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ABSTRACT 

The transition between the mantle section and the oceanic crust in the Maqsad area (Oman ophiolite) 

is mainly made of variably impregnated dunites locally associated with chromitite ore bodies. There, 

the dunitic transition zone (DTZ) developed above a mantle diapir that fed with MORB the former 

oceanic spreading centre. However, orthopyroxene and amphibole impregnations in dunites from the 

DTZ are witnesses of a hydrated magmatism that looks restricted to this interface. The main other 

piece of evidence is the nature of silicate minerals included in chromite grains scattered in dunite (e.g. 

amphibole, orthopyroxene, mica), which are mostly issued from a hydrated and silica-rich melt or 

fluid. Here, we report on a study of such inclusions along a section sampled in detail in the Maqsad 

DTZ. It brings critical information on the processes involved in the fluid-melt-peridotite reaction 
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below oceanic spreading centres, complementary to the one provided by the interstitial silicates 

forming the matrix of the dunite. We first show that both the nature and the composition of the 

inclusions are well-correlated to those of the impregnations in the host dunites, then that the chemical 

evolution along the cross-section for all materials correlate to the presence of faults that developed at 

an early, syn-magmatic stage. This confirms that the early tectonic in the deep oceanic lithosphere 

primarily controls the fluid-melt-rock reactions and can condition chemical cycling, including for 

halogens (Cl, F), in oceanic spreading centre setting. 

 

INTRODUCTION 

The boundary between the mantle and the oceanic crust is known to be a reactive transition where 

significant interactions occur between the melts issued from the deep mantle partial melting, whatever 

their composition, and the peridotites from the uppermost mantle. These processes, called melt-rock 

reactions, lead to mineral resorption and/or precipitation (i.e. modal metasomatism) as well as to 

chemical re-equilibration between the migrating melts and the surrounding rocks (i.e. cryptic 

metasomatism) (e.g. Kelemen, 1990; Kelemen et al., 1995; Constantin, 1999; Godard et al., 2000; 

Koga et al., 2001; Sanfilippo et al., 2014; 2016; Rospabé et al., 2018), and thus may have a big impact 

on the chemical and material transfers below oceanic spreading centres in different settings and at 

various expansion rates. Dunites and chromitites are frequently observed at the mantle-crust transition 

both in ophiolites and in present-day oceans, and look to be two important petrological products of 

melt-peridotite reaction. In this context, dunite is mainly interpreted as a former mantle harzburgite 

modified by interaction with a melt migrating interstitially along grain boundaries: due to the 

undersaturated-in-silica character of the melt at low pressure, it induces the dissolution of pyroxenes 

and the concomitant precipitation of olivine, leading to a ‘residual’, actually reactive, product made 

of olivine and minor chrome-spinel (Dick, 1977; Quick, 1981; Kelemen, 1990; 1992). 

 

One hypothesis calls for a hydrated environment for this dunitization process below oceanic 
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spreading centres, a melt hybrid between the MORB and a hydrated component enhancing the 

transformation of the former mantle harzburgite and the melting out of residual orthopyroxene 

(Rospabé et al., 2017; 2018). Recent studies in the Oman ophiolite highlighted the importance of the 

development of deep-seated synmagmatic faults i) for the accretion of the oceanic lithosphere, 

triggering the deep introduction of seawater that interacted with the magmatic system (Abily et al., 

2011), and ii) on the genesis of such hybrid melts along these avenues for fluids (Rospabé et al., 

2019a; 2019b). On the other hand, the presence of hydrous silicate inclusions in chromite grains from 

Oman and elsewhere is a long-standing observation likewise calling for the hydrated formation 

environment of chromitites (e.g. Johan et al., 1983; 2017; Talkington et al., 1984; Matveev and 

Ballhaus, 2002; Borisova et al., 2012). Therefore, it suggests common fluid-melt hybridization 

processes, or fluid-melt-peridotite reactions, may account for the formation of both dunites and 

chromitite beneath oceanic spreading centres. 

 

In the Maqsad area of the Oman ophiolite, the lithosphere accreted in a MORB magmatic 

environment (Ceuleneer et al., 1996; Benoit et al., 1996; Kelemen et al., 1997; Korenaga and 

Kelemen, 1997; Koga et al., 2001; Python and Ceuleneer, 2003) and the hydrated features look 

restricted to the dunitic mantle-crust transition zone (DTZ) (Rospabé et al., 2017; Rospabé, 2018). In 

this area, the nature and chemical compositions of magmatic impregnations in dunites (i.e. 

crystallized from interstitial melts percolating between olivine grains) and of silicate inclusions in 

chromite grains, disseminated at the scale of the whole DTZ or concentrated in chromitite ore bodies, 

are very akin (Borisova et al., 2012; Rospabé et al., 2017). However, no study was fully dedicated to 

the detailed study of such silicate inclusions in chromite grains in a well-established petrological, 

geochemical and structural frame, while they may provide essential information about the fluid-melt-

peridotite reaction at the mantle-crust transition and thus on the relationship between dunite and 

chromitite. 
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In this article, we present a detailed description of the silicate inclusions in chromite along a near 400 

m-thick cross-section we already characterized for its petrology, geochemistry and structural features 

(Rospabé et al., 2019a). The main purposes of this study are: i) to explore the similarities and/or 

distinctions between the silicate inclusions in chromite grains disseminated in the DTZ on one hand, 

and the mineral impregnations partly forming the matrix of the host dunites on the other hand; and ii) 

to test the hypothesis of the possible influence of the synmagmatic faults on the hybridization of the 

fluids/melts that have dissolved and fractionated the Cr at the mantle-oceanic crust transition. 

