 2712655 MER000002 Fizh massif granite intruding peridotite

92FZ401C 426899 2712655 MER000003 Fizh massif granite intruding peridotite

98F15 427643 2722691 MER000004 Fizh massif tonalite intruding peridotite

98F16 427589 2721971 MER000005 Fizh massif granite intruding peridotite

97RU7 501529 2620220 MER000006 Haylayn massif granite intruding peridotite

97RU8 502753 2620829 MER000007 Haylayn massif granite intruding peridotite

93FR601 427074 2614516 MER000008 Wuqbah massif tonalite intruding peridotite

94M375 615861 2559433 MER000009 Semail massif tonalite intruding layered gabbro

98T31A 615001 2524492 MER00000A Wadi Tayin massif tonalite intruding peridotite

98T31B 615001 2524492 MER00000B Wadi Tayin massif tonalite intruding peridotite

98T31C 615001 2524492 MER00000C Wadi Tayin massif quartz diorite intruding peridotite
aWGS 84, UTM zone 40. bAssigned international geo sample number (IGSN). cUTM estimated from mapped sample locations.

Table 1 
Sample Locations and Descriptions
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(Steenberg et al., 2017). For the OMP-CRPG-IUEM data (Table 3), whole rock major and minor elements 
were analyzed on fused glass beads by XRF at CRPG. Trace element analyses were again carried out by 
ICP-MS using a combined lithium borate fusion-acid digestion procedure at UMR5563-OMP; analytical 
procedures and accuracy are discussed in Aries et al. (2000) and Braun et al. (1998). Nd and Sr isotopes were 
measured following the procedure described in Amri et al. (2007) at UMR6538, IUEM, Plouzané.

The major and trace element data are summarized in Figures 2–7, Tables 2 and 3, and Supplemental Fig-
ure S1. The analyzed dikes have 71.3–78.1 wt. % SiO2, with the exception of a single quartz diorite with 
57.4 wt. % SiO2 (98T31C, Wadi Tayin massif, Table 3). Compared to the V1 and V2 plutonic rocks from the 
ophiolite crust, dikes from the Wadi Tayin, Bahla, northern Haylayn, Sarami, and Fizh massifs in the Oman 
portion of the ophiolite have high K2O (up to 5.5 wt. %; Figures 2e and 3f), and are generally peraluminous 
(Figure 2c; Other Oman symbols), implying elevated Al2O3 relative to feldspar stoichiometry; the single low 
SiO2 quartz diorite intrusion is metaluminous. Chondrite-normalized REE patterns from the intrusions 
at these localities range from U- and V-shaped to LREE enriched with flat heavy REE (HREE), with the 
exception of 13217M01, which has an LREE depleted pattern (Figure 4c). The intrusions are depleted in Ti 
and enriched in Rb, Ba, K, Pb, Th, and U, and to a lesser extent Ta and Nb, relative to the V1 and V2 volcanic 
rocks from the ophiolite (Figure 4).

In contrast to the other Oman dike localities, published data (Haase et al., 2015; Rollinson, 2014a, 2015) 
and a single datum from this study from the Wadi Hajr and Wadi Hemli intrusions in the southern Haylayn 
massif include both metaluminous and peraluminous compositions, have higher MgO, and have lower K2O 
on average (“Haylayn” symbols in Figures 2 and 3). These intrusions generally have LREE-enriched and 
relatively flat HREE chondrite-normalized patterns (Figure 4b); in all of the Oman dike samples, only a 
few rare samples show significant HREE depletion. Much of the previous research on the Oman dikes have 
focused on the Wadi Hajr and Wadi Hemli intrusions (Haase et al., 2015; Rollinson, 2014a, 2015), although 
Rollinson (2015) also studied dikes from a locality in the Fizh massif.

In the UAE, published data (Cox et al., 1999; Rollinson, 2015) and the two samples from this study overlap 
the non-Haylayn Oman dikes. The UAE data primarily plot within the peraluminous field, with a smaller 
number of metaluminous and peralkaline samples (Figure 2d), and are elevated in K2O, relative to the V1 
and V2 plutonic rocks (Figures 2f and 3f). Data from Ra's Dibba and Ra's Dadnah extend to more peralumi-
nous compositions than the Oman data, which is consistent with the observed presence of Al-rich minerals 
in these intrusions, including garnet, cordierite, and andalusite (Cox et al., 1999). Excluding Al Bithnah, 
REE patterns range from LREE enriched with flat HREE to nearly flat REE patterns with extreme negative 
Eu anomalies (Figure 4d; discussed in detail by Rollinson, 2015). In contrast, samples from Al Bithnah 
have steep LREE enriched and HREE depleted patterns, small positive or no Eu anomalies, and higher K2O 
(Figures 2f and 4d).

The sediment (13222M06) from the Wadi Tayin metamorphic sole locality is characterized by LREE enrich-
ment with flat HREE; Rb, Ba, Th, U, K, Ta, and Nb enrichment relative to MORB and the V1 lavas in the 
ophiolite; and Nb and Ta depletion relative to other incompatible trace elements (Figure 4a).

The Nd and Sr isotopic data for the felsic mantle dike samples in this study have previously been discussed 
by Rioux et al. (2021) and Amri et al. (2007) (Tables 2 and 3). Whole rock isotopic values from the sam-
ples range from εNd(t) = −5.8 to +4.1, with two higher datum of εNd(t) = +7.4 and + 7.8 (Figure 5) and 
87Sr/86Srint. = 0.703763 to 0.709404. The Nd and Sr data are correlated, with high εNd corresponding to lower 
87Sr/86Sr. The sole metasediment has an εNd(t) = −8.35 (Rioux et al., 2016).

