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Formation of Igneous Layering in the Lower Oceanic
Crust From the Samail Ophiolite, Sultanate of Oman
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University of Manchester, Manchester, UK, “Institut fiir Geowissenschaften, Christian-Albrechts-Universitit zu Kiel,
Kiel, Germany, 5Department of Earth and Environmental Sciences, KU Leuven, Leuven, KU, Belgium

Abstract As the largest and best exposed example of paleo fast-spreading oceanic crust on land, the
Samail ophiolite in the Sultanate of Oman represents an ideal natural laboratory for investigating deep
crustal processes at fast-spreading mid-ocean ridges. We studied two layered gabbro sequences from
different stratigraphic depths: one from the middle of the plutonic crust showing decimeter-scale modal
layering (i.e., varying phase proportions) with olivine abundances gradually decreasing from layer bases to
tops (Wadi Somerah, Sumail block) and one located near the crust-mantle boundary showing
millimeter-scale olivine-rich layers (Wadi Wariyah, Wadi Tayin block). Our multimethod approach of field,
petrographic, geochemical, and microstructural observations focuses on documenting layered textures
that are widely observed within the lower oceanic crust as well as understanding their formation
mechanisms within the context of small scale crustal accretion processes beneath fast-spreading mid-ocean
ridges. Results from the mid-crustal sequence indicate moderate cooling rates (Ca-in-olivine: log[dT/dt; °
Cyr '] = —2.21 + 0.7) and correlated variations in mineral compositions and microstructures. We infer that
decimeter-scale layers in Wadi Somerah were deposited by density currents of crystal-laden magma
within a sill environment that potentially experienced occasional magma replenishment. The millimeter
layering in Wadi Wariyah is best explained by Ostwald ripening emphasizing initial heterogeneities
possibly being provoked by cyclical nucleation of olivine through the competing effects of element diffusion
and rapid cooling. Fast cooling is recorded for the crustal base (Ca-in-olivine: log[dT/dt; °

Cyr~'] = —1.19 + 0.5, Mg-in-plagioclase: log[dT/dt; °C yr™'] = —1.35°C + 0.6) demonstrating that heat
locally can be lost very efficiently from the lowermost crust.

1. Introduction

Oceanic crust represents more than two thirds of Earth's surface. It is formed at mid-ocean ridges (MOR),
where ~75% of Earth's volcanism takes place. The 60,000 km long global mid-ocean ridge system is the
planet's most effective environment for exchanging mass and heat between interior of the Earth and the
hydrosphere, which has major implications for global geochemical cycles. In spite of numerous
ship-based sampling campaigns performed over recent decades aimed at investigating the modern oceanic
crust, coherent sample series from the deep crust beneath fast-spreading ridges are rare. Therefore, it
remains important to perform complementary studies on ophiolites, in particular on the Samail ophiolite
in the Sultanate of Oman, which is regarded as the best example of fast-spreading oceanic crust on land.
This ophiolite has played a pivotal role in developing crucial paradigms for understanding sea floor spread-
ing and ocean crust formation (e.g., Boudier et al., 1996; France et al., 2009; Henstock et al., 1993; Kelemen
et al., 1997; Nicolas et al., 2000; Pallister & Hopson, 1981; Phipps Morgan & Chen, 1993; Quick &
Denlinger, 1993). Since modal layering is a ubiquitous feature of the lower crust, not only in Oman (e.g.,
Browning, 1984; Pallister & Hopson, 1981) but also at the recent East Pacific Rise (EPR; Gillis et al., 2014),
its understanding is essential to approach the still unsolved question, how the crust accretes.

Many studies on ophiolite complexes performed in the 1980s and 1990s reported distinct rhythmic variations
in modal proportions within the lower oceanic crust forming layered gabbros (e.g., Samail ophiolite in
Oman, Troodos ophiolite on Cyprus, and Bay of Island ophiolite in Newfoundland; for a review see
Nicolas, 1989). Their similarity to well-studied mafic layered intrusions, such as Bushveld (South Africa),
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Skaergaard (Greenland), or Rum (Scotland), led to the hypothesis that cumulate formation and the
layer-forming processes occurring during crustal accretion at mid-ocean ridges are similar to those taking
place in layered intrusions.

Multichannel seismic experiments at the EPR in the late 1980s, however, ruled out the presence of large
magma chambers of the kind implied by early models of ridge crust architecture (Detrick et al., 1987;
Vera et al.,, 1990). Instead, these authors detected only small volume “chambers” about 100 m in height
and <4-6 km in width at a crustal depth of 1.2-1.4 km (i.e., beneath the sheeted dyke complex) by their
low seismic velocity. These have been interpreted as axial melt lenses (AMLs) residing on top of wider
and thicker regions of anomalously low velocity material that have in turn been interpreted as partially mol-
ten crystal mushes and/or solidified (but still hot) plutonic sequences of the lower crust (e.g., Detrick et
al., 1987; Vera et al., 1990).

Although many studies were performed in order to align these findings with crustal accretion models at
fast-spreading ridges—without yet establishing a scientific consensus—only a few of them address the ques-
tion of how layering formed within lower oceanic crust (e.g., Buck, 2000; Jousselin et al., 2012). In contrast,
large continental layered intrusions are of scientific interest for many decades leading to numerous studies
and detailed descriptions of different types of layering, that is, cyclic variations in textural, mineralogical, or
chemical features of a rock. These variations can create grain size layering (e.g., Duke Island, USA;
Irvine, 1974), textural layering (e.g., Rum Layered Suite, Scotland; Brown, 1956), cryptic layering (i.e., che-
mical variation; e.g., Skaergaard, Greenland; Wager & Brown, 1968; Sept Iles, Canada; Namur et al., 2010),
or modal layering (i.e., variation in phase proportions) as it is observed in the lower oceanic crust. Layering
varies in terms of layer thickness, regularity, or lateral continuity, and layer contacts can be sharp or grada-
tional, or asymmetric. So far, there is only a consensus that no single process can account for all these types
of layering but rather that many processes may play a role in creating different types of layering. Potential
layer-forming processes have been described in several reviews (e.g., Namur et al., 2015; Naslund &
McBirney, 1996) and can be divided into dynamic and non-dynamic processes. During dynamic processes,
layering is formed within a magma chamber by movement of melt, mush, and/or crystals. This can include
gravity-controlled settling, magma currents, convective-related processes, metasomatism, or magma replen-
ishment and mixing. Non-dynamic layer-forming processes reflect conditional changes during crystalliza-
tion or occur by self-organization of the mineral assemblage in a crystal mush. Layer formation by
non-dynamic processes can include magmatic or tectonic deformation of a crystal mush, fluctuations of
magma chamber conditions, diffusive exchange, or coarsening of grains.

The complexity of layer formation makes clear that both cumulus and post-cumulus processes have to be
taken into account, especially when considering an oceanic spreading center where magmatic processes
are continuously accompanied by tectonic and also hydrothermal processes. We approach this challenging
situation by combining petrographic, petrological, geochemical, and microstructural data in order to con-
strain the layer-forming processes at different stratigraphic depths of the lower oceanic crust. As we point
out in the next section, and as suggested by many groups before (e.g., Nicolas et al., 1988; Pallister &
Hopson, 1981), we assume that the Oman ophiolite is a good analogue for recent fast-spread oceanic crust
where, for example, modal layering was recently discovered by IODP Expedition 345 at Hess Deep (Gillis
et al., 2014). Moreover, layered textures similar to those observed in the Oman ophiolite have also been
found at Pito Deep at EPR (Gess et al., 2018; Perk et al., 2007). Understanding how layers form in the deep
oceanic crust is thus crucial for constraining the dynamics and mechanisms of crustal accretion at
fast-spreading ridges. Here we present observations on layered gabbros from two sites in the Samail ophiolite
with contrasting modes of layer appearance, and we provide insights based on multi-method observations
into the mechanisms that led to the formation of the studied layering.

2. Geological Setting

The Samail ophiolite in the Sultanate of Oman, a ~400 km long mountain chain of oceanic lithosphere
obducted onto the Arabic continental margin during the Cretaceous, is regarded as the best example of
fast-spreading oceanic crust on land (e.g., Nicolas et al., 2000). The mountain chain is located on the north-
eastern coast of Oman and covers an area of more than 20,000 km? (Pallister & Hopson, 1981). It is made up
of twelve massifs that represent a complete crustal transect from the Moho transition zone (MTZ) via the
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gabbros of the lower oceanic crust up to the volcanic layer consisting of sheeted dikes and erupted basalts.
The paleo oceanic crust formed ~95 Ma ago (Rioux et al., 2013) and is thought to have formed at a
fast-spreading center with a paleo half-spreading rate of 50-100 mm/yr (Rioux et al., 2012).

Geochemical investigations and field relations suggest a polygenetic origin for the Oman ophiolite
(e.g., Alabaster et al., 1982; Goodenough et al., 2014; Koepke et al., 2009; Pearce et al., 1981; Yamasaki
et al., 2006). A first phase produced the so-called V1 lavas and the majority of the gabbroic crust which is very
similar to the modern EPR crust in terms of structure, lithology, petrography, and bulk crustal thickness.
However, in contrast with the EPR, the parental basalts which formed the crust during the first magmatic
stage in the Wadi Gideah (Oman) are thought to have contained elevated water contents of 0.4 to 0.8 wt%
due to their formation in a subduction-influenced setting (MacLeod et al., 2013; Miiller et al., 2017; Pearce
etal., 1981). A second magmatic phase (V2) probably related to flux-induced peridotite melting subsequently
intruded the first magmatic phase and consists of boninites in the upper crust and wehrlites, gabbronorites,
and larger plagiogranite bodies in the lower and mid-crust (e.g., Goodenough et al., 2014; Juteau et al., 1988;
Koepke et al., 2009; Yamasaki et al., 2006). The second magmatic stage is more voluminous in the northern
blocks than in the southern segments of the ophiolite (e.g., Goodenough et al., 2014; MacLeod et al., 2013).
Therefore, many studies that focused on understanding primary magmatic processes at mid-ocean ridges
have been performed in the southern massif of the ophiolite (e.g., Garrido et al., 2001; Koga et al., 2001;
VanTongeren et al., 2008).

