
1.  Introduction
Oceanic crust covers more than two-thirds of Earth's surface and 90% of Earth's volcanism is associated with 
the formation of oceanic lithosphere along a 60,000 km network of oceanic spreading ridges. The formation of 
oceanic crust is one of the dominant processes in the chemical differentiation and physical evolution of our planet 
exerting primary control on the transfer of material, heat, and volatiles from Earth's interior to its crust, oceans, 
and atmosphere. Knowledge of the composition of oceanic crust is a prerequisite for the calculation of their fluxes 
and for testing models of crustal accretion and magma differentiation at oceanic spreading ridges.

Abstract  Due to its inaccessibility, no complete and coherent data set exists for the composition of 
modern fast-spreading oceanic crust. We sampled outcrops through 6,500 m of fossil oceanic crust in the 
Oman Ophiolite (Wadi Gideah Transect) that is regarded as best analogue of fast-spreading crust on land. Here 
we report a complete set of whole-rock major and trace element data displaying systematic and contrasting 
compositional trends in lower and upper gabbros being correlated with stratigraphic depth. A significant 
discontinuity in crystallization regime is observed at ∼3,525 m above the mantle-crust boundary: gabbros 
below ∼3,525 m have in general very low incompatible element mass fractions which develop upwards in 
a barely noticeable way to more differentiated compositions while Mg# decreases. More pronounced trends 
indicating progressive fractionation of ascending melts can be observed for incompatible elements and their 
element ratios as a consequence of in situ crystallization. Locally, more variable compositions within narrow 
depth intervals testify for advanced differentiation in situ within individual sills. Gabbros above ∼3,525 m 
become significantly more evolved and show considerable variations in composition. Fractional crystallization 
and mixing processes in a transient axial melt lens control the composition of isotropic “varitextured” gabbros 
and sheeted dike basalts where fractionation of high field strength elemental ratios is minor. New average 
compositions of fast-spread (paleo) oceanic crust are reported for major and 38 trace elements. Comparison 
with new data from Wadi Khafifah close to Wadi Gideah suggests robustness of crustal accretion processes in 
both space and time.

Plain Language Summary  Oceanic crust covers more than two-thirds of Earth's surface but, 
due to limited accessibility, no single coherent compositional profile that would allow for understanding the 
processes how oceanic crust is formed has been obtained up to now. We sampled a transect through 6.5 km of 
fossil lower oceanic crust of the Samail ophiolite (Sultanate of Oman, Wadi Gideah) that is regarded as best 
analogue of fast-spreading oceanic crust on land, and analyzed all samples with a wide selection of techniques. 
Here, we present whole rock data and see systematic compositional trends correlating with stratigraphic 
depth. Distribution trends of incompatible trace elements suggest that lower, layered gabbros are made of 
cumulus crystals that crystallize in situ, separating from the ascending parental magma. We also find gabbros 
with variable compositions at intermediate depth intervals that could originate from melts crystallizing and 
differentiating in sills. In contrast, compositions of upper non-layered gabbros above ∼3,525 m above the 
mantle-crust boundary are controlled by fractional crystallization and mixing processes in transient melt lenses. 
New average compositions of (paleo) oceanic crust are reported for major and 38 trace elements. Comparison 
with new data from Wadi Khafifah close to Wadi Gideah suggests robustness of accretion processes in both 
space and time.
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Oceanic crust formed at fast-spreading ridges as in the southeastern Pacific exhibits a relatively uniform seismic stra-
tigraphy and bathymetry and is regarded as layered and relatively homogeneous (e.g., Anonymous, 1972; Canales 
et al., 2003). First described in the Penrose model (Anonymous, 1972) it is composed of basalt lava, diabase sheeted 
dikes, and gabbros overlying mantle peridotites (from top to bottom; see Figures 1 and 2). Consequently, our under-
standing of crustal accretion processes and related geochemical cycles and fluxes can be extrapolated to a significant 
portion of Earth's surface with some confidence. Previous efforts of the Ocean Drilling Program (ODP) and Inter-
national Ocean Discovery Program (IODP) to sample modern fast-spreading oceanic crust include Hole 504B on 
the southern flank of the Costa Rica Rift that penetrated 1.8 km into ∼6.9 Ma Pacific Ocean igneous basement but 
recovered only lavas and dikes (Alt et al., 1996). Drill hole 1256D into the basement of the Guatemala basin that was 
formed by the East Pacific Rise (EPR) ∼15 Ma ago successfully cored a 1,507 m long section of the upper oceanic 
crust reaching the underlying uppermost gabbros (Teagle et al., 2012; Wilson et al., 2006). In addition to these IODP 
drillings, two other prominent locations of fast-spread oceanic crust formed at the EPR in the Equatorial Eastern 
Pacific expose deeper crustal parts due to ridge tectonism: Hess Deep and Pito Deep. Instead of drilling coherent 
profiles, ship-based in situ sampling using a remotely operated vehicle was performed very locally as a function 
of depth at both Hess Deep and Pito Deep, and very short ODP and IODP drill cores were obtained at Hess Deep 
enabling the construction of “pseudo”-sections of oceanic crust, as summarized in Coogan (2014), and references 
therein. However, these “sections” cannot serve as a representative “reference” for deep fast-spreading oceanic crust 
for the following reasons: (a) the data sets are incomplete; (b) faults related to ridge tectonics cause many problems 
in correlating sampling depths; (c) due to the special tectonic situation with propagating rifts at these sites it is not 
clear whether the local magmatism is representative for fast-spreading crust in general; and (d) there is no upward 
stratigraphic continuation into the volcanic sequence. Consequently, a coherent “reference” profile through modern 
fast-spreading oceanic crust is still missing and will not be obtained in the near future.

As an alternative to sampling the modern oceanic crust, a reference profile through fast-spreading crust can be 
obtained by sampling an ophiolite section. However, most ophiolites either lack a coherent stratigraphy or are 
of subduction-related setting (e.g., Shervais, 2001). Only the Samail ophiolite in the Sultanate of Oman appears 
suitable for such an attempt based on results from previous studies performed over the last decades (see Nicolas 
& Poliakov, 2001 for details and below) which also led to its status as the type location for oceanic crust as 
hypothesized in the Penrose model (Anonymous, 1972). Especially the southern part of the ophiolite is least 
influenced by subduction processes when compared to the northern part and closely resembles fast-spreading 
oceanic crust. Unfortunately, most sample collections and analytical data sets from previous work before the 
2020s were not coherent enough to qualify as a proper reference profile for fast-spreading oceanic crust. Due to 
this deficiency, most models for the accretion of fast-spreading crust have not been tested against natural samples 
(Gillis et al., 2014; Teagle et al., 2012). Only very recently, VanTongeren et al. (2021), presented a comprehensive 
study based on a sampling transect through lower paleo-oceanic crust in the Wadi Khafifah section of the Samail 
ophiolite (Oman) and developed a new model where the lower oceanic crust is accreted entirely by the injection 
of small sills of primitive melts.

We sampled a complete crustal transect in the Samail ophiolite from mantle rocks to pillow basalts from outcrops 
along Wadi Gideah in the Wadi Tayin massif and followed a multi-method analytical approach for studying 
petrographical and petrological, mineral chemical (Koepke et al., 2022; Müller, 2016), micro-structural (Mock, 
Ildefonse, et al., 2021), and whole rock geochemical properties (this study) of this sample suite in great detail as 
a basis for testing models of accretion of fast-spreading oceanic crust. This transect is comprehensive in terms 
of completeness and coherence of samples from all crustal sections but has recently been further complemented 
by the ICDP (International Continental Scientific Drilling Program) Oman Drilling Project (OmanDP, https://
www.omandrilling.ac.uk/) with drill holes GT1 and GT2 in Wadi Gideah (Kelemen et al., 2020) sampling lower 
sections of the plutonic crust in situ and in very high resolution. Here, we present new data for major and trace 
element compositions along the Wadi Gideah transect and discuss the implications of our data for accretion 
processes of the lower oceanic crust. Special attention will be paid to new data from the Wadi Khafifah transect 
(VanTongeren et al., 2021) which is in only 10 km distance from our transect.

1.1.  The Samail Ophiolite as a Representative Fragment of Oceanic Lithosphere

The Samail ophiolite—a ∼400 km long mountain chain of oceanic lithosphere obducted onto the Arabic conti-
nental margin during the Cretaceous—is regarded as the best example of fast-spreading (ancient) oceanic crust on 
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land (e.g., Nicolas et al., 2000). Initial work on the Samail ophiolite started with a US mapping project performed 
in 1978–1979. In the course of that project, a sample suite was collected through the entire ophiolite in the Ibra 
area of the Wadi Tayin massif. Samples were studied for O, Sr, Nd, Pb isotopes (Chen & Pallister, 1981; Gregory 
& Taylor, 1981; McCulloch et al., 1981) and for rare earth elements (REE) (Pallister & Knight, 1981; major 
elements and other trace elements were not included), and a petrological profile based on mineral compositions 
was established (Pallister & Hopson, 1981; but only a few data were presented). The obtained results represented 
the state-of-the-art at that time, for example, the evaluation of a model of km-thick magma chambers under the 
ridges filled with pure melt (Cann, 1974). The “ophiolite model” for the composition and structure of the oceanic 
crust was developed (Coleman, 1981; Hopson et al., 1981; Pallister & Hopson, 1981), and an early model for 
the alteration of oceanic crust via hydrothermal circulation was presented (Gregory & Taylor, 1981; McCulloch 
et al., 1981). Moreover, the first radiometric ages for the Samail ophiolite were obtained (McCulloch et al., 1981; 
Tilton et  al.,  1981). Thirty years later, our understanding of the geodynamics of ocean ridges has increased 
tremendously due to ship-based science: substantial differences between fast- and slow-spreading ridges have 
been established (e.g., Dick et al., 2006); a small melt lens at the top of the gabbro sequence has been discovered 
(e.g., Detrick et al., 1987); there is an enhanced understanding of the process of crustal accretion; numerous black 
smokers and hydrothermal systems have been discovered. Continued research on the Samail ophiolite led to for 
example, the discovery of primary ridge tectonics influencing the magmatic regime (Boudier et al., 1988), and the 
discovery of a secondary magmatic phase related to the initial stage of subduction (e.g., Alabaster et al., 1982). 
Zircon dating revealed that the paleo-crust was formed ∼95  Ma ago under fast-spreading conditions with a 
half-spreading rate of 50–100 mm/yr (Rioux et al., 2012, 2013).

Geochemical investigations (e.g., Koepke et  al.,  2009; Pearce et  al.,  1981; Yamasaki et  al.,  2006) suggest a 
polygenetic origin for the Samail ophiolite. A first phase produced the so-called V1 lavas and gabbroic rocks 

Figure 1.  Sampling locations (yellow dots) of the coherent transect along the NNW-SSE trending Wadi Gideah in the southern part of the Wadi Tayin massif (Samail 
ophiolite). Black frames mark the positions of drill holes GT1 and GT2 of the ICDP Oman Drilling Project. Geological map modified after Peters et al. (2005) and 
Müller (2016). See also Supporting Information Data Set S1 for exact sampling positions.
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similar to “mid-ocean ridge basalts” (MORB) and related plutonics formed 
at a typical fast-spreading oceanic spreading center but with some influence 
from subduction initiation. This rock sequence is typical for the Wadi Gideah 
in the southern part of the Samail ophiolite. A second magmatic phase 
related to flux melting of mantle produced more “wet” lavas, depleted in 
incompatible trace elements, with affinities to typical lavas erupted during 
subduction zone initiation. These later so-called V2 lavas are related to char-
acteristic plutonics in the crust, as crosscutting highly depleted gabbronorites 
and wehrlites. The second magmatic stage is much more voluminous in the 
northern blocks of the ophiolite than in the southern part (e.g., Goodenough 
et al., 2014; MacLeod et al., 2013). In order to constrain magmatic processes 
during the initial MORB-type V1-stage of the crustal formation we have 
chosen Wadi Gideah in the southernmost Wadi Tayin block for collecting 
our samples (Figure 1) where magmatic rocks related to the V2 volcanism 
are nearly absent.

