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Abstract At oceanic spreading centers, the interactions between the igneous system that builds the crust,
and the hydrothermal system that cools it govern the plumbing system architecture and its thermokinetic
evolution. At fast-spreading centers, most of those interactions occur around the axial magma lens (AML)
that feeds the upper crust, and possibly part of the underlying mushy igneous reservoir. Heat extracted from
crystallizing AML is transferred through a conductive boundary layer to the overlying hydrothermal system.
Quantifying the AML physical and thermal evolutions and its interactions with hydrothermal system is
therefore essential to understand oceanic accretion. Those general issues were the rationale of drilling ICDP
OmanDP Hole GT3A, and we present herein the geological, structural, and petrological data that were used
as a site survey to select its location. GT3 area enables observations in three dimensions of fossilized AMLs
and overlying dikes. The new field data and corresponding mineral compositions are used together with
thermokinetic and thermodynamic models to deliver an integrated dynamic model for the AML/hydrothermal
system interactions. Results attest that the isotropic gabbro interval is composite, with gabbro bodies intruding
and reheating both gabbros and dikes (up to 1,040°C). We show that AMLs should be considered as transient
igneous bodies that likely crystallize from primitive MORBSs in decades, releasing heat to the intruded hosts,
and feeding high temperature vents on the seafloor. We show for the first time that the thermal gradient
recorded in AML roof is consistent with the heat fluxes reported at active hydrothermal vents.

1. Introduction

At oceanic fast-spreading centers, the axial magma lens (AML) that top the mushy igneous reservoir is one
of the key horizon as it feeds the upper crust and possibly part of the lower crust (e.g., Boudier et al., 1996;
Koepke et al., 2011; MacLeod & Yaouancq, 2000; Nicolas et al., 2009, Figure 1); its roof represents the main
interface between the magmatic and hydrothermal systems roughly corresponding to the Layer 2/Layer 3 tran-
sition (France et al., 2009; Wilson et al., 2006). The cooling and crystallization of this AML likely provides
heat to the active hydrothermal vents on the seafloor (e.g., Lowell et al., 2013), and thus is essential for the
formation of volcanogenic massif sulphide deposits (e.g., Humphris & Cann, 2000). Geophysical constraints on
this transition at fast- and intermediate-spreading ridges highlight (1) that the AML is discontinuous along axis
with mush-rich areas (~15-20 km long) alternating with melt-rich zones (~2—4 km long; Carbotte et al., 2013;
Singh et al., 1998), or at an even smaller scale (Marjanovic et al., 2015), (2) is 8-120 m thick (Collier & Sin-
gh, 1997; Kent et al., 1993; Singh et al., 1999; Xu, Pablo Canales, et al., 2014), and 600-1,700 m wide (Canales
et al., 2005; Kent et al., 1990; a maximum width of 4.15 km having been identified by; Kent et al., 1993), and (3)
that its depth is varying along axis over hundreds of meters with the melt supply and the axial depth (Carbotte
et al., 2006, 2013; Hooft et al., 1997; Lagabrielle & Cormier, 1999; Macdonald et al., 1991). Variations in the
AML depth and properties (e.g., crystallinity) have also been interpreted to be directly related to eruptive events,
casting for its partial drainage upon eruption (Marjanovic et al., 2014). Several field, structural, and petrological
data have led to the elaboration of a dynamic magma lens model where the AML is a dynamic horizon that can
move up or down with the potential to intrude and reheat the root-zone of the sheeted dike complex (SDC; e.g.,
Coogan et al., 2003; France et al., 2009, 2014; Gillis, 2008). The AML may fossilize to form isotropic gabbro
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Figure 1. Cross-axis schematic view of the magmatic system and crustal
architecture at fast spreading ridges (modified after France et al., 2009). At

2. Background

2.1. Oceanic Crust at Fast-Spreading Centers

the ridge axis the likely distribution of melt is documented with melt-rich

areas (“magma”) possibly forming sills from the Moho level, through the main
magma reservoir (that is mostly mushy), to the axial magma lens (AML).
Also documented are the crustal section sampled by ICDP OmanDP Holes

Ocean crust covers about the two thirds of Earth surface, and half of it
formed at fast- and intermediate-spreading centers (e.g., R. D. Miiller
et al., 2008). There, the formed crustal section is about 6-7 km thick

GTI1A, GT2A, and GT3A (Kelemen et al., 2020). Dashed blue curves identify

hydrothermal circulations, and the red box documents the section of interest in
the present study: the AML roof zone where magma/hydrothermal interactions

are intense.