In spite of the inferred location of the ophiolite in a region of subduction zone initiation, the following obser-
vations related to the first magmatic event demonstrate a close similarity with the modern, fast-spreading
EPR: a continuous, typically layered crustal architecture with an average crustal thickness of 6-7 km
(Lippard et al., 1986; Nicolas, 1989); an absence of amagmatic spreading that is common at slow-spreading
ridges (e.g., Cannat & Casey, 1995); a very narrow range from 96.40 + 0.17 to 94.18 + 0.54 Ma of zircon crys-
tallization ages across the width of the ophiolite (maximum ~100 km) sampled normal to the ridge direction
(Rioux et al., 2012; Tilton et al., 1981; Warren et al., 2005); spinel Cr/Al versus Mg# (= MgO/(MgO + FeO);
molar) ratios that overlap those for peridotites from modern fast-spreading ridges (Le Mee et al., 2004); the
lengthscale of segmentation and absence of transform faults indicating a weaker impact of tectonic processes
due to high magma supply (MacLeod & Rothery, 1992; Nicolas et al., 2000); and the orientation of a
well-developed sheeted dike sequence perpendicular to the Moho which implies frequent magma ascent
from the lower to the upper crust (MacLeod & Rothery, 1992). These features make clear that a detailed
understanding of the magmatic processes which have formed the Oman paleo-crust provides insights into
those taking place beneath recent fast-spreading centers. Our study focuses on outcrops in the southernmost
blocks of the ophiolite at Wadi Somerah (Sumail block) and Wadi Wariyah (Wadi Tayin block), where the
record of the second-stage magmatism is minor and comparisons with the modern EPR are well founded.

3. Materials and Methods
3.1. Sample Materials

We collected two types of samples from adjacent massifs of the Oman ophiolite (Sumail block for the mate-
rial from Wadi Somerah, Wadi Tayin block for the material from Wadi Wariyah). They are consequently not
representative of the same crustal section but were instead selected to represent two contrasting styles of
layering. First, a suite of samples was taken from an outcrop in the central part of the layered gabbro section
in the Wadi Somerah (N 23°5'34.66”, E 58°6’14.62"; Figure 1) that shows decimeter-scale modal layering
(Figures 2a and 2b). This is representative of the average thickness of layering in the lower crust of the
Oman ophiolite (Browning, 1984; Pallister & Hopson, 1981). The outcrop is about 30 m tall and 100 m wide.
The modal layers are nearly horizontal at the southern face of the outcrop and can be followed over several
tens of meters (Figure 2a). The layering is crossed by bright and dark centimeter-scale veins that usually pro-
pagate sub-perpendicular to the layering. As previously observed in Oman (e.g., Nicolas et al., 2000), olivine
crystals are lineated. The much smaller western flank of the outcrop reveals the layering to be strongly
sheared and folded (Figure 11a). We sampled a coherent profile of six consecutive layers. Each layer (except
for layer 6 where we sampled only the layer base) consists of a melanocratic olivine-rich base that grades
upsection into a leucocratic top that is significantly depleted in, or free from, olivine but strongly enriched
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Figure 1. (a) Geological map of the southernmost massifs of the Oman ophiolite “Sumail” and “Wadi Tayin”. (b) Crop of
the geologically complex area of the Wadi Wariyah outcrop. The red stars give the positions of the two sampled
outcrops in Wadi Somerah and in Wadi Wariyah. Map modified after Nicolas et al., 2000.

in plagioclase. Twenty-nine thin sections were prepared with a vertical distance of 1 to 42 cm between two
stratigraphically successive samples.

Second, a single angular block was investigated which we collected just below an outcrop at the mouth of the
Wadi Wariyah (N 22°59'0.42", E 58°15'54.68”; Figure 1). This outcrop represents deep layered gabbro at a
crustal height of about 0.1 km above the MTZ (Bosch, 2004). The layering occurs as millimeter- or centi-
meter-thick layers with significantly differing olivine contents (Figure 2d). The locality where we collected
the sample is located 300 m north to a well-studied outcrop of layered gabbro that preserves magmatic
and hydrothermal veins ranging in formation temperature from very high (magmatic regime) to low tem-
peratures which cut perpendicularly across the layering (Figure 2c; Bosch, 2004; Currin et al., 2018;
Nicolas et al., 2003; Wolff, 2013). Foliation in plagioclase and olivine is here parallel to the igneous layering.
Layering as thin as we observe in the investigated sample (millimeter-scale) has been rarely documented in
the Oman ophiolite (Jousselin et al., 2012). Nonetheless, the analyzed sample allows new insights into mag-
matic processes operating in the lowermost oceanic crust. From this block, we prepared two thin sections
that cover 111 coherent olivine-rich layers of the sample. Depth information given in the following chapters
are estimated from the top of each sequence.

Although the sample from Wadi Wariyah originates from a locality with a complex geological evolution
(Figure 1b), detailed mapping by Nicolas et al. (2000) and others (e.g., Bosch, 2004; Nicolas et al., 2003)
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Figure 2. (a) Photograph of the outcrop in Wadi Somerah exposing decimeter-scale modal layering. (b) Shows the
sequence sampled for this study, given by the red rectangle, in detail. Numbers 1-6 are the layer numbers, gray
shaded fields represent melanocratic layer bases and leucocratic tops, demonstrating decreasing olivine content within
each layer. Height of the sequence: 285 cm. (c) Photograph taken at an outcrop in Wadi Wariyah 300 m south of the
locality where the sample in (d) was collected. It representatively shows millimeter-scale layering and a late stage
magmatic vein perpendicularly cutting across the fine layering. Note the millimer-scale modal layering at the base and
the gabbroic late-stage vein cross cutting the layered host rock. (d) Detailed photograph of the hand piece from the
mouth of the Wadi Wariyah which was investigated in this study. Thin dark layers are olivine-rich. Rectangle symbolizes
the region where two thin sections were prepared covering 11 layers. Note scale bars aside of B and D giving

sequence heights in centimeters and which correspond to the depth intervals given in text and figures of this paper.
Orientation directions given in white in (a) and (c). Photographs by D. Mock.

substantiates our interpretation that the sample originates from the lowermost layered gabbros close to the
MTZ. Our samples were not collected as oriented samples. Therefore, we cannot comment on orientations of
the measured foliations and lineations in a crustal context. Nevertheless, since thin sections from Wadi
Wariyah have been prepared from the same piece of rock, the measured orientations are consistent along
the profile. The samples from Wadi Somerah have been cut from one hand piece per melanocratic or
leucocratic sub-layer, respectively, such that all thin sections of one sub-layer are oriented the same way
providing consistency at the sub-layer scale.

3.2. Analytical Techniques

Petrographic analysis was performed using a binocular optical microscope. Modal proportions were
estimated visually by comparison of thin section photographs with charts for estimating mineral percentages.
Grain sizes have been measured along their long axis. The average grain size of a phase per thin section was
calculated by measuring 10 grains: two of the smallest, two of the largest, and six medium-sized
grains. Grains where chosen with respect to their habit, that is, poikilitic crystals were excluded from

MOCK ET AL.

50f 29



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB019573

measurement. With respect to best possible consistency along both sections, we decided to obtain phase pro-
portions and grain sizes by visual estimation rather than EBSD analysis since the latter was for the Wadi
Somerah only applied to a subset of samples. Nonetheless, we compared the results of our visual approach
with those obtained by EBSD and found that both phase proportions and relative grain size differences
between the samples are consistent between both methods.

Major and minor element compositions of olivine, clinopyroxene, and plagioclase were determined in the
cores and rims of crystals in thin sections with a Cameca SX 100 electron microprobe at the Institute
of Mineralogy in Hannover. The electron probe was operated through the Peaksight software. We used an
accelerating voltage of 15 kV and a beam current of 15 nA. The beam was focused to 2 pm for olivine and pla-
gioclase analyses; for clinopyroxene analysis the beam was defocused to 20 um in order to integrate potential
exsolution lamellae. Measurement times were 10 s on peak and 5 s on each background for all elements.
Diffusion profile analyses of Ca in olivine were performed in order to estimate cooling rates (see below).
For those analyses, we used a focused beam with an accelerating voltage of 15 kV and a beam current of
100 nA. Calcium was measured on a large pentaerythritol (LPET) crystal with a peak time of 240 s and
120 s on each background. High-precision analyses of Mg in plagioclase were also performed with an accel-
erating voltage of 15 kV and a high beam current of 100 nA. Magnesium was analyzed on a thallium acid
phthalate (TAP) crystal with 240 s on peak and 120 s on each background. A matrix correction was applied
following the PAP scheme (Pouchou & Pichoir, 1991).

In situ analyses of trace elements, and in particular of rare earth elements (REE), in plagioclase and clinopyr-
oxene were performed at the Institute of Geosciences in Kiel using a 193 nm ArF excimer laser ablation
system (GeoLasPro HD, Coherent) coupled to an Agilent 7,900-s inductively coupled plasma mass spectro-
metry (ICP-MS). Analyses were performed as point measurements with 16 Hz pulse rate, 18 Jem ™~ fluence,
and a crater diameter of 120 um on plagioclase, and 10 Hz, 12 Jem™2, and a crater diameter of 32 um on clin-
opyroxene. Helium was used as carrier gas with addition of 14 ml H,. Initial data processing and setting of
integration intervals were performed with the GLITTER software package, applying the method of internal
standardization with CaO as determined from electron probe measurements as internal standard and using
NIST SRM612 for initial calibration. A second matrix matched calibration step was applied using micro-ana-
lytical reference materials BIR-1P, BHVO-2P, JGb-1P, and JF-1P prepared as nano-particulate pellets (Garbe-
Schonberg & Muller, 2014; see calibration data in Mock et al., 2020b). Precision of replicate measurements
was <2% relative standard deviation for most elements with an accuracy of ~5% RMSD (root-mean-square
deviation) on BCR-2G at >10*LOD (limit of detection; see accuracy data in Mock et al., 2020b).