 

GEOLOGICAL BACKGROUND AND SAMPLES 

The Oman ophiolite is the largest oceanic lithosphere fragment preserved from the Tethys ocean. It 

accreted along a possibly fast spreading centre circa 95-97 million years ago contemporaneously, 

soon before or soon after the initiation of the intra-oceanic thrusting event (Boudier et al., 1988; 

Montigny et al., 1988; Warren et al., 2005; Rioux et al., 2013; 2016) that preceded its final obduction 

onto the Arabian margin ∼ 70 Ma ago (Glennie et al., 1973). At the scale of the ophiolite, the spatial 

distribution of the petrological nature of i) mafic dikes cross cutting the harzburgitic mantle section, 

and ii) cumulates from the lower crustal section, attests to the coexistence of both MORB and depleted 

calc-alkaline series at the time of the igneous accretion of the ophiolite (Benoit et al., 1999; Python 

and Ceuleneer, 2003; Python et al., 2008; Clénet et al., 2010; Abily, 2011). 

 

The largest MORB segment is located in the SE of the ophiolite (Python and Ceuleneer, 2003; Python 

et al., 2008). It was centred on and fed with melts by a mantle uprising structure now frozen in the 

Sumail massif (evidenced by the high-temperature plastic deformation pattern recorded in 

harzburgites) and known as the Maqsad diapir (Rabinowicz et al., 1987; Ceuleneer et al., 1988; 

Ceuleneer, 1991; Jousselin et al., 1998). The strong igneous activity related to the rise of the Maqsad 

diapir is attested by: i) abundant melt migration structures cropping out within the residual, 

harzburgitic mantle section (Ceuleneer et al., 1996; Benoit et al., 1996; Python and Ceuleneer, 2003); 
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ii) the thick dunitic mantle-crust transition zone (DTZ) especially atop the diapiric structure (> 300 

m) (Ceuleneer and Nicolas, 1985; Boudier and Nicolas, 1995; Jousselin et al., 1998; Abily and 

Ceuleneer, 2013; Rospabé, 2018); and iii) numerous chromitite ore bodies observed in both the DTZ 

and the mantle section (in this case systematically surrounded by a dunitic aureole) (Ceuleneer and 

Nicolas, 1985). 

 

The dunites from the Maqsad DTZ are mainly interpreted as a reactional product of melt-peridotite 

interactions in the uppermost harzburgitic mantle (i.e. orthopyroxene resorption) (e.g. Boudier and 

Nicolas, 1995; Godard et al., 2000; Koga et al., 2001; Rospabé et al., 2018). However, a double origin 

cannot be ruled out since the uppermost few tens of meters of the DTZ (i.e. approaching the base of 

the lower gabbroic crust) have a composition consistent with a cumulative origin after olivine 

fractionation from a Mg-rich melt (Abily and Ceuleneer, 2013). In addition to olivine, the dunites 

contain a large variety of interstitial minerals considered as impregnation, i.e. that crystallized from 

an interstitial melt (Rabinowicz et al., 1987; Benn et al., 1988; Boudier and Nicolas, 1995; Koga et 

al., 2001; Abily and Ceuleneer, 2013; Rospabé et al., 2017; 2018; 2019a). 

 

Clinopyroxene and plagioclase are the most abundant impregnation minerals which is consistent with 

the MORB igneous environment characterizing the Maqsad area. However, the discovery of 

interstitial orthopyroxene and amphibole in dunites in the upper half of the DTZ mainly, while 

virtually absent from the mantle and crustal cumulates in this area, contributed to the development of 

the hypothesis of a hydrated origin of the DTZ dunites, involving fluid(s) and/or melt(s) richer in 

silica than the MORB (Rospabé et al., 2017). In this frame, the mantle-crust transition zone may be 

the place for hybridization between the MORB issued from the deep partial melting within the 

Maqsad diapir and a downgoing hydrated component - probably hydrothermal seawater in origin. In 

addition to the peculiar impregnating minerals, another witness of the hydrated magmatism 

environment in which both dunites and chromitites formed is the frequent presence of hydrous silicate 
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minerals in inclusion in chromite (amphibole, mica among others) observed both in chromitite ore 

bodies and in chromite grain scattered in dunites (Lorand and Ceuleneer, 1989; Leblanc and 

Ceuleneer, 1991; Schiano et al., 1997; Borisova et al., 2012; Rollinson et al., 2018; Zagrtdenov et al., 

2018; Rospabé et al., 2017; 2019b). 

 

Furthermore, the correlation between the vertical chemical patterns across the DTZ dunites and 

chromitites (whole rocks, matrix minerals) and the presence of fault zones and/or magmatic breccias 

evidenced that the mantle-crust transition has been tectonically affected at an early magmatic stage, 

with limited offsets, and that such faults may have favoured the hybridization process (Rospabé et 

al., 2019a; 2019b; see also Abily et al., 2011). Other recent studies likewise evidenced that chromitites 

are regularly located along or near faults or shear zones in the Oman ophiolite (Boudier and Al-Rajhi, 

2014; Zagrtdenov et al., 2018). All these observations allow pointing out the importance of the 

structural control on the igneous processes involved in the formation of both dunite and chromitite at 

the mantle-crust transition beneath oceanic spreading centres, at least in the context of Oman. 