6. Discussion
6.1. Origin of the Felsic Mantle Dikes in the Oman Portion of the Ophiolite

Given the significant age differences between the felsic mantle dikes in the southern (Oman) and north-
ernmost (UAE) portions of the ophiolite, we discuss their origin separately. We start with the Oman dikes, 
which intruded at the end of crystallization of the oceanic crust of the ophiolite. Figures 5 and 6 illustrate 
the geochemical trends discussed below, with plot symbols grouped and colored based on the distribution 
of dike compositions on plots of MgO or SiO2 versus εNd(t) (Figures 5a and 5b). On these plots, the data from 
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Sample 92FZ401A 92FZ401C 98F15 98F16 97RU7 97RU8 93FR601 94M375 98T31A 98T31B

Rock type Granite Granite Tonalite Granite Granite Granite Tonalite Tonalite Tonalite Tonalite

Massif Fizh Fizh Fizh Fizh Haylayn Haylayn Wuqbah Semail Wadi Tayin Wadi Tayin

XRF major elements (wt. %)

SiO2 76.75 77.12 77.91 77.59 77.58 74.70 73.95 74.80 76.32 71.78

TiO2 0.100 0.080 0.100 0.110 0.200 0.170 0.210

Al2O3 12.87 12.64 12.48 12.36 12.85 13.02 12.43 13.30 13.18 13.41

FeO* 1.05 1.08 0.87 0.69 0.31 1.03 0.77 1.58 1.25 4.21

MnO 0.000 0.000 0.000 0.000 0.000 0.030 0.000 0.000 0.080

MgO 0.40 0.52 0.26 0.33 0.23 0.44 2.86 0.53 0.66 0.93

CaO 2.10 1.03 1.05 1.13 1.32 1.66 0.72 2.27 2.68 4.05

Na2O 3.78 3.11 4.80 3.46 3.30 2.99 5.85 4.54 3.59 2.47

K2O 2.02 4.51 1.81 3.76 3.79 4.18 0.16 1.10 0.96 1.03

P2O5 0.000 0.050 0.000 0.000 0.000 0.050 0.060 0.060 0.000

LOI 0.420 0.190 0.360 0.260 0.290 1.300 2.150 0.750 1.100

Sum 99.51 100.37 99.74 99.74 99.70 99.78 99.15 99.76 99.74

ICP-MS trace elements (ppm)

La 24.36 17.94 9.21 4.31 16.48 22.44 6.41 2.27 6.10 4.17

Ce 46.73 35.93 19.46 7.47 37.64 51.78 13.09 4.99 11.63 8.14

Pr 4.63 3.59 2.24 0.71 3.67 4.98 1.40 0.64 1.24 0.88

Nd 16.71 12.93 9.54 2.64 12.59 18.37 5.80 2.93 4.64 3.56

Sm 2.71 2.67 2.23 0.57 2.56 3.76 1.45 0.87 1.16 1.06

Eu 0.91 0.61 0.28 0.11 0.59 0.80 0.27 0.44 0.36 0.29

Gd 1.81 2.61 2.17 0.56 2.00 3.34 1.86 1.04 1.80 1.79

Tb 0.21 0.48 0.37 0.09 0.33 0.56 0.35 0.18 0.38 0.39

Dy 1.13 3.10 2.53 0.67 1.90 3.46 2.58 1.05 3.14 3.11

Ho 0.22 0.64 0.59 0.15 0.38 0.70 0.62 0.22 0.74 0.75

Er 0.67 2.06 2.00 0.57 1.09 2.03 2.21 0.67 2.67 2.64

Tm 0.10 0.31 0.33 0.10 0.16 0.29 0.36 0.09 0.44 0.42

Yb 0.81 2.16 2.56 0.79 1.13 1.96 2.86 0.66 3.32 3.17

Lu 0.15 0.33 0.46 0.16 0.17 0.28 0.50 0.10 0.56 0.52

Sc 67.81 62.97 56.22 60.53 61.25 59.41 65.45 12.81 48.27 63.38

Rb 57.05 89.77 50.46 83.54 121.79 156.22 8.34 6.81 21.26 20.91

Sr 137.94 76.21 32.17 18.26 92.49 116.83 69.73 137.00 70.76 125.98

Y 6.16 20.77 17.05 4.81 12.22 21.27 20.03 5.44 21.49 20.92

Zr 92.83 51.49 65.62 53.60 35.09 81.64 77.55 3.17 48.54 23.80

Nb 4.54 9.30 2.51 1.26 9.47 10.68 2.65 0.70 1.85 1.76

Cs 3.13 3.89 2.51 2.46 7.35 11.90 1.32 0.03 0.81 0.73

Ba 303.21 722.26 185.66 314.60 217.79 272.64 71.79 229.40 148.78 167.60

Hf 2.28 1.65 2.31 1.68 1.21 2.07 2.46 0.26 1.37 0.84

Ta 0.78 1.68 0.25 1.38 1.34 0.26

Pb 28.17 43.42 12.27 21.36 32.64 33.04 8.74 2.97 15.66 13.64

Th 7.13 6.27 3.57 2.01 6.48 8.42 2.53 0.38 1.88 1.14

U 1.30 2.76 0.64 0.44 2.08 1.99 0.60 0.08 1.11 0.66

Table 3 
Whole Rock Major Element, Trace Element, and Isotope Data for Samples Analyzed at University de Lorraine and Observatoire Midi-Pyrénées
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the Oman felsic mantle dikes define two orthogonal trends. Data from the southern Haylayn massif define 
a near-horizontal trend of variable MgO with nearly constant εNd(t) = −4 to −6 (red symbols). REE patterns 
from these samples are generally LREE enriched with flat HREE (Figure 6f), similar to metasedimentary 
sample 13222M06 from the metamorphic sole of the ophiolite (solid black line, Figure 6f). These major and 
trace element trends and the REE patterns can be explained by mixing or reaction between a low MgO, low 
εNd sediment (±amphibolite) partial melt and a high MgO-Ni mantle component, consistent with the Haase 
et al. (2015) and Rollinson (2014a, 2015) studies, which focused on this area. Haase et al. (2015) argued that 
the mantle component is mantle derived basaltic melt, consistent with the increase in TiO2 concentration 
with increasing mantle component (Figure 5d), while Rollinson (2014a, 2015) suggests that interaction with 
mantle harzburgite is a more efficient way to increase the MgO and compatible trace element (e.g., Ni, Cr) 
concentrations.