Electron backscatter diffraction (EBSD) mapping was performed at Géosciences Montpellier with a JEOL
JSM 5600 scanning electron microscope equipped with an Oxford/Nordlys EBSD detector and using the
Agztec software. We used an accelerating voltage of 15 kV. Analyses were performed for each crystal along a
grid with a step size of 16.5 to 30.0 um depending on grain size.

3.3. Estimation of Cooling Rates and Crystallization Temperatures

Cooling rates were estimated using the Ca-in-olivine speedometer (Coogan et al., 2005) and the Mg-in-pla-
gioclase speedometer (Faak et al., 2014). Both methods use diffusion profiles in crystals to estimate how fast
the rocks cooled in the sub-solidus down to their closure temperatures. Following the arguments of Coogan
et al. (2007), we modeled the Ca diffusion in olivine at a fixed fO, of 102 bar. Both methods, Ca-in-olivine
and Mg-in-plagioclase, are based on high spatial resolution rim-core-rim electron microprobe profiles in oli-
vine or plagioclase crystals, respectively, that are adjacent to clinopyroxene crystals which serve as
semi-infinite reservoirs for both Ca and Mg. Using the geothermometers of Shejwalkar and Coogan (2013)
for Ca-in-olivine and Faak et al. (2013) for Mg-in-plagioclase allows the closure temperature (T.)—the
temperature at which diffusion in the crystal becomes too inefficient for significant changes in element dis-
tribution to occur—to be estimated for every measurement point along a rim-core-rim profile. T. depends on
the distance from the interface (Dodson, 1986; Onorato et al., 1981) such that the shape of profile, that is, the
absolute values for T, and the relative difference between core and rim data, can be used to estimate the
sub-solidus cooling rate.

Modeling diffusion profiles and using them for geospeedometry involves several sources of uncertainty
which we tried to minimize or eliminate. As shown by Dalton and Lane (1996), rim analyses of Ca as a
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trace element in olivine adjacent to a Ca-rich phase are highly sensitive to secondary fluorescence. The pro-
files started and ended always ~5 um from the rim. Following Coogan et al. (2002), secondary fluorescence
potentially affects the outermost 100 pm of a profile. However, the profiles used for the modeling have very
similar shapes with only small differences between core and rim composition, regardless of the adjacent
phases at the start and end of the profile. Since we would expect secondary fluorescence to affect every pro-
file in a different way (i.e., depending on adjacent phases; Coogan et al., 2002), the similarities between the
profiles appear unlikely to result from secondary fluorescence. Moreover, taking the small number of clear
outliers in the measured profiles on many different samples into account, it is improbable that secondary
fluorescence significantly affected our results. Uncertainties may also arise from grain shapes (i.e., cutting
effects; e.g., Coogan et al., 2007) which we tried to minimize by analyses of several grains per sample.
Occasionally, we performed measurements of two perpendicular profiles per grain in order to eliminate
erroneous impact from crystal shapes. The similarity of results obtained by applying independent methods
(i.e., Ca-in-olivine and Mg-in-plagioclase) in Wadi Wariyah suggests that both methods are reliable. All
profile data are collected in Mock et al. (2020a). Crystallization temperatures were estimated using the
thermometer of Sun and Liang (2017) that exploits the temperature-dependent partitioning of REE between
plagioclase and clinopyroxene.

3.4. Processing EBSD Data

The first steps of post-processing and refining EBSD data were performed with the Channel5 Tango applica-
tion. Grain statistics, maps, eigenvalue analyses, and pole figures were calculated using the MTEX toolbox for
Matlab® (e.g., Mainprice et al., 2015). Very small grains with a size of less than 10 pixels were deleted since
they are assumed to be results of analytical errors. Twins in plagioclase and clinopyroxene were defined
assuming a misorientation angle of 180° + 2 to the neighbored grain of the same phase. Crystallographic pre-
ferred orientations (CPO) were quantified using the J index of the orientation distribution function (called
ODF J index here) after Bunge and Esling (1982), which varies between 1 for a random fabric and oo for a
single crystal. The pole figure symmetry was quantified using the BA index for plagioclase and the BC indices
for clinopyroxene and olivine, respectively (Satsukawa et al., 2013). These indices vary between 0 for a
foliated symmetry (axial B-type) and 1 for a lineated symmetry (axial A-type or axial C-type, respectively).
The intermediate P-type symmetry corresponds to an index of ~0.5. Using the orientation of each pixel, it
is possible to calculate the misorientation of a single pixel from the average orientation of the corresponding
grain and, therefore, to quantify the internal misorientation of a grain. The grain orientation spread (GOS) is
the average internal misorientation of all grains per phase in a sample. Hence, the GOS provides a quantifica-
tion of the intracrystalline deformation intensity per mineral phase within the samples. We present and
interpret the GOS for plagioclase and clinopyroxene only. Due to intense mesh serpentinization, olivine grain
boundaries obtained by EBSD were determined incorrectly, meaning that the GOS cannot be calculated for
whole primary grains and is therefore probably underestimated. Pole figures and fabric indices of plagioclase
and clinopyroxene were calculated using a randomly chosen pixel per grain (grain data) instead of all indexed
pixels (grid data; e.g., Satsukawa et al., 2013) in order to avoid that data from large grains become overesti-
mated. Due to the potentially incorrect identification of olivine grain boundaries, olivine fabrics have been
calculated using the grid data. This may lead to an increased ODF J index.

4. Results
4.1. Wadi Somerah

The primary lithologies of the decimeter-scale layering in Wadi Somerah are gabbros or olivine gabbros with
the main phases being plagioclase, clinopyroxene, and olivine. Modal layering is mostly expressed by varia-
bility in olivine contents of up to 23% in melanocratic layer bases and less than 10% in leucocratic tops
(Figure 4). Complex mesh serpentinization of olivine leads to the dark appearance of the layer bases observed
in the field. Olivine-enriched layer bases and olivine-depleted layer tops are represented by EBSD phase maps
in Figures 3a and 3b. Plagioclase usually forms the smallest grains with grain sizes of 0.2-0.7 mm long axis
length. Olivine and clinopyroxene grain sizes are larger, with average grain sizes of 1-2.5 mm.
Clinopyroxene grains are the largest at the base of layer 2, which has significantly larger grains than the
top of layer 1 (see layer details in Figure 4). An increasing trend in grain size toward the layer base is only
observed in layers 1 and 2; other layers show either no trend or even a trend of grain size coarsening
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Figure 3. Phase maps of three thin-sections from our study. (a) Sample OM10-Sam_8-1 representing the leucocratic, olivine-poor top of layer 4. (b) Sample
OM10-Sam_7-3 representing the melanocratic, olivine-rich base of layer 4. Both (a) and (b) correspond to the decimeter-scaled layering in Wadi Somerah.

(c) Sample OM10-War_DSI1 covering layers 1-5 from the millimeter layering in Wadi Wariyah. Note the legend of every image. The bars at the image bases are
10 mm. White arrows give direction profile up.

upward. On a thin-section scale, grain size variation is small for every phase (see representative phase maps
in Figures 3a and 3b). The grain shape of all phases is anhedral to subhedral with prismatic and occasionally
elongated habits. Plagioclase occasionally forms chadacrysts in poikilitic clinopyroxene or olivine, indicating
that plagioclase partially crystallized simultaneously with olivine and clinopyroxene. Olivine shows
strong alteration to mesh serpentine, often related to alteration veins and their halos, implying that olivine
alteration was triggered by hydrothermal activity. An alignment of elongated olivine crystals is well
preserved in leucocratic samples with small amounts of olivine. The majority of olivine grains in the
melanocratic samples shows a round shape and no clear lineation. All petrographic results are
summarized in Table 1.

Mineral compositions (see Mock et al., 2020a, for compositional data) from the Wadi Somerah sequence
show that there is no general correlation with position in different modal layers (Figure 4). The core Mg#
([Mg/(Mg + Fe)] x 100; molar basis) in olivine varies between 78.1 and 80.6. From the base of the sequence
up section, the Mg# is nearly constant in the depth interval between 225 and 275 cm. It significantly
decreases from 80.5 to 78 toward the base of layer 2 at a depth in the sequence of 200 cm. Above this mini-
mum, the Mg# increases up section to 175 cm, reaching its maximum of 80.6. The following trend up section
is relatively homogeneous, showing a slight decrease which is most pronounced between the base and top of
layer 5. NiO in olivine follows the Mg# trend of olivine except for layer 2 and layer 5, where NiO is decoupled
from the Mg# value.

The Mg# in clinopyroxene cores shows nearly constant values throughout the stratigraphy with only limited
variability between 83.7 and 85.9, showing small shifts within the natural variability along the whole
sequence. These shifts seem not to correlate with the Mg# in olivine. The most distinct shift in clinopyroxene
Mg# occurs in layer 5, where it varies from 84 to 85.8 in a single sample, while the corresponding olivine in

MOCK ET AL.