The parental basaltic melts for the first magmatic stage (V1) are modeled 
to have elevated water contents of 0.4%–0.8% due to their formation in a 
subduction-influenced setting (Koepke et al., 2021; MacLeod et al., 2013; 
Müller et  al.,  2017). In spite of the inferred location of the ophiolite in a 
region of subduction zone initiation, the following observations related to 
the first magmatic phase demonstrate a close similarity with the modern, 
fast-spreading EPR: (a) a continuous layered crustal structure with a typical 
crustal thickness of ∼6 km, including a coherent plutonic section consist-
ing of typical layered gabbros with a layering parallel to the crust/mantle 
boundary; (b) absence of typical “amagmatic” spreading that is common at 
slow-spreading ridges; (c) a very narrow range of zircon crystallization ages 
across the width of the ophiolite (max ∼ 100 km) sampled normal to the ridge 
direction; (d) spinel Cr/Al versus Mg# ratios that overlap those for peridotites 
from modern ridges; and (e) a well-developed sheeted dike sequence, orien-
tated perpendicular to the Moho (Koepke et al., 2022).

1.2.  Crustal Accretion at Fast-Spreading Oceanic Ridges

Prominent conceptual models for the formation of lower plutonic crust at 
fast-spreading ridges are (a) the “Gabbro-Glacier” model (e.g., Henstock 
et al., 1993; Phipps Morgan & Chen, 1993; Quick & Denlinger, 1993) where 
all of the crystallization occurs in a shallow axial melt lens (AML), and where 

the accumulated crystal residues subside along the walls of the magma chamber to build the lower crust; (b) the 
“Sheeted Sills” model (e.g., Bédard et al., 1988; Kelemen & Aharanov, 1998; Kelemen et al., 1997; Korenaga & 
Kelemen, 1997), where significant parts of the plutonic crust are formed by in situ crystallization from sill injec-
tion of gabbroic mushes in the deep crust. This model was recently extended to the “Full Sheeted Sills” model 
where primitive magmas from the mantle are injected as sills throughout the lower crust, crystallize in situ, and 
release evolved magmas to replenish the upper gabbros (VanTongeren et al., 2021); (c) hybrid accretion models 
which either combine a “Gabbro Glacier” subsiding from the AML with randomly intruding sills at depth crys-
tallizing in situ (e.g., Boudier et al., 1996; Maclennan et al., 2004; Natland & Dick, 2009), or combine a crystal 
mush-dominated vertical melt flow in the upper third with in situ sill crystallization in the lower two thirds of the 
plutonic sequence (Mock, Ildefonse, et al., 2021). The two end-member models—“Gabbro Glacier” and “Sheeted 
Sills”—have profoundly different implications for the properties of the lower crust, including its composition, the 
distribution of melt, the extent of deformation, the thermal history, and the geometry, temperature, and intensity 
of hydrothermal fluid-rock exchange (for details see Teagle et al., 2012).

The “Gabbro Glacier” model postulates that the differentiation of primitive MORB melt is all taking place 
within the AML below the sheeted dikes and, consequently, the lower crust forms as cumulate from settling 
crystal mushes and should have constant and homogeneous composition in terms of for example, Mg# (molar 

Figure 2.  Pseudo-stratigraphic column of the lower crust in Wadi Gideah with 
definition of individual sections from Mantle-Crust Transition Zone (MTZ) at 
the base up to Upper Sheeted Dikes at the top (after Koepke et al., 2022; Mock 
et al., 2021) and their boundaries in (m) height above base of the MTZ. Also 
given is the thickness of individual units.
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MgO/(MgO + FeO) × 100) in clinopyroxene and olivine cores and in bulk rock chemistry; accretion is top-down. 
On the other hand, the “Sheeted Sills” models build on individual injection and differentiation of sills in the 
deep crust during ascent of primitive MORB melt, with a significant compositional change in the upper gabbros 
representing the “compositional conjugate” of the lower cumulate gabbros (Kelemen et al., 1997). Accretion can 
be seen here as a bottom-up process. Results obtained so far in the lower crust of fast-spreading oceanic crust 
are inconsistent: a profile sampled from outcrops in the Wadi Abyad in the Samail ophiolite revealed constant 
Mg# with depth (MacLeod & Yaouancq, 2000: Figure 3), while IODP drilling at Hess Deep into the upper and 
lower gabbros revealed a zoned lower crust with evolved gabbros at the top and primitive gabbros at the base 
of the crust (Gillis et al., 2014). New results from Koepke et al. (2022) and Müller et al. (2022) from the Wadi 
Gideah Transect show a trend of decreasing Mg# in olivine and An in plagioclase with increasing distance from 
the mantle-crust boundary.

Individual gabbro samples from modern oceans recovered by dredge surveys or seafloor sampling highlight 
the role of melt/rock interaction during formation of the lower crust (e.g., Lissenberg & Dick, 2008; Lissenberg 
et al., 2013). These studies touch on the important aspect of how melt is transported within the deep crust, in 
particular the importance of porous flow versus magmatic injection in dikes and sills, and then what is the fate of 
the evolved melts, whether they eventually lead to the formation of oceanic plagiogranites.

1.3.  Geological Setting and Crustal Units of the Samail Ophiolite

The Wadi Gideah crosscuts the Wadi Tayin Block of the Samail ophiolite (e.g., Nicolas et al., 2000; Pallister & 
Hopson, 1981) in nearly N-S direction (Figure 1) and offers ideal conditions for sampling a continuous profile 
through the almost undisturbed plutonic section of ancient oceanic crust. A geological map can be found in 
Nicolas et al.  (2000). Based on microstructural, textural, and petrological data Mock, Ildefonse, et al.  (2021) 

Figure 3.  Compositional transects through Wadi Gideah plutonic crust as a function of stratigraphic height over the base of the MTZ: (a) SiO2, (b) Na2O, (c) CaO, 
(d) TiO2, and (e) Mg#. Open triangles: sheeted dikes (SD); filled circles: “normal,” relatively fresh gabbro and gabbroic rocks; open circles: gabbros influenced by 
hydrothermal fault zones. VG/AML: varitextured gabbros and samples from the frozen axial melt lens; UFG, LFG: upper and lower foliated gabbros; LG: layered 
gabbros; MTZ: mantle-crust transition zone.
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and Koepke et al. (2022) identified discrete lithological units of the lower crust in the Wadi Gideah reference 
profile which is followed here for consistency. Pillow basalts were not found in this Wadi. Basaltic to doleritic 
sheeted dikes (SD, ∼1,500 m thickness, Figure 2) link the extrusives to underlying varitextured gabbros (VG) that 
are represented by isotropic, often hornblende and Fe-Ti-oxide bearing gabbros with patchy appearance, called 
“varitextured” due to their variable textures (Koepke et al., 2022). They are also known as “isotropic” or “upper” 
gabbro (MacLeod & Yaouancq, 2000; Pallister & Hopson, 1981). Some of the varitextured gabbros in the transect 
show a significant lineation (Mock, Ildefonse, et al., 2021) while others are isotropic. These rocks are only known 
from fast-spreading ridges where they are regarded as frozen fillings of the AML. The association of VG with 
crosscutting dikes of quartz diorites and tonalites, late trondhjemite, and basaltic dikes at the top of this transect 
is assumed to represent a frozen AML (Müller, 2017). The transition to the underlying relatively fine-grained 
foliated gabbros (FG) occurs at 4,138 m above the base of the mantle-crust transition zone (MTZ). The lineation 
is still present in the upper foliated gabbros (UFG), but abruptly decreases at 3,525 m above the base of the MTZ 
pronouncing the separation of the upper from the lower foliated gabbros (LFG). A significant grain size coarsen-
ing at ∼2,648 m above the base of the MTZ marks the change from the FG unit to the layered cumulate gabbros 
(LG). The latter show an increase in fabric strength and the progressive return of a lineated fabric down section. 
Samples from the lowermost 159 m of the profile are ascribed to the MTZ.

2.  Material and Methods
2.1.  Outcrop Sampling

A total of 293 samples were collected during field work in 2010 (OM10), 2011 (OM11), 2012 (OM12), and 2015 
(OM15) from outcrops along the Wadi Gideah. Sampling locations were projected on an idealized vertical tran-
sect through the ophiolitic crust dipping at an angle of 28°S (Pallister and Hopson, 1981), and the distance of each 
sample relative to the base of the MTZ was calculated and expressed as “Height above base of MTZ” in all tables 
and figures (see Koepke et al., 2022 for details). In the field, the MTZ can be more precisely located as a reference 
than the top of the sheeted dikes and pillow lavas representing the ancient seafloor for these rocks; those units are 
rarely preserved and occur only in discontinuous outcrops. From this sample suite, 116 representative samples 
with roughly equidistant sampling locations (average ∼70  m projected distance between samples) have been 
selected for further processing and detailed geochemical study (Figure 1). However, it must be kept in mind that 
this sample series taken from outcrops is highly biased toward lithologies that are robust against intense weath-
ering. Small occurrences of more primitive rock types like for example, wehrlites have probably been missed.

To avoid duplication and clustering of samples at certain depths in the transect, the number of samples was 
further reduced to a total of 108 samples comprising 9 samples from SD, 21 samples of the VG unit including 
15 samples from one outcrop interpreted as a fossil axial melt lens (AML; Müller et al., 2017), 8 samples of 
the foliated gabbro unit (UFG and LFG), 41 samples of the layered gabbro unit (LG), and 3 samples from the 
MTZ (Figure 2). For the characterization of the crustal units and for a detailed petrography and petrology of the 
investigated samples see Koepke et al. (2022). Crosscutting veinlets and dikes have been excluded from this suite. 
All sample locations and petrographic classifications of samples are compiled in Supporting Information Data 
Set S1 (Garbe-Schönberg et al., 2022) and follow closely the classifications as reported in Koepke et al. (2022). 
Average sample size was in the decimeter range, always making sure that the local textural variability (e.g., grain 
size, modal layering) was entirely covered in that respective sample, and that enough material was available for 
subsampling for the different analytical techniques used here and in the other complementary studies (Koepke 
et al., 2022; Mock, Ildefonse, et al., 2021; Müller et al., 2022).