However, the silicate inclusions in the dispersed chromite grains, ubiquitous in the DTZ dunites, are 

regularly a left-over of the fluid-melt-rock reaction products, petrologists more commonly studying 

the dunite matrix or the most spectacular chromitite ore bodies. 

 

In order to better explore the similarities and/or differences in the nature of the silicate inclusions in 

the scattered chromite grains and the impregnations in the surrounding matrix, and to investigate the 

role of the early synmagmatic faults on the nature and chemistry of such inclusions, we performed a 

detailed and systematic determination of the nature and composition of inclusions in chromite in 42 

variably impregnated dunites. The samples were collected along a full cross-section that has already 

been described in terms of major and trace mineral and whole rock compositions as well as for its 

structural features (cross-section #3 in Rospabé et al., 2019a). The sampling sites extent from 685 to 

1072 m in altitude, covering a large portion of the DTZ in this area. It is worth noting that, as the 
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central part of (and above) the Maqsad diapir has escaped from off-axis transposition and that the 

Sumail massif is tilted by less than 10°, we consider the current altitudes as close to paleo-depths. 

The cross-section shows a clear petrological dichotomy that is quite characteristic of the Maqsad DTZ 

(Rospabé, 2018): i) the half lower part is primarily made of pure dunites (i.e. only olivine and 

chromite) and of very minor cpx- and amph-bearing dunites, and locally hosts one chromitite 

(16OM38B, 748 m) and schlierens of chromite (16OM41B and 41C, 772 m); ii) the half upper part, 

basically above the altitude 850 m, is extensively impregnated with clinopyroxene, plagioclase, 

amphibole and orthopyroxene, allowing to describe samples as cpx-bearing-, pl-bearing-, cpx/pl-

bearing-, opx/pl/cpx-bearing- and amph-bearing (± opx/pl/cpx) dunites (Rospabé et al., 2018) (Fig. 

1a). 

 

Three main regional faults and four other minor fractures cross-cut the cross-section, sometimes 

corresponding to a change in the lithology from pure to impregnated dunites. These structural features 

were interpreted as synmagmatic faults that later evolved into hydrothermal faults (higher 

serpentinization degree along fault and fracture planes). They developed early before the end of the 

igneous activity in this area and influenced both the petrological and geochemical variability of the 

DTZ (Rospabé et al., 2019a). The faults present two main orientations: N130°E, parallel to the strike 

of the sheeted dike complex in the Sumail massif (Pallister, 1981; MacLeod and Rothery, 1992), i.e. 

parallel to the paleo-ridge axis and to the MORB segment fed by the Maqsad diapir (Ceuleneer, 1991; 

Python and Ceuleneer, 2003) - and N165°E to N180°E, parallel to the high temperature Muqbariah 

shear zone limiting to the SW the area fed by mantle flux diverging from the diapir (Amri et al., 

1996). 

 

DISTRIBUTION OF SILICATE INCLUSIONS ACROSS THE DTZ  

The nature of the silicate inclusions in chromite has been determined according to their microprobe 

analysis. We identified amphibole (amph), clinopyroxene (cpx), diopside of different composition 
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than cpx (diop; see Rospabé et al., 2017 and the description of chemistry below), mica, orthopyroxene 

(opx) and olivine (ol) as the major mineral phases in inclusions. They have all been observed both as 

monomineralic inclusions or as parts of polymineralic inclusions indifferently. Amphibole and 

clinopyroxene are by far the most abundant minerals in inclusion in the disseminated chromites in 

samples from this cross-section (Fig. 1b), representing more than 80 % of all the analyses. As minor 

contents, we also identified anorthitic plagioclase feldspar (pl), garnet (gt), as well as a more albitic 

plagioclase (alb) and one chlorapatite (Cl-ap). 

 

We observe the following distribution across the section (Fig. 1): 

• The very base - below the lower main fault (< ~ 715 m) - is one of the levels displaying the lesser 

abundance of inclusions along the cross-section (less than 10 inclusions per thin section) (Fig. 1c). 

We can observe a little abundance of monomineralic inclusions (at least apparently in thin section) 

in the chromites dispersed in pure dunites, made of clinopyroxene, by far the most abundant phase 

(76 %), amphibole (22 %) and diopside (2 %) (Figs. 1b and 2a-b). Polymineralic inclusions are 

globally absent apart from one assemblage clinopyroxene-mica. 

 

• The pure dunitic interval in between the lower and the intermediate main faults (~ 715-850 m) also 

contains mica and olivine in inclusion in addition to amph, cpx and diop, especially near the chromite-

rich level around 750 to 775 m in altitude (chromitite, schlierens) (Figs. 1a-b and 2c). This latter 

interval is also characterized by an increase of the amount of inclusions, both monomineralic and 

polymineralic. This increase is progressive from levels poor in inclusions to this richer level (Fig. 

1c). Monomineralic inclusions are mainly clinopyroxene (57%) then amphibole (34%) (others 9%). 

Polymineralic inclusions are mainly represented by the association amphibole-clinopyroxene and to 

a lesser extent by amphibole-diopside and amphibole-mica assemblages. 