8 of 29



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2020JB019573

Moda[l :rre:p;;tions gr?'i:‘l;ilze Meg# in Ol Ni[a:; ]0I Mg# in Cpx Crz&ti;: ]Cpx TiO[‘IM I:;s ?px z; ;: r(:‘r]ox Cattin Plag Ce[ ;: :I]ag Siiides BA ;:::;TC//«::] Teee [°C]
o [ i IR I, IR - 40:.4 fe) o Sl e e A Suz) o o >
5 j Bt° ZF % |5 = ——
25} 5
S0rOp 44 2 ® ) k- e ooy A = (@ u] = o ~
8 j @ & E 3 = - " "
75F 4
Pe L8 |BS ) % o C N o = -8 o ] @
E100f
-ﬁ' o o [} o L LS e s —a0- 5] 5] = oo RS 3
&
S 125k
42‘ o = - I T K. B s g = | B e
=
S50}
°
- ° ° e g oo 2
& k #’ 08 =& ] e 2 ’i ﬁ; A % 5 = ‘l ’ X | o
20L& Y [ ¢ SN V" P iean! a ol . | b G
0" a .0 *5 a%ef [ *‘%&:‘_‘ Aﬁ% ) "_..1‘+ il 'kl l. > ‘o%. -
25(@ o e —e— e o g =) A a - o
250} 1
8 . S gt hh A= A e e S [ . ® o o
275+

] 25 50

376 78 80 8

00 02 04 06 X X
01 02 03 04 o 0 5 101520 030609 12, , 00020406 o " 1250 1300

80 82 84 86 88 .3 05 0.7 78 80 82 84 86 2 3

Figure 4. Summarized results of analyses on the decimeter-scale layered gabbro sequence from Wadi Somerah. Gray numbers on the right give the layer number;
gradational gray background symbolizes the layer color, most pronounced by olivine content. Closed symbols are core; crosses are rim analyses. Black bars

in element plots give 1 sigma standard deviation from the mean. Black bars in Trgg plot give standard error of the regression line provided by the Sun

and Liang (2017) excel sheet. Mg# = Mg/(Mg + Fe)x100; molar basis, Ca# = Ca/(Ca + Na)x100; molar basis. Note correlating trends with respect to several data
sets within a given layer, most pronounced in layer 2. See text for further interpretation.

the same horizon does not show this anomaly to more primitive compositions, neither with respect to the
Mg# nor to NiO. In contrast to olivine and plagioclase, clinopyroxene crystals are slightly zoned, with
higher Mg# values in the core. Rim Mg#s generally vary between 81.8 and 85.9. The degree of zoning
differs significantly (up to 2 Mg# units between core and rim at the base of layer 2) but does not show any
evolution in the whole sequence or within individual layers. We also observed zoning in TiO, with
concentrations being increased in the rims by an average enrichment factor of 1.18 (with 1.74 at
maximum). Incompatible trace elements (represented by Zr in Figure 4) reflect this trend consistently,
with higher values in the rims enriched by a factor of up to 2.4 in the case of Zr. All trace element data
are collected in Mock et al. (2020b).

Cat# ([Ca/(Ca + Na)] x 100, molar basis) in plagioclase covers a range between 79.8 and 84.1 with a distinct
minimum at a depth of 200 cm (base of layer 2), clearly correlating with the minimum in Mg# of olivine in
that horizon. The Ca# increases above and below this point from 79.8 to 82.9 and 82.6, respectively. The evo-
lution of the Ce content (representing a proxy for plagioclase trace element content) inversely correlates with
the trends of the Ca# within layers 2 and 3 (i.e., increasing Ce with decreasing Ca# and vice versa) but
behaves differently within layer 1 and at the transition between layers 5 and 6 where Ce shows a consider-
able scattering at constant Ca#.

A high spatial resolution microprobe profile with a step size of 27 um throughout the transition between
layerl and layer 2 reveals slight differences in clinopyroxene composition, indicating that clinopyroxene
at the base of layer 2 is more primitive than at the top of layer 1 (Figure 5). The profile also reveals a slightly
lower Mg# in olivine, which is consistent with core and rim analyses but does not fit the observed difference
of more primitive clinopyroxene composition in layer 2. In contrast, the mean plagioclase Ca# is similar in
both layers but shows significant intergranular heterogeneities.

Crystallization temperatures estimated using the Sun and Liang (2017) REE-in-plagioclase-and-clinopyrox-
ene thermometer range between 1230°C and 1300°C, with a mean of 1254°C and a one sigma standard
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Figure 5. (a) Cross-polarized thin-section photograph of the layer boundary between layers 1 and 2 from Wadi Somerah;
ol = olivine, cpx = clinopyroxene, pl = plagioclase. Black line gives the position of the EPMA profile; the black

arrow marks its direction. Dashed black line marks the layer boundary deviated from modal proportions. Note the
significantly increased olivine content at layer 2. Image width = 2 cm. (b) Mg#s of clinopyroxene and olivine and Ca# of
plagioclase plotted along the profile given in (a). Green circles give olivine, red triangles clinopyroxene, and blue
rectangles plagioclase data. The image at the bottom shows the profile position, cropped and rotated from (a). The gray
and white bars symbolize individual grains. Horizontal colored lines give median for layer 1 or layer 2, respectively,
with green = Mg# in ol, red = Mg# in cpx, and blue = Ca# in pl. Note its changes at 6 mm coinciding with the layer
boundary in (a).

deviation of 24°C. Considering the data and model uncertainties, which lead to uncertainties of about 50°C,
we assess the crystallization temperatures as being more or less constant along the profile.

The cooling rates obtained by Ca-in-olivine calculations using the thermometer of Shejwalkar
and Coogan (2013) result in slow cooling rates between 1.2°C/kyr and 22°C/kyr with an average of 7°C/
kyr (log[dT/df] = —2.21°C + 0.7°C yr™') and closure temperatures of 910°C to 965°C in the core.
Using Mg-in-plagioclase after Faak et al. (2014) for an estimate of the cooling rate does not provide reliable
results for Wadi Somerah samples due to Mg contents in plagioclase falling below the detection limit of
about 0.005 wt%. The very low closure temperature of 550°C modeled for a putative MgO content of
0.005 wt% is far below the closure temperatures calculated using Ca-in-olivine and indicates much slower
cooling. Before the background of the misfit between the two applied methods, and taking indicators for
hydrothermal alteration of the sampled material into account, we interpret the low MgO contents in plagi-
oclase from Wadi Somerah as result of secondary reactions (e.g., dissolution-reprecipitation) rather than
solid-state diffusion as it was already observed in samples in recent lower oceanic crust by Faak et al. (2015).
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Figure 6. Representative pole figures for crystallographic axes [100], [010], and [001] of olivine (a) and the crystallographic axes or poles [100], (010), and (001) of
plagioclase (b) in Wadi Somerah. The pole figures are arranged by their height in the sequence; text block aside gives the layer number and the sample
position within the layer (base/top), the depth in the layered sequence, the corresponding BA or BC index, and the ODF J index of the sample. N is the number of
analyzed grains. The blue line gives the foliation estimated from (010) of plagioclase. The star behind a layer number indicates a low number of analyzed
grains (<70). Patterns with a point of every analyzed pixel are plotted for samples with <70 analyzed grains because contoured pole figures are not significant here.
Note the differently scaled color bars.

The orientation of our samples was not documented during collection. Therefore, the pole figures and indi-
cated orientations of fabric features can only be interpreted on the thin-section scale and not at outcrop or
crustal scales. Nonetheless, the pole figures of olivine and plagioclase obtained by EBSD reveal remarkable
observations (see Figure 6; all pole figures are compiled in Mock et al., 2020a). Except for the base of layer 2,
which is described in more detail below, the pole figures show relatively similar features. Plagioclase shows
distinct maxima in (010) coupled with weak maxima of [100]. Maxima in plagioclase [100] are most domi-
nant at layer 5 top, layer 4 base, and layer 3, therefore indicating a slightly more linear fabric in these layers.
Most olivine fabrics of this section also shows well-pronounced [010] maxima and more modest [001] max-
ima. Olivine [100] maxima at layer 4 base, layer 2 top, and layer 1 top correlating with plagioclase [100]
lineation possibly indicate some plastic deformation overprint (although layer 2 top and layer 1 top should
be read with caution due to the low number of measured olivine grains). At the bases of layer 5 and layer 3,
olivine [001] correlates with plagioclase [100], suggesting a weak (010) [001] olivine fabric, which can be
ascribed to magmatic flow (e.g., Jousselin et al., 2012). In contrast to these more or less well-pronounced fab-
rics, the layer 2 base has at most only a very weak plagioclase fabric. The number of analyzed olivine grains is
very low here, such that the results cannot be as representative as those of plagioclase; the pole figures show
maxima in all crystallographic axes.

The nearly absent fabric at the base of layer 2 is reflected by a low plagioclase ODF J index of 1.52 (Figures 4
and 6). Importantly, the minimum ODF J here correlates with the minimum in olivine Mg# and plagioclase
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Ca#. Furthermore, the corresponding samples are the only ones in the entire profile where the modal abun-
dance of clinopyroxene is significantly higher than that of plagioclase and clinopyroxene grain sizes are
clearly higher when compared with the surrounding tops of layers 1 and 2. Very low internal misorientations
in plagioclase and clinopyroxene (GOS < 0.5° in both phases) imply that samples from Wadi Somerah did
not experience significant intracrystalline deformation.

4.2. Wadi Wariyah

Due to the millimeter-scale layering in the sample from Wadi Wariyah, it is not possible to clearly assign
crystals to either the melanocratic base of a layer or its leucocratic top. Thus, only average values are given
for individual layers. The millimeter-scale layers from Wadi Wariyah contain between 3% (layer 1) and
20% (layer 3) olivine, 50% (layer 3 and 4) to 65% (layer 11) plagioclase, and 20% (layers 8 and 11) to 40% (layer
1) clinopyroxene (see Table 1 for modal proportions of every layer). Olivine is enriched in diffuse,
millimeter-scaled bands defining the observed layering. All layers in the sample from Wadi Wariyah are
classified as olivine gabbro (>5 modal % olivine) except for layer 1 which is classified as olivine-bearing
gabbro. The EBSD phase map in Figure 3c shows the sample OM10-War_DS1 which covers the upper five
millimeter layers from Wadi Wariyah. Note the fine differences in olivine abundance from base to top of every
layer. Plagioclase shows a homogeneous, sub-millimeter, crystal long-axis length along the sequence whereas
olivine grains are larger (1-1.5 mm on average). Clinopyroxene shows the largest grains in layer 1 with a
1.5-mm average size, but the grain size gradually decreases down section to a minimum of 0.5 in layer 5.
Clinopyroxene size is then constant from layer 1 to layer 5. As for the Wadi Somerah samples, grain shape
is commonly subhedral, olivine is irregular, whereas plagioclase occasionally forms elongated laths.
Poikilitic or skeletal olivine and clinopyroxene crystals containing plagioclase indicate a similar crystal-
lization sequence to that inferred from Wadi Somerah. The petrographic results from Wadi Wariyah are
summarized in Table 1.

