
1. Introduction
The formation processes and dynamics of fast-spread (-ing) oceanic crust are subjected to a long-standing 
scientific debate. Although more data on igneous oceanic lithologies became available over the last decades, 
a densely sampled coherent profile covering the full crustal range from the basaltic top down to the mantle is 
still missing, yet urgently needed since such a profile provides detailed insights on the accretional process of 
fast-spreading crust. Many studies have discussed diverse aspects on accretion of the oceanic crust: structural 

Abstract Oceanic gabbros are the most abundant rocks close to Earth's surface. Here we present new 
data from a consistent profile through the paleocrust of the Samail Ophiolite (Oman), which is thought to 
provide the best analog for modern fast-spreading oceanic crust. Incompatible trace elements of co-existing 
plagioclase and clinopyroxene fractionate from the mineral core to rim and up section from layered to foliated 
to varitextured gabbros. Layered gabbro parental melts correspond to mid-ocean-ridge basalts (MORB), and 
plagioclase Ca# shows a pronounced inverse zonation. Likely, they crystallized in situ from hydrous melts, 
compositionally buffered by replenishment at equilibrium to MORB and near steady-state boundary conditions. 
Further upsection, the compositional variability increases. Foliated gabbro rim and core compositions indicate 
increased fractionation and disequilibrium to MORB, triggered by open-system fractional crystallization 
within a heterogeneous magma plumbing structure, characterized by magma mixing, varying ambient water 
activities, and boundary conditions. Varitextured gabbros are chemically diverse with parental melts partially 
more primitive than MORB, suggesting that primitive melts directly reach the axial melt lens (AML). REE-in-
plagioclase-clinopyroxene thermometry compared to and supported by anorthite-in-plagioclase thermometry 
reveals a relationship of 𝐴𝐴 𝐴𝐴

An

REE
 [°C] = 6.1 ± 0.2 × An + 706 ± 19. Crystallization temperatures of the layered 

gabbros cover a narrow range of 1216 ± 14°C. Considerable temperature variability of 1077–1231°C is 
observed further upsection, featuring a thermal minimum within the foliated gabbros. This minimum is 
assumed to represent a zone where the fractionated descending crystal mushes originating from the AML meet 
with evolved liquids expelled from deeper crustal levels. Our findings suggest hybrid accretion of fast-spread 
crust.

Plain Language Summary Oceanic crust, the crystalline basement beneath the ocean-floor 
sediments is difficult to be sampled by shipboard drilling operations, but can be obducted onto continents by 
tectonic movement of lithospheric crustal fragments to form ophiolites. These rock formations serve as an 
analog to in-situ crust. They can be samples along a profile from extrusive basaltic rocks to gabbros to the upper 
mantle giving access to the earth's interior. The geochemical and thermal evolution along a profile of paleocrust 
is crucial for gaining knowledge of the crust's accretional dynamics and formation processes. Our data suggest 
that the lower part the layered gabbros, are formed by a fundamentally different process than the upper foliated, 
and varitextured gabbros. While geochemical signatures systematically evolve upsection and the temperature 
structure is homogeneous for the lower part, the upper part is characterized by much higher dynamics and lower 
crystallization temperatures. Therefore, the crust forms in a hybrid process, where the lower part is dominated 
by near steady-state in situ crystallization in equilibrium with the parental melt. The upper part is formed in 
a more heterogeneous environment, dominated by subsiding crystal mushes, which mix with more primitive 
melts under disequilibrium conditions, yielding enhanced chemical variability.
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continuous evolution of incompatible 
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•  REE and anorthite thermometry 
shows a homogenous temperature 
structure for the lower, and a variable 
temperature record for the upper crust

•  Both suggests a hybrid model, 
with lower crust replenished in situ 
accretion and upper crust melt mixing 
and variable equilibrium dynamics
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and geochemical properties (e.g., Coogan, Gillis, et  al., 2002; Coogan, Thompson, & MacLeod, 2002; Kele-
men, Koga, & Shimizu,  1997; Pallister & Hopson,  1981; Pallister & Knight,  1981), melt migration dynam-
ics through the mantle (e.g., Kelemen, Hirth, et  al.,  1997), crust-mantle boundary (e.g., Korenaga & Kele-
men, 1997), and crust (e.g., Korenaga & Kelemen, 1998; Lissenberg & MacLeod, 2016; Lissenberg et al., 2013; 
MacLeod & Yaouancq, 2000), and properties of the crystalizing mush (e.g., Coogan & O'Hara, 2015; O'Hara & 
Mathews, 1981). With the more recent development in geospeedometry and geothermometry applied to gabbroic 
rocks (Coogan, Jenkin, & Wilson, 2002; Faak et al., 2013, 2015; Liang et al., 2013; Sun & Liang, 2017; Sun 
& Lissenberg,  2018) on the one hand and the development of numerical thermal models on the other hand 
(Cherkaoui et al., 2003; Maclennan et al., 2004, 2005; Theissen-Krah et al., 2011, 2016), the evaluation of the 
thermal structure of oceanic crust gets increasingly important and is subjected to a number of recent studies (e.g., 
Boulanger et al., 2020; Dygert et al., 2017; Faak et al., 2015; Sun & Lissenberg, 2018; VanTongeren et al., 2008). 
Our study sheds new light on ocean crust accretional dynamics by evaluating new geochemical data that gives 
insights into the variability of the crystallization regime along crustal depth and allows the evaluation of the in 
situ thermal structure of fast-spread oceanic crust. By focusing on primary magmatic features as a function of 
crustal depth, this work provides a direct link between the on-axis thermal rock record and numerical models of 
crustal accretion. This paper is part of a series of manuscripts that deal with different aspects of the Wadi Gideah 
transect sample suite obtained from the Oman ophiolite, which provides a coherent section through fast-spread 
oceanic crust (Garbe-Schönberg et al., 2022; Koepke et al., 2022; Mock, Ildefonse, et al., 2021).

1.1. General Dynamics at Fast-Spreading Ridge Systems

The oceanic crust formed at divergent plate boundaries makes two-thirds of Earth's near-surface rocks. These 
plate boundaries, the mid-ocean ridges, are characterized by sea floor-spreading and upwelling of the astheno-
spheric mantle, which undergoes adiabatic decompressional melting. This pressure release leads to a decrease of 
solidus temperatures below the ambient temperature of the upwelling mantle, resulting in partial melting of the 
mantle. The generated basaltic melt has a higher buoyancy than the surrounding mantle material and progres-
sively ascends along a density gradient through the mantle and oceanic crust (e.g., Kelemen, Hirth, et al., 1997; 
Langmuir & Forsyth, 2007). A portion of the rising melt ascends to the surface. It erupts to form the extrusive 
rocks, mid-oceanic ridge basalt (MORB), as pillow and lobate lavas, sheet flows, and rare hyaloclastites (e.g., 
Perfit & Chadwick, 1998). When the melt becomes saturated with rock-forming phases as the temperature drops 
below the liquidus, it crystallizes within a near-surface melt lens, the AML, or in deep sills (e.g., Kelemen & 
Aharonov, 1998) to form the solid crust.

1.2. A Brief Inventory and Historical View on Oceanic Crust Sciences

After decades of efforts in the scientific Ocean Drilling Program (ODP) and International Ocean Discovery 
Program (IODP), direct access to deep fast-spreading crust is still limited to a few places on Earth (i.e., Hess 
Deep and related IODP drillings; Pito Deep from East Pacific Rise, EPR). Only one core, Hole 1256D in the 
eastern equatorial Pacific (Wilson et al., 2006), reflects a lithological series of intact fast-spreading oceanic crust, 
reaching from overlying sediments to basalts, sheeted dikes, and the topmost transitional (varitextured) gabbros. 
From Hess Deep, only relatively short drill cores exist from the deeper crust (layered gabbros and troctolites; 
Gillis et  al., 2014). Moreover, a profile through the whole gabbroic crust was sampled via ROV (Lissenberg 
et al., 2013), but it is questioned whether this represents a coherent profile, due to the intense faulting associated 
with the Hess Deep intra rift setting (HDR; Francheteau et al., 1990). It was a breakthrough when the seismolog-
ically derived principal lithological layers of oceanic crust were found to match their lithological counterparts in 
fragments of oceanic lithosphere that had been obducted onto continents, forming ophiolites (Coleman, 1977; 
Glennie et  al.,  1973). Hence, these fragments could inevitably be identified to represent fossil oceanic crust, 
making ophiolites an ideal field laboratory for accessing gabbros of deeper crustal levels to gain insights into 
oceanic crust accretion and alteration dynamics based on their de facto stratigraphic order. The largest of these 
fragments, the Oman ophiolite (also referred to as Samail Ophiolite), is regarded as a fossil fast-spreading system 
(Boudier et al., 1997; Rioux et al., 2012) located in an oceanic setting influenced by subduction initiation (e.g., 
Guilmette et al., 2018), with basalts showing typical fore arc signatures (e.g., MacLeod et al., 2013).
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1.3. Melt Dynamics and Proportions of the Crystal Mush at Fast-Spreading Ridge Systems

Melt flux at fast-spreading ridges is thought to be continuous, forming the crust in a near steady-state process. The 
upward migrating parental MORB melts are focused toward a region with a high melt proportion, as evidenced by 
the lack of propagation of s-waves in many seismological studies (Detrick et al., 1987; Hussenoeder et al., 1996; 
Wilcock et al., 1992). This region is called the axial melt lens (AML, or axial magma chamber, AMC, from some 
authors) and has a cross-axis lateral extent of a few hundred meters and a height of only a few tens of meters 
(e.g., Detrick et al., 1987; Kent et al., 2000). This region is situated beneath the sheeted dike complex (Nicolas 
et al., 2008) and laterally segmented along the axis (Babcock et al., 1998), building spreading cells (Carbotte 
et al., 2016) at varying crustal levels over time (France et al., 2009) and space (Carbotte et al., 2013). Beneath 
the AML follows a funnel-shaped zone of crystal mush, characterized by a reduced P-wave velocity (Dunn 
et al., 2000). This region spans the predominant part of the on-axis oceanic crustal column extending down to the 
mantle-crust transition zone (MTZ). The crystal mush zone (also called the magma plumbing system, by some 
authors) is likely subjected to a wide variety of spatially diverse combined crystallization, mixing, and reaction 
processes (O'Hara & Fry, 1996; O'Hara & Mathews, 1981; Sinton & Detrick, 1992). Despite the complex char-
acteristics of such processes, the control on size, shape, and evolution of the crystal mush region is a function of 
the crust forming process and magma supply (Crawford & Webb, 2002). The melt fraction present in the mush 
is likely variable but generally increases toward the AML (Zha et al., 2014). While seismic tomography models 
estimate the amount of melt present at the base of the crust to only a few percent (Dunn et al., 2000), models 
using seafloor compliance measurements find a larger and more variable melt fraction of 5%–24% (Crawford & 
Webb, 2002; Crawford et al., 1999; Zha et al., 2014). This melt is likely stored in connected films or sills rather 
than in isolated pockets and has a residence time on a decadal time scale at fast spreading rates (Zha et al., 2014). 
It is essential to realize that the mush zone evolves as plate divergence proceeds and is heterogeneous in all dimen-
sions with respect to density, viscosity, and temperature developing chemical gradients both from the lateral edge 
to the center and along the axis, and also vertically (Carbotte et al., 2013; MacLeod & Yaouancq, 2000).

1.4. A General View on Crustal Accretion

The seismological findings at in situ fast-spreading crust (e.g., Detrick et al., 1987; Wilcock et al., 1992) and the 
petrographic observations made for fast-spread paleocrust (e.g., Pallister & Hopson, 1981) gave birth to two very 
contrasting ideas on how to form oceanic crust. Both have distinct implications regarding the chemical evolution 
over depth and the crust's internal thermal structure. A successful model has to explain the lower crustal cumu-
late rock sequence. From MTZ to the AML: Modally layered gabbros with a layering parallel to the crust-man-
tle transition, followed by foliated gabbros that show a typical lineation steepening toward shallower crustal 
levels, in turn, followed by varitextured gabbros, which are regarded as the frozen fillings of the AML (Koepke 
et al., 2022). In the gabbro glacier model (also referred to as ductile flow model), indicated by fabric pattern as 
described above, gabbros of the lower crust are regarded as cumulates from a top-down crystal mush flow that 
forms a gabbro glacier at the ridge axis flanks originating at the AML. In this model, the crust will not show 
significant internal differentiation and thermal variation since essential cooling is solely provided by the shallow 
hydrothermal convection system removing latent heat from the AML at steady-state crystallization conditions 
(Henstock et  al.,  1993; Quick & Denlinger,  1993). That the ductile flow model is problematic regarding the 
upward migration of melt was already shown by Korenaga and Kelemen  (1998) and is emphasized in more 
recent studies (e.g., Lissenberg et al., 2013). The other end-member is the sheeted sill model (Kelemen, Koga, & 
Shimizu, 1997; VanTongeren et al., 2021), in which the plutonic section of oceanic crust forms via in situ crys-
tallization (Langmuir, 1989) of sill-like intrusions into the deep crust. This model allows for differentiation along 
with crustal depth by the upward movement of fractionated and replenished, expelled melts. The sophisticated 
whole crustal magma chamber processes described by O'Hara and Mathews (1981) and O'Hara and Fry (1996) 
and the melt-rock interaction proposed by the in situ crystallization model (Korenaga & Kelemen, 1998) are 
recently studied in more detail (Coogan & O'Hara, 2015; Lissenberg & MacLeod, 2016; Lissenberg et al., 2013; 
Yang et al., 2019). The sheeted sill model requires a deep hydrothermal cooling system to remove the latent heat 
of crystallization in situ, allowing for thermal gradients along with crustal depth. In other words, the gabbro 
glacier model would always represent the conditions of the AML in the rock record and, therefore, should yield 
a constant and uniform crystallization temperature depth profile. The continuous evolution of melt up-section as 
proposed by the sheeted sills model along with dynamic cooling over depth would exhibit a temperature gradient 
from MTZ toward the AML that is shaped by the amount of crystallization and cooling provided to a certain 
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crustal level (Kelemen & Aharonov, 1998). The temperature profile over crustal depth is also modeled numeri-
cally by Cherkaoui et al. (2003) and by Maclennan et al. (2004, 2005) with results for the end member models as 
outlined above, but also combining the two formation mechanisms in a hybrid model with a temperature profile 
that features a thermal minimum within the foliated gabbros. This study aims to better understand the nature 
of crustal accretion by providing and evaluating a temperature-depth profile through the whole gabbroic crust 
formed at the fast-spread Oman paleoridge.