Data from felsic mantle dikes from most other areas in Oman define a perpendicular trend to the Haylayn 
mixing array (green symbols), with variable εNd(t) at low MgO (<1 wt %), low Ni (<18  ppm), and high 
SiO2 (>70 wt. %) (Figures 5a–5c). At εNd(t) > −2, the REE patterns from the dikes are predominantly U- 
and V-shaped (Figures 6b–6d); dikes with εNd(t) < −2 have primarily LREE enriched patterns, with a few 
V-shaped patterns (Figures 6e and 6f). The U-shaped patterns match the expected REE pattern for partial 
melts derived from MORB metamorphosed at amphibolite-facies conditions (black dashed line, Figures 6b–
6d), due to preferential partitioning of the MREE into amphibole (±clinopyroxene). We hypothesize that the 
more pronounced V-shaped patterns in some samples (Figure 6d) may result from variations in amphibole 
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Table 3 
Continued

Sample 92FZ401A 92FZ401C 98F15 98F16 97RU7 97RU8 93FR601 94M375 98T31A 98T31B

Ti 673.93 469.98 708.34 578.61 391.44 798.47 769.04 1029.06 1284.58

V 1.91 1.95 1.11 3.77 34.14 2.60 6.07 6.30 7.21

Cr 6.44 2.89 3.16 5.50 10.20

Co 1.65 0.95 0.75 1.39 0.74 1.85 1.01 1.81 1.72 4.82

Ni 7.92 4.08 5.21 8.95 4.24 6.66 5.32 1.29 12.55 18.16

Cu 1.17 0.95 1.98 1.42 0.73 7.92 1.77 6.48 4.60 7.14

Zn 14.51 13.39 14.83 8.94 16.70 6.94 24.64 19.67 75.07

Ga 11.39 11.90 11.47 9.00 10.31 11.66 12.32 14.27 13.33 15.10

Ge 0.78 1.09 1.01 0.85 1.18 1.40 0.76 0.81 1.00

Sn 0.73 0.21 0.42 1.44 0.06 0.22

Sb 0.21 0.15 0.05 0.19 0.26 0.28 0.12 0.01 0.89 0.29

ID-TIMS Sm-Nd and Rb-Sr isotopic dataa

Sm 2.71 2.67 2.23 0.57 2.56 3.76 1.45 0.87 1.16 1.06

Nd 16.70 12.90 9.50 2.60 12.60 18.40 5.80 2.93 4.60 3.60
147Sm/144Nd 0.0981 0.1252 0.1420 0.1326 0.1229 0.1236 0.1512 0.1787 0.1525 0.1781
143Nd/144Nd 0.512403 0.512442 0.512746 0.512808 0.512303 0.512296 0.512751 0.513027 0.512471 0.512535

±2σ 0.000003 0.000004 0.000003 0.000003 0.000003 0.000005 0.000003 0.000014 0.000003 0.000003

εNd
(96) −3.38 −2.95 2.78 4.10 −5.63 −5.78 2.76 7.81 −2.72 −1.78

Rb 57.05 89.77 50.46 83.54 121.79 156.22 8.34 6.81 21.26 20.91

Sr 138.00 76.00 32.00 18.00 92.00 117.00 70.00 137.00 71.00 126.00
87Rb/86Sr 1.162 3.320 4.432 13.060 3.722 3.754 0.335 0.140 0.841 0.466
87Sr/86Sr 0.709274 0.712145 0.710373 0.722690 0.713774 0.714525 0.705004 0.703954 0.707873 0.707480

±2σ 0.000008 0.000011 0.000004 0.000006 0.000007 0.000004 0.000010 0.000009 0.000006 0.000003
87Sr/86Srint. 0.707689 0.707616 0.704327 0.704875 0.708697 0.709404 0.704547 0.703763 0.706725 0.706844
aSm-Nd and Rb-Sr isotopic data from Amri et al. (2007). Reported 143Nd/144Nd are current values.
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partition coefficients or the impact of additional residual phases during melting, such as titanite (Supple-
mental Text S1). In this context, we suggest that the low MgO trend (green symbols) is a result of partial 
melting of underthrust sediment and metabasalt; the low εNd(t) end member (blue symbols) has the highest 
proportion of sediment-derived partial melts, while the higher εNd samples (green symbols) are increasing-
ly dominated by partial melts derived from amphibolite- to granulite-facies metabasalts. The correlation 
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Figure 2. Composition of felsic mantle dikes from Oman ((a), (c), (e)) and the United Arab Emirates (UAE) ((b), (d), (f)). Larger plot symbols denote data from 
this study. Plutonic rocks associated with the V1 and V2 magmatic series are included for comparison (Haase et al., 2016; Rollinson, 2009). The Haylayn group 
only includes samples from Wadi Hajr and Wadi Hemli, in the southern Haylayn massif; two samples from the northern Haylayn massif are grouped with the 
“Other Oman” samples. (a)–(b) CIPW normative compositions of the felsic mantle dikes. Himalayan leucogranite field is after Rollinson (2015), based on data 
from Guo and Wilson (2012); plutonic fields are after Barker (1979). (c)–(d) Aluminum saturation index (molar Al2O3/[(CaO-3.34*P2O5)+Na2O+K2O) (Frost 
et al., 2001) versus molar Al2O3/(Na2O + K2O). (e)–(f) Weight percent K2O versus normalized Ce/Dy. Data sources are listed in Figure 3 caption.
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between εNd and REE patterns cannot be explained by fractional crystallization of amphibole (or any phase) 
from the felsic dikes, as crystallization does not change isotopic ratios.

The distinct mantle mixing (red symbols) and amphibolite melting (green symbols) trends are apparent in 
other major and trace element data (Figures 3 and 5). For example, the two datasets display distinct slopes 
on major element variation diagrams (e.g., Figure 5d). The high SiO2, low MgO, and other major element 
trends are consistent with the observed composition of amphibolite melts from experimental studies at 
pressures and temperatures similar to those observed in the metamorphic sole of the ophiolite (Figures 3 
and 5d) (Rapp et al., 1991; Rushmer, 1991; Zhang et al., 2013).