The microprobe data from Wadi Wariyah (see collected data in Mock et al., 2020a) reveal Mg# values of
olivine and clinopyroxene ranging between 85.0 and 86.5, and 86.3 and 89.0, respectively (Figure 7). The
Mg# of olivine slightly decreases up section with a significantly outlier at layer 6. The NiO content ranges
between 0.1 and 0.2 wt%. The Mg# of clinopyroxene shows an evolution similar to that of the Mg# in olivine
with nearly constant values along the sequence and with a distinct maximum of 89.0 at layer 6. The evolu-
tion of Cr,03 is correlated with that of the Mg#. We observe clear trends in the TiO, content in clinopyrox-
ene, which is positively correlated with Mg# in layer 6. Both Cr,05 and TiO, show significant differences in
core and rim compositions which do not, however, represent systematic zonation. The Ca# varies within a
small range between 86.7 and 87.9, thus generally higher than in Wadi Somerah, with a slight increase up
section from layer 2 to 11 and a marked decrease to layer 1. However, the Ca# does not show its maximum
in layer 6, as may be expected from elevated Mg# in olivine and clinopyroxene, here.

Cooling rates in Wadi Wariyah were estimated using both Ca-in-olivine and Mg-in-plagioclase speedometers.
Both methods reveal broadly similar cooling rates within a wide range of 12 to 180°C/kyr, with an average of
81°C/kyr (log[dT/dt] = —1.19 + 0.5°C yr_1 using Ca in olivine) and 51°C/kyr (log[dT/d¢] = —1.35°C + 0.6°
C yr! using Mg in plagioclase) (see Mock et al., 2020a). Compared to Wadi Somerah, subsolidus cooling
in Wadi Wariyah was up to one and a half orders of magnitude faster. The closure temperatures calculated
for plagioclase rims vary from 850 to 930°C.

The pole figures obtained for every layer of the Wadi Wariyah profile are very similar (Figure 8; see compiled
pole figures for Wadi Wariyah Mock et al. (2020a)) with a consistent distinct maximum of plagioclase (010)
and well-pronounced girdle with weak point maxima of [100]. This dominantly planar plagioclase fabric is
reflected by olivine with maxima of [010] and girdles with weak point maxima of both [100] and [001] of
every layer, therefore suggesting a compaction-dominated regime. Magmatic lineation, as we found indi-
cated by olivine fabrics in Wadi Somerah, are less distinct in Wadi Wariyah, and only suggested by the cor-
relating weak point maxima in [100] and [001] in plagioclase and olivine, respectively. These findings are
well-represented by low values for the BA and the BC indices in plagioclase and olivine, respectively, of
up to 0.28. Only the BC of olivine, being calculated from a relatively small number of grains, reaches 0.6
in layer 6. The ODF J index of 3.71 to 6.01 for plagioclase is slightly higher than the one from Wadi
Somerah. Calculating the ODF J index for only 300 randomly chosen plagioclase grains of every sample from
both locations confirmed that the increased ODF J index in Wadi Wariyah is not a mathematical artifact
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Figure 7. Summarized results of analyses on the millimeter-scale layered gabbro sequence from Wadi Wariyah. Gray numbers on the right give the layer number;
gradational gray background symbolizes the layer color, most pronounced by olivine content. Closed symbols are core; crosses are rim analyses. Black bars
give 1 sigma standard deviation from the mean. Mg# = Mg/(Mg + Fe) x 100; molar basis, Ca# = Ca/(Ca + Na) X 100; molar basis. GOS = grain orientation spread.
See text for further interpretation.
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Figure 8. Representative pole figures for crystallographic axes [100], [010] and [001] of olivine (a) and axes or poles [100], (010) and (001) of plagioclase (b) in
Wadi Wariyah. The pole figures are arranged by their height in the sequence; text block aside gives the layer number, the depth in the layered sequence, the
corresponding BA or BC index, and the ODF J index of the sample. N is the number of analyzed grains. The blue line gives the foliation estimated from (010) of
plagioclase. Note the differently scaled color bars.
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= 831 1820 5.1. Our Data in the Context of Previous Studies
c
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already noted, we see general inter-phase correlations in terms of major

Figure 9. Ca# ((Ca/Ca + Na) x 100; molar basis) in plagioclase and Mg# element composition at the base of layer 2 in our profile from Wadi
((Mg/Mg#Fe) x 100; molar basis) in olivine plotted versus Mg# in Somerah where Mg# in olivine, Ca# in plagioclase, and Mg# in clinopyr-

clinopyroxene. Blue rectangles are plagioclase data, green circles are olivine
data. Lighter colors belong to samples from Wadi Somerah, darker to
Wadi Wariyah. Error bars symbolize one sigma standard deviation from the

mean.

oxene rims follow the same fractionation trend. A simple explanation for
this behavior could be an increased amount of trapped melt within this
region. A longer time to equilibrate the minerals with the trapped melt
leads to more fractionated melt- and therefore evolved mineral composi-
tions. This scenario is consistent with fast Mg/Fe diffusion in olivine
(Chakraborty, 1997) equilibrating initial core-rim zonation which is hence no longer observed in our sam-
ples. In clinopyroxene, a core-rim zonation can still be observed due to slower Mg/Fe interdiffusion (e.g.,
Dimanov & Sautter, 2000). Simultaneous Ti enrichment in the rim is consistent with Ti diffusion being 1-3
orders of magnitude slower in pyroxenes than the diffusion of Mg and Fe (Cherniak & Liang, 2012).
However, the coupled Na + Si/Ca + Al diffusion in plagioclase is very slow (e.g., Morse, 1984) implying that
the observed lack of zoning is primary and plagioclase crystallization did not occur within a trapped liquid.
Apart from at the base of layer 2 base, our data do not show significant trends, and no further inter-phase cor-
relations are observed, in part due to analytical uncertainties being large with respect to the very limited com-
positional variation present at Wadi Somerah (Figure 9). It can be argued that inter-phase correlations are
overprinted by post-cumulus percolation of evolved melt interacting with the cumulates (e.g., Jansen
etal., 2018; Lissenberg et al., 2013), but indicators for such processes, for example, strong enrichment of trace
elements from core to rims in clinopyroxene, are only weakly developed in our samples. We found a maxi-
mum enrichment of Zr in the rim by a factor of 2.4 compared to its core in a single sample. Other trace
elements show weaker rim/core enrichments, with observed factors reaching a maximum of 1.6. Also, the
rim/core ratios of Zr/Nd and Ce/Y give relatively homogeneous element distributions with values up to 1.6
and down to 0.8, respectively. In contrast, rim/core enrichment factors of up to 15 were reported for deep gab-
bros from Hess Deep where melt percolation is assumed to have taken place (Lissenberg et al., 2013).
However, interpreting these data needs consideration of diffusivity of these elements which tends to balance
differences and therefore could weaken the initial degree of zonation. As Sun and Liang (2017) point out, dif-
fusion of REEs in clinopyroxene and plagioclase is significantly slower than Mg diffusion in both minerals.
This first explains why REE zonation in clinopyroxene is more systematic than the zonation of Mg
(Figure 10) and second indicates that initial zonation was not much stronger than the zonation we observed
in our samples. Taking the cooling rate of up to 22°C/kyr into account which limits the efficient equilibration
of REEs due to their low diffusivities (e.g., Sun & Liang, 2017), enrichment factors of ~15 as found by
Lissenberg et al. (2013) at Hess Deep are absent in our profile from Wadi Somerah. Therefore, we assume that
the influence of percolating porous melt was very limited in our samples.

Values of differentiation indices in Wadi Wariyah close to the MTZ are lower than typical numbers from
mantle olivines in Oman (Fo > 90; e.g., Tamura & Arai, 2006), indicating that the melt has undergone
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some crystallization since leaving the mantle. Defining the crustal region
where differentiation of the melt occurred is, however, beyond the scope
of this study. Our data are in good agreement with most of the fractiona-
tion indices obtained by Korenaga and Kelemen (1997) who sampled
modally layered gabbros from the MTZ. However, in contrast with our
results, they also found that phase compositions correlated with modal
proportions. Since these variations occur on a millimeter to centimeter
scale, they conclude that the modal layering they observed cannot have
formed by crystal settling as this would have led to relatively high poros-
ities eliminating fine chemical variations by equilibration with interstitial
melt.

10 +

sample / chondrite

i clinopyroxene

________ A layer 3 top

5.2. The Formation of Igneous Layering in Profiles From Wadi
Somerah and Wadi Wariyah

Layer-forming processes have been reviewed in detail by Naslund and
McBirney (1996) and more recently Namur et al. (2015) who also argued
that they can generally be separated into dynamic (i.e., occur during fill-

—o— layer 6 base

ing or crystallization of a magma chamber) and non-dynamic (i.e., rapid
—e— layer 5 base

changes in intensive conditions of crystallization) layer-forming processes
and that they range from physical processes (e.g., gravitational sorting) to

—o— layer 3 base . e ; . . -
tectonic (e.g., seismic shocks) and chemical ones (e.g., dissolution-precipi-

A layer 2 top
—o— layer 2 base tation). Many of these processes can occur in any given magmatic system,

& layer 1top and none of them are thought to be exclusively responsible for any distinct
—o— layer 1 base type of layering. We provide a compilation and brief evaluation of 31

La Ce Pr Nd Sm‘Eu

Gd o Dy “Ho Er Tm Yb Lu layer-forming processes (according to Namur et al., 2015) that are poten-

tially relevant to our samples in the electronic supplement, and we discuss

Figure 10. Chondrite-normalized rare earth element data in (a) plagioclase 1o processes which find at least partial support in our data in detail

and (b) clinopyroxene. Chondrite values from McDonough
and Sun (1995). Circles symbolize data from layer bases and tringles from
the tops. Closed symbols are core; open symbols are rim data.

below. Providing a full overview of all layer-forming processes is, how-
ever, beyond the scope of this work.