 

• The lower impregnated portion, in between the intermediate and the higher main faults (~ 850-990 
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m), shows the broader variety in included minerals (Fig. 1b). Mica occurs from 867 to 906 m, while 

this interval is also characterized by the absence of clinopyroxene in inclusion (gap between 854 and 

906 m). In addition to amph, cpx, diop, mica and ol, the presence of opx (Fig. 2d-e), gt, pl as well as 

of one albitic plagioclase and one chlorapatite is attested, especially within the altitude range ~ 900-

975 m. The albitic plagioclase was observed in association with anorthitic plagioclase within a 

polymineralic inclusion (Fig. 2f). The Cl-apatite is associated to orthopyroxene, amphibole partly 

altered into tremolite, serpentine (derived from opx alteration) and Fe-Ni sulphides (Fig. 2g). In these 

opx/pl/cpx-bearing- and amph-bearing (± opx/pl/cpx) dunites from the lower impregnated portion, 

the amount of monomineralic inclusions in chromite grains show alternating decreasing and 

increasing trends vertically, with a characteristic thickness of about 50 m (Fig. 1c). The higher 

amounts basically correlate to the intermediate main fault (~ 850 m) and to another minor fracture (~ 

955 m). Along this portion, monomineralic inclusions are mainly amphibole, by far (49 %), then 

clinopyroxene (12 %) and orthopyroxene (6 %) (others 33%). Numerous garnet and plagioclase 

inclusions were analysed but almost all of them occur in a single sample (16OM16A, 918 m), that 

contains also the Cl-apatite and a significant proportion of orthopyroxene inclusions. Polymineralic 

inclusions are mainly made of amphibole-mica and amphibole-clinopyroxene and of a few 

amphibole-orthopyroxene assemblages along the lower impregnated portion (Fig. 2h). 

 

• The upper impregnated portion, above the higher main fault (> ~ 990 m), corresponds to the altitude 

level hosting a neighbouring stratiform chromitite ore body (Ceuleneer and Nicolas, 1985; Borisova 

et al., 2012; Rollinson and Adetunji, 2013; Rospabé et al., 2019b). The inclusion content decreases 

upsection along this upper part of the section (Fig. 1c). Monomineralic inclusions are mainly 

clinopyroxene (54 %) and amphibole (38 %), together with a few orthopyroxene (4 %) (others 5 %), 

while polymineralic inclusions are by decreasing order of occurrence amphibole-orthopyroxene, 

amphibole-clinopyroxene and amphibole-mica assemblages. 
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At the scale of the entire cross-section, beyond the alternating increases/decreases in the abundance 

of inclusions, we observe a global decrease in the amount of inclusions (especially the monomineralic 

ones) from the pure dunitic lower half of the cross-section, especially from the chromite-rich interval, 

to its impregnated top (i.e. ‘Christmas tree-shape’ pattern of the vertical distribution of inclusions) 

(Fig. 1c). 

 

MINERAL CHEMISTRY 

Analytical note 

The major and minor element content of silicate inclusions and of their host chromite was measured 

in situ by electron probe microanalysis (EPMA), using a Cameca SX 100 (Microsonde Ouest, Brest, 

France) (accelerating voltage: 15 kV; beam current: 20 nA; electron beam diameter: 1 μm for all 

analysis; analysis counting time for each type of minerals: 10 s on peak for each element, 5 s on 

backgrounds on both sides of the peak). Compositions, averaged per sample for each mineral phase 

in inclusion, are reported in Supplementary Tables 1S-6S. 

 

Host chromite 

Dispersed chromites in dunites display variable compositions with XCr (100 × Cr/(Cr + Al)) = 45.6-

63.1 mol%, XMg (100 × Mg/(Mg + Fe2+)) = 32.8-63.7 mol%, YFe3+ (100 × Fe3+/(Cr + Al + Fe3+)) = 

4.50-16.4 mol%, and TiO2 = 0.31-1.37 wt% (Rospabé et al., 2019a). The studied chromitite 

(16OM38B) has chromite with XCr = 58.4 mol%, XMg = 65.7 mol%, YFe3+ = 5.77 mol% and TiO2 

= 0.46 wt%. 

 

Amphibole inclusions (Table 1S) 

Amphibole inclusions in the dispersed chromites are pargasites to pargasitic hornblendes (~ 2/3) and 

magnesio-hastingsites to magnesio-hastingsitic hornblendes (~ 1/3) with no preferential distribution 

in regard to the host dunite type. They are characterized by XMg = 86.1-92.7 mol%, Al2O3 = 10.2-
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14.6 wt%, Cr2O3 = 1.76-3.32 wt% and TiO2 = 0.59-4.71 wt%. The composition of amphibole spans 

the same variation ranges whatever it occurs as monomineralic inclusions or as parts of polymineralic 

inclusions (Fig. 3a) and does not show systematic variations relative to the modal content of chromite 

in the host dunites (Fig. 3b).  The Na2O and K2O contents vary from 2.85 to 4.07 wt% and from 

detection limits to 0.93 wt% respectively, defining a XNa (100 × Na/(Na + K)) comprised between 

86.2 and 99.8 mol%. The P2O5, Cl and F contents were also determined and show variations from 

detection limits to 0.12 wt%, 0.12 wt%, and 0.17 wt% in average respectively (maximum values 

obtained for individual analyses: P2O5 = 0.30 wt%, Cl = 0.24 wt%, F = 0.40 wt%). The analysed 

chromitite contains pargasitic hornblende inclusions with XMg = 93.8 mol%, Al2O3 = 11.1 wt%, 

Cr2O3 = 3.08 wt%, TiO2 = 1.50 wt% and XNa = 99.2 mol% (Na2O = 4.56 wt%). 

 

Clinopyroxene - diopside inclusions (Table 2S) 

According to our previous classification (Rospabé et al., 2017), the distinction was made between the 

composition of ‘clinopyroxene’, akin from the one of poikilitic magmatic impregnations studied in 

previous works (e.g. Koga et al., 2001), and the composition of ‘diopside’ which is  intermediate 

between the visibly igneous cpx and hydrothermal diopside (e.g. in diopsidites from the mantle 

section; Python et al., 2007a; 2007b; 2011). 