2.2.  Sample Preparation and Analysis: A Comparison of Methods for Whole Rock Analysis

For bulk rock analysis, diamond saw-cut slabs avoiding weathered rock parts were disintegrated by a jaw crusher 
and a stainless-steel mortar at the Universities of Münster and Hannover, Germany. Rock fragments were then 
hand-picked and sonicated in a 50/50 (v/v) mixture of deionized water and ethanol. After drying, pulverization 
was done by agate oscillating disc milling until the powder passed a 74  μm sieve. Unfortunately, all OM12 
samples have been contaminated with lead during preparation and data for Pb will not be reported for these 
samples.
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Oceanic plutonic rocks may contain abundant accessory minerals like spinel, zircon, etc. that are extremely 
refractory during hot-plate multi-acid digestion, and even high-pressure PARR bomb digestion is not always able 
to completely dissolve these minerals. Hence, we conducted a comprehensive comparison of different sample 
preparation procedures and methods for the bulk analysis of plutonic rocks. While all samples were digested 
by (a) a standard table-top multi-acid procedure (Garbe-Schönberg, 1993), a sub-selection of 37 representative 
rocks covering all rock types from our sample suite was processed by (b) high-pressure multi-acid digestion using 
PARR bomb autoclaves with subsequent solution-based analysis; (c) pressed powder tablets after ultra-milling 
to nano-particulate powders with subsequent analysis by laser ablation–inductively coupled plasma–mass spec-
trometry (LA-ICP-MS) (Garbe-Schönberg & Müller,  2014); (d) glasses obtained from shock-melting using a 
strip-heater with subsequent analysis by LA-ICP-MS (Stoll et al., 2008); (e) glasses produced in pressure-sealed 
gold tubes (Botcharnikov et al., 2013) with subsequent analysis by LA-ICP-MS; (f) lithiumborate fused glass 
beads with subsequent analysis by WD-XRF, and compared to the initial analytical results after hot-plate 
multi-acid digestion. More details on those sample preparation steps and the analytical procedures are presented 
in the Supporting Information and in Tables S1 and S2.

The method comparison shows that hot plate multi-acid digestion cannot dissolve zircon completely giving too 
low mass fractions of Zr, Hf, Nb, Ta, and heavy rare earth elements (HREE) in the analyses of gabbro and more 
differentiated plutonic rocks. Interestingly, the deficiency of Zr in the analyses using multi-acid digestions begins 
at only 40 μg/g Zr in gabbro from our Wadi Gideah transect suggesting that a refractory Zr phase—presumably 
zircon as baddeleyite is unlikely to form at low oxygen fugacities—must be present in these rocks (Supporting 
Information Figure S1). Moreover, the incomplete dissolution of spinel (chromite) in ultramafic rocks from the 
MTZ manifests in low recoveries for Cr and Ni. Nevertheless, all other elements can be analyzed with excellent 
precision and accuracy from multi-acid digest solutions. The high-pressure multi-acid digestion with PARR auto-
claves can be taken as a reference procedure giving precise and accurate results for almost all elements inves-
tigated here, but results for Cr, Ni, and Mo, Sb and Cs tend to be too high. Accurate results were also obtained 
from LA-ICP-MS analyses using nano-particulate pressed powder pellets and shock-melted glasses but, analyses 
with LA-ICP-MS in general have slightly worse analytical precision in the range of 1–3%RSD (1SD) when 
compared to solution-based analyses and show more deviation for transition metals (e.g., Cd, Pb, Zn, Mo) and 
volatiles (e.g., Sb). The shock-melted glasses produced with the strip heater were heterogeneous in composition 
and showed significant losses of volatiles (e.g., alkali metals, Mo, Sb, Pb, U) and strong contamination from 
the material of the heating strip (Ir, W, Pb at low sub-µg/g mass fractions). It was not possible to melt Mg-rich 
ultramafic rocks (e.g., serpentinite, harzburgite) nor differentiated rocks with elevated silica (e.g., granite) with 
this type of a strip-heater. Seven samples were processed to homogeneous glasses under high-pressure conditions 
avoiding the loss of volatiles. The composition of these glasses fit very well with data from high-pressure acid 
digestion, nano-particulate pellets, and strip-heater glasses but are low in Mo. Results obtained from WD-XRF 
analyses agreed well with data obtained from LA-ICP-MS measurements and high-pressure digestions but instru-
mental detection limits had been neglected as can be seen in for example, the systematically high recoveries for 
Ba and Zr at low concentrations <∼50 μg/g (see Supporting Information Table S2 and Figure S1). After careful 
examination of all results obtained from the different procedures for sample preparation we decided to use the 
very precise and accurate results from multi-acid digestion for most elements but replaced data for refractory high 
field strength elements (HFSE: Zr, Hf, Nb, Ta), HREE (Y, Tb-Lu), and Th (and Cr, Ni in ultramafic rocks) by 
data from LA-ICP-MS analysis of nano-particulate pressed powder tablets. The latter data set showed excellent 
agreement with results obtained from high-pressure acid digestions and strip heater glasses but slightly worse 
analytical precision.

The complete compilation of all data from the method comparison experiments and more detailed descriptions 
of the analytical procedures used are in the Supporting Information S1. Here we give only brief summaries of 
analytical methods used for producing the final data set.

2.3.  Analytical Procedures for Bulk Analysis

2.3.1.  Major Elements by Inductively Coupled Plasma–Optical Emission Spectrometry (ICP-OES)

For the determination of major and minor element compositions multi-acid digest solutions were 10-fold diluted 
with 2% (v/v) subboiled nitric acid and spiked to 5  μg/g Y for internal standardization prior to analysis. A 
radial viewing simultaneous spectrometer (Ciros SOP, Spectro Analytical Instruments) was used under standard 
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operating conditions. Matrix-matched calibration was done with digest solutions of certified reference materials 
basalt BHVO-2, basalt BE-N, and granite AC-E. Accuracy was monitored with running digest solutions of basalt 
BIR-1, gabbro JGb-2, granite JG-2, andesite W-2, and peridotite PCC-1 as unknowns. Analytical precision was 
estimated from at least 10% duplicate measurements of samples and found to be better than 0.5%–1%. For silicon 
cannot be determined from multi-acid digestions with HF we calculated SiO2 as the difference between 100% 
and the total of all major elements and loss-on-ignition. All major element data used in tables and figures are 
recalculated on anhydrous basis to 100% with total iron reported as FeO. Results for samples are compiled in 
Supporting Information Data Set S1.

2.3.2.  Trace Elements by Liquid Sample Introduction ICP-MS

Data for all trace elements except HFSE (Zr, Hf, Nb, Ta), HREE and Y, and Th have been determined from 
acid digestion solutions by liquid sample introduction ICP-MS using both quadrupole-based instrumentation 
(7500cs and 7900, Agilent Technologies) and a high-resolution sector-field ICP-MS (Element XR, Thermo 
Scientific) operated under standard conditions with perfluoralkoxy micro-nebulization. Sample digest solutions 
were 10–20-fold diluted with 2% (v/v) subboiled nitric acid and spiked to 2.5 ng/g Be, In, Re for internal stand-
ardization using gravimetrically calibrated pipettes. Interferences from polyatomic ions of Ba and La on Eu, 
Gd were corrected with correction factors actually determined from synthetic solutions analyzed with every 
sample batch. A more detailed description of instrument calibration and data evaluation procedures is given in 
Garbe-Schönberg (1993). Laboratory procedural blanks, at least 10% sample duplicates, and international refer-
ence materials were analyzed with every sample batch. The analytical precision as estimated from the analysis 
of sample duplicates is typically better than 0.5–1%RSD (1SD) for all elements analyzed. All results for trace 
elements are reported in Supporting Information Data Set S1.

2.3.3.  Trace Elements by LA-ICP-MS Using Nano-Particulate Powder Tablets

Data for HFSE (Zr, Hf, Nb, Ta), HREE and Y, and Th were taken from analyses using nano-particulate powder 
pellets (see Supporting Information S1 for detailed description). A 193 nm ArF excimer laser ablation system 
(GeoLasPro HD, Coherent) coupled to an Agilent 7500s or 8900 ICP-MS was used for all measurements. 
Samples as nano-particulate pressed powder tablets were loaded into a Zurich-type two volume laser ablation 
cell (LDHCLAC, Fricker et al., 2011) flushed with 1.0 L min −1 He as the carrier gas. Addition of 14 mL min −1 
H2 into the He carrier gas stream before entering the ablation cell led to an increase in sensitivity (typically >40 
cps/1 μg/g La) and reduction of oxide formation to ∼0.1% ThO/Th at robust plasma conditions with U/Th ≈ 1.05. 
Each measurement comprised data acquisition intervals of 20 s background, 40–60 s sample ablation, and 20 s 
washout monitoring. To reduce potential errors from surface contamination the first 5–10  s of each sample 
acquisition were discarded from data integration. The GLITTER software package was used for data reduction 
and setting integration windows in time-resolved data. External calibration was done with silicate glass NIST 
SRM612 using  48Ca for internal standardization. A second matrix-matched calibration step was done in offline 
spreadsheet software using the international reference materials BIR-1G, BHVO-2G, BCR-2G, and MPI-DING 
glasses KL-2, StHs-60, GOR-128, and GOR-132. In addition, nano-particulate pressed powder tablets of JGb-1, 
JB-2a, BIR-1a, and BHVO-2 were used for checking accuracy of the results. All data were background corrected 
and represent averages of 3–5 spot analyses. The analytical precision as estimated from replicate analyses is typi-
cally better than 1–5%RSD (1SD) for all elements analyzed at concentrations >10× limit of detection. Results for 
international reference materials and all results for trace elements are reported in Supporting Information Data 
Set 1, and lower limits of detection are reported in Supporting Information Table S2. More details of the analyt-
ical procedure and results for reference materials that were analyzed in line with samples from the Wadi Gideah 
transect can be found in Garbe-Schönberg and Müller (2014).

3.  Results and Discussion
All analytical results for the sample transect are tabulated in Supporting Information Data Set S1 and graphi-
cally displayed in Supporting Information S2 for convenience. The data presented here should be compared to, 
and interpreted in the context of, the companion papers by Mock, Ildefonse, et al. (2021) for microstructures, 
Koepke et al. (2022) for petrography and mineral chemistry, and Müller et al. (2022) for mineral chemistry and 
thermometry.
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Based on microstructures of 68 gabbros from the Wadi Gideah transect, Mock et al. (2021) divided the gabbro 
sequence into two groups: the “lower gabbros” composed of the LG and LFG forming the lower 2/3 of the gabbro 
sequence, and the “upper gabbros” composed of the UFG and the varitextured gabbros corresponding to the 
frozen fillings of the AMLs. Upper and lower gabbros are divided by a narrow discontinuity at ∼3,525 m above 
base of the MTZ. According to Mock et al. (2021), the dominant rock-forming process below this discontinu-
ity was compaction, while the foliated and some varitextured gabbros above this discontinuity show a marked 
lineation produced by a flow of crystal-laden melts. Other varitextured gabbro show isotropic textures implying 
a formation by simple freezing of melt reservoirs. Building on this observation, Koepke et al. (2022) suggested 
on the basis of mineral trends and petrological modeling that the lower gabbros correspond more or less to 
pure compacted cumulus minerals crystallized from upwards moving parental MORB melts which mixed with 
replenished melts. On the other hand, the upper gabbros correspond to downward flowing differentiated melts 
or mushes originated from the AML, which mixed with upward moving differentiated melts originated from 
the lower gabbros. Based on very primitive relics in minerals from the varitextured gabbros Müller et al. (2022) 
showed that at least some of the AML reservoirs have been initially filled with primitive parental MORB melt, 
which was probably directly transported from the mantle to the AML. This explains some rather primitive compo-
sitions found in the AML horizon. In the following, we show that our results for bulk rock geochemistry are in full 
accord with findings of Mock et al. (2021), Koepke et al. (2022), and Müller et al. (2022).