5.2.1. Magma Injection

Correlated changes in major mineral compositions and crystallographic
preferred orientations (Figure 4) in layer 2 from Wadi Somerah indicate
that the formation of this particular section of the profile was accompanied by processes affecting the
mechanical and chemical properties of the rock. One explanation considered above invokes an increased
amount of trapped melt at the base of layer 2 leading to more fractionated minerals. An alternative explana-
tion for a compositional shift toward more primitive phase compositions at the top of layer 2 could be the
influx of more primitive melt, provoked by a replenishment process. We see evidence for such an event in
the different phase compositions between the base and the top of layer 2: while the compositions follow a
clear fractionating trend from layer 1 top to the base of layer 2, with decreasing Mg# correlating with
decreasing NiO in olivine, decreasing Ca# correlating with increasing Ce in plagioclase, and decreasing
Mg# correlating with increasing TiO, and Cr,05 contents at the rim of clinopyroxene, the compositions at
the top of layer 2 show more primitive signals. The Mg# of olivine is increased compared to the base of layer
2, the Cat# of plagioclase as well which correlates with a decreased Ce content. Also, the rim values of TiO,
and Cr,05 in clinopyroxene decreased from the base of layer 2 toward its top, indicating that the top of layer
2 crystallized from a more primitive melt than the base of this layer.

A remarkable change in rock fabric occurring between the base and the top of layer 2 (i.e., no fabric at the
base, plagioclase (010) maximum with [100] girdle, copied by [010] and [001] of small amounts of analyzed
olivine; Figure 6a, see pole figure compilation in Mock et al., 2020a) coincides with the shifts in mineral com-
positions described above. Although an increased amount of trapped melt at the base of layer 2 can explain
most of the observed variation in phase compositions, the absence of a clear rock fabric appears more con-
sistent with the hypothesis that the base of layer 2 crystallized in a system with only limited amounts of melt
where solid phase mobility was reduced. However, the magmatic fabric at the top of the same layer indicates
a higher liquid/solid ratio, which would in turn result in higher crystal mobility enabling crystals to orient
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and form the observed foliation. We therefore argue that the shift toward
more primitive phase compositions at the top of layer 2 could also be inter-
preted as indicators for a magma replenishment affecting both chemical
and textural features of the sample. If this interpretation is correct, we
infer that localized melt injections are possible within the lower crust.

If magma replenishment occurs within the lower oceanic crust, is it able
to trigger modal layering formation by resetting the crystallization
sequence? Correlating every layer with an individual pulse of fresh
magma would create correlations between phase compositions and the
layer height and therefore, in case of modal layering, also between phase
compositions and mineral abundances. This was observed by Korenaga
and Kelemen (1997) who found that olivine-rich sections were more pri-
mitive in terms of Fo in olivine and partially also Cr in clinopyroxene.
They concluded that the melt lens composition could be reset by expul-
sion of melt through hydrofractures and repetitious expulsion and replen-
ishment could create modal layering. While this interpretation is relevant
to their data, it is inconsistent with the absence of layer-correlated compo-
sitional trends from our profiles. Although magma replenishment can
cause chemical and textural variability within the lower crust, it does
not seem to have driven the formation of modal layering in the samples
we have studied.

5.2.2. Gravitational Sorting by Crystal Settling

The concentration of the denser phases—olivine and clinopyroxene—
and the deficit of plagioclase at the base of each layer lead to the intuitive
suggestion that gravitational sorting plays a key role in the formation
of the modal layering in the Wadi Somerah sequence. Theoretically,
an increased water activity expected for Oman paleo-magmatism

Figure 11. (a) Centimeter- to decimeter-scaled disturbed modal layering at  (e.g., MacLeod et al., 2013; Miiller et al., 2017; Pearce et al., 1981) could
the western flank of the Wadi Somerah outcrop. (b) Centimeter-scaled restrict plagioclase nucleation and therefore result in layers being

layer cross cutting a layer deposited before at the southern front of
the outcrop in Wadi Somerah. (c) Decimeter-scaled laminar horizontal
modal layering at the southern front of the Wadi Somerah outcrop. Knife as

depleted in plagioclase (or even wehrlitic layers which we do not observe
in our profiles; e.g., Feig et al., 2006). However, the water content of

scale bar with a length of about 10 cm. Orientation directions given 0.4-0.8 wt% estimated for the melt beneath the Oman spreading center
in black in (a) and (c). Note the significant difference in the appearance by Miiller et al. (2017) is insufficient to fully suppress plagioclase nuclea-
between (a) and (b), and (c). Photographs by D. Mock and P. E. Wolff. tion in basaltic melts (Feig et al., 2006; Gaetani et al., 1993). Furthermore,

poikilitic olivine and clinopyroxene hosting plagioclase chadacrysts makes it clear that plagioclase crystal-
lization occurred—at least in part—simultaneously with olivine and clinopyroxene.

Korenaga and Kelemen (1997) conclude that crystal settling could not have formed modal layering in the
Magsad area since the large porosity in a cumulate formed by crystal settling was inconsistent with the
millimeter-scale modal variation they observed in their samples. However, such systematic small-scale
correlations between modal proportions and phase compositions have not been observed in our samples.
Nonetheless, if a magmatic system contains enough melt to mobilize solid particles, density-controlled
phase segregation and therefore modal layering may be formed. However, if density-controlled phase seg-
regation occurs, a process is required to explain the rhythmic layer sequence that we observe. Possibly,
every layer could represent a completely crystallized individual sill (cf., the sheeted sills model; e.g.,
Kelemen et al., 1997). However, the crystallization from individual sills would be expected to result in
greater chemical differences between the layers, demanding a physical barrier between layers of sill intru-
sion into already solidified hence colder surrounding gabbro. The limited variation in our petrological and
chemical data does not agree with every layer having formed from a different sill. Sparks et al. (1993)
instead suggested that intermittent convection could form cyclic layering in a magma chamber: At a high
convection velocity, crystals can be kept in suspension and will settle down as soon as the convection
velocity decreases or stops. Following Stoke's law, denser crystals will settle faster and are therefore accu-
mulated at the base of the convective subunit. Repeated changes in convection velocity would lead to
rhythmic deposition of several layers.
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In order to evaluate the potential role of gravitational sorting on layer formation, we modeled the settling
velocities of olivine, plagioclase, and clinopyroxene. As parental melt composition, we considered the aver-
age Samail melt composition estimated by Pallister and Gregory (1983) with water contents between 0.4 and
0.8 wt% (MacLeod et al., 2013; Miiller et al., 2017). We used the models of Giordano et al. (2008) and of Ueki
and Iwamori (2016) to estimate the viscosity and the density of the melt, respectively, at a pressure of 0.2 GPa
and in a temperature range of 1230°C-1300°C, according to the calculated crystallization temperatures given
by the Sun and Liang (2017) REE thermometer. The resulting liquid parameters were applied to the Stoke's
law equation, taking into account the densities of olivine, plagioclase, and clinopyroxene as well as their esti-
mated grain sizes. The results show that plagioclase would float (or “rise” with a velocity in the range of 107°
to 1077 ms™ ') in the liquid, while olivine and clinopyroxene would sink with a velocity in the range of 10>
to 107> ms™ . Similar results are given considering a normal mid-ocean ridge basalt (NMORB) melt compo-
sition of Gale et al. (2013). This shows that intermittent convection could provoke the formation of cyclic
layers by gravity settling. However, floating of plagioclase would then lead to cumulates only containing oli-
vine and clinopyroxene with small amounts of interstitial plagioclase. The floating plagioclase would be
expected to form anorthositic layers at the top of a magma reservoir which, as the olivine-clinopyroxene
layers mentioned before, we do not observe in our sections. Moreover, taking grain size as a key parameter
in Stoke's law into account leads to the assumption that clear coarsening of all phases toward the layer bases
should be observed if the crystals uniformly settled down in a magma chamber. This is not the case (except
for layer 2), which further suggests that crystal settling from a melt-rich magma is not the dominant
layer-forming process.

5.2.3. Gravitational Sorting by Density Currents

As described in the previous section, crystal settling would lead to clear trends in both the modal proportions
and the grain size distribution of each layer. Those could, however, be obscured during layer formation if the
gravitational forces are overprinted by dynamic processes. Considering that a given magma lens crystallizes
first at its margins and roof, highly crystalline parts from the roof or margins of the magma reservoir may
become unstable and slump downward (Figure 13a). The concept of density currents resulting from this
mechanism and forming modal layers was first proposed by Irvine (1980b). Irvine et al. (1998) then applied
the same concept to modal layer formation in the Skaergaard intrusion in Greenland, and Vukmanovic
et al. (2018) recently illustrated it in details. Since evidence for density currents is mostly observed in dykes
and sills (Namur et al., 2015), they may also occur in the lower oceanic crust. Similar to submarine turbidites,
crystals will be sorted in such a current by density and grain size (Irvine et al., 1998), leading to both modal
and grain size layering (Figure 13a, t = 1). As shown above, plagioclase should float in a basaltic magma and
is therefore expected to be expelled from the olivine-plagioclase-pyroxene-liquid system. However, consid-
eration of other processes proposed by Irvine et al. (1998) makes clear that the mobility of plagioclase in a
mafic magma—and even more in a current of crystal-laden magma—is not only controlled by density:
(1) Before or during slumping of such a current, crystals might form aggregates or plagioclase can be
enclosed in poikilitic clinopyroxene. Both aggregates and poikilitic grains are able to carry plagioclase down-
ward, independently of the negative buoyancy of pure plagioclase in mafic melt. (2) Crystallization of the
interstitial liquid will decrease its porosity and, therefore, can be expected to limit plagioclase buoyancy.
(3) Once deposited, the yield strength of the residual liquid in the deposited layer will rapidly increase during
stagnation (Murase & McBirney, 1973), hampering crystal movement within the current. (4) In case that pla-
gioclase buoyancy overcomes the yield strength, ongoing deposition of density currents will also prevent pla-
gioclase floatation. Additionally, it remains possible that granular plagioclase crystallized in situ after
deposition of a density current.