1.5. Refining the Crustal Genesis

Recent studies try to synthesize the ideas and observations as mentioned above and develop hybrid models 
where a gabbro glacier forms the upper crust, while the lower crust is formed by in situ crystallization (Boud-
ier & Nicolas, 2011; Buck, 2000; Hopson, 2007; Jousselin et al., 2012; Mock, Ildefonse, et al., 2021). Among 
many authors working on oceanic crustal accretion models, there is agreement that the upper-most part of the 
crust, the high-level gabbros (sometimes called isotropic gabbros and in this study referred to as varitextured 
gabbros), form as a result of crystallization within, or at the level of, the AML. For the subjacent crust, the genesis 
remains controversial. Obviously, the full spectrum of petrographic and geochemical properties so far discovered 
in oceanic gabbros (Coogan, 2014) cannot be the consequence of a single or uniform mechanism. As discussed by 
Coogan and O'Hara (2015) and Coogan and Dosso (2016), oceanic crust accretion is an open system process of 
a rather complex interplay between crystallization, magma mixing, and melt/rock interaction (see also MacLeod 
& Yaouancq, 2000), probably subjected to the influence of hydrothermal fluids at high temperatures (e.g., Bosch 
et al., 2004; Dygert et al., 2017; Gregory & Taylor, 1981; Nicolas & Mainprice, 2005; VanTongeren et al., 2008). 
Although closed system modeling approaches can explain the major geochemical trends of crustal evolution (e.g., 
Koepke et al., 2022), they fail to predict the full geochemical variety found in oceanic gabbros and therefore will 
not satisfy the three conditions for a successful accretion model as listed by Lissenberg and MacLeod (2016): 
(a) reproduction of the MORB compositional array, (b) consistency with the rock record, and (c) compatibility 
with constraints on mid-ocean ridge magma chambers. Because the MORB compositional array is quite large 
(Gale et al., 2013) and the rock record is variable for different parts of in situ crust (e.g., EPR) and for the Oman 
ophiolite (e.g., Coogan, Gillis, et al., 2002; Lissenberg et al., 2013; Perk et al., 2007), it is hardly possible to find 
a single unifying global solution for the magma chamber processes and accretion mechanisms involved in the 
formation of fast-spreading oceanic crust. Just recently, it has been discovered that the bathymetry and faulting 
at fast-spreading ridges can vary significantly within a few kilometers of the ridge axis (Maher et al., 2021). This 
is very likely a consequence of a variable magma supply along the ridge, showing that the underlying magmatic 
accretion system is likely to be variable on the scale of a few kilometers.

1.6. The Roll of Water, Hydrothermal Fluids, and Cooling

The Oman paleocrust and the EPR are often seen as analogous systems since they both feature a crustal profile 
of similar total thickness and spreading rate. Although direct, unbiased comparison of in situ fast-spreading 
crust and the Oman paleocrust is neither possible nor appropriate, magma will generally start to crystallize by 
crossing its liquidus temperature mainly controlled by composition but lowered as water content increases (Feig 
et al., 2006). Hence, the effect of water on the chemical and physical behavior of magma during differentiation 
has important consequences for melt transport, bulk fractionation, phase stabilities and equilibrium, and the 
resulting internal structure of the accreted crust. The Oman parental melt was elevated in water content (Koepke 
et al., 2021; MacLeod et al., 2013; Müller et al., 2017), very likely due to subduction initiation close to the Oman 
paleo spreading center. Nevertheless, temperature reduction is the driving force to initiate crystallization. Even at 
hydrous magmatic conditions, the latent heat of crystallization must be mined efficiently. Pure conductive cool-
ing alone cannot account for this heat removal as the heat flow through gabbroic rock is insufficient, demanding a 
mechanism for convective heat transport to the hydrosphere. Gabbroic dikes and veins cutting the layered gabbro 
sequence and their associated phase assemblages have primary Sr-isotopic signatures influenced by seawater 
(Bosch et al., 2004). They may be formed along microcracks as a result of anisotropic thermal contraction during 
gabbro cooling, allowing for ingress of seawater at very high temperatures (Nicolas et al., 2003) and causing 
hydrous partial melting by the propagation of hydrous fluids along grain boundaries in the “just frozen” gabbros 
(Koepke et al., 2004; Koepke, Berndt, et al., 2014). Hence, elevated water activity is observed very close to the 
region of non-fully solidified gabbro. It was recently shown that highly charged hydrothermal fluids similar in 
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composition to black-smoker fluids are active within the lower oceanic crust (Zihlmann et al., 2018), with the 
potential to contribute to the mass and heat transfer budget from the deep crust to the oceans (Garrido et al., 2001; 
Koepke, Mueller, et al., 2014). In addition to the petrographic field evidence of fluids being active at high temper-
atures, active cooling of the lower crust can also be deduced from the thermal history of the rock record (Mock, 
Neave, et al., 2021; Sun & Lissenberg, 2018; VanTongeren et al., 2008) and structural observations (Mock, Ilde-
fonse, et al., 2021; VanTongeren et al., 2015). Contrastingly, many studies find near conductive (slow) cooling 
rates (e.g., Coogan, Jenkin, & Wilson, 2002; Faak et al., 2015) for the lower crust. Due to the absent off-axis 
venting, the convective hydrothermal system is still believed to be mainly focused on the upper basaltic section 
of the crust, driven by the heat of the AML (Singh et al., 1999). Recently (Hasenclever et al., 2014) showed in a 
3D numerical hydrothermal model that deep hydrothermal circulation can be coupled to the shallow circulation 
system without creating off-axis vent sites.

1.7. Geological Setting of the Oman Ophiolite and the Wadi Gideah Transect

The allochthonous Oman mountain range, situated along the east shore of the country, represents fragments of the 
Tethyan oceanic crust formed during the Cenomanian (Coleman, 1981) and obducted until the late Campanium 
(Searle & Cox, 1999). The mountain range can be divided into three structural units: the northern massif, the 
central massif, and the southern massif (Nicolas et al., 2000). It can be further subdivided into 12 blocks, from 
which each shows a more or less intact complete crustal profile. Unlike active fast-spreading ridges, the Oman 
ophiolite has a multi-stage magmatic history recorded both in the volcanic and in the gabbroic crust (Goodenough 
et al., 2010, 2014), dominated by two significant events commonly called magmatic stage one (V1) and magmatic 
stage two (V2; Godard et  al.,  2003; Rioux et  al.,  2012). While the first stage features a typical MORB-like 
magmatic signature related to the main formation phase of the crustal sequence, the second stage is dominated 
by signatures generally found in supra-subduction zone settings and relates to subduction initiation triggered 
magmatism. It is important to note that subduction-related magmatic influence is more substantial in the northern 
blocks and nearly absent within the southern massif. Our working area, Wadi Gideah, is located in the southern-
most structural unit, the Wadi Tayin block, and is situated between Wadi Kadir to the West and Wadi Namara to 
the East, located about 10 km north of the town of Ibra (Figure 1a). It is part of the southern flank of the Wadi 
Tayin block where essential studies on the accretion, structural (Hopson et al., 1981; Pallister & Hopson, 1981) 
and geochemical (Pallister & Hopson, 1981; Pallister & Knight, 1981) properties, and isotopic systematics (Greg-
ory & Taylor, 1981; Lanphere et al., 1981; Oeser et al., 2012) of oceanic crust have been carried out over the 
last decades. The Wadi Gideah drains southward from a divide a few hundred meters north of the crust-mantle 
transition. The divide has an average elevation of 1,060 m above sea level. Around the Wadi, the crustal section 
dips gently to the South, exposing a coherent series of crustal rocks with deeper crustal levels upstream to the 
North, and shallower levels downstream to the South, culminating in fossil submarine lava flows in the Ibra 
syncline (Pallister & Hopson, 1981). While gabbros and mantle rocks are well exposed along the Wadi, basalts, 
and sheeted dikes are generally only present as small hills within the lower Wadi plain. Based on field observa-
tions and structural data (Mock, Ildefonse, et al., 2021), the profile can be divided into the following units (from 
top to bottom): Axial melt lens, AML, ∼5.0 km h.a.M. (height above the mantle-crust transition zone, for calcu-
lation of h.a.M., see Section 2.1), Varitextured gabbros, VG, ∼4.1–5.0 km h.a.M., Upper foliated gabbros, UFG; 
∼3.5–4.1 km h.a.M., Lower foliated gabbros, LFG, ∼2.6–3.5 km h.a.M., Layered gabbros, LG, ∼0.2–2.6 km 
h.a.M., mantle-crust transition zone, MTZ, ∼0–0.2 km h.a.M. (for details see Figure 1b, Koepke et al., 2022; 
Garbe-Schönberg et al., 2022; Mock, Ildefonse, et al., 2021). Varitextured gabbros outcrop north of the gabbro-
dike transition zone at several hills roughly exceeding a height of 50 m, being widespread in the lower wadi plain, 
which is heavily covered by Neogene debris (Figure 1a). Foliated gabbros are found at the Wadi's mouth with a 
spatially diffuse transition over about 200 m toward layered gabbros exposed further upstream. Layered gabbros 
are the primary lithology in this area, outcropping along the Wadi flanks over a distance of approximately 6.5 km 
before merging into the mantle-crust transition zone (MTZ). This zone, covering up to 500 m in the Wadi bed, is 
characterized by intercalation of mantle, and lower crustal rocks, including decameter thick sequences of dunite. 
Up to the divide, harzburgite is exposed at very rough and steep terrains over roughly 1 km. Layering dips ∼28° to 
the South, indicating a true crustal thickness of ∼3 km for the layered gabbro series. The foliated gabbros further 
up section have a thickness of roughly 2 km, grading into the ∼1 km thick horizon of varitextured gabbros before 
the plutonic sections ends with intermingled lithologies of the frozen AML (Müller et al., 2017) and the root zone 
of the sheeted dike complex (Nicolas et al., 2008). Throughout the Wadi, hydrothermal alteration zones can be 
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found in regular distances of about 0.5–2 km, crosscutting the layering of gabbros. These zones with a thickness 
of meters to decimeters are either isolated features or structurally more complex regions, consisting of highly 
altered, partially recrystallized gabbro (metagabbro), typically rich in chlorite, secondary amphibole, and oxides. 
They are similar to the focused fluid flow zones described by Coogan et al. (2006) for Wadi Namara and locally 
studied in detail for Wadi Gideah by Zihlmann et al. (2018).

2. Materials and Methods
2.1. Sample Materials From Wadi Gideah Transect

We have carefully selected 39 representative samples from the 230 samples of the Wadi Gideah Transect sample 
suite (Koepke et  al., 2017; Müller, 2015), representing a full coherent crustal profile from MTZ to the dike/
gabbro transition with an average sample spacing of about 120 m along the crustal depth. All samples were 
taken at outcrops of fresh gabbro along the Wadi. The height above the mantle-crust transition zone (h.a.M.) was 
calculated with respect to the MTZ reference latitude of 22.9152°N DD, assuming a generalized average dip of 
28° for the layering of the lower gabbros in the Wadi Gideah area (Pallister & Hopson, 1981). The freshest and 
least altered region of each hand specimen was cut into a block with a water-cooled, diamond-blade saw, avoiding 
areas influenced by secondary weathering and hydrothermal overprint, and subsequently processed to a polished 
thin-section of 25–50 μm thickness. We studied the samples using a polarized light microscope to identify petro-
graphic key parameters and to select regions of interest suitable for microanalytical measurements based on the 
following conditions: (a) crystals and clusters belong to the primary rock-forming assemblage and domain, (b) 
have sufficient size to place multiple large spots in the core region when performing LA-ICP-MS measurements 
(spot size plagioclase 120 μm, clinopyroxene 32–44 μm), (c) homogeneous and well crystallized with smooth 
surfaces and with as few as possible cleavage cracks and fractures, and (d) showing the least amount of primary 

Figure 1. (a) Geological map showing the central part of the Southern Wadi Tayin ophiolite block in Oman, located about 10 km north of the town of Ibra. Sample 
locations along the Wadi Gideah transect are marked as yellow dots. (b) Lithological pseudo stratigraphic column of fast spread oceanic crust. Numbers in brackets 
represent the respective thickness and percentage in reference to the plutonic section, according to Mock, Ildefonse, et al. (2021). Separation between upper and 
lower sheeted dikes after Garbe-Schönberg et al. (2022). Geological map modified after (Peters et al., 2008). Wehrlites modified after (Nicolas & Boudier, 2015), 
Stratigraphic column modified after (Pallister & Hopson, 1981). B, basalts; USD, upper sheeted dikes; LSD, lower sheeted dikes; AML, axial melt lens; VG, 
varitextured gabbro; UFG, upper foliated gabbro; LFG, lower foliated gabbro; LG, layered gabbro; MTZ, mantle-crust transition zone. For details, see legend and text.
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(seafloor-related) and secondary weathering, metamorphic alteration and low-temperature hydrous overprint. All 
petrographic details can be found in the digital supplement (https://doi.org/10.1594/PANGAEA.934706).