(Aghaei et al., 2014; Barth & Mutter, 1996; Boulahanis et al., 2020; Can-
ales et al., 2003) and characterized from bottom to top by layered, foliat-
ed, and isotropic gabbros (the latter being also named varitextured; e.g.,
MacLeod & Yaouancq, 2000) forming the lower crust, which is topped
by the upper crust comprising SDC that fed the overlying pillow lava
2014; Nicolas et al., 2000, Figure 1).
Seismic crustal architecture of fast-to intermediate spreading crustal sections implies 3 layers that are gen-

and lava flow series (Conference Participants, 1972; Gillis et al.,

erally interpreted as representing Layer 2A: pillow lavas and lava flows, Layer 2B: the SDC, Layer 3:
the plutonic section; the transitions between the layers are nevertheless still not well characterized (e.g.,
Carlson, 2011; Detrick et al., 1998). This extensive igneous system formed mostly on-axis, where the mag-
matic reservoir extending from the Moho level to the SDC root is mainly mushy (e.g., Detrick et al., 1987)
with less than 18% of interstitial melt (e.g., <5% according to Caress et al., 1992; <10%-15% according
1999; 2%—-18% according to Crawford et al., 1999; and <10% according to Dunn
et al., 2000, Figure 1). Only localized melt-rich lenses are present close to the Moho (Canales et al., 2009;

to Lamoureux et al.,

Nedimovic et al., 2005, Figure 1), through the lower mushy reservoir (Boddupalli & Canales, 2019; Canales
et al., 2009; Carbotte et al., 2020; Marjanovic et al., 2014, 2015, 2018, Figure 1), and at the reservoir roof
(Canales et al., 2009; Marjanovic et al., 2015; Sinton & Detrick, 1992, Figure 1) that roughly corresponds
to the Layer2/Layer 3 transition. This transition is the locus of intense interactions between the magmatic
system that feeds the crust and the hydrothermal system that cools it (e.g., France et al., 2009; Nehlig, 1993;
Zhang, Wang, et al., 2017). Heat extraction at oceanic spreading centers is indeed assisted by an extensive
hydrothermal convecting system (e.g., Alt et al., 2010) that is likely facilitated by normal faults (Hayman &
Karson, 2009), and mainly develops along axis (e.g., Marjanovic et al., 2017; Nehlig et al., 1994; Tolstoy
et al., 2008). Although more prominent in the upper crust, some authors speculate that these systems also
extends down section to the Moho level (Abily et al., 2011; Bosch et al., 2004; Currin et al., 2018; Nicolas
et al., 2003; Zihlmann et al., 2018).

FRANCE ET AL.

2 of 28

85U01 SUOWWIOD AIERID 3(edl|dde 8Ly Aq peusenob afe 3piie O ‘8sn JO Sa|nJ Joj Akeiq i 8uljuO AB|IM UO (SUORIPUOD-PU-SWBIWI0D A8 1M AReiq 1 Ul UO//Sd1Y) SUORIPUOD PUe SWLB L 83U 38S *[£202/90/90] U0 AfeiqiTaul|uo AB|1A RUI01IQIGSUO TRLLIOU | UoSIUYD8 L AG 96¥TZ0Er0Z02/620T OT/I0p/wod A8 Are.q 1 put|uo'sgndnBe//sdny wouy papeolumoq ‘G ‘TZ0Z ‘9566912