Patiño Douce (1999) developed major element discrimination diagrams for melts derived from meta-sedi-
ments versus meta-basalts, based on a compilation of experimental data. For the Oman mantle dikes, the 
low MgO, low εNd sediment-rich end member compositions (blue symbols) plot parallel to the trend of melts 
derived from felsic metapelites, while the dikes with higher εNd, and a larger amphibolite component (green 
symbols), are generally transitional between the compositions of meta-sediment and amphibolite melts 
(Figure 5e). The Haylayn dikes plot within the amphibolite melt field on this diagram, but this likely reflects 
mixing with a mantle component; the compositions of mantle-derived magmas overlap the amphibolite 
melt field, as seen in the V1 and V2 data.

Outside of the amphibolite melting and mantle mixing trends, there are almost no dikes with elevated 
εNd (−2 to 4) and high MgO (>2 wt. %), high Ni (>20 ppm), or low SiO2 (<70 wt. %) (i.e., the center of 
Figures 5a–5c). The dearth of such data supports our conclusion that the U- and V-shaped REE patterns 
observed in the amphibolite melting trend reflect REE partitioning during partial melting of amphibolite, 
rather than amphibole fractionation from compositions along a more positive εNd (−2 to 4) extension of the 
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Figure 3. Major element variation diagrams. V1 and V2 data with MgO = 10–14 wt. % plot off scale. Data sources: felsic mantle dikes (this study; Amri 
et al., 2007; Cox et al., 1999; Haase et al., 2015; Rollinson, 2014a, 2015), V1 and V2 volcanic rocks (Godard et al., 2003, 2006; Kusano et al., 2012, 2014, 2017), V1 
and V2 plutonic rocks (Amri et al., 2007; Haase et al., 2016; Rioux et al., 2016; Tsuchiya et al., 2013). The V1 and V2 plutonic rocks are plotted based on how the 
data were grouped in the source publications; however, we note that robust distinction between the V1 and V2 related plutonic rocks requires a combination 
of field observations and geochemical data, which are not reported in all studies. The upper V2 volcanic series corresponds to the upper V2 lavas of Kusano 
et al. (2017), with the addition of a single lower V2 lava with low εNd (sample 10SH21). “Amph. melt” data are liquid compositions from amphibolite melting 
experiments by Rapp et al. (1991), Rushmer (1991), and Zhang et al. (2013).
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Figure 4. Rare earth element (REE) and extended trace element diagrams for magmatic series in the Samail ophiolite. Panel (a) includes data for the 
sole metasediment reported herein. Data sources: felsic mantle dikes from the southern Haylayn massif (Wadi Hajr and Wadi Hemli) (Haase et al., 2015; 
Rollinson, 2014a, 2015); felsic mantle dikes from other areas of Oman (Amri et al., 2007; Rollinson, 2015); felsic mantle dikes in the UAE (Rollinson, 2015); V1 
and V2 volcanic rocks (Godard et al., 2003; Godard et al., 2006). For a discussion of the origin of the flat REE patterns with large negative Eu anomalies from 
the Ra's Dadnah area in the UAE, see Rollinson (2015). REE diagrams are normalized to Anders and Grevesse (1989) multiplied by 1.36 (Korotev, 1996) and 
extended trace element diagrams are normalized to normal mid-ocean ridge basalt (Hofmann, 1988). Sample 13217M01 is highlighted in panel (a), but is also 
plotted in panel (c). REE, Rare earth element.
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Haylayn mantle-sediment mixing trend (red diamonds). Differentiation of compositions from the Haylayn 
trend would likely generate dikes along a constant εNd chord (−2 to 4) with intermediate MgO, SiO2, and Ni 
concentrations, due to crystallization of mafic phases from the MgO-rich compositions, but such composi-
tions are not observed. It is possible that the data reflect a sampling bias, since we largely focused on felsic, 
MgO poor rocks, and the separation of the two mixing trends could be further tested by additional sam-
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Figure 5. Major element, trace element and isotope variation diagrams. Felsic mantle dikes are divided into intrusions 
in the southern Haylayn massif (diamonds), intrusions from the rest of the ophiolite sections in Oman (squares), and 
intrusions in the United Arab Emirates (UAE) portion of the ophiolite (open circles). Symbol colors for the Oman dikes 
are based on data groupings shown in (a) and described in the text. Smaller gray and black symbols for the dikes in ((d), 
(e), (f), (g)) correspond to geochemical data that lack Nd isotopic data. The V1 and V2 datasets include analyses from 
volcanic and plutonic rocks attributed to these magmatic events. Data sources are provided in Supplemental Figure S1. 
Additional sources include the following: (b) amphibolite melting experiments (Rapp et al., 1991; Rushmer, 1991; 
Zhang et al., 2013); (e) discrimination diagram (Patiño Douce, 1999; Rollinson, 2015); (h) sediment and amphibolite Zr/
Sm (Foley et al., 2002; Guo & Wilson, 2012). Abbreviations: sed., sediment; amph., amphibolite; inc., increasing; exp. 
experiments.
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pling. The two distinct trends also suggest that the Haylayn swarm is unique in incorporating a significant 
mantle component. The one exception to this is a single sample from the Wadi Tayin massif (98T31C; Amri 
et al., 2007), which plots within the Haylayn mixing trend (square, red symbol, Figure 5a); two other sam-
ples from the same locality plot within the amphibolite melting trend, suggesting significant heterogeneities 
within dike swarms over small length scales (10–100s of meters). Beyond the concentration of high MgO, 
low εNd dikes in the southern Haylayn massif, there are no obvious geographic trends in the isotopic data 
(Figure 5j).