2.2. Analytical Techniques, Data Handling, and Quality

The majority of major element mass fractions was measured at the Institute of Mineralogy of the University 
of Hannover using a Cameca SX100 electron microprobe operated through the Cameca PeakSight software. 
Additional data was generated at the Institute of Geosciences at Kiel University using a JOEL JXA 8900  R 
electron microprobe. Results from both labs have been cross-checked, analyzing identical samples. All elements 
have been measured at Kα emission lines with a focused and fixed beam, an acceleration voltage of 15 kV, a 
beam current of 15 nA, and a signal count time per element of 10 s on peak and 5 s on each background. Matrix 
correction was performed following Pouchou and Pichoir (1991). For each of the 39 samples, repetitive meas-
urements on multiple crystals were conducted. Although we put a strong focus on reliable primitive core meas-
urements, we also acquired data for rim compositions from most samples. P-values have been calculated based 
on a paired, two-sided t-test to statistically evaluate the significance of the difference between core and rim mean 
mass fractions. If the p-value is small, the core-rim zonation is more significant (e.g., if the desired significance 
for the test is 95% which translates to an alpha level of confidence of 0.05, the zonation is significant if the 
p-value is smaller than the alpha value of 0.05). Additionally, propagation of uncertainty has been calculated for 
Mg# = Mg/(Mg + Fe) × 100 and Ca# = Ca/(Ca + Na) × 100. The K2O mass fraction for most plagioclases is very 
low (∼0.01 g/100g) and, therefore, doesn't affect the calculation of xAn = An/(An + Ab + Or) × 100 beyond the 
propagated uncertainty of Ca#, resulting in the absence of differences between Ca# and xAn.

For in situ analysis of 29 trace elements, carried out at the LA-ICP-MS lab of the Institute of Geosciences at Kiel 
University, a 193 nm ArF-exciplex laser ablation system (GeoLasPro HD, Coherent) coupled to an Agilent 7900s 
ICP-MS was used for most samples. Some samples have been measured using an older Agilent 7500s ICP-MS, 
and a minor portion was measured using a Thermo Scientific Element XR ICP-SF-MS. In all cases, samples and 
reference materials were loaded into a Zuerich-type, two-volume low dispersion high capacity laser ablation cell 
(LDHCLAC, Fricker et al., 2011), which was flushed with 995 ml/min helium carrier gas. Additionally, 14 ml/
min hydrogen was added upstream of the cell to enhance ionization in the ICP and reduce oxide formation. Many 
elements in plagioclase are within the ultra-trace mass fraction range (<1 μg/g). Therefore, the laser was operated 
at a high pulse frequency of 16 Hz and high fluence of 18 J/cm 2 with a crater size of 120 μm for plagioclase. 
Clinopyroxene was measured at 10 Hz, 12 J/cm 2, and a crater of 44–32 μm. We could not detect any adverse 
effects from mass load of the ICP for the elements determined. The oxide production rate was monitored by Th/
ThO and kept below 0.1%. Time-resolved data acquisition for each measurement was split into 20 s background, 
40 s sample ablation, and 20 s washout monitoring time. Dwell times were optimized for the expected mass frac-
tion range for each element. Where possible, we aimed to perform five proximal repetitions for five crystals of 
each phase per sample to evaluate crystal core heterogeneity as well as sample phase heterogeneity.

The GLITTER software package was used for raw data reduction, applying initial calibration with NIST-SRM612 
as the primary standard, using CaO g/100 g for the internal count to mass fraction reference. Potential errors from 
surface contamination have been avoided by excluding the first seconds of data acquisition from integration. The 
signal trace over time for each element (m/z) measured was checked for its analytical and geological reasonability 
and excluded in case of abnormal patterns or spikes (e.g., vertical transitions into different mineral phases during 
ablation, mineral inclusions, sulfide micro nuggets in clinopyroxene). A second, matrix-matched calibration step 
was realized by correcting against mean offset factors of median values from at least three repetitive measurements 
on nano-particulate pressed powder tablets (Garbe-Schönberg & Müller, 2014) of reference materials USGS-
BHVO-2 (Jochum et al., 2016), USGS-BIR-1 (Jochum et al., 2016), and GSJ-JGb-1 (Garbe-Schönberg, 1993; 
Govindaraju, 1995; Imai et al., 1995; Jochum & Jenner, 1994; Jochum, Nohl, et al., 2005). All reference mate-
rials were analyzed multiple times for bracketing and drift correction throughout each analytical session. Some 
sessions have been calibrated against the USGS glass microanalytical reference materials USGS-BHVO-2G and 
USGS-BIR-1G (Jochum, Willbold, et al., 2005). Results of glass versus pellet reference materials show no signif-
icant difference and lead to similar correction factors. Analytical measurement uncertainties were found to be 
in the range of 1%–3% RMAD (1MAD) at mass fractions >10x LOD for most elements analyzed. For monitor-
ing systematic deviations from preferred or “true” values, the MPI-DING glasses GOR-128G, GOR-132G, and 
StHs6/80-G (Jochum et al., 2006) were measured as unknowns. Additionally, JF-1P with extremely low mass 
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fractions for most trace elements (Garbe-Schönberg,  1993; Govindaraju,  1995; Imai et  al.,  1995; Jochum & 
Jenner, 1994; Jochum, Nohl, et al., 2005; Kurosawa et al., 2006) was measured during most analytical sessions. 
Estimated deviations from preferred values of all analyzed reference materials are, for most elements, in the range 
of 5–10 RMSD% and within the uncertainties of the preferred or compiled values. All compositional data, refer-
ence values used in this study, literature sources, and data quality details can be found in the digital supplement 
(https://doi.org/10.1594/PANGAEA.934706)

2.3. Calculation of REE-In-Plagioclase-Clinopyroxene Temperature Densities

The thermometer of Sun and Liang (2017) uses a thermodynamic approach inferred from plagioclase and clinopy-
roxene lattice strain parameters to calculate crystallization temperatures based on phase equilibrium experiments 
where plagioclase and clinopyroxene crystallize from the same melt, making the melt composition obsolete for 
the calculation. Based on the hypothesis that plagioclase and clinopyroxene of oceanic crust are in equilibrium 
with the same melt (MORB), the melt itself can be neglected, and the thermometer can be used to calculate crys-
tallization temperatures of oceanic gabbros with the consequence that the accuracy of calculated temperatures 
highly relies on the phase equilibrium. Therefore, the phase equilibrium needs to be checked in detail. This will 
be discussed in Section 4.3. The thermometer, however, basically derives two terms, Ln(Dj)−A and Bj−1000, 
from a modified version of the Brice equation (Brice, 1975). These terms incorporate the mineral composition, 
water content, and pressure into the calculation of crystallization temperature. The critical input parameter for 
the temperature calculation is the partitioning of REEs between plagioclase and clinopyroxene 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 . Although 

petrographic indications, for example, poikilitic textures of prismatic crystals with smooth grain boundaries that 
show no signs of reaction, suggest cogenetic crystallization, there is a priori no reasoning to assume or deny equi-
librium between plagioclase and clinopyroxene cores based on their spatial distance at the scale of a thin section 
since plagioclase and clinopyroxene must be assumed to be mobile within the crystal mush. For this reason, 
paired calculation of 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 is meaningful for rim compositions where the assemblage directly suggests cogenesis 

but not relevant for core compositions where the cogenetic equilibrium between individual plagioclase and clino-
pyroxene crystals is doubtful. Therefore, we calculated the outer matrix division of all spots analyzed in cores for 
each of the two phases within a sample, generating a matrix including all possible combinations of 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 . The 

resulting number of data points is therefore equivalent to npl × ncpx (e.g., nrow × ncolumn of the matrix), and at each 
coordinate of the matrix, a unique value for 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 is generated. This allows us to calculate temperatures for each 

partition coefficient individually, mapping the full data set produced by LA-ICP-MS to temperature. In other 
words, instead of narrowing the analytical information down by calculating medians of mineral core composi-
tions, we exploded the data set to a matrix of plagioclase and clinopyroxene to get a better impression of the range 
of possible variations of 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 . The resulting data is expressed as a temperature kernel density distribution and 

discussed in detail in Section 4.5. This distribution represents not only the apparent temperature with the highest 
mode (or median if calculated so) of a sample expressed by the distribution's maxima but gives the potential 
spread of temperature recorded in a sample by assessing the distribution shape and width. This procedure gener-
ates a more detailed picture than performing the calculation based on average values.

For regression of the temperature inversion, we wrote a custom R script (https://doi.org/10.5281/zenodo.5702686) 
calling the MASS::rlm function (Venables & Ripley,  2002) to perform an iterated re-weighted least squares 
(IWLS) robust linear fit between REEs in the Ln(Dj)−A and Bj−1000 space calculated following Sun and 
Liang (2017). For visualizing the inversion, median values for Ln(Dj)−A were used. The resulting temperature of 
an individual sample is the median of the temperature density distribution and bound to two significant variances: 
(a) the standard error of the robust fit of REE-Y between Ln(Dj)−A and Bj−1000 and (b) the distributions temper-
ature range generated by the outer matrix 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 space of each sample (Figure 2 and Figure S1 in Supporting 

Information S1). In other words, the regression performed here is robust against extreme values (e.g., Eu) and 
generates a more confident fit than conventional linear regression methods. In any case, the confidence interval 
of the regression (here expressed as standard error) gives the error of the calculated temperature in relation to 
the variance of input data and calibration of the thermometer. Nevertheless, the more important information we 
gain is the second variance of temperature, which represents the spread of temperatures recorded in the sample 
by performing individual calculations for the 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 that yield the highest and lowest temperature, respectively. 

Additional variance on the calculated temperature comes from the analytical uncertainty and inaccuracy of major 
and trace element data, from inaccuracy of the thermometer's calibration and the depth-pressure model, as well 
as the assumption of water content in the temperature versus differentiation space.

https://doi.org/10.1594/PANGAEA.934706
https://doi.org/10.5281/zenodo.5702686
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The calculation was tested for a constant pressure of 0.2 and 2 kbar over the full crustal depth and a continuous 
pressure gradient from 2 kbar at the MTZ to 0.5 kbar at the AML. Although these low pressures have no signif-
icant influence on the calculated temperatures (∆P ∼1°C/kbar @ 1 kbar & 1 wt% H2O, Figure S2 in Supporting 
Information S1), we decided to choose the latter model, as it reflects the true pressure conditions most precisely. 
The water content is mainly controlled by two parameters: (a) initial water content of the MORB melt and (b) 
incompatibility-driven enrichment of water in the melt by differentiation. A third possible component is the inter-
action of seawater with MORB melt by deep hydrothermal circulation, but little is known about that interface. 
Hence, the water content is challenging to be estimated precisely. Therefore, we choose a water content of 0.8 
wt% H2O for all samples (for details, see discussion). A higher water content generally lowers the crystallization 
temperature (∆H2O ∼5°C/wt% @ 1 kbar & 1 wt% H2O, Figure S2 in Supporting Information S1) since the water 
content of the melt during early crystallization is unlikely to exceed 1 wt% H2O this effect on the temperature 
calculation is insignificant. As shown, pressure and water content only marginally influence the result of these 
calculations and are, therefore, of minor importance in relation to the geochemical variations. Since we see a 
general misfit in the results, where TLREE > TREE > THREE, temperatures for both LREE (La to Gd) and HREE 
(Tb to Lu) have been calculated separately to be compared to the overall fit and the median temperature. This 
situation arises from a rotation of the measured data against the calibration of the thermometer. Since the pres-
sure term is lumped into the coefficient B and the water content is lumped into the coefficient A, regression over 

Figure 2. REE-in-plagioclase–clinopyroxene temperature inversion based on calculations following Sun and Liang (2017) 
for sample OM12-039 (LG, 1.3 km h.a.M.). The slope of the robust iterated re-weighted least squares (IWLS) linear 
regression (solid black line) through median values of Bj−1000 and Ln(Dj)−A (yellow diamonds) and forced through the 
origin of the parameters represents the near-liquidus crystallization temperature. Boundary parameters are shown in the 
white box. 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 calculated by forming the outer matrix division of all spots analyzed per sample (black circles). The two 

errors bound to the median temperature (slope of the regression) arise from the standard error of the linear model (se model) 
and temperature spread caused by the sample's compositional variability (range sample), respectively. For comparison, 
three anorthite-based temperatures and the 𝐴𝐴 𝐴𝐴

An

REE
 (cf., Figure 8) have been calculated: Thy09 (Thy et al., 2009), Morse10 

(Morse, 2010) V&M13 (VanTongeren & Mathez, 2013). REEs are rotated against the thermometer's regression trough origin 
(dashed black line, not forced through the origin). For details, see methods Section 2.3 and discussion in Section 4.4 and 
Figure 8.
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REEs in the Ln(Dj)−A and Bj−1000 space has to be forced through the origin (Sun & Liang, 2017). It has to be 
kept in mind that the calibration of the thermometer is intensely based on 𝐴𝐴 𝐴𝐴

pl∕cpx

LREE
 , since for 𝐴𝐴 𝐴𝐴

pl∕cpx

HREE
 the database is 

sparse and might be inaccurate due to the very low mass fraction of HREEs in plagioclase. As a consequence, the 
overall calculated temperature might be too high if HREE Ln(Dj)−A values are lower than the overall regression 
trend and are excluded from the fit. In other words, the exclusion of HREEs steepens the slope of the regression 
if HREEs are shifted toward lower Ln(Dj)−A values and by that giving unrealistically high temperatures. This 
holds true vice versa for LREEs. For a more detailed picture concerning the applicability and reliability of the 
REE-in-plagioclase-clinopyroxene geothermometer, see discussion in Section 4.4.