 

Clinopyroxene in inclusion in dispersed chromites is characterized by XMg = 88.3-93.8 mol%, Al2O3 

= 1.60-3.08 wt%, Cr2O3 = 0.93-1.96 wt%, Na2O = 0.24-0.93 wt% and TiO2 = 0.15-0.62 wt%, with 

compositions similar in monomineralic vs. polymineralic inclusions and independent from the 

chromite content in host dunites (Fig. 3c-d). The only one clinopyroxene inclusion analysed in the 

chromitite has a higher XMg (94.3 mol%) and displays Al2O3 = 2.16 wt%, Cr2O3 = 1.50 wt%, Na2O 

= 1.15 wt% and TiO2 = 0.29 wt%. 

 

The second type of clinopyroxene called ‘diopside’ was identified in a lesser extent in a few 
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disseminated chromites and is characterized by averaged higher XMg (95.2 mol%) and lower Al2O3 

(0.70 wt%), Cr2O3 (0.78 wt%), Na2O (0.20 wt%) and TiO2 (0.13 wt%). 

 

Mica inclusions (Table 3S) 

Mica in inclusion in dispersed chromites shows averaged compositions evolving from aspidolite (Na-

phlogopite) to intermediate between aspidolite and phlogopite, with a XNa comprised between 37.6 

and 98.3 mol% (Na2O = 2.51-6.79 wt%; K2O = 0.17-5.45 wt%; Na2O + K2O = 4.69-7.97 wt%), but 

individual analyses of both monomineralic and polymineralic inclusions span the entire range 

between the two end-members (Fig. 3e). They are also characterized by a XMg = 90.1-94.5 wt% and 

by a Ti- and Cr-rich character (TiO2 = 0.73-5.06 wt%; Cr2O3 = 1.60-3.75 wt%). Mica inclusions in 

the chromitite are characterized by higher XMg (96.7 mol%) and lower TiO2 (1.46 wt%) averaged 

values. According to individual analyses, aspidolite is distinguishable from phlogopite in terms of 

Na2O (5.33-6.52 wt% vs. 0.35-1.90 wt%) and K2O (0.85-0.94 wt% vs. 6.14-8.81 wt%) contents, 

responsible of two populations in XNa in this chromitite (5.6-32.0 vs. 89.6-92.1 mol%, mean 39.3 

mol%).  

 

Orthopyroxene inclusions (Table 4S) 

Orthopyroxene in inclusion in dispersed chromites is enstatite with XMg = 85.7-93.5 mol%, Al2O3 

= 0.61-2.76 wt%, Cr2O3 = 0.47-1.54 and TiO2 = 0.02-0.75 wt%. As amphibole and clinopyroxene, 

orthopyroxene inclusions display similar compositions whatever the mode of occurrence 

(monomineralic and polymineralic). 

 

Olivine inclusions (Table 5S) 

Olivine in inclusion in dispersed chromites is forsterite, characterized by Fo (100 × Mg/(Mg + Fetotal)) 

= 88.7-94.8 mol%, NiO = 0.25-0.44 wt% and CaO = 0.02-0.16 wt%. Olivine in inclusion in the 

chromitite has a high Fo (94.7 mol%) and NiO (0.53 wt%) contents. 
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Other minor inclusions (Table 6S) 

Plagioclase in inclusion is anorthite, with An (100 × Ca/(Ca + Na + K)) = 86.7-90.3 mol%. The 

albitic, Na-rich plagioclase is characterized by an An content of 33.7 mol%. 

 

Garnet in inclusion is grossular to hydrogrossular with a SiO2 content (22.2-39.0 wt%) strictly 

decreasing with the sum of oxides (R2 = 0.9806) and CaO = 31.3-40.9 wt%, Al2O3 = 15.0-24.2 wt% 

and FeO = 0.58-10.0 wt%. 

 

The Cl-rich apatite is characterized by CaO = 53.3 wt%, P2O5 = 41.9 wt%, Cl = 5.39 wt% and F = 

0.68 wt%. 

 

Chemical evolutions along the cross-section 

The major element composition of chromite and of silicate inclusions shows pronounced variations 

along the studied cross-section, and defines distinct trends (Fig. 4). Some chemical contents/indexes 

vary according to the nature of host rocks, especially concerning the composition of chromite and the 

TiO2 content in inclusions. For instance, in pure dunites, the TiO2 content remains mainly below 0.5 

wt% in chromite and below 1.5 wt% in amphibole inclusions, while in impregnated dunites it reaches 

values up to 1.25 wt% in chromite and 4.75 wt% in amphibole (Fig. 4a-b). 

 

The composition of both chromite and silicate inclusions strongly correlates to each other.  These 

variations are not randomly distributed relative to the main regional faults that affect the cross-

section, as was already noted for the composition of whole rocks and minerals from the matrix and 

suspected for the inclusions (Rospabé et al., 2019a). Compositions are evolving continuously on tens 

of meters toward fault zones rather than showing sudden shifts in their immediate vicinity: 

• In the pure dunitic lower part, the increase of XMg in chromite is observed approaching the main 
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faults while the XCr in chromite, XMg and TiO2 and F contents in amphibole, and Na2O content in 

clinopyroxene decrease concomitantly (Fig. 4a-c). 