While gabbros from the lowermost 3,525 m of this section are characterized by very low trace element mass 
fractions and in general only small changes in composition with height above the mantle-crust boundary, gabbros 
from the uppermost 1,280 m show significant increases in incompatible trace element concentration with increas-
ing height. These findings are almost identical to results of VanTongeren et al.  (2021) for the Wadi Khafifah 
Section 10 km to the West reporting 3,700 m and 1,500 m depth intervals for “lower” and “upper gabbros.” One 
of the striking features of our transect in Wadi Gideah, however, is the development of compositional trends 
toward more evolved rock compositions with increasing distance from the MTZ. These trends are barely recog-
nizable in the lower gabbros but statistically significant, and much more pronounced in the upper gabbros. In 
the Wadi Khafifah transect, no such trends are observed in the lower gabbro section (VanTongeren et al., 2021). 
Superimposed on the general trend especially in the lower gabbros are individual fractionation trends over short 
distances of the profile for example, at ∼1,200 m, ∼1,950 m, and 2,400–2,600 m above base of the MTZ (see 
Figures 3–5), and some samples with very primitive compositions have been found also in very high stratigraphic 
levels for example, in the frozen AML at 5,009 m above the base of the MTZ. These individual trends become 
even more visible in the mineral compositions of olivine, clinopyroxene, and plagioclase from the corresponding 
samples (see Koepke et al., 2022 for major elements, and Müller et al., 2022 for trace elements in minerals). 
Our observations will be discussed below in the context of sill injection as the dominant accretion process (see 
Section 3.1.2). The general compositional trends become obvious in almost all bulk compositional profiles for 
major and trace elements in both lower and upper gabbros but are very prominent in the distributions of highly 
incompatible elements like for example, Zr, La, or Th. Similar findings are reported for some incompatible 
elements in the Wadi Khafifah transect (VanTongeren et al., 2021). This general trend can also be seen in the 
corresponding minerals composition versus crustal depth plots in Figure 9 in Koepke et al. (2022) and in Müller 
et al. (2022).

3.1.  Lower Gabbros

3.1.1.  Mantle-Crust Transition Zone and Cumulate Layered Gabbros

The transect begins at the petrographic mantle/crust boundary. The base of the MTZ is defined as the sharp transi-
tion from harzburgites representing mantle rocks to the first coherent cumulate rocks. These MTZ rocks represent 
159 m of the transect and consist of cumulate dunites, wehrlites, troctolites, and layered olivine gabbro transi-
tioning into layered gabbros without any discontinuity (Koepke et al., 2022). The absence of cumulate dunite 
marks the beginning of the LG showing a typical modal layering on the cm to dm scale with alternating darker 
olivine-rich and lighter plagioclase-rich layers. This unit is ∼2,490 m thick, with layering sub-parallel to the 
mantle/crust boundary. No plastic deformation has been observed in these rocks (Mock, Ildefonse, et al., 2021; 
Mock et al., 2020).

The distribution of many major elements is more or less homogeneous with no obvious trend up-section in LG 
but the lowermost LG samples are characterized by slightly more primitive compositions reaching Mg# 83 when 
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Figure 4.  Compositional transects through Wadi Gideah plutonic crust as a function of stratigraphic height over the base of the MTZ: (a) Cr, (b) V, (c) Zr, (d) La, and 
(e) Ba. Note that plots for Cr, Zr, and La are in log scale. See Figure 3 for legend.

Figure 5.  Compositional transects through Wadi Gideah plutonic crust as a function of stratigraphic height over the base of the MTZ: (a) Zr/Hf, (b) Nb/Ta, (c) Nb/La, 
(d) La/SmN, (e) Sm/YbN, and (f) Eu/EuN*. See Figure 3 for legend.
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compared to uppermost LG with Mg# 79 (Supporting Information Data Set S1). The correlation between increas-
ing Mg# in the LG unit and distance from MTZ is weak but significant (r = 0.774; n = 41; p 0.01; see Figure 6). 
The slope of this trend indicates a change of Mg# by one unit every ∼400 m. This trend of Mg# is much better 
discernible in mineral chemistry of olivine and clinopyroxene (Koepke et al., 2022: Figure 9). More obvious 
trends toward differentiated compositions up section are observed in TiO2 and Na2O (Figure 2). In contrast, the 
distribution of SiO2 and CaO varies by only 1.6 and 5%RSD (1SD), respectively, and no compositional trend 
is visible (Figure 3). Similar homogeneous distributions are observed for FeOtot, MnO, and Al2O3 (Supporting 
Information Figure S2).

The primitive compositions toward the base of the LG unit are much more visible in high mass fractions of 
up to 900 μg/g Cr and 200 μg/g Ni (Figure 4) reflecting early precipitates from primitive MORB melts. These 
values decline rapidly and continue to decrease up section but, exceptions exist at certain depth intervals (see 
Section 3.1.2). Chromium being a highly compatible element is well correlated with Mg# following trends of 
fractional crystallization. Such general trends are even more pronounced in distributions of highly incompatible 
trace elements Zr, La and other LREE, and Th (Figure 4). The correlation of Zr with stratigraphic height over the 
base of the MTZ is highly significant when calculated over the entire LG + MTZ section, and it takes ∼650 m to 
increase Zr by 1 μg/g (Figure 6). However, Zr remains more or less constant at low mass fractions over the lower-
most 1,000 m in the LG unit. The La/Sm ratio increases systematically and synchronous with other incompatible 
trace elements while the Sm/Yb ratio remains constant over the entire geochemical transect (Figure 5). Similar 
trends have been observed for light REE and also for P2O5 in the Wadi Khafifah transect bulk rock compositions, 
and Ce in plagioclase and Zr in clinopyroxene exhibit a systematic increase (VanTongeren et al., 2021) similar to 
what is shown by Müller et al. (2022) for Wadi Gideah. No trend can be observed for V and also Ga, W, Mo, Co, 
and Zn. The alkali elements Rb, Cs, and K2O are extremely low in LG and mass fractions are mostly below limits 
of detection in the lower part of the transect (Table 1).

All LG are characterized by very low average mass fractions of incompatible elements for example, Zr (3.6 μg/g), 
Hf (0.16 μg/g), Nb (0.024 μg/g), and Th (0.005 μg/g) indicating that reactions with evolved interstitial melts play 
no significant role in LG composition (Table 1, Supporting Information Figure S2). Detailed petrographic studies 
confirm that intercumulus phases are virtually absent in LG (Koepke et al., 2022) and compositional zoning from 

Figure 6.  Compositional trends in layered gabbros (LG unit) with increasing distance to the crust/mantle boundary are weak but significant: (a) decreasing Mg# shows 
a significant correlation with increasing height above base of the MTZ over the entire section; (b) Zr shows a similarly significant correlation over the entire transect but 
is quasi constant below ∼1,000 m. Yellow diamonds represent averages for 300 m intervals of the transect (stippled horizontal lines). Slope is the height interval needed 
for the change of one unit Mg# and Zr [μg/g], respectively. See text for details.
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Upper Sheeted 
Dykes (USD)

Lower Sheeted 
Dykes (LSD)

Axial Melt 
Lens (AML)

Varitextured 
Gabbros (VG)

Upper Foliated 
Gabbros (UFG)

Lower Foliated 
Gabbros (LFG)

Layered 
Gabbors (LG)

Mantle-Crust 
Transition Zone (MTZ)

6 3 16 4 4 4 41 3

(n) Md 2SE Md 2SE Md 2SE Md 2SE Md 2SE Md 2SE Md 2SE Md 2SE

SiO2 58.96 3.50 52.11 0.66 51.89 3.38 51.08 1.85 47.98 0.20 48.49 0.75 48.15 0.23 49.17 0.25

Al2O3 15.21 0.58 16.12 0.40 16.04 0.50 16.18 0.99 18.39 2.31 17.44 0.46 17.88 0.52 17.89 0.49

FeOT 7.98 1.68 9.21 1.33 9.12 1.49 8.40 1.57 7.94 2.16 6.02 0.71 4.82 0.21 4.21 0.83

MnO 0.14 0.04 0.15 0.03 0.13 0.02 0.14 0.02 0.13 0.03 0.12 0.01 0.10 0.004 0.090 0.01

MgO 2.85 1.41 6.96 1.38 5.12 1.10 8.05 0.93 7.92 2.79 9.82 0.77 10.93 0.44 10.70 1.15

CaO 3.97 2.09 9.64 1.08 8.63 1.45 12.46 1.72 14.04 1.76 15.88 1.07 16.88 0.27 16.20 1.52

Na2O 7.58 0.40 3.52 0.58 4.31 0.79 2.69 0.78 2.29 0.86 1.44 0.46 1.05 0.08 1.59 0.29

K2O 0.12 0.07 0.22 0.12 0.20 0.04 0.16 0.04 0.058 0.03 0.023 0.00 0.026 0.03 <0.02

TiO2 1.70 0.37 1.15 0.19 1.31 0.31 0.94 0.37 1.04 0.63 0.33 0.06 0.25 0.02 0.23 0.07

P2O5 0.20 0.03 0.10 0.007 0.12 0.03 <0.08 <0.08 <0.08 <0.08 <0.08

Total 98.7 99.2 96.9 100.1 99.8 99.6 100.1 100.1

Mg# 39 57 50 63 64 74 80 82

Li 1.8 1.2 2.4 0.3 1.3 0.5 1.1 0.4 1.1 0.8 1.1 0.4 0.77 0.1 0.68 0.1

Sc 21 4.4 37 1.0 37 3.6 39 3.6 43 6.3 46 3.4 45 3.0 48 2.1

V 166 84 283 50 416 23 251 52 316 192 155 11 134 10 143 18

Cr 19 11 158 100 22 70 285 157 306 183 357 260 589 71 356 116

Co 11 5.57 35 1.74 32 2.30 39 5.62 39 9.66 41 4.11 36 2.13 41 5.94

Ni 13 5.9 85 27.4 33 13.2 80 19.6 65 61.4 98 48.5 164 16.1 126 22.4

Cu 15 16 16 4 8 51 42 27 58 36 128 55 100 22 60 77

Zn 37 25 36 5 26 7 33 16 49 15 28 6 20 1 16 5

Ga 15 2.2 16 1.5 18 3.9 15 1.1 14 3.2 12 0.9 10 0.3 11 1.2

Rb 0.65 0.46 0.75 0.84 0.86 0.22 0.80 0.55 0.32 0.10 <0.2 0.078 0.04 <0.2

Sr 100 30 278 71 195 87 152 28 205 42 152 7 140 10 161 55

Y 44 7.7 21 1.8 28 9.5 20 6.4 10 3.5 6.8 1.9 4.7 0.4 4.9 1.4

Zr 147 41 57 10 77 32 41 11 15 6 6.1 2 3.6 0.7 2.0 0.8

Nb 3.6 0.9 1.3 0.2 2.1 0.8 1.3 0.4 0.34 0.2 0.055 0.019 0.024 0.014 0.018 0.001

Mo 2.0 1.5 3.6 5.8 n.d. 2.4 2.4 1.3 4.8 0.21 1.1 0.091 0.010 0.087 0.060

Sb 0.031 0.01 0.031 - n.d. 0.024 - 0.024 0.004 0.026 - 0.012 0.002 0.049 -

Cs 0.015 0.007 0.029 0.010 0.013 - 0.015 0.007 0.012 - 0.015 - 0.011 0.003 <0.01

Ba 12 7.95 32 32.33 24 6.75 20 9.41 11 11.68 4.1 1.50 2.5 0.71 1.7 1.09

Hf 3.7 1.0 1.5 0.26 1.78 0.80 1.2 0.33 0.46 0.19 0.24 0.069 0.16 0.02 0.13 0.04

Ta 0.24 0.06 0.084 0.01 0.124 0.06 0.081 0.03 0.024 0.02 0.005 0.002 0.003 0.002 0.003 0.001