The low εNd, low MgO dikes (blue symbols) plot at the confluence of the amphibolite melting and man-
tle mixing trends and therefore are expected to represent the most sediment-melt rich end members. In 
our prior work, we showed that metasediment from the Wadi Tayin massif, which we report whole rock 
geochemical data for here, has εNd(t)  =  −8.4 (Rioux et  al.,  2016, p. 13222M06), suggesting that some 
sediments thrust below the ophiolite had even lower εNd than observed in the mantle dikes. Based on 
this datum, it is possible that even the dikes with the lowest MgO and εNd(t) (blue symbols) are a mix 
of amphibolite with higher εNd(t) and sediment melt, rather than pure sediment melts. This conclusion 
is consistent with Rollinson (2015), who argued that small mafic inclusions and potentially xenocrystic 
high anorthite cores in the Haylayn dikes are related to amphibolite melting, and successfully modeled 
the REE patterns and other trace element abundances of the southern Haylayn intrusions (red symbols) 
as a mix of amphibolite and sediment partial melts (black dashed line, Figure 6f), combined with a man-
tle component. In contrast, Spencer et al. (2017) argued that zircon and whole-rock oxygen isotope data 
from the southern Haylayn dikes are best explained by pure sediment melting, with no mantle derived 
(or amphibolite) component. Our data do not preclude this possibility for some of the lowest MgO and 
εNd(t) samples (blue symbols); however, it is clear from the Ni and MgO data that many of the higher MgO 
Haylayn dikes contain a mantle component, and similarly, we consider it likely that some or all of the 
lowest MgO and εNd(t) samples (blue symbols) represent a mix of amphibolite and sediment melts, rather 
than pure sediment melts.
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Figure 5. Continued
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While the blue data points likely have the greatest sediment component, one of these dikes has a V-shaped 
REE pattern, suggesting the REE budget was dominated by amphibolite derived melts. Amphibolites from 
the metamorphic sole of the ophiolite have variable εNd = +3.9 to +7.1 (Cox et al., 1999; Rioux et al., 2016), 
and a leucocratic pod within amphibolite from the Wadi Tayin sole locality had εNd = −7.0 (Rioux et al., 2013). 
The low εNd of some amphibolites could reflect either isotopic heterogeneity of the protolith basalt, or more 
likely, incorporation of a significant sedimentary component into the amphibolites. The low εNd(t) dike with 
a V-shaped REE pattern may therefore include a large component of melt derived from low εNd(t) amphibo-
lite. Alternately, the V-shaped pattern could reflect variable REE patterns from sediment melts; however, we 
consider this to be less likely, given that most of the low εNd dikes (i.e., sediment-rich) have LREE enriched 
patterns (Figure 6f, red and blue). In addition, while sediment derived Himalayan leucogranites do show 
a range of REE patterns (Guo & Wilson, 2012), it is notable that they do not include the type of V-shaped 
patterns observed in the Samail ophiolite.

Two final dikes have low MgO and high εNd(t) = +7.4–7.8 (yellow symbols), overlapping the range of 
εNd(t) observed within the V1 and V2 magmatic series that form the ophiolite crust (Figure 5a). These 
dikes plot at the intersection of the amphibolite melting trend (green symbols) described above, and the 
differentiation trends for the V1 and V2 magmatic series. One of these dikes (13217M01; εNd(t) = +7.4) 
from just below the crust-mantle transition in the Sarami massif has an LREE depleted REE pattern, 
which is distinct from the U-shaped REE patterns of the amphibolite melting trend, but similar to the 
REE patterns of the V2 volcanic series (labeled sample in Figures 4a, 4c, and 6a; higher MgO yellow data 
point in Figure 5). This dike has a similar incompatible trace element signature to the V2 lavas, including 
Nb, Ta, and Th depletions and Pb and Sr peaks (Figure 4a). We therefore consider it most likely that this 
felsic dike formed by extensive differentiation of magmas related to the V2 series within the uppermost 
mantle. Interestingly, there is an offset in dates between the LREE depleted dike (13217M01) and the 
four dated LREE enriched mantle dikes (Rioux et al., 2021); the LREE depleted dike yielded a weighted 
mean 206Pb/238U date of 95.478 ± 0.032 Ma, compared to younger 206Pb/238U dates of 95.201 ± 0.032 to 
94.95 ± 0.10 Ma for the other mantle dikes. The older date overlaps with the timing of crustal plutonic 
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Figure 6. Rare-earth element (REE) plots for felsic dikes that intrude the mantle and lowermost crust in Oman. The data are divided based on whole rock 
εNd, with plot colors corresponding to the color scheme in Figure 5. REE patterns from the Lasail and Alley components of the V2 series are included in (a) for 
comparison. The 20% amphibolite melt was modeled using the parameters described in Figure 8, with 0% garnet. Data sources: felsic mantle dike REE (this 
study; Amri et al., 2007; Haase et al., 2015); amphibolite+sediment melt model (Rollinson, 2015); Lasail and Alley REE patterns (Godard et al., 2003; Godard 
et al., 2006). Data are normalized to Anders and Grevesse (1989) multiplied by 1.36 (Korotev, 1996). This figure only includes samples with both REE and Nd 
isotopic data. REE, Rare earth element.
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rocks related to V2 magmatism (Rioux et al., 2021). The data, therefore, suggest two distinct generations 
of felsic mantle intrusions, with an earlier set related to V2 magmatism and a later series linked to melt-
ing of underthrust amphibolite and metasediment.

In contrast, the second high εNd(t) dike (94M375; εNd(t) = +7.8) was sampled just above the crust-man-
tle transition in the Samail massif, and has a slightly enriched LREE and relatively flat HREE pattern 
(labeled sample in Figures 4c and 6a; lower MgO yellow data point in Figure 5) (Amri et al., 2007). Ri-
oux et  al.  (2013) studied an intrusion from the same swarm ∼100  m from this sample, which yielded 
εNd(t) = +6.9 and a 206Pb/238U date of 95.063 ± 0.062 Ma (9127M01), but we do not have trace element 
data for the dated sample. The age of sample 9127M01 overlaps with the timing of the low εNd(t) mantle 
dikes and is distinctly younger than the age of the potentially V2 related intrusion discussed in the preced-
ing paragraph. We therefore hypothesize that samples 94M375 and 9127M01, which have εNd = +6.9–7.8, 
represent a high εNd end member of primarily amphibolite melts. The major element data from 94M375 
plot within the amphibolite melt field on the Patiño Douce (1999) major element discrimination diagram, 
consistent with this hypothesis; however, the REE data for 94M375 lack the U-shape pattern associated 
with amphibolite melting. This could be due to differentiation or a different, more amphibole-poor or 
garnet-rich source composition. We note that the sample has an extreme Zr depletion (lowest Zr trough in 
Figures 4c) and a positive Eu anomaly, which could reflect zircon fractionation and plagioclase accumula-
tion; however, simple geochemical models of these processes do not reproduce the observed REE pattern. 
Direct measurements of the REE in plagioclase, zircon and other trace minerals in the sample are required 
to more robustly test whether the observed REE pattern is related to differentiation or a different source 
lithology (e.g., more modal garnet).