3. Results
A set of 39 thin sections (26 layered gabbros, LG; 11 foliated gabbros, FG; and two varitextured gabbros, VG) 
from the 230 samples of the Wadi Gideah Transect sample suite were examined by transmitted and reflected 
light microscopy to obtain detailed information about modal proportions, grain sizes, accessory minerals, special 
textural features, and the degree of pervasive and vein-related alteration. Furthermore, plagioclase and clinopy-
roxene of all samples were analyzed in situ for major element mass fractions by EPMA and minor to ultra-trace 
element mass fractions by LA-ICP-MS. The general focus of this work is on core compositions of layered and 
foliated gabbros; rims were analyzed for some samples, but generally, plagioclase rims could not be measured for 
trace elements with the required small spot size due to the very low mass fractions of most elements. It should 
be noted that with only two varitextured gabbros present in our profile, this lithology is underrepresented. Still, 
these samples are representative of typical varitextured gabbros in Oman covering a range of compositions which 
is in good agreement with results of studies that explicitly deal with varitextured gabbros in Oman (e.g., Coogan, 
Thompson, & MacLeod, 2002). All petrographic and geochemical results can be found in the digital supplement 
(https://doi.org/10.1594/PANGAEA.934706).

3.1. Petrography and Composition of 39 Gabbroic Samples From the Wadi Gideah Crustal Transect

Most samples classify as olivine gabbro, but some are olivine-bearing gabbro or gabbro. Layered gabbros typi-
cally show cumulus formation characteristics with mostly medium-grained, subhedral to anhedral, granular 
textures with strong planar foliation, often with poikilitic clinopyroxene. Orthopyroxene is mainly absent and, if 
present, only in limited modal amounts of <1%. Intergranular and interstitial late-stage magmatic assemblages 
are absent or very limited within the layered gabbros but increase upsection from the layered gabbro to foliated 
gabbro transition. For the upper foliated and varitextured gabbros, amphibole, as well as oxides, become more 
abundant. Textures for the uppermost gabbros are isotropic, often with varying grain sizes and textural domains 
(varitextured gabbro). From the middle foliated gabbros upsection, visual zonation is increasingly common and 
omnipresent for plagioclase of the topmost gabbros. Olivine, where present, is intensely fractured and partially 
altered to iddingsite and serpentine. Two types of alteration can be found in all samples: (a) vein- and crack-re-
lated, and (b) pervasive alteration (“foggy” and/or fractured plagioclase) mainly in the range of 1%–3% with a few 
exceptions of >50%. Along cracks and veins, plagioclase typically forms chlorite. Where clinopyroxene is part 
of the reaction, actinolite and rarely tremolite is formed besides secondary hornblende, indicating amphibolite 
to greenschist facies triggered by hydrous overprint. This study focuses on the microanalysis of plagioclase and 
clinopyroxene, with details shown in the following.

3.1.1. Plagioclase

Anhedral to subhedral, rarely euhedral plagioclase has a modal proportion of 46–68 vol.%. Petrographically visi-
ble zonation is not observed within the layered gabbros, but an increasing drop in extinction angle for plagioclase 
rims in foliated and varitextured gabbros is apparent. Zonation is most intense in the center of the foliated gabbro 
level, being mostly continuous to oscillating. Plagioclase of Wadi Gideah gabbros contains 13–18 wt% CaO, 
1.5–4.5 wt% Na2O, and a maximum of 0.08 wt% K2O. Ca# of plagioclase shows a significant difference between 
the lower and upper crustal ranges (Figure 3a). Within the layered gabbros, the average Ca# is 83 ± 1.7 and very 
uniform. For the foliated gabbros, Ca# is more variable and spans a range from ∼55 to 82. Based on t-statistics, 
crystal rims of plagioclase tend to have a low (+0.02) but often significant enrichment of Ca relative to cores 
within the layered gabbros. This changes for the foliated and varitextured gabbros, where Ca#rim/core variations 
are more variable and pronounced for some samples with rims showing a significant depletion (−0.1) over cores 
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but lower or insignificant differences for other samples (Figure 3b). Four samples deviate significantly from 
these observations. Two samples close to the LG/FG transition zone (OM12-054, OM11-A21A) yield lower Ca# 
values of 77.2 ± 1 and 71.9 ± 0.5, respectively. While the first is a typical cumulus gabbro, the latter is an oxide 
gabbro. These samples are not specifically different in their plagioclase trace element signatures but in terms of 
clinopyroxene composition (see below) and their accessory mineral assemblage. The lowermost sample (OM10-
A32, 0.064 km h.a.M.) has a significantly lower Ca# of 71 ± 0.3 and contrasts in most other geochemical indices. 
It shows a substantial depletion in REEs and has highly depleted LREEs. This trend is to some extent shared by 
the uppermost sample of the transect (OM10-A13, 4.6 km h.a.M.), a varitextured gabbro, which has substantially 
lower REE mass fractions when compared to most foliated gabbros and the other varitextured gabbro from our 
sample set.

For most trace elements (REEs, HFSEs, transition metals), average mass fractions in plagioclase crystal cores 
are generally low. Rare earth elements and Ba show a constant normal trend of chemical evolution of about 
one magnitude increase in mass fraction up section (Figures 3c–3f). The spread of compositions for individual 
samples significantly varies and increases as mass fractions decrease. With few exceptions, single crystals and 
different plagioclase crystals of a single sample are more homogeneous in the layered gabbros but more variable 
in composition in the foliated and varitextured gabbros. Light REE fractionation expressed as (La/Sm)N (normal-
ized to chondrite, McDonough & Sun, 1995) has on average a value of 2 for plagioclase of layered gabbros and 
becomes more fractionated and variable within the foliated gabbros (2–3.7, Figures 3g and 4). Trace elements are 
generally more enriched within the foliated gabbros, but they share the primitive signature found for the layered 

Figure 3. Geochemical evolution of plagioclase (top row) and clinopyroxene (bottom row) as a function of crustal depth (expressed as height above the MTZ, h.a.M.). 
Core analyses are in black and rim analyses in blue; individual measurement spots are presented as gray dots. (a) Ca# = (Ca/Ca + Na) × 100. (b) Rim divided by core 
for Ca#, as calculated from t-test statistics. Rim to core differences of <99.5% are considered meaningless (triangles pointing downwards). Note the often significant 
inverse zonation. (c–f) Median values for incompatible trace elements Ba, La & Yb, and compatible Sr in plagioclase cores. While incompatible elements yield a 
moderate enrichment toward shallower crustal levels, compatible Sr is predominantly conservative. (g) Chondrite-normalized ratios of incompatible elements (La/Sm)
N show a significant difference between the layered and foliated gabbros. (h) Mg# = (Mg/Mg + Fe) × 100 versus depth for clinopyroxene. (i) Rim divided by core for 
Mg#. (j) TiO2 concentration of clinopyroxene cores and rims. (k–m) Median values for incompatible La, Yb, and compatible Cr mass fractions in clinopyroxene cores 
and rims. (n) Zr/Hf in clinopyroxene broadly reflects a similar trend as (La/Sm)N in plagioclase. For lithological units see Figure 1, for details, see text.
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gabbros in some cases. Overall, REEs in plagioclase have very consistent profiles (Figures 4a–4c). However, 
the variable fractionation behavior of LREE (cf., Figure 4b, rotation of REE curves for individual crystals) and 
HREE (cf., Figure  4c, variable HREE composition for individual crystals) represents crystal-unique features 
(e.g., dynamic processes on the grain-scale, small scale melt equilibrium variations). Hence, these features are 
only to a limited degree representative of the rock-forming processes.

3.1.2. Clinopyroxene

Modal proportions for clinopyroxene range from 25% to 49%, with a median amount of 33%. The shape is 
primarily anhedral to subhedral, rarely euhedral, with a granular, often poikilitic habit. Alteration of clinopyrox-
ene is largely variable in the range of 1 to about 90%. It is mostly higher than the alteration of plagioclase of the 
same sample. On average, clinopyroxene cores within the lower layered gabbros are more uniform in their major 
to ultra-trace element composition than those further up section. Primitive layered gabbros show Mg# ranging 
from 81 to 85 (Figure 3h) and median TiO2 of 0.52 ± 0.05 g/100g (Figure 3j). Mg# core-to-rim variations of 
clinopyroxene (Figure 3i) tend to reveal inverse zonation but, in contrast to plagioclase, associated with a lower 
significance. Rare earth elements vary only over a narrow range within the lower gabbros and show a moderate 
trend of enrichment from the MTZ toward the foliated gabbros (Figures 3l and 3m). Mass fractions of Cr in cores 
of clinopyroxene (Figure 3k) are elevated in the most primitive gabbros at the MTZ. Cr slightly decreases toward 
the layered to foliated gabbro transition zone, superimposed by high scatter ranging from about 400 to 5,000 μg/g. 
Zonation for Cr is variable with no clear trend of rim enrichment or depletion over crustal depth. Two samples 
(OM10-A21A, OM12-054) close to the layered gabbro/foliated gabbro transition zone are considerably more 
evolved, indicated by relatively low Mg# 76 and 78 that coincides with elevated TiO2 of 0.81 and 0.69 g/100 g, 
respectively, and low Cr contents. They also have above-average HREE mass fractions (Figure 3m) but Zr/Hf 
signatures around 20 typical for primitive layered gabbros (Figure 3n). It has to be noted that OM10-A21A is an 
oxide gabbro.

Figure 4. Crystal compositions of three representative samples from the different crustal units expressed as N-MORB normalized (Gale et al., 2013) REE profiles 
for plagioclase (left column) and clinopyroxene (right column). Individual analyses for different crystals (black for core, blue for rim; shapes correspond to individual 
crystals; no rim analyses for plagioclase), median compositions for individual crystals (dashed lines), plotted with respect to the full compositional range found in Wadi 
Gideah gabbros (39 samples, gray area). (a and d) The layered gabbro OM12-039 has a well-defined homogenous pattern (solid black line, average core composition 
per sample and phase) with only a little scatter of individual points of analysis or crystals. Average clinopyroxene rims (blue) are scarcely enriched over cores (black) 
for clinopyroxene. (b and e) Foliated gabbro OM10-A18 shows much higher mass fractions of REE + Y and an increased scatter around the crystals medians, especially 
for HREEs. It has to be noted that this scatter is not caused by analytical limitations (detection limit) but reflects a true feature of the investigated sample since 
much lower compositions could be measured with high precision. (c and f) Varitextured gabbro OM10-A14b has the most enriched pattern of the whole data set for 
plagioclase. Clinopyroxene REEs, on the contrary, are in the middle of the compositional range. Additionally, individual clinopyroxene rims are significantly enriched 
(blue symbols), while median compositions for rim and core are very similar. For details, see discussion.
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For the foliated gabbros, Mg# in clinopyroxene extends to lower values and is more variable than in the crustal 
section below. Zonation being mostly normal (inverse for two samples) and more pronounced (Figures 3h and 3i) 
with a higher significance. TiO2 shows a moderate trend of enrichment toward higher crustal levels with resets to 
very low mass fractions. Rims are partially enriched in TiO2 but heavily depleted where Mg# is increased. REEs 
of foliated gabbros partially show strong enrichment but, like the major elements, also a considerable amount of 
scatter. In some samples, zonation is intense and in some cases covering a variety almost as large as the entire 
data set range (e.g., OM10-A17). Fractionation between incompatible elements Zr/Hf is substantially enhanced 
within the foliated gabbros (Figure 3m). The difference in composition between the two varitextured gabbros 
investigated here is a striking feature of the data set. The stratigraphically highest sample (OM10-A13, 4.6 km 
h.a.M.) has a very primitive but variable core composition of Mg# 86.7 ± 3.2 and fractionated rims of Mg# 
78.7 ± 2.2. Additionally, cores have very low TiO2 of 0.27 ± 0.05 g/100 g and LREE mass fractions even lower 
than the average of layered gabbro clinopyroxenes. Rims are enriched in TiO2 and incompatible trace elements 
(REE, Zr, Hf) but they have Cr contents similar to those of primitive layered gabbros (∼2,000 μg/g). The other 
varitextured gabbro (OM10-A14b, 4.4km h.a.M.) generally shows the same core-to-rim systematics. However, it 
is substantially more evolved and homogeneous in major element composition, with core Mg# 76.3 ± 0.6, TiO2 
of 0.74 ± 0.05 g/100 g, and low Cr mass fraction of ∼140 μg/g.

4. Discussion
Two features of our new data set from Wadi Gideah gabbroic rocks are the inverse zonation of plagioclase within 
the layered gabbros and the presence of very primitive mineral compositions at the AML level, as found in one 
of the varitextured gabbro samples. These features will be discussed in Section 4.1 and Section 4.2, respectively. 
The main goal of this study is to gain a deeper insight into crustal accretion dynamics by combining geochemical 
characteristics with crystallization temperatures as a function of crustal depth by applying the novel REE-in-pla-
gioclase-clinopyroxene geothermometer of Sun and Liang (2017). Since this geothermometer is directly based 
on the partitioning of REEs between plagioclase and clinopyroxene, it is crucial to test the samples for cogenetic 
equilibrium conditions. This will be assessed in Section 4.3. Subsequently, we will discuss the geochemical data 
and crystallization temperatures in the framework of crustal accretion processes.