W 0.16 0.08 0.25 0.21 0.05 0.05 0.16 0.09 0.11 0.21 0.068 0.041 0.058 0.013 0.058 0.02

Pb 0.23 0.09 0.11 0.01 0.18 0.60 0.20 0.06 0.16 0.03 0.13 0.009 0.10 0.023 <0.005

Th 0.39 0.10 0.14 0.07 0.18 0.14 0.11 0.04 0.026 0.01 0.0074 0.003 0.0052 0.003 <0.005

U 0.13 0.15 0.048 0.00 0.081 0.02 0.036 0.01 0.015 0.007 0.0055 0.007 0.0081 0.002 0.0060 -

La 6.11 1.24 2.72 0.53 3.23 2.1 2.38 1.03 0.90 0.35 0.33 0.11 0.23 0.024 0.10 0.05

Ce 17.0 3.3 7.51 1.2 8.58 5.9 6.66 2.8 2.73 1.0 1.14 0.32 0.74 0.06 0.35 -

Pr 2.87 0.50 1.29 0.16 1.46 0.93 1.16 0.47 0.50 0.17 0.24 0.06 0.15 0.012 0.10 0.01

Nd 14.9 2.3 6.87 0.7 7.83 4.4 6.32 2.4 2.90 1.0 1.55 0.39 1.01 0.07 0.75 0.29

Table 1 
Average Compositions of Lithological Units in the Wadi Gideah Plutonic Crust Transect
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reaction of cumulus phases with intercumulus melt is only rarely observed in this section. Vanadium has only a 
very small compatibility in clinopyroxene and can be taken as a tracer for frozen melt trapped as intercumulus 
phase (Namur et al., 2015). Apart from local excursions in certain short depth intervals, mass fractions of V are 
very constant over the entire section of LG. This supports the idea that the increasing mass fractions of incom-
patible elements in LG are not caused by increasing amounts of frozen intercumulus melts but result from in situ 
fractional crystallization of an evolving melt. This view is confirmed by synchronously evolving mineral core 
compositions.

The dominant cumulate nature of the LG is reflected in their Zr/Hf ratio of ∼21 at the base of the transect. Clino-
pyroxene is the major cumulus phase in the LG for incorporating Zr and the bulk rock Zr/Hf is mainly controlled 
by clinopyroxene that has been analyzed by Müller et al. (2022) to Zr/Hf of ∼21 in Wadi Gideah LG samples. 
When using partitioning coefficients of Hart and Dunn (1993) clinopyroxene with Zr/Hf of ∼21 would be in 
equilibrium with a melt having Zr/Hf of ∼43. Wadi Gideah samples from the frozen AML and sheeted dikes 
(Table 1) have Zr/Hf of ∼40 comparing well to average N-MORB with Zr/Hf = 41 (Gale et al., 2013). Similarly, 
Nb/Ta of ∼10 in LG corresponds to Nb/Ta of ∼15–16 in the AML and sheeted dikes which is in agreement with 
partitioning coefficients from Bédard (2001) for Nb and Ta in clinopyroxene. Plagioclase being the other major 
adcumulus phase in LG preferably incorporates Eu over all other REE in its crystal lattice and this is expressed in 
pronounced positive Eu/Eu*N anomalies of all LG in chondrite-normalized plots (Figure 5). The Eu* is calculated 
from chondrite-normalized REEN values as the interpolation between SmN and GdN: Eu*N = (SmN + GdN)/2, and 
the Eu/Eu*N anomaly is defined as the ratio of measured EuN divided by Eu*N.

Table 1 
Continued

Upper Sheeted 
Dykes (USD)

Lower Sheeted 
Dykes (LSD)

Axial Melt 
Lens (AML)

Varitextured 
Gabbros (VG)

Upper Foliated 
Gabbros (UFG)

Lower Foliated 
Gabbros (LFG)

Layered 
Gabbors (LG)

Mantle-Crust 
Transition Zone (MTZ)

6 3 16 4 4 4 41 3

(n) Md 2SE Md 2SE Md 2SE Md 2SE Md 2SE Md 2SE Md 2SE Md 2SE

Sm 4.83 0.69 2.34 0.22 2.60 1.19 2.22 0.78 1.12 0.37 0.70 0.16 0.47 0.032 0.43 0.14

Eu 1.65 0.12 0.93 0.07 0.94 0.32 0.95 0.27 0.72 0.20 0.41 0.09 0.29 0.01 0.19 0.09

Gd 6.30 0.77 3.05 0.31 3.56 1.40 3.01 0.98 1.60 0.52 1.07 0.24 0.73 0.05 0.73 0.21

Tb 1.10 0.19 0.54 0.05 0.63 0.25 0.51 0.17 0.26 0.09 0.18 0.05 0.13 0.011 0.13 0.03

Dy 7.30 1.26 3.52 0.26 4.26 1.65 3.41 1.09 1.73 0.62 1.21 0.34 0.89 0.08 0.88 0.25

Ho 1.63 0.26 0.78 0.07 0.92 0.37 0.73 0.24 0.38 0.14 0.25 0.08 0.18 0.02 0.19 0.05

Er 4.67 0.79 2.23 0.23 2.60 1.12 2.05 0.69 1.06 0.40 0.70 0.22 0.50 0.05 0.53 0.15

Tm 0.70 0.13 0.32 0.03 0.38 0.16 0.31 0.10 0.15 0.06 0.10 0.03 0.070 0.007 0.073 0.02

Yb 4.50 0.85 2.12 0.19 2.55 1.06 1.96 0.67 0.95 0.37 0.64 0.19 0.46 0.04 0.45 0.14

Lu 0.67 0.13 0.31 0.03 0.39 0.16 0.29 0.10 0.14 0.05 0.089 0.03 0.065 0.006 0.063 0.02

Cr/Zr 0.15 0.04 2.8 2.20 1.0 3.54 7.4 7.07 21 34.4 51 54.0 161 32.6 259 147

Zr/Hf 40 0.8 39 0.3 41 0.6 35 0.6 31 4.6 24 1.5 23 0.7 15 1.8

Zr/Y 3.4 0.32 2.7 0.25 3.1 0.31 2.0 0.18 1.2 0.41 0.83 0.07 0.77 0.06 0.35 0.08

Nb/Ta 15 0.3 15 1.7 16 1.3 15 0.4 14 1.9 13 0.9 10 1.1 6.8 2.4

Nb/La 0.65 0.08 0.46 0.02 0.63 0.04 0.51 0.11 0.38 0.15 0.16 0.04 0.12 0.03 0.20 0.10

Y/Ho 28 0.6 28 0.7 30 1.1 27 0.5 26 0.4 26 1.4 26 0.3 26 0.5

La/SmN 0.86 0.07 0.78 0.11 0.82 0.07 0.66 0.09 0.45 0.14 0.28 0.06 0.32 0.02 0.09 0.10

Sm/YbN 1.16 0.06 1.16 0.06 1.12 0.017 1.21 0.10 1.19 0.13 1.19 0.07 1.14 0.03 1.05 0.07

Eu/Eu*N 0.93 0.07 1.06 0.03 0.94 0.12 1.10 0.12 1.48 0.21 1.41 0.04 1.48 0.05 1.46 0.45

Note. Major elements are in [g/100g], trace elements are in [μg/g]; Md: Median; SE: Standard Error; (n): number of analyses; n.d.: not determined.

 21699356, 2022, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JB

022734 by U
niversitatsbibliothek K

iel, W
iley O

nline L
ibrary on [16/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Solid Earth

GARBE-SCHÖNBERG ET AL.

10.1029/2021JB022734

14 of 25

3.1.2.  Sill Injections Reflected in Local and Recurring Deviations From the General Compositional 
Trends in Layered Gabbros

Superimposed on the general trends toward more differentiated compositions of LG with increasing distance 
from the MTZ are certain depth intervals in the transect where samples show large compositional variability 
within short stratigraphic intervals. Especially incompatible elements like LREE, Zr, Hf, Th, and their elemen-
tal ratios Zr/Y, Zr/Hf, Nb/La, and La/Yb that are susceptible to fractionation processes reach local maxima at 
∼1,200 m, ∼1,950 m, and 2,400–2,600 m above base of the MTZ, but local minima at ∼1,550 m and 2,270 m 
above base of MTZ (Figures 3–5). Clearly, these observations are biased snapshots with samples taken by chance 
and at relatively large sampling intervals. However, preliminary results from drill core GT1 taken by the ICDP 
Oman Drilling Project (Kelemen et al., 2020) show that systematic variability within short dm-sized intervals 
of many trace elements susceptible to magmatic differentiation processes are typical features of the 400 m long 
drill core and can be interpreted as resulting from local, recurrent injection of sills into crystal mushes and in situ 
differentiation and crystallization (Mock, Neave, et al., 2021). Local minima in incompatible element composi-
tion may be linked to injection of non-differentiated primitive melts ascending from the crust/mantle boundary.

The injection of sills as the major mechanism during accretion of the lower oceanic crust plays a pivotal role 
in the Sheeted Sills model of Kelemen et al. (1997) and VanTongeren et al. (2021). Recently, individual melt 
reservoirs occurring over the entire crustal depth range below the AML have been seismically recorded from the 
intermediate-spreading Juan de Fuca Ridge (JdF) in a region N 46°45′–47°45′ (Carbotte et al., 2021), interpreted 
to be embedded within the crystal mush zone underlying the AML. Moreover, at several locations along the EPR 
and JdF individual magma lenses have been detected that were vertically stacked beneath the spreading ridges. 
These melt lenses occurred as deep as local MOHO depths and also very shallow, only 100–1,200 m below the 
AML (e.g., Boddupalli & Canales, 2019; Canales et al., 2009; Carbotte et al., 2021; Marjanovic et al., 2014).

3.1.3.  Layered Gabbros Affected by Hydrothermal Fault Zones

Almost all samples of the entire transect are affected to some degree by pervasive alteration that, however, quite 
often did not notably change their overall composition and can be understood as a kind of hydrothermal over-
print. Especially incompatible HFSE and their ratios are stable and not affected by alteration (see “LG-hy” in 
Supporting Information Data Set S1). These samples are marked with a different signature in our stratigraphic 
compositional plots in Figures 3–5. The lower part of the layered gabbro section in Wadi Gideah is influenced 
by more intense hydrothermal activity along well-defined fault zones (HTFZ, high-temperature fault zones) that 
are vertical to the LG layering and MTZ and occur in more or less regular intervals of 0.5–1 km (e.g., Zihlmann 
et  al.,  2018). While samples of such zones are generally characterized by strong greenschist facies overprint 
showing significant bleaching, some are also affected by a hydrothermal imprint at very high temperature within 
the magmatic regime, resulting in coarsening of grain size, pegmatoid textures, magmatic hornblende, and acces-
sory oxides and apatites (for details see Koepke et al., 2022). An increased variability of incompatible elements is 
observed along the 100 m transect through a hydrothermal fracture zone at 1,205 m above base of the MTZ (see 
Table 1b in Supporting Information Data Set S1) that could be indicative for hydrous melting and local redistri-
bution of elements as a consequence of interaction with hydrothermal fluid. The high crystallization temperatures 
of hornblende indicate that this hydrothermal activity reached into magmatic temperatures suggesting that this 
process is closely linked to the formation of the lower plutonic crust (Koepke et al., 2022). Samples from such 
a hydrothermal fracture zone show a significant shift in their  87Sr/ 86Sr from MORB-type ratios toward seawater 
signatures (Müller, 2016). Barium being both highly incompatible and a fluid-mobile element is strongly elevated 
in samples from 1,205  m above mantle-crust boundary (Figure  4), and this is accompanied by a secondary 
redistribution and enrichment of Nb and Ta (Supporting Information Figure S2) and elevated Nb/La (Figure 5). 
Copper being highly mobile under hydrothermal conditions reaches its maximum value of 408 μg/g Cu in these 
samples which compares to 100 μg/g Cu in average LG (cf., Table 1c in Supporting Information Data Set S1; 
Garbe-Schönberg et al., 2022).