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB021496

2.2. Previous Field and Petrologic Constraints on the SDC/Gabbro Transition

The SDC/gabbro transition has been extensively described in Troodos and Oman ophiolites that are interpret-
ed as analogs of fast-spreading oceanic centers (e.g., France et al., 2009; Gillis, 2002; Gillis & Coogan, 2002;
Gillis & Roberts, 1999; MacLeod & Rothery, 1992; Nicolas et al., 2008; Nicolas & Boudier, 1991; Roth-
ery, 1983). This transition was also sampled in situ at the East Pacific Rise in the Cocos Plate at the ODP
Hole 1256D (France et al., 2009; Koepke et al., 2008; Koepke and Zhang, 2020; Teagle et al., 2012; Wilson
et al., 2006). At all those locations gabbros are intrusive in the SDC root that is reheated by the correspond-
ing intrusive event (e.g., Coogan et al., 2003; France et al., 2009; France, Koepke, et al., 2010a; Koepke
et al., 2008). The reheating event has the potential to trigger hydrous anatexis of the SDC root (hydrous
solidus < 850°C; France, Ildefonse, et al., 2010; France, Koepke, et al., 2010), and to produce melts similar
to the bulk composition of most of the oceanic plagiogranites that are observed close to the SDC root (Erd-
mann et al., 2015, 2017; France et al., 2014; France, Koepke, et al., 2010; Gillis & Coogan, 2002; Grimes
et al., 2013; see Coleman & Peterman, 1975, and Koepke et al., 2007 for a discussion on the use of the term
oceanic plagiogranite that includes all oceanic felsic rocks). If not crystallized as oceanic plagiogranites,
the corresponding anatectic melts can mix within the AML contaminating MORB melts at crustal levels
(Coogan, 2003; Coogan et al., 2003; Erdmann et al., 2017; Fischer et al., 2016; France et al., 2009, 2014;
Gillis et al., 2003; Koepke et al., 2011; Michael & Cornell, 1998; Nehlig, 1993; Wanless et al., 2010, 2011).
The base of the SDC has been identified to be texturally and chemically different (over tens of meters) of
the overlying SDC section; it is recrystallized to hornfels-like granoblastic assemblages as a consequence
of a re-heating event due to contact metamorphism likely triggered by magma intrusion(s) in the SDC root
(France et al., 2009, 2014; France, Koepke, et al., 2010; Gillis, 2002, 2008; Gillis & Coogan, 2019; Gillis &
Roberts, 1999; Koepke et al., 2008). Granoblastic assemblages can be both recrystallized dehydrated rocks,
or igneous residue resulting from a hydrous anatexis stage associated with oceanic plagiogranite formation
(e.g., Coogan et al., 2003; Gillis & Coogan, 2002; Erdmann et al., 2015, 2017; France et al., 2014; France,
Koepke, et al., 2010). Strong constraints based on experimental petrology, and related to the reheating of the
SDC root are now available, test protoliths with various alteration and recrystallization grades, and docu-
ment recrystallization under both metamorphic and anatectic conditions (Erdmann et al., 2015, 2017; Fischer
et al., 2016; France et al., 2014; France, Koepke, et al., 2010). Below the SDC/gabbro transition, the upper
isotropic gabbros (or varitextured gabbros) represent a highly heterogeneous plutonic interval that is mainly
composed of fine-grained isotropic gabbros with subordinated coarse-grained gabbros, microgranular en-
claves or domains that are remnants of partially digested granoblastic dikes, felsic (or plagiogranitic) and
Fe-Ti gabbroic patches or veins (e.g., France et al., 2009; Koepke et al., 2011; MacLeod & Yaouancq, 2000;
T. Miiller et al., 2017; Wilson et al., 2006). Varitextured gabbros also contain various textural domains char-
acterized by large clinopyroxene oikocrysts, granular domains, spotty gabbros, or domains with a marked
foliation which is parallel to the underlying vertically foliated gabbros (Koepke et al., 2011; MacLeod &
Yaouancq, 2000; T. Miiller et al., 2017; Nicolas et al., 2008, 2009).

Late dikes crosscutting the SDC/gabbro transition are observed in all the studied areas; those are interpreted as
highlighting either the presence of a lower level magma lens (e.g., France et al., 2009), or off axis magmatism
(e.g., Wilson et al., 2006).

2.3. Quantitative Data on the SDC/Gabbro Transition Dynamics, and Open Questions

Field, structural, and petrological observations were interpreted in the frame of a dynamic magma lens model
where the dynamic AML can move up or down, and potentially intrude and reheat the root-zone of the SDC
(e.g., Coogan et al., 2003; France et al., 2009, 2014; Gillis, 2008). Although very high prograde temperatures are
recorded in the reheated dikes (1,045°C in Koepke et al., 2008; 1,030°C in France et al., 2009; 1,040°C in Gillis
& Coogan, 2019) there is currently no data available on the temperature range of the reheating stage (from which
low temperature are those dykes reheated?). This temperature range could be of tens or hundreds of degrees,
and is a key parameter if we are to fully understand the interactions between the magmatic and hydrothermal
systems. The geothermal gradient within the conductive boundary layer that separates the AML of the overlying
hydrothermal system remains largely underconstrained as it has been estimated to be of 3-4°m~! (Gillis & Coo-
gan, 2019; Koepke et al., 2008) when active vents heat fluxes predict gradients of tens to hundreds of degrees
(e.g., Lowell et al., 2013). Also AML migrations (upward and downward) have been interpreted from several
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field results in both ophiolites and present day oceanic crust; the vertical extent of such magma lens variations
nevertheless remains elusive, and has to be quantified. Even the fact that the AML itself experience vertical mi-
grations may be questioned. Indeed, Fontaine et al. (2011) and Zhang et al. (2014) have shown that only tens of
years are required for a hydrothermal system to cool a newly injected magma batch at the SDC/gabbro transition,
challenging the classical view of a permanent or steady state AML. Those striking results are also consistent with
recent seismic data from the East Pacific Rise suggesting that the AML could be partially drained during axial
eruptions (Marjanovic et al., 2014). Both results suggest that the AML may not be a long lived system, but rather
areservoir that could be drained, partially cooled and crystallized, and likely reinjected as magmatic activity con-
tinues. A corresponding open question would thus be whether such various or successive melt intrusions at the
AML horizon could be identified in the field, that is, complex intrusive successions or reheating effects within the
varitextured gabbros themselves. In the present contribution, we provide new field and petrologic data that will
eventually bring new constraints on those various open questions or under-constrained parameters.