4.1. Inverse Zonation of Plagioclase—Caused by Primitive Melt Injection or Water?

A striking feature of the Wadi Gideah layered gabbros is the tendency toward inverse zonation found in plagi-
oclase Ca# and, to a more limited extent, in clinopyroxene Mg# (Figures 3b and 3i), a feature already observed by 
Müller (2015) and Koepke et al. (2022) for the whole sample set of the Wadi Gideah reference profile. In addition, 
although less systematic, this feature has been observed by Browning (1982) for a rhythmic series of layers in the 
Oman Wadi Shafan gabbroic complex and by Bosch et al. (2004) for a gabbro close to the MTZ in the Maqsad 
area. MacLeod and Yaouancq (2000) also report occasional reverse zoning in plagioclase for the upper gabbros. 
Nevertheless, systematic inverse zoning of plagioclase in oceanic gabbros to the extent observed in our samples is 
up to date not reported in gabbros from recent oceanic crust, implying that this is possibly a unique feature related 
to gabbros from the Oman ophiolite.

The cause of inverse zonation in the crystals is the presence of a compositionally different melt during rim 
crystallization. This melt either has to have a higher water activity, or it has to be more primitive. It has been 
shown experimentally (Berndt, 2002; Feig et al., 2006; Gaetani et al., 1993) that increased water activity leads to 
more anorthitic plagioclase compositions. In other words, DCa-Na for the plagioclase melt equilibrium positively 
correlates with the water content. The effect of water activity on plagioclase composition depends on pressure 
and temperature. For lower crustal conditions (∼2 kbar, ∼1100°C), the addition of only 1% H2O can shift the 
plagioclase compositions by roughly 10% toward anorthite (Feig et al., 2006). In Oman, the water content of 
the initial melt was elevated (Koepke et al., 2021; MacLeod et al., 2013; Müller et al., 2017), explaining the 
generally more calcic nature of plagioclase in gabbros from Oman compared to those found at Hess Deep, where 
lower Ca# numbers are more common (Coogan, 2014). Therefore, water plays a key role during lower crustal 
crystallization and melt evolution. The formation of anhydrous olivine, plagioclase, and clinopyroxene from a wet 
melt allows for crystallization of hydrous phases at an early stage of differentiation and explains the systematic 
anorthite enrichment of the plagioclase rims. As a result of differentiation, the melt will also be slightly enriched 
in incompatible elements, which is reflected in elevated TiO2 and Yb contents of the clinopyroxene rims (cf., 
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Figures 3j and 3m). It should be noted that the water activity of the primary melts was variable, which is indicated 
by concordant wehrlite layers in coherent layered gabbro sequences of the OmanDP GT2 drill core (Kelemen 
et al., 2020b) and the reoccurring abundance of olivine melagabbro in the GT1 drill core (Kelemen et al., 2020a). 
The variable but repeated occurrence of interlayered wehrlites is additionally mapped by Nicolas and Boud-
ier (2015) for the whole Wadi Tayin block (cf., Figure 1). In such layers, the corresponding parental melt batches 
were significantly enriched in water so that plagioclase was suppressed partially to produce olivine melagabbros 
or completely to form wehrlites (Koepke et al., 2009, 2021). Olivine data of the samples investigated here and 
discussion about ultramafic lithologies is beyond the scope of this paper but can be found in Koepke et al. (2022).

An additional water source is seawater-derived fluids. To date, there is no general agreement at what temperatures 
these fluids become active. While fast cooling rates (e.g., Sun & Lissenberg, 2018; VanTongeren et al., 2008) 
demand on-axis fluid systems active at an early accretion state, slow cooling rates (e.g., Faak et al., 2015) suggest 
no significant fluid contribution to the latent heat removal. In the latter case, the fluid system might develop 
slightly off-axis (Bieseler et  al., 2018). From petrographic observations, it has been suggested that supercrit-
ical seawater can penetrate down to the MTZ and even into the upper mantle (Dygert et al., 2017) very close 
to the ridge axis via hydrothermal fault zones (e.g., Abily et al., 2011; Koepke, Mueller, et al., 2014; Rospabé 
et al., 2017; Zihlmann et al., 2018) or a microcrack system (Bosch et al., 2004; Nicolas & Mainprice, 2005). This 
can invoke hydrous partial melting and possibly enhance water contents of the primary melts by grain boundary 
transport to regions of active crystallization (Koepke, Berndt, et al., 2014). However, hydrous partial melting 
triggered by high-temperature fluids produced special micro-textures at the plagioclase grain boundaries and 
caused the precipitation of closely associated interstitial mafic phases (mostly pargasitic amphibole, e.g., Koepke 
et al., 2005a, 2005b; Koepke, Berndt, et al., 2014; Wolff et al., 2013), which were not observed in typical Oman 
layered gabbros away from hydrothermal fault zones. Moreover, deep hydrothermal activity reaching into the 
magmatic regime would be locally bound to pervasive hydrothermal faults and cannot account for such general 
zoning systematics recorded in the plagioclase. Additionally, the interface between the lower crustal high-tem-
perature hydrothermal system and the magmatic regime is not well constrained.

A second option for explaining the inverse plagioclase zoning is the presence of heterogeneous, more primitive 
melt replenished into the crustal mush region where rim crystallization takes place. Recently it has been proposed 
for the Hess Deep magmatic system that melts intruding the crust before mixing and homogenizing within an 
eruptive reservoir have diverse compositions (Gillis et al., 2014). The intruding parental melt can be heterogene-
ous because the mantle is heterogeneous (Lambart et al., 2019) or due to a diverse multi-stage reaction history 
of the melts while crossing the MTZ. This is also known as the “reactive filter” hypothesis of MTZ formation 
(Abily & Ceuleneer, 2013). As shown geophysically, the Moho is neither a homogenous barrier between mantle 
and crust nor directly forms at the ridge axis center but rather successively increases in seismic reflection inten-
sity until about 1 km away from the center of the ridge (Aghaei et al., 2014). Therefore, it is obvious that melt 
injected into the crust at the spreading center will differ in composition compared to melts injected slightly off 
the ridge axis center, where Moho formation and MTZ filtering increases. The lower crustal compositional vari-
ability found for the Wadi Tayin block has already been attributed to source melt heterogeneity by Pallister and 
Hopson (1981). However, given the distinct and in principle homogeneous geochemical character of the layered 
gabbros in Wadi Gideah, melt injection heterogeneities, independently of being the result of mantle heteroge-
neities or MTZ reaction history, are not likely to significantly influence the lower crustal primary accretion and 
internal chemical evolution. Since the crust has a high melt permeability (Zha et al., 2014) heterogenous melt 
batches might be homogenized and replenished with fresh MORB melt before they intensely react with the 
already existing mush framework. Recent studies propose an enhanced influence of reactive porous flow and 
AFC processes on the evolution of the oceanic crust (e.g., Lissenberg et al., 2013; Sun & Lissenberg, 2018). A 
significant feature of reactive porous flow is the strong normal zonation of plagioclase, which for Wadi Gideah 
gabbros is only present within the UFGs and VGs, while in the lower crust (LFGs and LGs), inverse plagioclase 
zonation dominates. Additionally, it has to be noted that zoning in clinopyroxene, especially in the lower crust, is 
in general low and much less developed than the zoning reported by Lissenberg et al. (2013) for the Hess Deep 
EPR gabbros, implying that reactive porous flow in the Oman paleo crust played only a minor role. Instead, reac-
tive textures present in the Oman layered gabbros are rather linked to hydrous partial melting instead of reactive 
porous flow (Koepke et al., 2022). This leaves differentiation-driven water enrichment as the most likely scenario 
causing the inverse zonation.
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4.2. Primitive Melt Delivery to the AML—Evidence for a Central 
Feeder Channel?

The highest Ca# value of the whole data set is found in plagioclase cores 
of the uppermost sample (OM10-A13, 4.6  km h.a.M.), a varitextured 
gabbro. It has a Ca# of 87.2  ±  0.17, much higher than the median of 
layered gabbros (83 ± 1.2) and also exceeds the most primitive layered 
gabbros (86.1 ± 0.66; Figure 3a). The same situation is found for Mg# 
in clinopyroxene, where cores for sample OM10-A13 also have the high-
est Mg# (86.7 ± 3.22; Figure 3h). Ratios of incompatible elements (La/
Sm)N in plagioclase and Zr/Hf in clinopyroxene are markedly lower than 
in all other samples. The Ce/Yb ratios of 27 for plagioclase and 0.6 for 
clinopyroxene are considerably lower than for all other samples, median 
∼80 and ∼0.9, respectively. Mass fractions of incompatible elements 
(TiO2, REEs in clinopyroxene, Ba, LREE in plagioclase) are close 
to the lowermost end of the data set, falling off the evolutional trend 
depicted up section (Figures 3 and 5). Compatible elements (e.g., Cr in 
clinopyroxene) have elevated mass fractions. The depleted, non-fraction-
ated REE characteristics of the parental melt for this sample (Figure S3 
in Supporting Information S1) bears evidence for very primitive liquids 
ascending from the mantle source to high stratigraphic levels and into the 
AML. The clinopyroxene REE pattern of this sample corresponds to those 
from gabbro sills crystallized within the MTZ. They are characterized by 
very depleted LREEs (e.g., Sample OM10-A32, Figure 4; and Kelemen, 
Hirth, et al., 1997). Calculated equilibrium melts for these sills (OM10-
A32, Figure S4 in Supporting Information S1) are not in equilibrium with 
Oman MORB but closely resemble the composition of ultra depleted melt 
(UDM) inclusions found as primary features in olivine of MORB(Sobolev 
& Shimizu, 1993), which additionally supports the argument of very prim-
itive melts being fed directly into the AML. Although the equilibrium melt 
for clinopyroxene of the varitextured gabbro OM10-A13 is significantly 
more evolved than UDM, it features a notable depletion of LREEs typi-
cal for, and likely inherited from, UDM. The plagioclase pattern is some-

what more evolved, showing that for very primitive melts, plagioclase is suppressed by increased water activity. 
This finding is remarkable in two aspects. First, it shows that melts are transported through the entire plutonic 
crust without losing their primitive signature. Second, although other studies from Oman find highly magnesian 
clinopyroxene and calcic plagioclase as cores in minerals from the varitextured gabbros (Coogan, Thompson, 
& MacLeod, 2002; Koepke et al., 2022; MacLeod & Yaouancq, 2000), the composition of sample OM10-A13 
is among the most primitive ever found at the level of an AML, both in Oman (Garrido et al., 2001; Pallister 
& Hopson, 1981) and at in situ fast-spreading ridge systems, including the very primitive Pito-Deep samples 
(Lissenberg et al., 2013; Pedersen et al., 1996; Perk et al., 2007). These signatures hint toward melts that are 
possibly more primitive than the melts from which the layered gabbros have crystallized and more primitive than 
the most primitive erupted MORB (Figures S3 and S4 in Supporting Information S1). They are likely a mixture 
of UDM and more evolved liquids. Still, they have not substantially reacted with the lower crust crystal mush, 
implying that melt/rock interaction was low or non-existent, otherwise their primitive signature would have been 
blurred. The conventionally suggested locations where aggregation of primitive melt occurs are the uppermost 
mantle and the lowermost crust (Coogan, Gillis, et al., 2002). Here we show that extreme primitive melts have the 
potential to reach the AML, implying that initial aggregation of individual melts may also occur within the axial 
melt lens. Likely, they never erupt before mixing with evolved AML melts, explaining the absence of MORB as 
primitive as suggested by primitive rocks found at the AML crustal level. A similar conclusion is drawn by Costa 
et al. (2010) for the EPR. Wanless and Shaw (2012) estimated the crystallization depths of MORB phenocrysts. 
They show that about 75% of the investigated melt inclusion in olivines from MORBs from the Pacific crust crys-
tallized in the environment of the AML horizon, which also demonstrates that the AML is a place where primitive 
MORB is delivered. Melts that have previously undergone little or no differentiation have to reach the AML in a 
marginal and widely isolated region that can be described as a central feeder channel, where boundary conditions 

Figure 5. Trace elements spider plots of median values for all 39 samples; (a) 
for plagioclase and (b) for clinopyroxene (only core compositions). Line color 
corresponds to crustal depth (see legend, h.a.M., height above the mantle-crust 
transition zone). Two samples are highlighted: The lowermost layered gabbro 
(OM10-A32, dark blue line) and a varitextured gabbro (OM10-A13, orange line) 
from the AML horizon, bearing very primitive cores as relics. For details, see 
text.



Journal of Geophysical Research: Solid Earth

MÜLLER ET AL.

10.1029/2021JB022699

16 of 31

allow for crystallization of extreme primitive plagioclase and clinopyroxene. A similar conclusion was derived 
for varitextured gabbros drilled in the EPR crust at IODP site 1256 (Koepke et al., 2011).

4.3. Equilibrium Between Plagioclase, Clinopyroxene, and Oman MORB Melt

In order to calculate crystallization temperatures using the geo-thermometer of Sun and Liang (2017), the essen-
tial requirement of the sample is equilibrium between plagioclase and clinopyroxene. Only if they have crystal-
lized from the same melt under equilibrium at constant boundary conditions, their calculated temperatures will be 
valid. Since petrographic evidence for interpreting equilibrium is always uncertain, we evaluated whether equilib-
rium was given by calculating the equilibrium melts based on measured compositions of plagioclase and clino-
pyroxene, applying distribution coefficients for mineral-melt partitioning. Subsequently, we checked whether the 
equilibrium melt compositions for plagioclase and clinopyroxene differ from each other or not and to what extent 
they resemble the Oman MORB compositional array (Garbe-Schönberg et al., 2022).