3.2.  Lower and Upper Foliated Gabbros and a Compositional Discontinuity at 3,525 m—The 
Significance of the Foliated-To-Varitextured Gabbro Transition

The last layered gabbro with characteristic modal layering sub-parallel to the MTZ has been sampled from 
2,648 m above base of the MTZ and the next sample from 2,671 m is the first sample without any modal layering 
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but pronounced foliation that is sub-vertical with respect to the orientation of the mantle-crust boundary (Mock, 
Ildefonse, et al., 2021). The uppermost foliated gabbro (FG) was sampled at 3,939 m above base of the MTZ 
before foliation vanishes into isotropic gabbros with highly variable textures, the so-called varitextured gabbros. 
Based on petrography and phase compositions, the LFG are still cumulates with mostly the same mineral assem-
blage of clinopyroxene, plagioclase, and minor olivine as in the LG unit (Koepke et  al.,  2022). This is also 
reflected in their bulk rock chemical composition with a discontinuity at ∼3,525 m above base of the MTZ: 
samples from the lower foliated gabbros (LFG; 2,648 m up to 3,525 m) have chemical compositions that closely 
follow the trend established in the LG. In contrast, samples from higher than ∼3,525 m above base of the MTZ in 
the upper foliated gabbros (UFG; section from 3,525 m up to 4,141 m above base of MTZ, cf., Figure 2) display a 
significant change toward more evolved compositions. This change in composition is also manifest in a change in 
texture and crystallographic preferred orientations (Mock, Ildefonse, et al., 2021) being indicative for a change in 
the magmatic crystallization and depositional regime. The UFG are no longer relatively pure cumulus rocks but 
rather follow differentiation trends typical for the varitextured gabbros and within the frozen AML and sheeted 
dikes. This is also visible in the rock texture and in the modal amounts: above this discontinuity, the rocks show 
significant amounts of interstitial assemblages of late-stage phases Fe-Ti oxides, orthopyroxene, and amphibole 
(see Figure 4 in Koepke et al., 2022) while they are absent in the (unaltered) lower gabbros.

In the LFG unit, major and trace elements are still closely following the differentiation trends as established in the 
LG unit and, now, represent the upper end of slightly more differentiated rocks in this evolutionary line of cumu-
lates. Vanadium being a tracer for interstitial phases crystallizing from intercumulus melt is still at constantly 
low concentrations that are almost the same as in samples from the lowermost LG unit. Consequently, LFG are 
chemically identical to evolved LG but without exposing the modal layering typical for the LG unit. This implies 
that the LFG still represent an accretion stage dominated by the accumulation of those minerals of the main stage, 
cotectic crystallization, and that the in situ freezing of evolved melt from porous flow does not play an essential 
role.

The situation changes, however, in the UFG unit. This unit starts with a significant and sudden change in elemen-
tal compositions at 3,525 m above base of MTZ: especially TiO2, FeO, and V make a jump to much higher 
values that correspond to the onset of crystallization of gabbros bearing Fe-Ti oxides as late-stage phases (cf., 
Figures 3–5). The transition is marked by a significant enrichment of TiO2 up to 1.72 g/100 g and a TiO2/Y ratio 
rising from 0.05 to 0.09 in this unit with the occurrence of Fe-Ti-oxides as interstitial late-stage phase. Similarly, 
Nb and Nb/La as well as V have a sudden increase while Mg# and also Cr/Zr are much lower than in all other 
gabbros underneath. This change toward more evolved bulk rock compositions is accompanied by a sudden 
increase to higher mass fractions of incompatible elements and HFSE: Nb, Ta, LREE, Zr, Th and their ratios 
Nb/La, La/Yb, Zr/Hf. We see a significant jump from Nb/La 0.14 to 0.62, from Zr/Hf 23.2 to 33.5, from Zr/Y 
0.82 to 1.86 when crossing the discontinuity from LFG to UFG. However, the uppermost UFG sample resembles 
again LFG gabbros in its composition (cf., Figures 3 and 4; Figure 7) thereby giving evidence for a mixing zone 
between lower and upper gabbros.

All LFG samples and, to a lesser extent, UFG are still characterized by their positive Eu/Eu* anomalies that are 
interpreted as a chemical signature of abundant cumulus plagioclase. The UFG mark a dramatic change from 
underlying rocks that were formed almost entirely by in situ crystallization in sill injections from an ascending 
magma toward overlying varitextured gabbros that crystallized from differentiating magma in the transient and 
spatially variable AML. This change in crystallization regime can be seen in a plot of Zr/Hf versus Zr (Figure 8): 
low Zr mass fractions and a Zr/Hf of ∼22 prevailing in the LG and LFG show a significant change within the 
UFG and varitextured gabbros (VG + AML) toward rapidly increasing Zr mass fractions and Zr/Hf developing 
toward values of ∼40, typical for average MORB (White & Klein, 2014).

While the CPO results suggest a dominant lineation indicative for vertically transported crystal-laden melts 
or crystal mushes (Mock et al., 2021) this observation cannot be used for discriminating between down-flow 
and up-flow directions so that ascending evolved melts from compacting LG cannot be excluded. According to 
Koepke et al. (2022; Fig. 12), a downward flow of mushes of crystal-laden melts is evident from petrological 
modeling in order to explain the mineral trends within the UFG and VG unit.

There is another coincidence of observations at the 3,525 m discontinuity: recently estimated equilibrium temper-
atures for gabbros used in this study via the REE distribution in coexisting plagioclase and clinopyroxene revealed 
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a minimum of crystallization temperatures in this depth range between 3,400 and 3,600 m above base of the MTZ 
(Müller et al., 2022). The consequences of all these observations for crystallization regimes prevailing in upper 
and lower gabbros and resulting implications for the mechanisms of accretion of oceanic crust will be discussed 
in Section 3.4.

We will assign the UFG to the unit of “upper gabbros” in all subsequent estimates for bulk crustal compositions 
(see Section 3.5). The sample set of VanTongeren et  al.  (2021) for upper gabbros contains only “transitional 
gabbros” that are equivalent to our upper foliated gabbros, and no isotropic, varitextured gabbros.

3.3.  The Upper Non-Cumulate Gabbros and Sheeted Dikes Root Zone

3.3.1.  Varitextured Gabbros and the Frozen AML

Another pronounced change in composition within short stratigraphic distance happens ∼600  m above the 
3,525 m discontinuity in the pseudo-stratigraphic column at ∼4,141 m above base of MTZ at the transition from 
UFG to VG: while sample OM10-A16 from 3,939 m above base of MTZ has still characteristics of a cumulate 
and is similar in composition to all underlying LG and LFG rocks by following their evolving compositional 
trend, the next sample OM10-A15 from 4,144 m is linked to a different trend of fractional crystallization toward 
the average compositions of the overlying unit of isotropic gabbros or VG hosting a “frozen” AML at 5,009 m 
(Müller et al., 2017). The pronounced positive Eu/Eu*N anomaly being typical for all underlying cumulates rich 
in plagioclase as in the LG, LFG, and some UFG disappears with sample OM10-A14b from 4,404 m above base 
of MTZ, and all overlying rocks dominated by “frozen melts” have no, or only small negative or positive, Eu 
anomalies as a consequence of locally confined differentiation in the AML where mineral segregation does not 
play a role anymore.

Interestingly, our dedicated comparison of sample preparation techniques (see details in the Supporting Infor-
mation S1) discovered that complete recovery of Zr by acid digestion failed for rocks containing 40 μg/g Zr or 
more which can only be explained by the occurrence of zircon crystals that are known to be highly refractory in 
acid digestion. This mass fraction of 40 μg/g Zr is reached with VG sample OM10-A15 at 4,144 m above base of 
the MTZ for the first time in the transect and must be interpreted as the first occurrence of crystallized zircons—
despite the still very low whole rock mass fraction of Zr. This sample is the first sample when entering the VG 
from underlying UFG and underlines the sudden change in crystallization regime. The crystallization of zircons 

Figure 7.  Plots of average REE compositions normalized to chondrite (Sun & McDonough, 1989): (a) upper gabbros above the 3,525 m discontinuity with upper and 
lower sheeted dikes (USD, LSD), varitextured gabbros and axial melt lens (VG + AML), and upper foliated gabbros (UFG); (b) lower gabbros comprising layered 
gabbros and gabbros from the mantle-crust transition zone (MTZ). Shaded areas cover REE distributions of all samples in upper and lower gabbros, respectively.
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suggests reactions with saturated, highly evolved interstitial melts now playing a major role in upper gabbros, and 
this is further documented in growth zonations in plagioclase (Koepke et al., 2022; Müller et al., 2022).

The “frozen” AML is characterized by very high lithological variability reaching from domains of rather prim-
itive olivine gabbros and primitive basalts to intrusions of felsic lithologies (quartz diorites, tonalites, trondh-
jemites) and was studied in detail by Müller et al. (2017). This is reflected in highly variable major and trace 
element compositions controlled by fractional crystallization processes. Under these conditions in a more closed 
system the fractionation of incompatible element ratios like Zr/Hf or Nb/La becomes less significant and these 
ratios are more or less stable at Zr/Hf ∼41 and Nb/La ∼0.6 (Figure 8, cf., Table 2). It is assumed that the AML 
was both spatially and temporally transient while building the VG unit and may also vary with respect to the 
crustal height in a given ridge segment (Carbotte et al., 2013).

3.3.2.  Sheeted Dikes and Dike/Gabbro Transition

Sheeted dikes occurring as granoblastic basalt in the lower level (lower sheeted dikes, LSD, for petrography see 
Koepke et al., 2022) and as altered diabase in higher levels (upper sheeted dikes, USD) do not strictly belong 
to the plutonic section but represent the MORB-type magma delivered to the ocean floor and must be consid-
ered for the calculation of average oceanic crust compositions. They are not well represented in the transect 
which is due  to their sensitivity to weathering and scarcity of outcrops suitable for sampling fresh rocks. While 
the LSD forming the dike/gabbro transition resemble closely the underlying VG unit in both major and trace 
element composition, samples from USD are more evolved with higher SiO2 but also higher in their incompatible 
elements. Pillow basalts have not been found in Wadi Gideah.