The distinct melting and fractionation trends are best defined by major element, minor element, and REE 
trends; however, incompatible trace element ratios provide additional insight into the source composi-
tions and melting processes. The analyzed sole metasediment (13222M06) has a composition similar to 
Global Subducting Sediment (GLOSS) (Plank & Langmuir, 1998) and is enriched in Rb, Ba, Th, U, Nb, 
Ta, Pb, and the LREE relative to V1 volcanic compositions (Figures 4 and 7), providing constraints on the 
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Figure 7. Extended trace element diagrams for felsic dikes that intrude the mantle and lowermost crust in Oman. Data are grouped following the trends 
defined in Figure 5. V1 lavas (Godard et al., 2003; Godard et al., 2006) and the composition of a sole metasediment (13222M06) are shown for comparison. 
Normalized to normal mid-ocean ridge basalt (Hofmann, 1988).
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possible composition of the metasediment end member. Whole rock trace element compositions of sole 
amphibolites are intermediate between V1 and metasediment compositions, with variable enrichments 
in Rb, Ba, Pb, and Nb, which have been attributed to addition of these elements by slab fluids (Ishikawa 
et al., 2005); U and Th data were not published for the sole amphibolites. The more amphibolite-rich dikes 
in the Samail ophiolite are characterized by lower Th and U concentrations (Figure 7), as expected given 
the large compositional differences between likely sediment and amphibolite protoliths. The low Th of the 
amphibolite-rich melts leads to a general trend of decreasing Th/Yb with increasing amphibolite compo-
nent (Figure 5g).

Previous work has also demonstrated that amphibolite melts are generally characterized by elevated Zr/Sm 
and low Nb/Ta (Foley et al., 2002). The inferred amphibolite-rich dikes (green data points) show a broad 
trend to higher Zr/Sm (Figure 5h), consistent with this observation; scatter in the trend likely reflects heter-
ogeneity in the slab sediment composition. The low Zr/Sm of the non-V2 related high εNd dike (yellow plot 
symbol), which we argue has the lowest sediment contribution, is likely related to zircon fractionation, as 
discussed above. While Foley et al. (2002) also used Nb/Ta to fingerprint amphibolite versus eclogite melt-
ing, this is a poor discriminant between amphibolite and lower pressure metasediment melts, as the range 
of sediment derived leucogranites from the Himalaya (Guo & Wilson, 2012) overlap the predicted range of 
Nb/Ta of amphibolite melts and no clear trend is seem in the felsic dike data.

Finally, sediment-derived Himalayan leucogranites are characterized by low Ce/Pb (<2) (Guo & Wil-
son, 2012) and the analyzed sole metasediment has a lower Ce/Pb (Ce/Pb = 5.2) than most sole amphibo-
lites (Ce/Yb = 3.5–43.3) (Ishikawa et al., 2005) and V1 volcanic rocks (3.0–83.2) (Godard et al., 2003, 2006), 
suggesting this may be a useful ratio to discriminate between amphibolite and metasedimentary sources 
within the mantle dikes. However, there is no systematic offset in Ce/Pb between sediment-rich and amphi-
bolite-rich dikes (Figure 5i; Ce/Pb overlap for blue and green plot symbols). This may reflect Pb addition in 
a fluid phase during amphibolite melting, although this is ambiguous as we do not observe a clear trend to 
lower Th/U (fluid immobile/fluid mobile) for amphibolite-rich dikes and Ishikawa et al. (2005) found only 
limited Pb enrichment from slab fluids in sole amphibolites.

In summary, our analyses suggest the felsic dikes that intrude the upper mantle and lowermost crust along 
the length of the ophiolite formed as a result of three distinct fractionation and mixing processes: (1) dikes 
with low MgO (<1 wt. %), low Ni, high SiO2, and εNd = −6 to +4 (green and blue symbols) likely repre-
sent two component mixing between partial melts from amphibolite- to granulite-facies metasedimenta-
ry and meta-basaltic sources that were underthrust or subducted below the ophiolite, with an increasing 
component of metabasaltic melts at higher εNd; (2) dikes with low εNd = −6 to −4, but higher MgO (>1 wt. 
%), higher Ni, and lower SiO2 (red symbols) likely reflect mixing between combined meta-basaltic/meta-sed-
imentary melts and a mantle component consisting of either mantle derived basalts (Haase et al., 2015) or 
reaction with mantle harzburgite (Rollinson, 2015); and (3) a single dike with low MgO, high εNd = +7.4 and 
an LREE depleted rare earth element pattern may have formed by extensive differentiation of V2 magmas 
within the upper mantle.

6.2. Origin of the Felsic Mantle Dikes in the UAE Portion of the Ophiolite

The felsic dikes within the mantle section in the UAE are ∼0.9–4.0 Ma younger than the similar intru-
sions within the Oman section (Rioux et al., 2021). Cox et al. (1999) used isotopic and geochemical data to 
argue that the UAE dikes range from pure metasediment partial melts to mixtures of metasediment and 
meta-basaltic partial melts. Rollinson (2015) grouped the Oman and UAE dikes together in deriving his 
three-component mixing model. The plots presented herein are generally consistent with the conclusions 
of Cox et al. (1999); most of the UAE dikes from Ra's Dadnah, Ra's Dibba, Wadi Hulw bin Sulayman, and 
Wadi Zikt plot along the amphibolite mixing trend, suggesting they represent a mix of metasedimentary 
and metabasaltic melts formed at amphibolite- to granulite-facies (Figure 5). A single dike analyzed by Cox 
et al. (1999) from the center of the Ra's Dadnah composite intrusion plots along the mantle mixing trend, 
consistent with assimilation of orthopyroxene and amphibole from mantle harzburgites (Rollinson, 2015) 
or mixing with mantle derived basalt (Haase et al., 2015). These data suggest that, although there are sig-
nificant age differences, the UAE felsic dikes broadly record the same melting, mixing, and fractionation 
processes as the Oman dikes.
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6.3. Depth of Melting