Partitioning coefficients for plagioclase have been calculated based on a recently parameterized lattice strain 
model provided by Sun et al. (2017). Required input parameters are not only major and trace element composi-
tions but also pressure and temperature. The pressure sensitivity for REE partitioning in plagioclase is low and 
the pressure range for oceanic crust formation only varies from 2 kbar (MTZ) to about 0.5 kbar (AML) and, 
therefore, the pressure effect is negligible. The temperature, on the other hand, has a significant influence on 
REE partitioning in plagioclase and has to be chosen carefully. Here we used the geothermometer of VanTon-
geren and Mathez (2013), which is based on the anorthite content of plagioclase, to derive initial temperatures 
for the 𝐴𝐴 𝐴𝐴

pl∕melt

REE
 calculation. A difficulty arises from the influence of water. As noted previously, an increase in 

water content leads to higher anorthite values (∆ xAn ∼10 An/wt% H2O @ 1100°C & 2 kbar, Feig et al., 2006; 
Koepke et al., 2004), resulting in higher anorthite-temperatures. Counterintuitively, 𝐴𝐴 𝐴𝐴

pl∕melt

REE
 is positively corre-

lated to the water content and negatively correlated to xAn (Bédard, 2006), which is somewhat conflicting since 
water content positively correlates to xAn. The reason for this might be that the role of water with respect 
to 𝐴𝐴 𝐴𝐴

pl∕melt

REE
 is experimentally not well constrained and shows a rather crude correlation (e.g., Equation 44e of 

Bédard, 2006), conclusively the influence of water on 𝐴𝐴 𝐴𝐴
pl∕melt

REE
 is much lower than on xAn. Knowing that the Oman 

source melt had a notable amount of water (MacLeod et al., 2013; Müller et al., 2017), the approach of using 
water content-dependent temperatures (VanTongeren & Mathez, 2013) in the calculation of 𝐴𝐴 𝐴𝐴

pl∕melt

REE
 following Sun 

et al. (2017) has to be treated with caution but still yields more plausible values for the partitioning than applying 
the regression-based parametrization of Bédard (2006).

For clinopyroxene 𝐴𝐴 𝐴𝐴
cpx∕melt

REE
 were calculated following Bédard (2014), using the nearest neighbor regression flow-

chart method. 𝐴𝐴 𝐴𝐴
cpx∕melt

REE
 values correlate well with each other (R 2 > 0.9), therefore the REE + Y internal D relations 

are reliable. The difficulty then only lies in picking a procedure to calculate the 𝐴𝐴 𝐴𝐴
cpx∕melt

𝑖𝑖
 for the introduction point 

(i.e., Samarium, 𝐴𝐴 𝐴𝐴
cpx∕melt

Sm
 ) of the nearest neighbor calculation chain. Bédard (2014) notes that 𝐴𝐴 𝐴𝐴

cpx∕melt

REE
 do not 

correlate well with melt or crystal-chemical properties that could be used to regress them from. Alternatively, 
Hack et al. (1994) proposed linking 𝐴𝐴 𝐴𝐴

cpx∕melt

REE
 with 𝐴𝐴 𝐴𝐴

cpx∕melt

Ti
 . Bédard (2014) found a robust relation between these 

partition coefficients in the massive data set he compiled. The remaining problem is finding proper 𝐴𝐴 𝐴𝐴
cpx∕melt

Ti
 

values that are linked to measurable parameters with a reasonable correlation. Here we used the regression of 
𝐴𝐴 LnD

cpx∕melt

Ti
 versus Al IV binned by melt SiO2. While Al IV is calculated from EPMA data, some assumption has to 

be made regarding the melt SiO2 for which two options are reasonable: either using SiO2 source mass fraction as 
proposed by Kinzler and Grove (1993), which is 50.1 g/100 g SiO2 or using the median bulk SiO2 mass fraction 
from the Wadi Gideah gabbroic suite, 46.9 ± 0.7 g/100 g SiO2. We decided for the latter case, but it should be 
noted that both approaches lead to very similar results in our interpretation of the plagioclase clinopyroxene 
equilibrium, which is discussed below.

Assessing the similarity of calculated equilibrium melts for plagioclase and clinopyroxene and the compari-
son to the MORB compositional array of Oman basalts, it is possible to distinguish three characteristic cases 
for the 39 gabbros investigated here. (a) For the layered gabbros, equilibrium melt compositions for both 
phases show a good correspondence, implying that plagioclase and clinopyroxene cores crystallized under 
equilibrium boundary conditions (Figures 6g–6i). Both melts correspond well to the Oman MORB composi-
tional array, implying that lower gabbros were formed as cumulates from those MORB parental melts which 
also fed the extrusive section; (b) Some equilibrium melts for both minerals from the foliated gabbros are 
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very similar, as for the layered gabbros, suggesting equilibrium crystallization conditions, but with respect 
to the MORB compositional array originate from a significantly enriched parental melt (Figures 6d–6f). 
This misfit indicates that these melts underwent a process of moderate to strong differentiation before 
crystallizing into foliated gabbro mineral cores. Consequently, they appear to have crystallized from MORB 
isolated liquids rather than forming from MORB as equilibrium cumulates. (c) Exceptions to this general 
picture where equilibrium melts for plagioclase and clinopyroxene show strongly contrasting compositions 
are found for two layered gabbros, some foliated gabbros, and the two varitextured gabbros (Figures 6a–6c 
and  7). For all the disequilibrium gabbros, the plagioclase equilibrium melt is: (a) systematically more 
enriched than the clinopyroxene equilibrium melt and (b) with respect to the Oman MORB array, more 
evolved than the upper compositional limit. Therefore, it is obvious that clinopyroxene saturation of parental 
melts for these samples was accomplished before plagioclase saturation. We identified two different reasons 
for this inconsistency: (a) all corresponding samples (Figure 7, pl-cpx ratio >1.5) are amphibole-bearing 
gabbros (incl. two hornblende gabbros) with high xAn plagioclase. Both indicate high water activity during 
crystallization, implying that the use of the applied distribution coefficients is inappropriate and the initial 
anorthite temperature is biased. (b) These samples show partially complex-zoned plagioclase, indicating a 
change in the boundary conditions during crystallization (i.e., the involvement of more differentiated melt 
composition and intense melt mixing during crystallization), driving the crystallizing phases into a state of 
disequilibrium. Nevertheless, to more comprehensively evaluate the scenario of melt mixing and differen-
tiation under hydrous conditions on a geochemical basis, high precision full-grain compositional mappings 
of all phases along a consistent transect throughout the oceanic crust are needed for verification. This is 
beyond the scope of the this study.

Another almost ubiquitous feature of the equilibrium melts with respect to the MORB compositional array 
is the increasing depletion of most incompatible elements, especially for plagioclase (e.g., Figures 6a, 6d, 
and 6g). Therefore, it is essential to consider whether this will affect the assessment of equilibrium and the 
subsequently derived 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 . Similar chemical characteristics are observed by Lissenberg et al. (2013, cf., 

their Figure 8a) for calculated plagioclase equilibrium melts from Hess Deep gabbros, except that plagi-
oclase (and olivine) are more primitive than the EPR MORB compositional array, which is not the case 
for the Wadi Gideah gabbros. Lissenberg et  al.  (2013) argue that the 𝐴𝐴 𝐴𝐴REE would have to be changed by 
an unrealistic amount to fit the equilibrium melt of plagioclase (and olivine) to the MORB array. Thus 
the observed fractionation pattern represents a natural feature of the crystallizing system. In principle, we 
share their interpretation, but the cause for this cannot solely be explained by reactive porous flow, which 
causes a redistribution of incompatible elements from the gabbroic framework into the reactive porous 
melts, thus post-modifying the initially recorded mineral-melt equilibrium and inevitably leaving traces 
of this modification on the intergranular assembladge which is for Wadi Gideah lower gabbros absent in 
general. It is important to note that the compatibility-driven disequilibrium partitioning is not the same as a 
total disequilibrium between plagioclase and clinopyroxene since, on average, the REE parental melt ratio 
is still around 1 (i.e., Figures 6f and 6i). In contrast, at a total disequilibrium, it significantly diverges from 
1 (i.e., Figure 6c). We suggest that the misfit of MORB and equilibrium melt signatures (i.e., the negative 
slope of plagioclase parental melt, Figures 6a, 6d, and 6g) primarily arises from delayed crystallization of 
plagioclase within hydrous melts, where clinopyroxene incorporates HREEs more efficiently than LREEs 
prior to plagioclase formation. In other words, the compatibility-driven disequilibrium partitioning leads 
to a plagioclase-clinopyroxene parental melt ratio superimposed by the compatibility-driven systematic 
misfit between MORB and plagioclase (i.e., negative slope, Figures 6c, 6f, and 6i). This interpretation is 
supported by the fact that plagioclase is significantly more affected by compatibility-driven disequilibrium 
partitioning than clinopyroxene (Figure 6). Although this circumstance does not preclude modification of 
trace element signatures by reactive porous flow within the lower crust, melt-rock interactions seem to play 
a minor role within Oman layered gabbros since significant zonation of incompatible trace elements is very 
limited and clinopyroxene equilibrium melt is not fractionated against MORB. Likely, the observed fraction-
ation pattern will not survive the mixing of primitive melts into the AML since primitive melts delivered 
to the AML do not share the fractionated pattern observed for plagioclase (cf., Figure S3c in Supporting 
Information S1). Still, for the crust-internal development, this fractionation is essential since it is linked to 
the rotation of the 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 regression, as discussed in the last paragraph of the next section.
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4.4. Applicability and Reliability of the REE-In-Plagioclase-Clinopyroxene Thermometer

The REE exchange thermometer has recently been applied to gabbroic rocks by Sun and Lissenberg (2018), by 
Boulanger et al. (2020) and by Mock, Neave, et al. (2021). An option to verify the validity of temperatures is 
to couple the REE thermometer (𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 ) to established anorthite thermometers (𝐴𝐴 𝐴𝐴An ). It is well known that the 

composition of plagioclase depends on crystallization temperature. A robust regression of temperatures for the 33 
equilibrium samples (Figure 8a gray dots, disequilibrium samples: OM10-A13, OM12-A14b, OM15-27, OM10-
A17, OM10-A20, and OM12-055 are excluded from regression), as derived from 𝐴𝐴 𝐴𝐴REE against anorthite-in-pla-
gioclase reveals a relation of:

𝑇𝑇
An

REE
[◦C] = 6.1 ± 0.2 ∗ An + 706 ± 19 

The coupling of 𝐴𝐴 𝐴𝐴An to 𝐴𝐴 𝐴𝐴REE has recently been emphasized by Sun and Lissenberg (2018). They derive a slope for 
the anorthite-temperature regression (𝐴𝐴 𝐴𝐴

An

𝑆𝑆&𝐿𝐿18
 ) of 7.62°C × An −1, which is significantly higher than inferred from 

our regression and other An-thermometers (see below Figure 8). The reason for this lies in an erroneous averag-
ing of the data by Sun and Lissenberg (2018), which have neither been checked for extreme values nor for equi-
librium. Their data additional is not separated by core and rim compositions which inevitably leads to disequilib-
rium 𝐴𝐴 𝐴𝐴

pl−cpx

REE
 values. While the motivation to lump all data together lies in better representing the samples' average 

compositions, this approach is strictly invalid when using an equilibrium based thermometer as the one of Sun and 
Liang (2017). Additionally, for calculating 𝐴𝐴 𝐴𝐴REE , Sun and Lissenberg (2018) generally excluded the HREEs due 
to insufficient data quality or lack of plagioclase HREE data due to detection limit. As at least some of the Hess 

Figure 6. Equilibrium melt calculated from partitioning coefficients for plagioclase (a, d, and g) and clinopyroxene (b, e, and h) for core compositions of three 
representative samples of the main lithological units: layered gabbro (bottom), foliated gabbro (middle) and varitextured gabbro (top). The gray field corresponds to 
MORB compositions derived from sheeted dikes and pillow basalts from the Ibra area (Müller, 2015), normalized to N-MORB (Gale et al., 2013). (c, f, and i) Melt 
composition calculated for plagioclase divided by the one for clinopyroxene. Values around one imply equilibrium between plagioclase and clinopyroxene which is 
indicated for the layered and foliated gabbros but not for the varitextured gabbro.
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Deep samples are rotated within the thermometers Bj/1000 versus Ln(Dj)−A 
space, this yields temperature estimates that are too high (see Section  2.3 
and below), and puts their subsequent calculations in daubt. Several plagi-
oclase-liquid equilibria thermometers are available (see data compilation and 
discussion in Putirka [2005, 2008]). Putirka (2008) shows that the precision 
of such thermometers gets worse as soon as water is involved in the crystal-
lizing system. Therefore, he emphasizes the importance of estimating errors 
to make meaningful statements from calculated temperatures. Since in a 
gabbroic crustal system, the equilibrium melt is absent, a useful compari-
son can be made to well-studied mafic layered intrusions. VanTongeren and 
Mathez (2013) found a simple anorthite-in-plagioclase temperature relation 
based on observations made for the Bushveld complex by calculating liqui-
dus temperatures using the plagioclase-liquidus equilibrium implemented in 
MELTS (Ghiorso & Sack, 1995). In the temperature versus anorthite content 
regression, 𝐴𝐴 𝐴𝐴

An

𝑉𝑉&𝑀𝑀13
 , they found a slope of 6.8°C × An −1, very similar to the 

𝐴𝐴 𝐴𝐴
An

REE
 slope from our study. Temperature models derived from the Skaergaard 

layered intrusion linked to experiments performed by Thy et al. (2008, 2009), 
𝐴𝐴 𝐴𝐴

An
Thy09

 , reveal a much smaller slope of 3.6°C  ×  An −1. The reason for this 
lies in the wrong coupling of equilibrium melting and fractional crystalli-
zation. Morse (2010) disproved their ruling hypothesis and recalculated the 
Skaergaard regression, 𝐴𝐴 𝐴𝐴

An

Morse10
 , to a slope of 4.6°C × An −1. Feig et al. (2006) 

experimentally found very similar slopes (cf., their Figure 6). Additionally, 
their work suggests that the water content influences the regression param-
eters of anorthite against temperature, steepening the slope toward higher 
water contents. This is supported by crystallizing the Gideah Bulk crustal 
composition of Garbe-Schönberg et  al.  (2022) at different water contents 
using MELTS (Figure 8b). The model also suggests that the water content of 
the source melt was between 0.4 wt% H2O and 0.6 wt% H2O. For our initial 
guess of water content, we used 0.8 wt% H2O following Müller et al. (2017) 
and MacLeod et al. (2013). Since the influence of water on 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 is low (cf., 

Figure S2 in Supporting Information S1), it is insignificant for the thermal 
implication (Section 4.5) if a water content of 0.4 wt% H2O or 0.8 wt% H2O 
is used. Nevertheless, for the geochemical evolution of the Gideah oceanic 
crust it makes a notable difference as expressed by plagioclase evolution lines 
of fractional crystallization as a function of water content (Figure 8b). While 
any 𝐴𝐴 𝐴𝐴

An

𝑖𝑖
 model is in principle independent of the plagioclase-clinopyroxene 

equilibrium but highly susceptible to the prevailing water activity, the situ-
ation is opposite in terms of the 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 model. Hence, if both thermometers 

reveal similar temperatures, the result can be assumed to be reliable.