• In the impregnated upper part, the approach of the main faults is marked by an increase of the Cl 

content in amphibole inclusions associated to the decrease of XNa in amphibole and in a lesser extent 

mica (i.e. increase of K2O content relative to the Na2O content) and of the TiO2 content in chromite 

and all silicate inclusions (Fig. 4a-f). These variations are strongest in the vicinity of the upper main 

fault with a clear common increase of the P2O5 and the F contents in amphibole, together with the 

strongest increase in the Cl content (Fig. 4b). In the upper section above the upper main fault and the 

altitude of 1000 m, the YFe3+ increases drastically and is associated to a decrease in Cr2O3 and Al2O3 

contents in chromite (Fig. 4a).  

 

DISCUSSION 

Inclusions in chromite: trapped melts or trapped minerals? 

There is no consensus about the very origin of the silicate phases included in chromite. The fact that 

disseminated chromites in pure dunites, i.e. devoid of any impregnation, contain inclusions likewise 

prevent for the hypothesis of a ‘secondary’ origin of the inclusions by melt infiltration through cracks 

and in situ crystallization, and show they were entrapped at the time of the chromite growth. 

According to some authors, and in the case of the Maqsad DTZ, those present in chromite from 

chromitites are former trapped melts (i.e. crystallized in situ after their entrapment) (e.g. Schiano et 

al., 1997; Rollinson et al., 2018). Other authors argue that they are microcrystals already formed in 

the parent melt or magma at the time they were entrapped (e.g. Borisova et al., 2012; Rospabé et al., 

2019b). The homogenization experiments reported in Borisova et al. (2012) have shown that the bulk 

chemical composition of most inclusions was unlikely the one of any documented natural melt (see 

also Arai, 1998). 

 

Chromites disseminated in the pure dunite of the lower part of the DTZ contain mostly amphibole 
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and clinopyroxene, mica and diopside inclusions being rather restricted to the chromitite and 

schlierens. Disseminated chromites in the upper impregnated opx/pl/cpx-bearing- and amph-bearing 

(± opx/pl/cpx) dunites contain a much diversified mineral content in their inclusions, with in addition 

to orthopyroxene, plagioclase (mainly anorthitic but one albitic), the more exotic garnet and 

chlorapatite, as well as most of the mica inclusions (Fig. 1b). 

 

The interstitial minerals between dunites’ olivine grains are clearly cumulate minerals crystallized 

from the last melts that percolated through the mantle-crust transition zone in response to the cooling 

of the system (Rabinowicz et al., 1987; Benn et al., 1988; Boudier and Nicolas, 1995; Koga et al., 

2001; Abily and Ceuleneer, 2013; Rospabé et al., 2017, 2018). In the present case, the interstitial 

orthopyroxene and amphibole were considered as the crystallization product of a lithospheric melt 

formed at the crust-mantle transition, hybrid between the dry (or water-poor) MORB issued from 

partial melting within the Maqsad diapir (Ceuleneer et al., 1996; Benoit et al., 1996; Python and 

Ceuleneer, 2003) and a hydrated component probably deriving from the deep introduction of seawater 

or hydrothermal fluids (Rospabé et al., 2017). The correlation between the appearance of such mineral 

impregnations and the change in the nature of the silicate inclusions in chromite in the higher level 

of the DTZ, especially the common occurrence of orthopyroxene, suggests than both impregnations 

and silicate inclusions crystallized from melts sharing common characters, possibly from the same 

Si-, Na-, trace elements-, and volatile-rich hybrid melt. 

 

Another observation is the clear predominance of monomineralic inclusions relative to polymineralic 

ones along the cross-section (Fig. 1c). It is more likely explained by the entrapment of tiny crystals 

rather than by a trapped melt as the complete crystallization of a melt into a single phase must be 

clearly excluded. As stressed by Rollinson et al. (2018), the surface of an inclusion in a thin section 

is not representative, and the higher frequency of monomineralic inclusions may be overestimated as 

it can partly result from the two-dimensional nature of the thin sections, limiting the access to other 
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companion phases in presence in a given 3-D structure. However, would it be the case, it seems 

unlikely that 90% of the inclusions observed in thin section would appear monomineralic. This 

statistically robust result favours the fact that a high proportion of inclusions are actually 

monomineralic. This is better accounted for if microcrystals formed in the hybrid melt, likely in 

response of the early stage of the out of equilibrium hybridization process, then were eventually 

entrapped, mostly as single crystals, during the skeletal growth of chromite (Prichard et al., 2015), 

consistent with the square to rounded shape of the inclusions (Fig. 2a-b).  

 

In this frame, the amphibole and clinopyroxene that are almost the only minerals observed in 

inclusion in chromites in pure dunites may represent microcrystals formed during the early stage of 

hybridization between the MORB and the silica- and water-rich component before the system and 

the hybrid fluid/melt progressed into a more evolved stage (i.e. more advanced hybridized stage), 

crystallizing together the more diversified inclusions, chromite and other impregnation minerals 

upsection (e.g. Rospabé et al., 2018; 2019a). 

 

Since similar inclusions were observed in more concentrated chromitite ore bodies from the Maqsad 

area (Lorand and Ceuleneer, 1989; Leblanc and Ceuleneer, 1991; Borisova et al., 2012; Rollinson et 

al., 2018; Zagrtdenov et al., 2018; Rospabé et al., 2019b), it is likely that the same mantle dunitization 

process drove the formation of both the dunites and chromitites. The very details of the dunite-

chromitite association remain unclear at this stage and this assumption should be investigated further 

by a more statistical study of the silicate inclusions at the scale of the whole DTZ. 