An important observation made by both Haase et al. (2015) and Rollinson (2015) is that the lack of HREE 
depletion in most of the felsic mantle dikes requires limited garnet in their source rocks, which constrains 
the depth of melting. To further quantify the amount of garnet permitted in the source of the felsic mantle 
dikes, we developed both traditional and Monte Carlo modal batch melting models (Rollinson, 2014b). We 
focused on the dikes with U- to V-shaped REE patterns, which we attribute to partial melting of an amphib-
olite source. In the Monte Carlo simulation, we varied the weight percent amphibole (15–60%), clinopyrox-
ene (0–25%), garnet (0–10%), titanite (0–5%), and plagioclase (0–85%; set by difference) in an amphibolite 
source, and calculated the trace element composition of equilibrium partial melts. In this modeling, we 
did not seek to determine the exact mineralogy of the amphibolite source but instead to explore a range 
of realistic mineralogies. For comparison, pseudosection modeling of source mineralogies using the Gibbs 
free energy minimization software Perple_X (Connolly, 2005) (see below) suggests modal mineralogies of 
30–50 wt. % amphibole, 20–50 wt. % plagioclase, and 10%–20% clinopyroxene for amphibolites at solidus 
temperatures and appropriate pressures for 0–10 wt. % garnet. We used source REE patterns based on the 
composition of amphibolite samples from the metamorphic sole (Ishikawa et al., 2005) or V1 volcanic rocks 
(Godard et al., 2006), which are considered the most likely analogs for the composition of the subducted 
slab (Supplemental Text S1).

Figure 8 shows our preferred model using the partition coefficients of Rollinson (2015), based on data from 
Sisson (amphibole; 1994), Bacon and Druitt (amphibole; 1988), and Rubatto and Hermann (garnet; 2007); 
the selected partition coefficients are from felsic systems to be consistent with the felsic composition of 
amphibolite partial melts (Beard & Lofgren, 1991; Rapp et al., 1991). The HREE slope of the modeled melts 
reflect a balance between amphibole and garnet partitioning, where amphibole in the source leads to more 
positive HREE slopes (i.e., lower Dy/Yb and U- to V-shaped REE patterns), while higher modal garnet de-
creases the HREE slope (i.e., higher Dy/Yb). Our Monte Carlo models indicate that source rocks with >5 
wt. % garnet lead to flatter HREE slopes (higher Dy/Yb) than observed in the dikes (Figure 8; average V1 
starting composition); the dike data are most consistent with models of ≤2 wt. % garnet. These results are 
insensitive to the percent melting.

In reality, even the dikes with U- to V-shaped REE patterns likely incorporated some sediment melt, as 
indicated by the variable εNd(t). Sediment melts are expected to have flat to HREE depleted REE patterns 
(this study; Guo & Wilson, 2012; Rollinson, 2015), and the addition of a sediment melt would further re-
duce the predicted percentage of garnet in the amphibolite source. Given that we sought to determine the 
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Figure 8. (a) Monte Carlo simulations of batch partial melting of an amphibolite source with 0–10 wt. % garnet 
(n = 2,000 iterations per garnet step), compared to data from low MgO, εNd(t) > −2, felsic mantle dikes with U- to 
V-shaped REE (green squares in Figure 5). Proportions of amphibole, plagioclase, and clinopyroxene were varied, 
as described in the text—this model has 0% titanite. The model is for 20% batch modal melting of an average 
V1 composition (Geotimes from Wadi Salahi) (Godard et al., 2006), using the distribution coefficients from 
Rollinson (2015). Inc. amph./dec. plag., increasing wt. % amphibole and decreasing wt. % plagioclase; inc. garnet, 
increasing wt. % garnet. (b) Model results showing the impact of 0, 2, 5, and 10 wt. % garnet in the source, compared to 
the REE patterns of the felsic mantle dikes (gray lines; εNd(t) > −2). The plotted REE patterns are for 20% batch modal 
melting of an amphibolite source with ∼25 wt. % amphibole, ∼60 w.t% plagioclase, and 15 wt. % clinopyroxene. Data 
are normalized to Anders and Grevesse (1989) multiplied by 1.36 (Korotev, 1996). REE, Rare earth element.
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maximum percent garnet that may have existed within the amphibolite source for the felsic mantle dikes, 
and including sediment melts is most likely to reduce the predicted percentage of garnet in the source, we 
did not focus on the proportion or composition of sediment melts in the Monte Carlo models. It is possible 
that some of the low εNd(t) samples that are LREE enriched with flat HREE (Figure 6f) could reflect melting 
of a garnet-rich amphibolite source (i.e., the flat HREE are a balance between the elevated HREE from the 
source amphibolite and HREE depletion due to a strong garnet signature); however, given the low εNd(t) 
of these samples, we consider it more likely that the REE patterns reflect a large sediment component, as 
previously suggested (Haase et al., 2015; Rollinson, 2015; Spencer et al., 2017).

The extended trace element patterns of our melting models are generally consistent with the sample data, 
with the exceptions of the absence of negative Ti anomalies, smaller positive Pb anomalies, higher Zr and 
Hf concentrations, and lower Rb and Ba concentrations in the model results (Supplemental Figure S2). 
The higher Zr, Hf, and Ti in the model data likely reflect residual zircon, ilmenite, and/or titanite in the 
source (Rollinson, 2015), the low Rb and Ba are due to depletions of these elements in the selected source 
composition and the higher Pb observed in the samples may reflect contributions from a sediment or fluid 
component. In terms of the HREE slope, any residual zircon in the source would flatten the HREE and 
further limited the predicted modal percent garnet.

To test the sensitivity of the model results to the assumed source composition and the presence of titanite in 
the source, we modeled melting of a range of V1 and sole compositions and ran models containing 0–5 wt. 
% titanite. Given that partition coefficients (Kd) can be sensitive to mineral composition, melt composition, 
P, and T, we further tested our models using a range of published coefficients for amphibole, clinopyroxene, 
garnet, and titanite. The results of these additional models are discussed in the Supplemental Text S1 and 
plotted in Supplemental Figures S3–S8, and further support the conclusion that the amphibolite source for 
the felsic mantle dikes likely contained <5 wt. % garnet.