Two varitextured gabbros (OM10-A13 and OM12-A14b), two foliated 
gabbros (OM15-27, OM10-A17), and two layered gabbros (OM10-A20 and 
OM12-055) show significant deviations from the robust 𝐴𝐴 𝐴𝐴

An

REE
 regression 

(Figure  8a). These are exactly those samples, showing significant differ-
ences in the compositions of the calculated equilibrium melts (Figure 7). It 
is obvious that the disequilibrium leads to erroneous temperature estimates 
using the Sun and Liang (2017) thermometer. For all of these “disequilibrium 
gabbros,” calculated 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 overestimate the true crystallization temperature 

substantially, so that they exceed the temperature range evaluated by the 
regression uncertainty (Figure 8a, gray dots). In principle, their offset can be 
corrected by projecting them onto the regression line of 𝐴𝐴 𝐴𝐴

An

REE
 and adjusting 

the temperature accordingly (see Figures 8 and 10 and next section), but this 
still might lead to false temperature estimates. Given that for these samples, 
clinopyroxene is significantly more primitive than plagioclase and primary 

Figure 7. Equilibrium melt composition for Cepl/Cecpx and Ybpl/Ybcpx based 
on mineral melt partitioning as described in Section 4.3, plotted against crustal 
depth. The x-axis represents the division of plagioclase equilibrium melt by 
clinopyroxene equilibrium melt (same as the y-axis in Figures 6c, 6f, and 6i). 
Therefore, a value around 1 implies equilibrium between plagioclase and 
clinopyroxene, which is indicated for most layered and foliated gabbros. The 
horizontal width of the lines represents the compatibility-driven deviation 
from absolute equilibrium for Ce & Yb (i.e., the distance to 1 as expressed 
in Figures 6c, 6f, and 6i) and therefore is equal to the REE slope as found 
in Figures 6c, 6f, and 6i. Colored areas (wedges) correspond to the absolute 
deviation between calculated equilibrium melts and the MORB composition 
(i.e., the distance to 1, which is N-MORB; Gale et al., 2013), as expressed 
in Figures 6a, 6b, 6d, 6e, 6g, and 6h. The top part (blue) corresponds to 
plagioclase, and the bottom part (green) to clinopyroxene. This deviation 
scales on the y-axis [km, h.a.M.] as 100 × log10(REE/N-MORB), so it is 
basically a factor 100 scale of the y-axis of Figures 6a, 6b, 6d, 6e, 6g, and 6h. 
In other words, the wider the lines are, the stronger is the compatibility-
driven disequilibrium between plagioclase and clinopyroxene (these samples 
rotate against the REE-thermometer). Moreover, the more the lines diverge 
from x = 1, the more the samples are out of general equilibrium, and the 
bigger the wedge is, the stronger is the disequilibrium between plagioclase 
and clinopyroxene equilibrium melts and the MORB melt. The inset to the 
bottom right represents a sketch of the first row of Figure 6 (Figures 6a–6c) 
and illustrates how this graph is created by taking sample OM10-A14b as an 
example (note the inverse and log scalled x-axis). For details and discussion, 
see text.
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interstitial amphiboles and an enhanced overgrowth of clinopyroxene by hornblende is omnipresent, the water 
content of their parental melt likely exceeded 3 wt% H2O elevating their xAn content. The influence of water 
on the anorthite temperature becomes more significant as water content increases (∆ xAn ∼10An/wt% H2O @ 
1100°C & 2kbar, Feig et al., 2006), lowering the true crystallization temperature of samples crystallized from wet 
magma. In other words, temperatures calculated by any An-in-plagioclase-thermometer will increasingly over-
estimate the true crystallization temperature with increasing water content of the parental melt. Possibly neither 

𝐴𝐴 𝐴𝐴
pl∕cpx

REE
 nor 𝐴𝐴 𝐴𝐴

An

REE
 yield reliable results for the disequilibrium samples and, therefore, they should be treated with 

Figure 8. Relationship between anorthite content of plagioclase and temperature. (a) Calculated REE-equilibrium 
temperature as a function of anorthite in plagioclase. Shown are the functions of three geo-thermometers based on the 
anorthite content in plagioclase S&L18 (Sun & Lissenberg, 2018), Morse10 (Morse, 2010), and V&M13 (VanTongeren 
& Mathez, 2013). Green dots represent the 33 samples of this study which are in equilibrium, yielding valid temperatures, 
calculated using the 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 thermometer of Sun and Liang (2017). The robust regression at a confidence interval of 95% 

(dark gray area) of this relation gives the 𝐴𝐴 𝐴𝐴
An

REE
 thermometer (black line) and the related error region (light gray area). The six 

disequilibrium samples (gray dots) are falling off the plausible 𝐴𝐴 𝐴𝐴
An

REE
 range (see also Figures 7 and 10 and text). These samples 

are excluded from 𝐴𝐴 𝐴𝐴
An

REE
 regression. For each sample, temperatures for HREEs (closed triangles) and LREEs (open triangles) 

have been calculated separately to illustrate the severe effect of REE-group exclusion during 𝐴𝐴 𝐴𝐴
pl∕cpx

REE
 regression if rotation is 

present in the REE data (see also Figure S7 in Supporting Information S1 and text for details). Yellow diamonds represent 
REE-temperatures of the V&M13 data. As this data set lacks HREE compositions for plagioclase and rotation is present, 
the resulting temperatures are about 50°C too heigh, showing that HREE/LREE temperature offsets are not a unique feature 
of Wadi Gideah gabbros. (b) Plagioclase fractional crystallization evolution lines for different water contents (dashed lines) 
of the Gideah Bulk Crust composition (Garbe-Schönberg et al., 2022) modeled with MELTS at 2 kbar buffered by QFM 
(Ghiorso & Sack, 1995). The main result here is that the anorthite-temperature trend of the Wadi Gideah gabbros (solid black 
line, equal to Figure 8a) can only be explained for a water content between 0.4 and 0.6 wt% H2O. For details see discussion.
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caution. Still, if 𝐴𝐴 𝐴𝐴
pl∕cpx

REE
 matches 𝐴𝐴 𝐴𝐴

An

REE
 and plagioclase-clinopyroxene equilibrium is given, the calculated tempera-

tures are trustworthy if 𝐴𝐴 𝐴𝐴
pl∕cpx

REE
 is calculated from all REEs.

For all gabbro samples, the temperature inversion (forced through the origin of Bj−1000 and Ln(Dj)−A) is rotated 
against the rare earth elements systematically by their periodic number, with LREE below the regression and 
HREEs above (cf., Figure 2, Figure S1 in Supporting Information S1). To a limited extent, such rotation can 
be caused by the evolution of the parental magma, as shown for a modeled evolving composition by Sun and 
Liang (2017, cf., their Figure S2). We found a coarse correlation (Figures S5 and S6 in Supporting Informa-
tion S1) between the rotation, expressed as an offset from the origin (regression over REEs not forced through 
origin) and the REE slope of plagioclase-clinopyroxene equilibrium melts, as shown in Figures 6c, 6f, and 6i 
(see also Figure S3c in Supporting Information S1). Obviously, the REE fractionation between plagioclase and 
clinopyroxene in the calibration data of Sun and Liang (2017) is different compared to the Oman Wadi Gideah 
gabbros. This behavior is also seen for many other natural gabbroic samples (see data compiled by Sun and 
Liang [2017]) and for some of the Hess Deep gabbros (Sun & Lissenberg, 2018). The consequence of the rota-
tion is that temperatures exclusively calculated from LREE are always higher than those calculated from HREE 
(Figure 8a). This is obvious because both parameters Bj−1000 and Ln(Dj)−A) are negative (regression within 
the third quadrant of the coordinate system), and rotation regression always has a lower slope than tempera-
ture regression. If only LREEs are regressed for temperature, rotation is lower, and therefore compensation for 
rotation is weaker and vice versa for HREEs. In other words, if only LREEs are accounted for, true rotation is 
underestimated, and the temperature regression gets pulled toward the LREEs, resulting in an erroneous heigh 
temperature regression slope and temperature estimate. Since this effect can introduce a temperature uncertainty 
of up to 90°C, it is the most severe source of error when applying the plagioclase-clinopyroxene equilibrium 
thermometer (given that plagioclase and clinopyroxene are in equilibrium). As higher the rotation as more severe 
this effect is (see the correlation in Figure S7 of Supporting Information S1), and as more important it is to 
include all REEs into the temperature calculation to compensate for rotation accurately. An example that shows 
the above mentioned is expressed by calculating 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 for the VanTongeren and Mathez  (2013) data. While 

their 𝐴𝐴 𝐴𝐴
An

𝑉𝑉&𝑀𝑀13
 regression is trustworthy as it is based on MELTS equilibrium calculations, the REE-temperatures 

calculated from their data are ∼50°C too high due to the lack of HREE data (Figure 8a). Another example is the 
erroneous 𝐴𝐴 𝐴𝐴

An

𝑆𝑆&𝐿𝐿18
 regression which is in the range of 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 being calculated from only LREEs (open triangles and 

diamonds, Figure 8a) or disequilibrium samples (gray dots, Figure 8a), or to the worse, both. It has to be noted 
that the rotation effect is more substantial if HREEs are excluded because HREEs for many samples not only 
diverge from temperature regression but also from rotation regression more severely than LREEs (cf., Figure S1 
in Supporting Information S1, HREE divergence from dashed lines). One reason for this might be that 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 is 

solidly calibrated mainly against LREEs because published data for plagioclase-melt compositions for HREEs 
are rare, which is a consequence of their low mass fraction in plagioclase, which is close to the detection limit 
and their large associated uncertainties. Conclusively, it has to be noted that if REE rotation is present in a data 
set, the exclusion of certain REEs (especially a whole group, e.g., HREEs) for a subset of samples will lead to 
inconsistencies in the resulting temperature data set and to wrong temperature estimates for these samples. Hence, 
we included all REEs for all samples in the calculation.

4.5. Geochemical Implications and Thermal Structure of the Wadi Gideah Oceanic Crust

The Oman ophiolite crust's overall evolutionary trend, as recorded in the gabbros (Figure 9a), follows fractional 
crystallization much better than the Hess Deep gabbros do (Coogan, Gillis, et al., 2002). Nevertheless, a widely 
recognized over-enrichment of incompatible elements (cf., Figure 1a in Coogan and O'Hara [2015]) is also pres-
ent in the Wadi Gideah Transect gabbros (Figure 9b), especially in the upper gabbros and rims of some lower 
gabbros. These trends are not explained by conventional closed system crystallization mechanisms but possibly 
reflect more complex open system processes (e.g., RMTX magma chambers, Coogan & O'Hara, 2015, and refer-
ence therein). For Wadi Gideah, strong indications for crust internal melt evolution (cf., Figures 3 and 4) are: (a) 
the progressive shift of differentiation indices toward higher degrees of fractionation, increasing from MTZ to 
AML (Mg#, TiO2, and Cr in cpx) and (b) a more or less consistent enrichment of incompatible trace elements 
(Ba, REEs in pl; REEs in cpx) in mineral cores. Mass fractions of Zr correlates negatively with a decrease of 
Eu/Eu* in clinopyroxene (Figure  9c). This relation indicates trace element enrichment during clinopyroxene 
evolution accompanied by a reduction in melt mass due to plagioclase crystallization (Lissenberg et al., 2013). 
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Incompatible trace element ratios (e.g., (La/Sm)N in plagioclase and Zr/Hf in clinopyroxene) are near-constant 
within the layered gabbros but become more variable and higher in the foliated gabbros (cf., Figures 3f and 3m). 
Hence, the upper part of the crust, if compared to the lower crust, crystallized from more evolved melts and was 
influenced by changing boundary conditions, while the lower part of the crust represents a near steady-state 
crystallization system.