 

Structural control on the nature of the fluids-melts that formed the DTZ dunites 

In our previous study we have reported on the remarkable petrological and geochemical variability 

along the cross-section studied here in details for its inclusions content (cross-section #3 in Rospabé 

et al., 2019a). Its lithological stratigraphy (Fig. 1) is consistent with what is observed at the scale of 
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the whole Maqsad DTZ (Rospabé, 2018). The vertical distribution of the silicate inclusions, roughly 

consistent with the whole rocks and matrix minerals major and trace elements trends, was suspected 

but needed to be confirmed with a higher analysis density, and the bearing of these variations on the 

DTZ genesis can now be discussed with an improved degree of confidence. 

 

In addition to the statements discussed above about the nature of the inclusions, the main facts 

highlighted in this study are: 

i) the abundance of inclusions in a given sample depends on the host lithology, being globally more 

abundant in pure dunites in the lower part of the cross-section and decreasing upsection within the 

impregnated interval (Fig. 1c); 

ii) the abundance of silicate inclusions in disseminated chromites locally varies in a coherent way 

relative to the distribution of fault zones (Fig. 1c), reminiscent to the relation observed between the 

local higher inclusions content and the presence of magmatic breccias along the stratiform chromitite 

located about 1.5 km to the SE of the present cross-section (Rospabé et al., 2019b). 

 

In terms of chemical compositions, it can then be observed that: 

i) vertical evolutions are not random, with successive and alternating trends in most species (Fig. 4), 

reminiscent to what was already described in the composition of both the dunitic matrix and 

impregnating minerals of the Maqsad DTZ (Rospabé et al., 2018); 

ii) the vertical chemical evolutions are conditioned by the proximity to the fault zones similarly to 

the composition of the host dunites (Rospabé et al., 2019a), including for elements considered as 

immobile during alteration such as the TiO2 content; 

iii) approaching fault zones, amphibole in inclusion (the most common phase with clinopyroxene, 

Fig. 1), is progressively enriched in K (lower Na#), P2O5, F and Cl (Fig. 4b). 

 

The faults and fractures we mapped within the DTZ look to post-date the magmatic activity if only 
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referring to the alteration mineralogy within fracture planes affecting the host dunite (dominated by 

serpentine and, in a lesser extent, carbonates). Similarly, faults within the lower crustal section of the 

Oman ophiolite were described for their role in the important hydrothermal alteration of the layered 

gabbros (Zihlmann et al., 2018). On the other hand, strong arguments were provided for the 

development of higher temperature, syn-magmatic fault zones in the vicinity of the Maqsad area. A 

N130°E-oriented fault system, parallel to the spreading axis that developed above the Maqsad diapir 

(Pallister, 1981; Ceuleneer, 1991; MacLeod and Rothery, 1992), was active at high temperature, early 

enough during the accretion of the oceanic lithosphere to have disturbed the crystallization of gabbros 

at the base of the Oman (i.e. buffering of the An content in plagioclase to unusual high values, 

occurrence of Ti-rich pegmatitic gabbros; Abily et al., 2011).  

 

Similarly, the fact that i) the vertical chemical evolutions of the inclusions are progressive and 

continuous along the DTZ, over intervals having a characteristic thickness of about 50 m (Fig. 4) (i.e. 

not abruptly shifted by the faults), and that ii) it concerns elements for which variations in 

concentration call for igneous processes such as Ti (in whole rocks, mineral impregnations, chromite, 

and silicate inclusions), confirms that syn-magmatic faults or fractures developed early within the 

dunitic mantle-crust transition zone, strongly influenced the nature of the different melt and/or fluid 

fractions percolating through the DTZ and played an important role on the mobilization of Cr at the 

mantle-crust transition (Rospabé et al., 2019a). 

 

The higher concentration in phosphorous and halogens, especially Cl, in amphibole inclusions 

approaching fault zones supports the seawater-derived origin of the fluid fraction involved in the 

genesis of hybrid melts within the DTZ. This confirms the potential role of fault zones both for 

extraction of melts and introduction of high temperature hydrothermal fluids (i.e. they make possible 

the hybridization process, Rospabé et al., 2019a; 2019b). Then, at the time of the hybridization the 

hydrated component/MORB ratio was higher within fault zones than within the massive dunitic 
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levels, as also attested by the lower TiO2 toward the faults (Fig. 4).  

 

Otherwise, the circulation of very saline fluids (brine-type) and subsequent hydrothermal fluid-rock 

reaction was documented by the discovery of Cl-rich amphiboles (0.1-5 wt%) in gabbros from the 

deep lower oceanic crust of the Wadi Tayin massif, Oman (Currin et al., 2018a; 2018b). In this way, 

the Cl-apatite we observed along the cross-section may potentially result from a magmatic to 

metamorphic process involving such high temperature hydrothermal fluids following the cessation 

of the magmatic activity in a cooling system. 

 

Another observation is that the abundance of inclusions spatially varies, partly in relation with the 

presence of faults or fractures (Fig. 1c): higher inclusion contents are roughly observed within the 

un-faulted dunitic levels, and especially within the chromite-rich interval ~ 750-775 m in altitude, 

rather than close to the faults (excepting in the lower impregnated level), as opposed to the inclusion 

distribution relative to magmatic breccias (i.e. frozen stages of fault development) along the 

neighbouring stratiform chromitite (Rospabé et al., 2019b). This distribution can reflect i) better 

favoured conditions for the nucleation of the microcrystals within un-faulted levels where the 

contribution of the MORB is higher, or ii) a faster/earlier formation of the chromite grains relative to 

the microcrystals close to the faults where the contribution of the hydrated component is higher, or 

both, preventing significant entrapment of microcrystals. At the scale of the DTZ as a whole, the 

higher abundance of inclusions in dispersed chromites in pure dunites than in impregnated ones (Fig. 