The relative percentage of amphibole and plagioclase in the best-fit models is somewhat dependent on the 
source composition. Either of the average compositions we focused on (average Salahi V1 or clinopyroxene 
free, high-grade amphibolites) can reproduce four of the five data points from the felsic mantle dikes, but 
the best fit models, especially for the sole amphibolite starting composition, have less amphibole (10–40 
wt. %) and more plagioclase (30–90 wt. %) than the predicted amphibolite mineralogy at the appropri-
ate P-T based on pseudosection modeling. However, the apparent “excess” plagioclase in the source may 
actually reflect fractional crystallization of plagioclase from the melts (i.e., we are modeling the dike REE 

RIOUX ET AL.

10.1029/2020JB020760

21 of 26

Figure 9. (a) Calculated bounds on high-εNd(t) dike generation from Perple_X (Connolly, 2005). Each line represents 
constraints from a single bulk composition, with the low-T (near vertical) bound representing the H2O-saturated 
solidus and the high-P (near horizontal) bound representing the 5 wt.% garnet modal isopleth (i.e., viable source 
conditions are on the high-T, low-P side of each line). The average V1 Salahi and sole amphibolite compositions used in 
our geochemical modeling are highlighted. All lines were smoothed for clarity. (b) P-T conditions of the wet solidus and 
garnet isopleths for the average V1 Salahi composition.
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based on melting alone, but their chemistry likely reflects a combination of source melting and subsequent 
fractional crystallization). As such, we do not expect the relative proportions of amphibole and plagioclase 
to necessarily match the mineralogy of the source amphibolite. The amount of plagioclase in the source 
(or removed during fractional crystallization) primarily changes the LREE slope (i.e., Ce/Sm) and does 
not significantly impact the HREE slope, and therefore does not impact the predicted percent garnet in 
the source.

Overall, our modeling suggests that the REE patterns of the felsic mantle dikes are most consistent with 
<5 wt. % garnet in the amphibolite source. To understand pressure and temperature bounds for felsic dike 
generation that are consistent with this result, we performed thermodynamic modeling using the Gibbs 
free-energy minimization software Perple_X v. 6.8.4 (Connolly, 2005) (Supplemental Text S1). These efforts 
were applied to seven subdivisions of the potential source compositions outlined above.

Based on the melt partitioning results, the source conditions for the high-εNd dikes with U- to V-shaped 
HREE patterns are bounded by the wet solidus (at low T) and the occurrence of the 5 wt. % garnet modal 
isopleth (at high P); these are combined and displayed for each of the modeled bulk compositions in Fig-
ure 9. Most of the possible source rocks exhibit solidus temperatures between 700–800°C, and maximum 
pressures for 5 wt. % garnet between 1.0–1.4 GPa, but there are clear differences between different bulk 
compositions. For example, models using the bulk composition of the highest-grade, garnet-bearing sole 
amphibolites have a distinctly higher-T solidus (potentially reflecting prior melt extraction and significant 
Ca enrichments relative to other starting compositions), whereas models using the composition of the low-
est-grade, garnet-free sole amphibolites exhibit far more garnet over the investigated P-T range than any 
other composition (reflecting higher bulk-rock FeO and MnO contents). Overall, the pseudosection results 
are consistent with high-εNd dike generation by wet melting at P ≤ 1.4 GPa and T ≥ 700–750°C, which broad-
ly matches the P-T conditions recorded by sole amphibolites (Cowan et al., 2014; Searle & Cox, 2002; Soret 
et al., 2017).

7. Conclusions
The origin of felsic intrusions into the upper mantle and lower crust of the Samail ophiolite have been the 
focus of several recent studies. Here we build on these contributions by presenting an integrated data set 
of whole rock major element, trace element and Nd isotopic data from intrusions from a wider geograph-
ic area. The new and published data suggest three distinct mixing and fractionation trends. Most of the 
intrusions in Oman formed primarily by mixing between amphibolite and metasediment melts, with little 
mantle contribution. In contrast, the well-studied dike swarm at Wadi Hajr and Wadi Hemli in the southern 
Haylayn massif formed through three-component mixing between amphibolite-metasediment melts and 
a mantle component, consistent with prior research (Haase et al., 2015; Rollinson, 2014a, 2015). Finally, a 
single sample with high εNd and an LREE-depleted trace element signature likely formed by differentiation 
of depleted, mantle derived magmas related to the V2 magmatic series. U-Pb zircon dates from the Oman 
dikes show that the V2-related dike intruded earlier, at 95.478 ± 0.032 Ma, while the rest of the dated dikes 
have near synchronous, younger dates of 95.201 ± 0.032 Ma to 94.95 ± 0.10 along the length of the ophiolite 
in Oman (Rioux et al., 2021). Combined geochemical and pseudosection modeling suggests that the dikes 
were generated by partial melting of underthrust material at P ≤ 1.4 GPa and T ≥ 700–750°C. The distinct 
mixing trends of the dikes may reflect heterogeneities in thermal conditions within the mantle wedge and/
or at the top of the underthrust or subducted slab and heterogeneities in the proportion of amphibolites 
and metasediments along any given portion of the underthrust plate. Felsic intrusions into the mantle in 
the UAE follow similar mixing trends to the Oman samples, with most reflecting primarily two-component 
mixing between amphibolite and metasediment melts, consistent with the conclusions of Cox et al. (1999); 
however, U-Pb dates from the felsic dikes intruding the northern termination of the ophiolite in the UAE 
range from 94.119  ±  0.057 to 90.998  ±  0.052  Ma (Rioux et  al.,  2021), indicating that felsic magmatism 
there significantly post-dated all other magmatic events (both mafic and felsic) recorded in the bulk of the 
ophiolite.

RIOUX ET AL.

10.1029/2020JB020760

22 of 26



Journal of Geophysical Research: Solid Earth

Data Availability Statement
Geochemical data from this study are available on the EarthChem Library using the following links: Table 2 
major- and trace-element data: https://doi.org/10.26022/IEDA/111896; Table 2 isotopic data: https://doi.
org/10.26022/IEDA/111897; Table 3 major- and trace-element data: https://doi.org/10.26022/IEDA/111894; 
Table 3 isotopic data: https://doi.org/10.26022/IEDA/111895.
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