The thermal structure of the crust expressed as density distributions as a function of distance to the MTZ 
(Figure 10) strongly supports the above discussed observations. The crystallization temperature of the crystal 
mush framework that formed the layered gabbros falls in a narrow range of about 1216 ± 14°C (Figure 10, up to 
a crustal height of 2 km H.a.M, ignoring sample OM10-A32 from the MTZ). On the contrary, large variability 
of temperature ranging from 1077 to 1231°C can be observed further up section. The lower crustal temperature 
correlates very well with MELTS-modeled crystallization temperatures for magma expelled from the mantle and 
fed into the crust crystallizing in situ (Figure 10, Kelemen & Aharonov, 1998). Crystallization rates depend on 
the style of crystallization and composition of the initial liquid; in any case, they are relatively high (>1% °C −1) as 
soon as plagioclase saturation is reached. Consequently, a large amount of melt will crystallize if the temperature 
is reduced by only some 10°C below the plagioclase liquidus (Kelemen & Aharonov, 1998). Although enhanced 
water content of the parental melt will lower the plagioclase saturation temperature, the presence of a widely 
molten magma chamber within the lower crust is not observed by crustal tomography (e.g., Dunn et al., 2000) or 
compliance modeling (e.g., Crawford & Webb, 2002; Zha et al., 2014) Therefore, melt intruding the lower crust 
either has to move rapidly toward the AML before becoming saturated in plagioclase, or it will start to crystal-
lize and generate latent heat that has to be removed efficiently to avoid forming a molten lower crustal magma 
reservoir. Field, petrographic and geochemical evidence for the existence of a high-temperature hydrothermal 
system active in the lower crust is numerous (e.g., Bosch et al., 2004; Currin et al., 2018; Dygert et al., 2017; 
Koepke et  al.,  2005a,  2005b; Koepke, Mueller, et  al.,  2014; Nicolas & Mainprice,  2005; Wolff et  al.,  2013; 
Zihlmann et al., 2018). This system is likely to be channelized, following either a microcrack system (Nicolas & 
Mainprice, 2005) or hydrothermal fault zones (Coogan et al., 2006; Zihlmann et al., 2018). Therefore, latent heat 
consumption by hydrothermal cooling varies dramatically with distance to the fluid flow channels. This hetero-
geneous permeability structure of the crust gives a plausible reason that along one-dimensional crustal profiles, 
very contrasting cooling rates are found for Hess Deep and Oman (e.g., Coogan, Jenkin, & Wilson, 2002; Faak 
& Gillis, 2016; Faak et al., 2015; VanTongeren et al., 2008), and also explains why coupled models of magmatic 
accretion and hydrothermal flow (Theissen-Krah et  al.,  2011,  2016) fail to generate the crust with less than 
50% “glacier” mush flow without introducing a largely molten magma reservoir in the lower crust. Hasenclever 

Figure 9. Geochemical indices for clinopyroxene of the Wadi Gideah crustal transect. (a) Trace element fractionation trend expressed as YbN over CeN for Wadi Gideah 
gabbros (solid black line, circles, colored according to h.a.M., see legend), compared to gabbros from Hess Deep (dotted black line, gray diamonds). For comparison, 
the fractionation model of Coogan, Gillis, et al. (2002) is plotted (long dashed lines, large orange diamond is Hess Deep source composition, for details see Figure 6 
in Coogan, Gillis, et al. [2002]). The Wadi Gideah trend follows fractional crystallization much better than Hess Deep gabbros, but has a different source composition 
with less Yb and more Ce. (b) Zr in clinopyroxene as a function of Mg# (dots represent the core composition, open diamonds are for rim composition). Lines connect 
the individual core-rim pairs. (c) Zr over Eu/Eu* indicates a decrease in melt mass during clinopyroxene fractionation due to plagioclase crystallization. For details, see 
text.
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et  al.  (2014) demonstrate numerically that a relatively uniform heat removal within the lower crust could be 
achieved by off-axis recharge, deep hydrothermal circulation discharging into the shallow on-axis circulation 
system. Still, somewhat crude assumptions have to be made concerning the permeability since neither the total 
permeability, the anisotropy of permeability, nor the geometric permeability structure is known in sufficient 
detail.

Figure 10. Crystallization temperature density distribution as a function of crustal depth (shaded by temperature, see 
legend). The density range represents temperature distributions based on outer matrix 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 calculations for all spots 

analyzed within a given sample (for details, see text). Median values are marked with green dots. Arrows originating at the 
dots show the distribution shift necessary to equalize between the REE-temperature and the An-temperature (so that the 
tips of the arrows represent the corresponding An-temperature) based on the 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 – 𝐴𝐴 𝐴𝐴

An

REE
 relation (Figure 8a). Most of the 

layered gabbros have crystallized in a narrow temperature range averaging around 1216°C. The foliated gabbros show a more 
extensive temperature range and broader distributions for many samples. One branch (light red arrow) leads to crystallization 
temperatures that reflect lower liquidus temperatures (around 1077°C), and another branch shows temperatures similar to the 
layered gabbro range. Those samples with the highest temperatures together with the two varitextured gabbros are subjected 
to significant disequilibrium between plagioclase and clinopyroxene, their temperatures are not reliable (shaded gray, also see 
Figures 7 and 8a and discussion on disequilibrium gabbros). The black columns labeled GT1 and GT2 represent drill cores 
of the OmanDP (Kelemen et al., 2020a, 2020b). The thermal minimum likely reflects a zone where SAMLs fed from the top 
and bottom can form. At the bottom of the graph, two temperature ranges for plagioclase saturation are indicated as derived 
from MELTS. The hatched area represents dry plagioclase saturation for different parental melt compositions (for details, see 
Kelemen & Aharonov, 1998). The area confined by the dashed lines represents the plagioclase saturation temperatures for the 
Gideah Bulk Crust composition for different water contents (see Figure 8b and text for details). For calculation and details, 
see text and methods sections and Sun and Liang (2017) for fundamentals on the temperature inversion.
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A remarkable feature of the thermal structure is a thermal minimum within the middle part of the foliated gabbros 
near 3.5 km height above MTZ. Maclennan et al. (2004, 2005) present a numerical thermal model of the lower 
oceanic crust, showing that the thermal structure is a result of the accretion mechanism. For a hybrid scenario 
where the upper crust forms by a crystal mush “glacier” originating from the AML and the lower crust forms in 
situ, the model develops a temperature minimum between these two regimes, which mirrors the 𝐴𝐴 𝐴𝐴

pl∕cpx

REE
 in situ 

thermal structure very well. The variable temperature record and geochemical complexity of the foliated gabbros 
are likely to be caused by the mixing of melts that have undergone very different flow and fractionation patterns. 
Recent geophysical studies suggest that multiple small melt lenses carrying a higher melt fraction than formerly 
thought are present in the upper oceanic crust at the on-axis (Carbotte et al., 2021; Marjanović et al., 2014) and 
off-axis region (Han et al., 2014). These sub axial on-axis melt lenses (SAML) have been observed down to a 
depth of up to 1.6 km below the AML, coinciding with the thermal minimum outlined above. These melts are 
possibly diverse in composition, given the wide compositional range found for the upper foliated gabbros. It is 
commonly agreed that the steep foliation pattern of the foliated gabbros is a consequence of the mush flow direc-
tion, which is for the upper crust dominantly sub-vertical (e.g., MacLeod & Yaouancq, 2000; Nicolas et al., 2009, 
and reference therein). The rapid increase of strain measured for plagioclase directly below the AML (Nicolas 
et al., 2009) is caused by the rotation of plagioclase toward the steeply dipping foliation. It is only preserved in 
the rock if mush flow characteristics change from suspension to rigid flow at the time of plagioclase rotation. The 
increase in fractionation and the low temperatures recorded toward a crustal level of 3.5 km h.a.M., suggests that 
SAMLs are fed from both the top and the bottom (Figure 10, Boudier et al., 1996). On the one hand, divergent 
plates cause a downward suction (Nicolas et al., 2009) of crystal/melt mixtures present at the bottom of the AML 
to feed the SAMLs from the top. The steep foliation found in the gabbros below the AML, a structure present 
throughout the ophiolite and outlined by Quick and Denlinger (1993), modeled by Chenevez et al. (1998), and 
described in detail by Nicolas et al. (2009), is one of the primary petrological indications for “glacier-like” flow 
dynamics. Still, MacLeod and Yaouancq (2000) suggest that the foliation can also be a consequence of enhanced 
upward flow, likely both is possible. On the other hand, melts expelled from the lower gabbro cumulus can 
also be fed into SAML reservoirs from below. As our data suggest by the fractionation characteristics of rim 
compositions of samples within the lower crust, such melts feature an increased water content and a moderately 
evolved geochemical signature. Mixing these melts with melts and mushes subsiding from the AML leads to 
the complex evolution of the foliated gabbros, which is also evidenced by the increase in zonation intensity 
toward a crustal level of 3.5 km h.a.M. Lastly, the AML is not present at a constant depth in the crust, but the 
largely molten reservoir is subjected to vertical shifts and downward extension into the foliated gabbros, possibly 
explaining the presence of frozen axial magma chambers within the foliated gabbros (France et al., 2009).

The significant temperature difference found for the layered and the series of foliated gabbros contradicts a 
gabbro glacier formation mechanism extending down to the MTZ. It is implausible that neither the diverse chem-
ical composition nor the low temperature record of the upper crust can be found within the lower crust, if a full-
depth crustal gabbro glacier would exist. These signatures would inevitably be transported to the lower crust by 
the vertical flow dynamics of a glacier. Here we show that both the calculated temperatures and the nature of the 
crystallization process (equilibrium vs. disequilibrium) are different for the lower and upper crustal levels. In situ 
crustal formation within a replenished-tapped magma chamber (Coogan & O'Hara, 2015) is much more likely to 
cause the Oman geochemical trends, since such magma chambers can buffer the major element evolution while 
enriching trace elements, including H2O, at the same time, allowing for inverse zonation of plagioclase while 
fractionating trace elements upsection.

5. Conclusions
We have studied and analyzed 39 samples of the Wadi Gideah crustal transect in Oman to evaluate the primary 
processes of crustal formation as a function of crustal depth. We used major and trace element compositions of 
plagioclase and clinopyroxene of the gabbros, focusing on the core compositions. We show that the REE-in-pla-
gioclase-clinopyroxene thermometer represents a robust tool to reveal insights on the de facto thermal structure 
of fast-spread oceanic crust.

Within the lower crustal interval (layered gabbros), Mg# and Ca# in clinopyroxene and plagioclase cores are 
nearly constant. REEs and other incompatible trace elements increase systematically from MTZ upwards to 
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the foliated gabbros. Calculated crystallization temperatures based on the REE-in-plagioclase-clinopyroxene 
thermometer yield a homogeneous temperature structure of 1216 ± 14°C for the lower crust. Crystallization 
proceeded under equilibrium, near steady-state conditions as indicated by the similarity in composition of the 
calculated equilibrium melts for plagioclase and clinopyroxene. Their similarity to the Oman MORB composi-
tional array shows that layered gabbros are equilibrium cumulates of MORB parental melts. The depth coupled 
development of geochemical indices within a nearly invariant temperature regime gives evidence for crust inter-
nal evolution, with major elements being buffered by replenishment while incompatible elements are enriched by 
differentiation. These findings can only be explained by in situ formation of the lower crust.

For the layered gabbros, most plagioclase rims are moderately but significantly inverse zoned in Ca#, caused by 
an increase in water activity during rim crystallization. The increasing water content is likely a result of in situ 
fractionation within a hydrous parental melt with an initial water content between 0.4 and 0.6 wt% H2O. Never-
theless, the influence of near axis high-temperature hydrothermal systems cannot be excluded and needs further 
attention.

Highly evolved compositions first occur within the uppermost layered gabbros, and the degree of fractionation 
increases to a maximum within the middle foliated gabbros, which are characterized by highly variable compo-
sitions and a wide range of crystallization temperatures ranging from 1077 to 1231°C. Generally, they feature 
elevated (La/Sm)N and Zr/Hf ratios in plagioclase and clinopyroxene, respectively, with a sharp transition in 
incompatible element mass fraction and ratios of incompatible elements to the subjacent crust. Disequilibrium is 
mainly introduced by more primitive clinopyroxene, resulting from enhanced water content and delayed, hence 
evolved plagioclase crystallization. Some foliated gabbros contain high modal amounts of primary amphiboles, 
showing that trapped, isolated, and evolved batches of melt are present in the upper crust. Therefore, foliated 
gabbros partially represent frozen liquids instead of pure cumulate rocks.

Both foliated and varitextured gabbros display a high compositional variability in plagioclase and clinopyroxene 
core compositions for both major and trace elements, indicating dynamic processes present at the crystal grain 
scale. This complex compositional pattern is neither a product of mixing nor hydrous differentiation alone. It can 
be best explained by open system differentiation of melts and mushes that subside from the AML and mix with 
melts expelled from the lower crust to form sub-axial magma lenses (SAML), as recently discovered by seismic 
experiments. To resolve these dynamics, comprehensive chemical mappings of thin section assemladges along a 
consistent transect through the upper crust are needed. This study does not cover them but provides the basis for 
future studies on fine-scaled accretion dynamics of the ocean crust.

The most primitive composition of the whole crustal profile is found in cores of plagioclase and clinopyroxene of 
a varitextured gabbro, yielding LREE depleted signatures likely influenced by ultra depleted melt (UDM) compo-
sitions. These melts are more primitive than the most primitive Oman MORB and possibly never erupt prior to 
mixing with evolved melts in the AML eruptive reservoir. Such primitive melts must be widely isolated from the 
lower crust internal differentiation processes in order to maintain their compositional characteristics while rising 
through the magmatic plumbing system.

In summary, our results cannot be explained solely by the gabbro glacier or sill injection models but require a 
hybrid model. Although our data are consistent with the gabbro glacier process taking place in the upper portion 
of the lower crust (varitextured and upper foliated gabbros), they indicate that in situ crystallization forms the 
lower crust. Assuming a full crustal gabbro glacier, the complex signatures found within the upper crust would 
inevitably be transported to lower regions. Instead, the lowermost crust is widely homogeneous in its primary 
signature and temperature record. Therefore, our study emphasizes the importance of a deep hydrothermal cool-
ing system that needs to be explored and characterized in more detail to allow for high-resolution coupled mode-
ling of the interaction between the magmatic and hydrothermal regimes.

Data Availability Statement
Data produced for this work and discussed within this paper is available on the FAIR-aligned Pangaea repos-
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roxene-REE temperature calculation is available at GitHub and Zenodo (Muller, 2021; https://doi.org/10.5281/
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