Figure 8.  Zr/Hf versus Zr diagram: Upper varitextured gabbros (VG + AML) and sheeted dikes (SD) are highly variable 
in their Zr as a consequence of fractional crystallization that does not significantly change the Zr/Hf ratio. Values scatter 
around a Zr/Hf of ∼40, typical for mid-ocean ridge basalts (MORB). Layered gabbros (LG) have very low Zr and, with a Zr/
Hf ∼22, reflect their dominantly cumulate nature. In situ crystallization of ascending melts and differentiating sills causes 
variability in Zr/Hf but low Zr of LG. Mixing with subsiding crystal mushes above ∼3,525 m leads to rapidly increasing Zr in 
an increasingly melt-dominated transition zone (UFG/VG). Red star: MORB (Gale et al., 2013); Yellow star: parental magma 
as calculated from bulk oceanic crust composition (cf., Table 2).
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Wadi Gideah Wadi Khafifah Jabal Dimh
Hess deep site 

U1415 Estimated Modern oceans

Upper 
gabbros 
1,280 m

Lower 
gabbros 
3,520 m

Plutonic 
section 
5,010 m

Bulk 
crust 

6,500 m
Bulk plutonic 

crust§ 5,200 m

Total crustal 
section§ 
7,200 m

Samail ocean 
crust 7,200 m

Bulk 
crust

Plutonic 
section

Bulk 
crust

Lower oceanic 
crustal sections

∼5,600 m ∼4,600 m Average Median

(This study) (van Tongeren et al., 2021)
(Pallister & 

Gregory, 1983)
(Gillis 

et al., 2013)
(White & 

Klein, 2014) (Coogan, 2014)

SiO2 50.8 48.4 49.0 50.5 48.56 49.91 51.1 48.32 47.65 50.1 50.6 51.0

Al2O3 16.9 17.8 17.5 17.2 17.58 17.08 16.6 16.71 17.57 15.7 16.7 16.6

FeOT 8.72 5.06 6.14 6.72 6.05 7.30 7.2 7.66 6.47 8.3 7.5 6.1

MnO 0.13 0.10 0.11 0.12 0.11 0.12 0.12 0.14 0.12 0.1 0.14 0.1

MgO 7.09 10.5 9.48 8.59 10.43 8.97 9.2 12.12 13.66 10.3 9.4 9.0

CaO 12.1 16.6 15.2 13.6 15.13 12.84 12.8 11.95 12.35 11.8 12.5 12.6

Na2O 2.88 1.23 1.72 2.49 1.50 2.39 2.3 1.83 1.56 2.2 2.35 2.4

K2O 0.12 0.05 0.07 0.10 0.05 0.12 0.12 0.11 0.10 0.11 0.06 0.1

TiO2 1.14 0.28 0.53 0.69 0.43 0.67 0.60 0.83 0.46 1.1 0.78 0.40

P2O5 <0.08 <0.08 <0.08 <0.08 - 0.05 - - 0.1 0.02 -

Total 99.9 100 99.8 100 99.76 99.36 100.09 100 100 99.8 100 98.3

Mg# 59 79 75 69 75.4 68.7 72 73.8 79.0 72 69 73

Li 1.2 0.88 0.9 1.2 3.5 - -

Sc 40 48 44 41 42 37 37 40

V 321 146 193 204 157 299 209 162

Cr 225 544 432 359 390 317 308 285

Co 37 40 38 35 31.7 50 41

Ni 61 152 121 106 144 134 138 159

Cu 40 110 86 70 88 43.7 71 65

Zn 38 23 27 29 21 48.5 38 39

Ga 15 11 12 13 12 - 14 14

Rb 0.62 0.06 0.22 0.33 0.26 1.74 - -

Sr 185 150 156 168 149 103 115 97

Y 18 5.5 9.0 14 7.6 18.1 13.9 13

Zr 39 4.4 15 32 10 44.5 28.4 28

Nb 1.1 0.033 0.34 0.76 0.22 2.77 0.93 1

Mo 1.3 0.13 0.47 1.0 - - -

Sb 0.018 0.018 0.017 0.020 - - -

Cs 0.013 0.012 0.012 0.015 0.02 - -

Ba 17 3.03 7.2 11 7.0 19.4 - -

Hf 1.0 0.18 0.43 0.86 0.35 1.21 - -

Ta 0.069 0.003 0.023 0.050 0.18 - -

W 0.11 0.063 0.08 0.11 - - -

Pb 0.18 0.11 0.13 0.13 1.70 0.47 - -

Th 0.093 0.006 0.031 0.078 0.020 0.21 - -

U 0.039 0.008 0.017 0.031 0.009 0.07 - -

La 1.99 0.26 0.76 1.50 0.52 2.13 0.86 0.83

Table 2 
Average Compositions of Fast-Spreading Oceanic Crust (Major Elements are in [g/100g], Trace Elements in [μg/g])
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3.4.  Accretion Processes as Reflected in Bulk Rock Compositions

The general trends observed in the distribution of many elements are interpreted as a result of crystallization 
from ascending melt batches that evolve with increasing distance from the mantle/crust boundary over the lower-
most 3,500 m of the crust, that is, along the layered (LG) and LFG units. This means that either only a relatively 
small portion of the melt fractionates forming cumulates, or that fractionation is nearly compensated by regular 
replenishments by more primitive melt, or both. This is also indicated by petrological modeling performed by 
Koepke et al. (2022). Such replenishments have been proposed by for example, Boudier et al. (1996) or Kelemen 
et al. (1997). In a more recent study on a drill core obtained from the layered gabbros in Wadi Gideah, Mock, 
Neave, et al. (2021) presented decameter thick fractionation cycles suggesting that each cycle results from the 
influx of fresh primitive melt into unconsolidated sill-like structures. The lack of those relatively small-scale 
trends and some of the lower crustal variability (cf., data from OmanDP drill cores GT1 and GT2, Kelemen 
et al., 2020) in our profile can be easily explained by the much wider average spacing of ∼70 m between adjacent 
samples in our transect which is not able to resolve finer trends. But, individual samples falling off the general 
compositional trend in our transect are thought to represent locations with advanced differentiation as in sills 
(Mock et al., 2020). The ongoing fractionation from the MTZ up to the AML indicates that the melt ascending 
from the mantle evolves on its way upward, which is consistent with the findings of several previous studies 
supporting in situ crystallizing sills within the lower oceanic crust (e.g., Boudier et al., 1996; Garrido et al., 2001; 

Table 2 
Continued

Wadi Gideah Wadi Khafifah Jabal Dimh
Hess deep site 

U1415 Estimated Modern oceans

Upper 
gabbros 
1,280 m

Lower 
gabbros 
3,520 m

Plutonic 
section 
5,010 m

Bulk 
crust 

6,500 m
Bulk plutonic 

crust§ 5,200 m

Total crustal 
section§ 
7,200 m

Samail ocean 
crust 7,200 m

Bulk 
crust

Plutonic 
section

Bulk 
crust

Lower oceanic 
crustal sections

∼5,600 m ∼4,600 m Average Median

(This study) (van Tongeren et al., 2021)
(Pallister & 

Gregory, 1983)
(Gillis 

et al., 2013)
(White & 

Klein, 2014) (Coogan, 2014)

Ce 5.52 0.86 2.21 4.22 1.58 5.81 2.75 2.76

Pr 0.96 0.18 0.41 0.74 0.28 0.94 0.52 0.53

Nd 5.29 1.18 2.36 4.07 1.69 4.90 2.78 2.61

Sm 1.86 0.55 0.92 1.45 0.66 1.70 1.10 1.09

Eu 0.85 0.33 0.47 0.64 0.39 0.62 0.58 0.58

Gd 2.57 0.85 1.33 2.00 1.03 2.25 1.60 1.60

Tb 0.44 0.15 0.23 0.35 0.19 0.43 0.31 0.30

Dy 2.93 1.01 1.55 2.32 1.36 2.84 2.09 2.06

Ho 0.63 0.21 0.33 0.50 0.27 0.63 0.46 0.48

Er 1.78 0.58 0.92 1.42 0.76 1.85 1.34 1.32

Tm 0.26 0.082 0.13 0.21 0.11 0.28 - -

Yb 1.70 0.52 0.86 1.35 0.67 1.85 1.27 1.23

Lu 0.25 0.074 0.12 0.20 0.10 0.28 0.19 0.18

Cr/Zr 6 125 30 11 39 7 11 10

Zr/Hf 38 24 34 37 29 37 - -

Zr/Y 2.2 0.80 1.63 2.3 1.3 2.5 2.0 2.2

Nb/Ta 15.7 9.9 15.2 15.2 15.4 - -

Nb/La 0.54 0.13 0.45 0.51 0.42 1.30 - -

Y/Ho 28.1 26.0 27.2 27.2 28.0 28.7 30.2 27.1

Note. Major elements are average values in [g/100g], trace elements are median values in [μg/g]; H.a.MTZ: Height above base of mantle-crust transition zone. Lower 
Gabbros: 0–3,525 m H.a.MTZ, Upper Gabbros: 3,525–5,009 m H.a.MTZ, Plutonic Section: 0–5,009 m H.a.MTZ, Bulk Crust: 0–6,464 m H.a.MTZ. § Trace element 
data (in italics) are calculated from data reported in Van Tongeren et al., 2021.
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Kelemen & Aharanov,  1998; Kelemen et  al.,  1997; Korenaga & Kelemen,  1997; VanTongeren et  al.,  2008). 
VanTongeren et al. (2021) propose a slightly different model where, after intrusive events, evolved magmas leave 
the lower gabbros and replenish the upper gabbros thereby contributing to their higher incompatible elements 
budget.

The average parental magma was in equilibrium with most early-formed cumulus minerals and is similar to 
primitive mid-ocean ridge basalt (Müller et al., 2022; Pallister & Gregory, 1983). Up to 90 m massive dunites 
at the mantle-crust transition have been found with drill cores CM1 and CM2, Oman Drilling Project (Kelemen 
et al., 2020). They can be regarded as early cumulates from a primitive parental MORB melt shifting the compo-
sition of the parental melt close to the ol-pl-cpx cotectic in the section of layered gabbros. Observations of 
heterogenous parental melt intruding the lower crust (Coogan et al., 2002; Gillis et al., 2014) are mainly bound 
to the early crystallization of orthopyroxene, which is also regarded as indication for mantle/MORB interaction 
(Coogan et al., 2002). For Wadi Gideah lower crustal gabbros orthopyroxene has a very low (<1%) modal abun-
dance or is fully absent. The continuous and in principal homogeneous evolutional trend of incompatible trace 
elements (e.g., Zr, Th, Figure 2), systematic decrease of Mg# up-section especially in mineral compositions of 
olivine and clinopyroxene (Koepke et al., 2022), and constant HREE and Sm/Yb suggest a stable homogeneous 
magma source likely pooled within the mantle or while crossing the MTZ.

Magma batches passing the MTZ will begin to crystallize the main gabbroic phases olivine, clinopyroxene, and 
plagioclase rapidly when crossing their respective saturation temperatures (Kelemen & Aharanov,  1998) but 
only a small fraction of cumulus crystals remains at depth crystallizing in situ while the residual melt mixes with 
replenishing magma and continues with ascent (Koepke et al., 2022). The density contrast between hot basaltic 
melt and crystals is highly favorable for a separation of early crystals from ascending melt. The crystallization 
during liquid flow, sinking and sedimentation of solidifying phases is slow so that crystals can accumulate at 
depth and practically no liquid is entrapped as intercumulus phase (Namur & Charlier, 2012; Namur et al., 2015). 
The efficiency of this process is found to decrease with increasing distance to the mantle/crust boundary in a 
study by Coogan et al.  (2002). Reactive porous flow of an interstitial melt as observed at Hess Deep at EPR 
(Lissenberg et al., 2013) played possibly no significant role which, otherwise, would eventually become visi-
ble as interstitial mineral phases trapped from migrating melt, or as extreme zoning. This is not observed in 
Oman layered gabbros (Koepke et al., 2022; Müller et al., 2022). Major element correlations also hint toward 
a very limited amount of interstitial reactive melt present within the lower crust, since they would not survive 
intense melt/rock interactions (Korenaga & Kelemen, 1998). The rising magma is continuously developing into 
more evolved compositions when rising upwards but the fractionation intensity is low, about 1 Mg# per 400 m 
stratigraphic height (Müller et al., 2022). This can be explained by repeated replenishment of fresh ascending 
MORB parental melt with residual, evolved melt in a near steady-state process. Such a process was successfully 
verified for the lower gabbros by applying petrological modeling based on mineral composition trends (Koepke 
et al., 2022). Similarly, VanTongeren et al. (2021) propose a model “in which the majority of melt is extracted 
from lower gabbros.” In the Wadi Khafifah transect, however, no such trends are observed in the lower gabbro 
section (VanTongeren et al., 2021). Besides, this mechanism of low degree crystallization and extraction of the 
majority of evolving melt can also serve as efficient process for the removal of latent heat from the lower crust 
(Koepke et al., 2022) which will be transported by the ascending melt rather than by hydrothermal cooling as 
proposed by Bosch et al. (2004).