1c) may result from the local thermal state as pure dunite are supposed to have been compacted at 

higher temperature (i.e. above the crystallization temperature of the interstitial impregnation; 

Rospabé et al., 2018), the inclusions being the solely crystallization products with chromite in the 

deeper levels of the DTZ while fractionation from the percolating fluids/melts is also expressed in 

the impregnations in the shallower levels. This highlights that within the dunitic transition zone, in 

spite some features are shared between the formation of both dunite and chromitite, local differences 
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may affect the formation and entrapment conditions of the silicate inclusions in chromite grains. It 

may reflect the competition between the crystallization of those exotic phases and the massive 

precipitation of chromite. 

 

CONCLUSIONS 

In the DTZ, the inclusion content in the dispersed chromites remarkably correlates with mineral 

impregnations in the host dunites, both in term of nature and chemical composition. This result first 

demonstrates that the inclusions in chromite, at least in the case we studied, are not the preserved 

relics of previous igneous events that happened in a totally different setting (e.g. high pressure 

processes in the deep mantle), then highlights the need of considering the census and analysis of 

inclusions in chromite in the systematic survey of the DTZ, in addition to the matrix minerals, to 

progress in the understanding of the fluid-melt-rock reactions occurring at Moho level below oceanic 

spreading centres. The development of synmagmatic faults at the mantle-crust transition is proposed 

i) to occur as early as the dunitization stage implying the re-mobilization of Cr and other elements, 

ii) to condition the fluid-melt hybridization and fluid-melt-rock reactions in the shallow mantle, and 

potentially iii) to strongly impact our views concerning the budget of many elements in oceanic 

spreading settings and the calculation of the global transfers between the mantle, crust and 

hydrosphere according to deep fluid circulation and hybrid melts genesis. Considering the specific 

case of halogens, our study suggests that they could be mobilized at very high temperature and not 

only during low temperature alteration processes (e.g. Kendrick et al., 2015; Chavrit et al., 2016; 

Kendrick et al., 2017; Kendrick, 2019).  
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FIGURE CAPTIONS 

 

Figure 1: Vertical distribution of the silicate inclusions in chromite along the studied cross-section. 

(a) Petrological and structural log of the cross-section (#3 in Rospabé et al., 2019a). (b) Vertical 
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distribution of the nature of the inclusions in chromite. (c) Vertical distribution of the abundance of 

these inclusions depending they are mono- or polymineralic. The main regional faults and minor 

fractures are drawn at the altitude they cut across the cross-section on the field. Abbreviations are as 

follows: amph, amphibole; Cl-ap, chlorapatite; cpx, clinopyroxene; diop, diopside; gt, grossular 

garnet; ol, olivine; opx, orthopyroxene; pl, plagioclase feldspar. 

 

Figure 2: Photomicrographs (reflected light) of a few examples of inclusions in disseminated 

chromites in dunites from the Maqsad DTZ. Pictures are of samples 16OM07B (a), 16OM41A (b), 

16OM38B (c), 16OM27 (d), 16OM20 (e), 16OM17 (f), 16OM16A (g), 16OM14 (h). Abbreviations 

are as follows: alb, albitic plagioclase feldspar; amph, amphibole; asp, aspidolite mica; Cl-ap, 

chlorapatite; cpx, clinopyroxene; diop, diopside; gt, grossular garnet; ol, olivine; opx, orthopyroxene; 

phl, phlogopite mica; pl, plagioclase feldspar; sulf, sulphide. 

 

Figure 3: Major and minor element compositions of the main chromite-hosted silicate inclusions 

(individual analyses). Are represented the TiO2 content as a function of the XMg (100 × molar 

Mg/(Mg + Fe2+) in amphibole (a), clinopyroxene (c) and orthopyroxene (f) and as a function of the 

modal content of chromite in the host chromite for amphibole (b) and clinopyroxene (d), as well as 

the K2O content as a function of the Na2O content in mica (e). The distinction is made between the 

monomineralic inclusions (white circles) and the phases being parts of polymineralic inclusions 

(black circles). 

 

Figure 4: Vertical evolution of the major and minor element compositions of disseminated chromite 

and chromite-hosted silicate inclusions along the cross-section, plotted as a function of the altitude. 

Are represented (a) the XMg, XCr, YFe3+ and Cr2O3, Al2O3, TiO2 contents in chromite, (b) the XMg, 

XNa and TiO2, P2O5, F and Cl contents in amphibole, (c) the XMg and TiO2 and Na2O contents in 

clinopyroxene, (d) the TiO2 and XNa in mica, and (e) the TiO2 content in orthopyroxene. For a given 
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mineral, both averaged values in each sample (bigger dots) and individual analyses (smaller dots) are 

plotted. Note that these averaged inclusion compositions (calculated from both monomineralic and 

polymineralic inclusions) partly correlate to the one of host chromites, highlighting that, in a given 

sample, there is no systematic differences in the composition of a same phase occurring as a 

monomineralic inclusion or in association with other phases in polymineralic inclusions as deduced 

from Figure 3. Averaged values are given in Supplementary Tables 1S-6S. The petrological and 

structural log described in Figure 1 is shown to the left of the figure. The main faults observed on the 

field are also reported in each diagram as the black dotted lines. 
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