The structure of the outcrop in Wadi Somerah (Figure 11) indicates that layers formed by a dynamic process:
Although the layering appears nearly horizontal and sub-parallel from the southern point of view
(Figure 11c), looking onto the western flank of the outcrop reveals highly disturbed layers with sedimentary
structures (Figure 11a). This appearance can be explained by post-cumulus shear strain deforming the
cumulates. Structural maps of the Oman ophiolite (Nicolas et al., 2000) reveal E-W oriented lineations in
the gabbros of this region, meaning that the lineation would be perpendicular to the western outcrop face.
However, field measurements would be required to develop these ideas further. Discordant layers
cross-cutting each other (Figure 11b) may, however, be an indicator for slumping currents of crystal-laden
magma, eroding underlying layers while moving downward.
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Our petrological data suggest (except for the base of layer 2) only weak inter-phase compositional correla-
tions (Figures 4 and 9) and are consistent with a scenario where crystals of slightly different compositions
become re-sorted and form a cumulate with limited homogeneity in terms of major and minor element dis-
tributions. Trace elements also imply that there are no internal systematics whether or not the top of a layer
is more fractionated than its base (Figure 10). Korenaga and Kelemen (1997) argue that density currents (or
other concepts for layer formation requiring thermal gradients, such as oscillatory nucleation or
double-diffusive convection) are not applicable to the modal layers in their samples due to the temperature
of the system being buffered by the large-scale thermal evolution beneath the ridge. In this kind of thermally
buffered system, they assume slow cooling of <1°C/kyr and thermal gradients of less than 1°C from the mar-
gin to the core of a melt sill, which raises the question whether crystallization occurs preferentially at the
margins of a lens. These conditions may indeed be applicable to the gabbroic sills of the MTZ. However,
the outcrop in Wadi Somerah is located in the middle of the layered gabbro sequence. Maclennan et al.
(2005) modeled the thermal evolution beneath a ridge for the scenarios of both a gabbro glacier and a hybrid
model combining features of subsiding crystal mush and in situ crystallization. They have shown that in
both cases the middle of the lower crust is cooler than the MTZ on-axis. Applied to our samples from the
mid-lower crust in Wadi Somerah, we therefore assume that they might have been subjected to lower
temperatures and less thermal buffering than the samples from the MTZ investigated by Kelemen
et al. (1997). The sub-solidus cooling rates estimated for Wadi Somerah indicate cooling of about log[dT/
df] = —2.21 + 0.7°Cyr™", being also faster than the very slow cooling assumed by Korenaga and Kelemen
(1997), at least in the sub-solidus. It might therefore be possible that crystallization preferentially occurred
at the margins of a melt lens.

Once the crystals have formed along the margins of a magma chamber, a topographic gradient is required for
the crystal mush to slump down. Pallister and Hopson (1981), who already observed cross bedding and
slump structures, found rare evidence for steep floor slopes during crystal accumulation. However, they cite
Brown (1956) among others, who considered an angle of 15° being the maximum angle of repose for ultra-
mafic cumulates of the Rum intrusion. We do not know the geometry of the magma reservoir where the sam-
ples from Wadi Somerah crystallized. Nonetheless, from the floor to the wall of such a reservoir, the
increasing slope must have exceeded a critical angle of repose at some point where slumping of previously
crystallized material might have been initialized. Slumping crystal-laden magma currents could benefit from
slightly dipping chamber floors that might extend their run out distances.

In terms of rock fabrics, density currents would align minerals along a linear fabric parallel to the magmatic
flow. Although indicators such as aligned and elongated olivine crystals are observed in the field, the degree
of lineation obtained by EBSD is relatively weak in Wadi Somerah and is in some cases superimposed by
planar fabrics, possibly caused by compaction in response to deposition by a current. Interpreting these
fabrics, however, requires consideration of dynamic conditions in an assumed density current. If an already
relatively solidified crystal-laden current slumps down, it is unclear whether crystal alignment occurs effi-
ciently or is hampered due to an absence of grain mobility. Therefore, the presence of different degrees of
linear fabrics does not necessarily rule out a role for density currents. Considering that field lineations are
relatively homogeneous over large scales (e.g., Nicolas et al., 1988; Nicolas et al., 2000) leads to the question
of whether their homogeneity is consistent with magmatic currents. In a melt lens, they are assumed to
move from all sides which in turn would lead to variable lineations. However, depending on the shape of
the magma lens, there might be a preferred flow direction. Assuming an elongated chamber being aligned
sub-parallel to the spreading axis would be consistent with lineations being sub-perpendicular to the ridge
axis at the global ophiolite scale (Nicolas et al., 2000). These workers moreover point out that on a smaller
scale “a given outcrop often yields opposite shear directions” which could be formed by internal shear within
magma currents slumping from opposite chamber walls.

5.2.4. Simple Shear

Beside internal shear induced by the movement of a magma current, simple shear induced by external forces
(e.g., mantle movement) may occur and deform the cumulate material. Simple shear as a post-cumulus
process is able to develop weak heterogeneities in a massive rock into lenticular bands (Ramsay &
Graham, 1970). By studying layered gabbros in the MTZ of the Oman ophiolite, Jousselin et al. (2012) iden-
tified simple shearing, induced by lateral movement of the asthenospheric mantle, as a potentially important
process for the formation of modal layering in lower oceanic crust. As Nicolas (1992) already suggested,
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shearing is able to affect not only the lowermost crustal section near the MTZ but also the overlying layered
gabbro sequence where they also found indicators for simple shearing. Although in some layers from Wadi
Somerah olivine reveals a magmatic fabric, possibly formed by slumping currents (e.g., base of layer 5), a
lineation defined by [100](010) in olivine (e.g., at the bases of layers 1 and 4) suggests a plastic deformation
overprint of the highly solidified crystal mush consistent with post-cumulus shearing. Also, the deformation
of layering as observed at the western flank of the outcrop in Wadi Somerah (Figure 11a) is likely to have
occurred as a result of simple shear (e.g., Jousselin et al., 2012; Nicolas, 1992). Moreover, the paucity of
crystal-plastic deformation cannot be seen as indicator for the absence of shear, since the presence of a small
amount of interstitial melt may prevent crystal-plastic deformation (e.g., Nicolas & Ildefonse, 1996).
Nonetheless, the asymmetric appearance of sharp layer bases and gradational tops in Wadi Somerah appears
unlikely to have formed by externally induced simple shear, which would be expected to create olivine-rich
bands without systematically gradual or sharp boundaries between neighboring layers. We therefore con-
clude that simple shear emphasizes heterogeneities that are already present within lower crustal rocks but
that it cannot have created much of the modal layering in Wadi Somerah.

In contrast with Wadi Somerah, the contacts between millimeter-thick layers in Wadi Wariyah are sym-
metric with fine layers being enriched in olivine. Its proximity to the MTZ also suggests that
mantle-induced shearing could have deformed the material. Moreover, olivine crystals are partially elon-
gated, indicating significant shearing that has deformed the rocks. It is unclear, however, whether the shear-
ing was sufficient to form the well-defined millimeter layers. According to the study of Jousselin et al. (2012),
the fabrics of our sample with (010) maxima in both olivine and plagioclase, and girdles in [001] and [100],
respectively, belong to the type 2 samples which represent the beginning stage of deformation. Their descrip-
tion of type 2 layers, “Type 2 shows weakly defined layers which can be followed over few centimeters.”,
however, is inconsistent with the appearance of the layering in Wadi Wariyah. From a macroscopic perspec-
tive, the layering observed here fits better the type 4 deformation in Jousselin et al.: “[...] type 4 correspond to
the presence of very well-defined layers with sharp and straight limits.” (Compare Figures 2 and 2d of this
study with Figure 2 in Jousselin et al., 2012). However, the linear fabrics defined by Jousselin et al. (2012)
for type 4 gabbros are defined by well-pronounced maxima in both [100] and (010) of olivine and plagioclase
which are less clearly pronounced in our case. The less pronounced lineations in our samples could be an
effect of the sample preparation which was not always performed along the X-Z plane of the sample. If this
is the case, simple shear might have been a major process to drive the formation of layering in Wadi
Wariyah.

5.2.5. Diffusion-Controlled Nucleation and Ostwald Ripening

Millimeter-scale modal bands like those observed in Wadi Wariyah can be formed under specific conditions
at crystallization fronts in a cooling system, that is, at the top of a crystal mush (McBirney & Noyes, 1979):
Elements diffuse through the melt toward growing crystals, and the diffusion timescale therefore increases
with increasing distance from the interface, that is, the crystallization front. This may lead to a trend of
increasing compatible element concentration with distance from the interface, which can ultimately pro-
voke mineral supersaturation a certain distance ahead of the crystallization front. A new layer of crystals
thus nucleates in this region of supersaturation that is separated from the underlying crystallization front,
and the diffusive exchange between solid and liquid starts again (see Figure 13b, t = 2 for details). The poten-
tial of this process to form rhythmic layering, compare Liesegang banding, was experimentally demonstrated
in saline solutions by McBirney and Noyes (1979) and Fisher and Lasaga (1981). They concluded that their
experimental results could be applied to any crystallizing system and therefore could be a plausible explana-
tion for millimeter-scale Liesegang bands. McBirney and Noyes (1979) pointed out that this process is also
able to take place in magmatic systems when cooling and crystallization are faster than diffusion and thereby
enable the cyclical formation of new layers. The cooling rates estimated here are calculated for a sub-solidus
regime. Therefore, we cannot state whether cooling in the supersolidus also occurred atypically fast. If that
was the case, mass diffusion potentially was not able to keep pace with heat diffusion leading to cyclic
nucleation of olivine. This is contradictory to conclusions of Korenaga and Kelemen (1997) who excluded
cyclical nucleation as layer-forming process within the MTZ due to the very slow cooling of less than 1°C/
kyr buffered by the large-scale mid-ocean ridge thermal evolution. Our data which show mineral composi-
tions with only small variations—except for layer 6—could be consistent with the cyclical nucleation model.
However, the observed outlier in terms of Mg#s in olivine and clinopyroxene in layer 6 is difficult to

MOCK ET AL.

22 of 29



Ay

N\\JI Journal of Geophysical Research: Solid Earth 10.1029/2020JB019573

| ' 7 ‘ integrate into the proposed model. There is no textural evidence for a late
ayer 11 o : o .

_ s stage intrusion observed. Potentially, the best explanation is a change in

b Saaa ! melt composition by a small melt influx, although it is unclear why sur-

.

p.

: \> \ );;:”/‘*

rounding layers are unaffected.