The fractionation processes described above require in situ crystallization that basically controls the formation of 
the lower gabbros below the discontinuity at ∼3,525 m above base of the MTZ. In contrast, formation of the upper 
gabbros is thought to happen in transient melt lenses where fractional crystallization processes in a quasi-closed 
system can lead to the formation of highly differentiated rocks reaching trondhjemite/plagiogranite compositions 
(e.g., Müller et al., 2017). Mock, Ildefonse, et al. (2021) suggest a vertical magmatic flow mechanism through 
the UFG and VG but cannot identify whether such flow occurred up- or downward. Fractionation trends in the 
upper gabbros, however, suggest that fractionated crystal mushes from the AML(s) mix with ascending melts as 
documented in the UFG (see also Koepke et al., 2022). In principle, our finding of a two-mechanism accretion 
model with in situ crystallization in the layered and lower foliated gabbros and a subsiding flow and mixing of 
evolved crystal mushes from transient AMLs is consistent with the Sheeted Sills model of Kelemen et al. (1997), 
where a small subsidence mechanism from the AML is also included. However, we infer from our data that about 
one third of the gabbroic crust accretes by crystallization from the AML, while the two thirds below ∼3,525 m 
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crystallize in situ. The consistency of microstructural, petrological, and geochemical data, and the plausibility of 
mechanical and chemical processes connecting them, emphasize the robustness of our interpretations.

3.5.  Average Composition of the Wadi Gideah Lower Crust and the Composition of Fast-Spreading 
Oceanic Crust

Bulk-rock compositions provide a way to investigate the processes operating in the lower crust and allow the bulk 
composition of the lower crust to be estimated which is essential for (a) understanding the processes by which the 
crust is generated and modified, (c) knowing the average composition of melts crossing the Mantle-crust bound-
ary, and (c) the role of lower oceanic crust in global geochemical cycles (Coogan, 2014; White & Klein, 2014). 
The average composition of oceanic crust should be directly related to the average parental magma extracted from 
the mantle.

The first reported mass balance of a complete and clearly cogenetic ophiolite section was SAVE being the Samail 
AVErage of oceanic crust by Pallister and Gregory (1983). It was calculated as a mass balance from average 
columnar sections of Jabal Dimh in the Samail ophiolite and has no data from other ophiolites or from the ocean 
crust (Table 2). Another estimate for bulk lower oceanic plutonic crust and for the total crust section was recently 
published by VanTongeren et al. (2021) using samples from Wadi Khafifah in the Oman ophiolite, only 10 km 
west of Wadi Gideah. White and Klein (2014) calculated the average composition of oceanic crust from average 
MORB compositions as found in the PetDB online data repository but filtered for data quality and used partition-
ing coefficients from the GERM database for calculating melt composition. Coogan (2014) calculated average 
and mean compositions for the lower oceanic crust from individual stacked lower oceanic crustal sections as 
sampled by drill holes and individual grab samples mainly from Pito Deep (Table 2). Gillis et al. (2013) presented 
an average for the bulk fast-spreading oceanic crust from stacked drill cores recovered by IODP at the Hess Deep 
Rift at EPR, in combination with basalts sampled by ship expeditions in the same area. Our data set for major 
and trace elements in lower oceanic and bulk oceanic crust as presented in Table 2 was calculated from weighted 
means (major elements) and medians (trace elements) of individual lithological units in the Wadi Gideah transect. 
The weighting factors were calculated from the relative proportions of thicknesses of the crustal units as shown in 
Figure 2. Geochemical signatures of upper crustal sheeted dikes and pillow basalts (Müller, 2016) indicate a typi-
cal MOR setting with a component from an early stadium of subduction zone initiation (MacLeod et al., 2013).

The fractionation of elements between the upper basaltic and lower plutonic crust is well known and clearly 
visible in our data (Table 2). The lower crust is highly depleted in incompatible elements as a consequence of 
fractionation and missing intercumulus phases originating from interstitial melts during reactive porous flow. 
Bulk rock partitioning coefficients for, for example, HFSE calculated as elemental ratios of lower gabbros divided 
by upper crustal varitextured gabbros and sheeted dikes come close to values experimentally determined for the 
minerals involved (i.e., mainly clinopyroxene). This can be interpreted as a very efficient separation of melt 
from cumulus crystals crystallizing in situ in layered gabbros in the lower crust, and confirms our conclusion 
that interstitial phases from frozen trapped melts and other indications for reactive porous flow do not play an 
important role.

Our calculated average compositions for the entire 6,500 m of bulk oceanic crust comprising sheeted dikes and all 
varieties of gabbros down to the MTZ mimic the old SAVE data from Pallister and Gregory (1983) and are very 
similar to their values for major elements and Mg#, and many of our median trace element compositions are simi-
lar to data published by Coogan (2014). Only REE are significantly higher in our data. When compared to values 
published by White and Klein (2014) it becomes evident that their bulk composition is slightly more primitive 
with Mg# 72 with elevated Ni, V and lower CaO, Sr which might be related to the fact that ultramafic cumulates 
are basically missing in our Wadi Gideah profile. The HFSE elements Zr, Hf, Th, Nb, Ta, and Ba, however, are 
significantly higher and REE are highest in their data when compared to all other data. A detailed comparison of 
our data with new data from VanTongeren et al. (2021) shows striking similarities of both major and trace element 
mass fractions in the plutonic sections, and also the discontinuity between lower and upper gabbros is found at a 
similar depth at ∼3,700 m above base of MTZ. This finding is significant and demonstrates the robustness and 
consistency of both data sets. It also hints toward the continuity of the accretion processes in both space and time. 
The two Wadis are ∼10 km apart from each other, and if this distance were along strike it would correspond to a 
time interval of ∼100,000–200,000 years assuming a half-spreading rate of 5–10 cm/year.
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4.  Conclusions
We sampled a transect through 6.5 km of fossil oceanic crust of the Samail ophiolite (Sultanate of Oman, Wadi 
Gideah). Here we report a full set of whole rock major and trace element data displaying systematic and contrast-
ing compositional trends that are correlated with stratigraphic depth in the plutonic suite. All samples have been 
analyzed at least twice using both solution-based and direct solids analytical techniques.

The striking feature of our compositional transect through the entire plutonic section of fossil oceanic crust in 
the Samail ophiolite is the steady development toward more evolved rock compositions with increasing distance 
from MTZ into the upper gabbros as a consequence of fractionation of a basaltic parental magma. While these 
trends are barely discernible but statistically significant for some elements, and easily recognizable for incompat-
ible elements and their ratios in the lower gabbros, especially incompatible elements show a dramatic increase in 
the upper gabbros. Superimposed on these general trends in the lower, dominantly cumulate gabbros are higher 
compositional variabilities at discrete depth intervals that are thought to reflect intrusion and in situ fractionation 
of sills. In contrast, upper, non-cumulate gabbros forming the isotropic varitextured gabbros in the uppermost 
gabbros, and special lithologies within a “frozen” melt lens horizon show much higher compositional variability 
and differentiation trends from fractionated crystallization in a quasi-closed system. Microstructural evidence 
(Mock, Ildefonse, et  al.,  2021) combined with fractionation trends in mineral composition (major elements: 
Koepke et al., 2022; trace elements: Müller et al., 2022) and the bulk rock geochemical data of this study suggest 
that crystal mushes originating from the AML subside and mix in the upper foliated gabbros with ascending 
melts. A significant change between the two crystallization regimes is expressed in a discontinuity in geochemi-
cal composition as well as in microstructures and localized at ∼3,525 m height above base of the MTZ, which is 
in the middle of the lithological unit of foliated gabbros with near vertical lineation. This is also the zone where 
Müller et al. (2022) found a minimum in crystallization temperatures during the magmatic accretion of the Oman 
paleocrust. Main conclusions of our findings are:

1.	 �All lower gabbros below ∼3,525 m above the base of MTZ have very low mass fractions of incompatible 
elements, for example, Zr, Hf, Nb, Ta, Th, LREE that develop with distance from MTZ to more differentiated 
compositions while Mg# number, especially in the minerals clinopyroxene and olivine (Koepke et al., 2022), 
slightly decreases. Elemental ratios, for example, Zr/Hf, Zr/Y, Nb/La, etc. develop synchronously. It is 
suggested that such behavior of trace element composition, HFSE elemental ratios, and also of Mg# number 
is a consequence of efficient separation of in situ crystallizing cumulus phases from a constantly evolving, 
ascending parental melt. There is no intercumulus phase in layered gabbros that could have formed from crys-
tallizing interstitial melt, and this becomes evident from the very low mass fractions of incompatible elements, 
from low V as a proxy for interstitial melt, and from petrographic studies (Koepke et al., 2022). Superimposed 
on the general trend are higher compositional variabilities over short stratigraphic intervals that are suggested 
to represent advanced in situ crystallization/fractionation of sill injections.

2.	 �All upper gabbros above ∼3,525  m above base of MTZ with isotropic and non-lineated microstructures, 
including sheeted dikes, are controlled by fractional crystallization processes in a magma chamber where 
strong fractionation trends are developing but with minor or no fractionation of HFSE elemental ratios.

3.	 �The transition between these two crystallization regimes is a sharp discontinuity at ∼3,525 m height above 
base of MTZ and lies within mostly vertically lineated foliated gabbros.

Our finding of a two-mechanisms accretion model sensu Koepke et  al.  (2022) with in situ crystallization in 
the layered and lower foliated gabbros, and a subsidence transport of evolved crystal mush from the AML in 
the upper foliated and isotropic gabbros is a hybrid model combining ideas of the Gabbro Glacier model (e.g., 
Henstock et al., 1993) for the upper part and ideas from the Sheeted Sills model (e.g., Kelemen et al., 1997; 
VanTongeren et al., 2021) for the lower part. However, the Sheeted Sills model of Kelemen et al. (1997) includes 
a small subsidence mechanism from the AML. We infer from our data that about one third of the plutonic crust 
accretes in the upper gabbros as subsiding mush from the AML, while the two thirds below crystallize in situ in 
lower gabbros.

New average compositions of (paleo-) oceanic crust are reported for major and 38 trace elements that basically 
agree with older data from modeling and from stacked drill holes for the composition of oceanic crust. Distri-
bution especially of incompatible elements illustrates the strong fractionation between lower and upper gabbros. 
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The striking similarity of observations for sections in Wadi Gideah and Wadi Khafifah (VanTongeren et al., 2021) 
is significant and suggests robustness and continuity of accretion processes in both space and time.

Data Availability Statement
Data produced for this work and discussed within this study are available on the FAIR-aligned Pangaea reposi-
tory: https://doi.org/10.1594/PANGAEA.942970.
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