While our data can only give indirect evidence for the possibility of cyclical
nucleation, we found evidence for the process of Ostwald ripening that
was proposed by Boudreau (1995) to explain fine layering in silicate rocks:
Due to their greater reactive surface in relation to their volume, smaller
crystals have a higher solubility than larger ones (e.g., Boudreau, 1995).
Larger crystals, that is, crystals that nucleated earlier, will therefore grow
faster on the expense of smaller grains in their proximity (Figure 13c).
In the sample from Wadi Wariyah we see that the olivines in the
olivine-rich bands are significantly larger than those in the olivine-poor
-\‘./*"“ : bands (Figure 12). If initial nucleation of olivine was heterogeneous (e.g.,
y i \ ; cyclical nucleation as suggested above), the heterogeneous grain size dis-
tribution between olivine-rich and olivine-poor bands indicates that
Ostwald ripening occurred and emphasized initial heterogeneities in
olivine nucleation forming significant millimeter-scaled differences in
olivine abundance and its grain size.

5.3. Cooling Rates—Implications for Deep Hydrothermal Cooling

Both the Ca-in-olivine and the Mg-in-plagioclase geospeedometers indi-
cate that the material from Wadi Wariyah, which formed near the MTZ,
cooled up to 100 times faster in the sub-solidus regime than the mid lower
crustal gabbros from Wadi Somerah. This is a counterintuitive and
remarkable observation which strongly contrasts with the decreasing
cooling rates down section calculated by Coogan et al. (2002) in the
Nakhl-Rustaq massif of the Samail ophiolite and by Faak et al. (2015) at
the EPR. The fast cooling of up to 120°C/kyr in Wadi Wariyah appears

Figure 12. Thin-section photograph of sample OM10-War_DS1 from Wadi  to be consistent with results from VanTongeren et al. (2008) who also cal-
Warlyah covering the upper three fine layers. Note diffuse bands with. culated cooling rates in the range of up to 50°C/kyr close to the MTZ. We
increased olivine abundance and the olivine grains being coarser within estimated much slower cooling (log[dT/df] = —2.21°C + 0.7°C yr—l) in the

these bands than in the regions depleted in olivine. See text for further

discussion.

mid-level gabbros from Wadi Somerah where VanTongeren et al. found
the cooling being faster than at the MTZ. However, significant differences
in the approach (i.e., high resolution rim-core-rim diffusion profiles in our
study, core/rim analyses averaged per thin-section in VanTongeren et al.) make the comparability of the two
studies difficult.

Unexpected features of the cooling rates from Wadi Wariyah indicate that these results have to be handled
with caution. Mg-in-plagioclase and Ca-in-olivine give similar and consistent results. However, it is ques-
tionable whether these reflect an undisturbed sub-solidus cooling or if the cooling has undergone late stage
perturbations. Several processes appear plausible to explain the fast cooling close to the MTZ and in our sam-
ple from Wadi Wariyah in particular. Nicolas et al. (1994) and Ildefonse et al. (1995) have shown that active
mantle upwelling has also affected the lowermost gabbros from the Samail ophiolite. If the upwelling leads
to an efficient transport of the MTZ gabbros away from the ridge axis, gabbros from Wadi Wariyah, that is,
close to the MTZ, can be assumed to cross isotherms and therefore cool faster than the mid-level gabbros
from Wadi Somerah which might be less affected by active mantle upwelling.

Deep hydrothermal circulation that can efficiently transport heat away from the system (e.g., Zihlmann
et al., 2018) could also be a potential explanation for the fast cooling of the lowermost gabbros.
Hydrothermal circulation at high temperatures in Wadi Wariyah is supported by observations in a well-stu-
died outcrop ~300 m south of the locality where our fine-layered sample was taken: This outcrop of layered
gabbros is characterized by a complex system of hydrothermal veins containing brown pargasitic amphibole
and green magnesio-hornblende which have formed under high to very high temperatures (850°C and 1030°
C; Bosch, 2004; Wolff, 2013). Very high Cl contents in hastingsites and pargasites within these veins (up to
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Figure 13. Igneous layer-forming processes being in agreement with our data from Wadi Somerah and Wadi Wariyah.
(a) Close-up into an active melt sill showing schematically the process of density currents forming modal layering as
we propose for Wadi Somerah resulting in decimeter-scale layering. Black thin arrows indicate possible

convection cells; gray arrows mark slumping path of a density current. See text for details. (b) Close-up into a fast-cooled
melt sill where millimeter-scale layers form due to oscillatory nucleation. Small black dots symbolize the

abundance of compatible elements; thin black arrows mark their diffusion paths toward the crystallization front. See text
for details. (c) Zoom into millimeter-layer formed by the process in (b). Ostwald ripening leads to coarsening of

larger crystals; smaller crystals dissolve in the melt due to their higher reactive surface emphasizing modal
heterogeneities. Small black dots symbolize the abundance of compatible elements diffusing from small to larger grains,
as indicated by the black arrows. See text for details. Black polygones represent olivine, dark gray ellipses
clinopyroxene, and light gray bars plagioclase grains. T = x in every figure gives relative point in time of the sequence.

5 wt%, Currin et al., 2018) provide evidence for the presence of highly saline, seawater-derived fluids at
depth. Evidence for deep hydrothermal activity at high and very high temperatures in layered gabbros
from fast-spreading systems has been reported in several studies (Bosch, 2004; Garrido et al., 2001;
Koepke et al., 2014; Nozaka et al., 2016). Coogan et al. (2006) outlined that hydrothermal activity is
channeled to focused fluid flow zones, hence not affecting the entire crust homogeneously. It seems
plausible that the sample from Wadi Wariyah represents a horizon where efficient hydrothermal cooling
was enhanced, leading to higher cooling rates. In contrast, other stratigraphically higher regions were
possibly less affected by focused cooling, as recorded in the Wadi Somerah section.

Further observations from the Wadi Wariyah indicate that the gabbros have been affected not only by hydro-
thermal fluids but also by some late stage intrusive events. A large wehrlite intrusion regarded as typical late
stage event close to the locality where our sample was taken could have re-heated the surrounding solidified
gabbro. Further evidence for a re-heating event are late stage gabbroic veins in the outcrop where also
high-temperature hydrothermal activity was described (e.g., Bosch, 2004; Wolff, 2013). The angular shape
of those veins indicates that the host rock they intruded was already highly solidified. Re-heating, either
by a wehrlite intrusion or by gabbroic veins, could have led to a temporarily increased Ca or Mg solubility
in olivine and plagioclase, respectively. Fast cooling, as expected after the re-heating of a relatively small
volume, would record the very high Ca and Mg concentrations in both phases. Alternatively, our sample
could represent a part of a large late-stage intrusion that itself cooled very quickly after entering the host rock
and therefore preserved high Ca and Mg contents in olivine and plagioclase, respectively. The latter alterna-
tives appear the most plausible, taking the presence of late stage intrusions and the generally very complex
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geological environment in Wadi Wariyah into account (Figure 1b). The hypothesis mentioned above clearly
reflect scenarios which are untypical for “normal” lower gabbros in the Oman ophiolite, implying that the
investigated sample is not representative for typical lower, layered gabbros in Oman. However, validating
these models is impossible with the data we obtained. Nonetheless, we would like to emphasize that while
the high cooling rates estimated for Wadi Wariyah may not be representative for the lowermost oceanic crust
as awhole, they do demonstrate that lower crustal rocks locally can cool very rapidly in some circumstances.

6. Conclusions

We sampled two short sequences of layered gabbros from the plutonic oceanic crust of the Oman ophiolite
with a high spatial resolution. One sequence from Wadi Somerah sampled layered gabbros with decimeter-
scale modal layering from the mid of the lower crust, while another from Wadi Wariyah sampled gabbros
from about 100 m above the MTZ representing millimeter-scale modal layering at the base of the crust.
The two sequences show significant differences in terms of layer properties, mineral compositions, micro-
structural features, and cooling rates. While layering in the mid-lower crustal sequence (285 cm total length)
is characterized by decimeter-scale modal layers with sharp base contacts and gradually decreasing olivine
contents up section, the sample from the base of the crust (70-mm total length) shows alternating
millimeter-scale layers with highly variable olivine contents.

Comparisons with layered intrusions suggest that the formation of the decimeter-scale layering in the
mid-lower oceanic crust from Wadi Somerah could have initially formed by deposition from density currents
of crystal-laden magma that had previously crystallized at the margins of a magma reservoir before slumping
downward to its floor. In this model, density-triggered phase segregation occurs during the slumping, lead-
ing to an enrichment of dense olivine and clinopyroxene at layer bases and an enrichment of more buoyant
plagioclase above (Figure 13a). The dynamics within such a current might prevent clear trends in grain size
and phase density within a layer, as would be expected in an environment of undisturbed crystal settling (cf.,
Stoke's law). The millimeter-scale layering at the crustal base from Wadi Wariyah is unlikely to have formed
in a similar environment. Although it is difficult to find clear evidence for any specific layer-forming process,
a possible explanation could be the formation of Liesegang bands during relatively fast cooling and periodic
supersaturation of compatible elements at the distance from the crystallization front at which diffusive
transport cannot keep pace with the cooling (Figure 13b). Growth of large crystals at the expense of smaller
ones during crystal aging is indicated by the larger size of olivine grains within the olivine-enriched layers
and could have emphasized initial heterogeneity associated with Liesegang banding (Figure 13c).
Alternatively, the millimeter-scale layering could have formed by simple shear, possibly induced by the con-
vecting upper mantle close to the MTZ. Post-cumulus deformation might have affected both profiles, asitisa
global feature of the Oman ophiolite, and potentially accentuated previously formed modal layering.
Indicators of plastic deformation in Wadi Somerah support this assumption.

Cooling rates up to 100 times higher close to the MTZ than in the mid-layered gabbros appear not to be repre-
sentative for the lowermost oceanic crust as a whole but most likely are a result of late stage re-heating events
followed by relatively fast cooling and leading to local anomalies in the cooling of the oceanic crust.

Data Availability Statement

The data obtained for this study are available on the FAIR-aligned PANGAEA repository (https://doi.org/
10.1594/PANGAEA.914266 for EPMA, cooling rates, and EBSD results and https://doi.org/10.1594/
PANGAEA.914260 for LA-ICP-MS results and https://doi.org/10.1594/PANGAEA.914257 for petrographic
results).
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