3. Geological Context

The Cretaceous Oman ophiolite (~500 X 50 km) is regarded as the best on-land proxy for fast-spread-
ing oceanic crust. Nevertheless controversial debates are on-going since decades, and questioned the mid-
ocean ridge (MOR) versus supra-subduction zone initial setting (e.g., Boudier & Nicolas, 2007; MacLeod
etal., 2013; Warren et al., 2005, 2007). It is likely that the proposed subduction setting is related to the early
stage of obduction (e.g., Boudier et al., 1988; Koepke et al., 2009), and is responsible for a second stage
of magmatism (“V2” or “Lassai” lavas) following the major accretion of normal fast-spread crust (“V1” or
“Geotimes” lavas; for details, and nomenclature of the lavas see Godard et al., 2003). The area selected for
the present study is not notably affected by the late-stage magmatism (“V2”), thus the observed field record
described here can be exclusively related to the primary magmatic processes of a “normal” fast-spreading
ridge.

The studied area is located in the Wadi Aswad in the Southern Sumail massif (Figure 2; Nicolas et al., 2008),
~40 km NW of the Wadi Gideah described in France et al. (2009), and where ICDP Holes GT1A and GT2A from
the OmanDP were drilled (Kelemen et al., 2020).

4. Methods

Field work was conducted to map the studied area in terms of lithologies, structures, and relations between the
various units (Figure 3), and to sample at most of the field stations presented in Figure 3. Sites with specific
textural features (e.g., enclaves, grain-size variations), with igneous contacts, or with both dikes and gabbros
have been studied with greater attention. Specific high resolution sampling has also been conducted at the sites
corresponding to points 1 to 4 in Figure 3. Heavily hydrothermally altered samples that do not preserve igneous
or high grade metamorphism mineral assemblages were not considered in the following as we focus on high grade
metamorphic conditions, and on igneous processes.

Major element mineral compositions and backscattered electron images (BSE) were obtained using a CAMECA
SX100 electron probe equipped with 5 spectrometers, and the “Peak sight” operating system (SCMEM.: service
commun de microscopie électronique et de microanalyses; Université de Lorraine, France, and Laboratoire Mag-
mas & Volcans, Clermont-Ferrand, France). All analyses were performed with a focused and static (fixed) beam,
a beam current set to 12 nA, a 15 kV acceleration potential, and Ka emissions for all elements. Counting times
were set to 40 s on peak, and 20 s on background. Instrument calibration was performed on natural standards, and
matrix correction was based on Pouchou and Pichoir (1991). Mineral composition data used in the present study
are documented in Tables S1-S5.

Mineral compositions obtained herein are used to quantify the equilibrium temperatures of specific lithologies
that are key to our understanding of the dynamics of the Layer 2/Layer 3 transition. When considering geo-
thermometry, the most important point is to use thermometers that are valid in the considered pressure—tem-
perature—composition range. Here, we use the two-pyroxene QUILF thermometer of Andersen et al. (1993),
the amphibole-plagioclase thermometer of Holland and Blundy (1994), a recalibrated version of the Ti-in am-
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Figure 2. Simplified geological map of the Southern massifs of the Oman ophiolite (from Nicolas et al., 2000). Inset shows
the location of the massifs in the Oman ophiolite. The mapped area, corresponding to Wadi Aswad, where the ICDP OmanDP
Hole GT3A is located, is localized in the Southern Sumail massif.

phibole thermometer of Ernst and Liu (1998), and the Al-in clinopyroxene thermometer of France, Koepke,
et al. (2010). The latter was specifically elaborated for the lithologies and conditions of the root zone of the
SDC. In the present case, the studied samples are highly heterogeneous because of the intense hydrothermal
overprint, which may result in intensely zoned (concentrically or heterogeneously) single grains (mostly am-
phibole and clinopyroxene). Consequently, the two-mineral thermometers (amphibole-plagioclase and 2-py-
roxene) should be used with great caution as those are based on the equilibrium between the two phases. The
corresponding temperature estimates will thus be used hereafter as a comparison. However, we will focus our
discussion on the results obtained with the Ti-in amphibole and Al-in clinopyroxene thermometers. The Ti-in
amphibole thermometer should be used only in systems that contain Fe-Ti oxides. This criterion is respected
in the granoblastic assemblages from the SDC root. For gabbros, although most of the studied oceanic gabbros
are not sensu stricto oxide gabbros, amphibole bearing domains are very commonly oxide-bearing (both amphi-
bole and oxide being commonly present as late interstitial phases), and this thermometer can thus be applied.
The recalibration of Ernst and Liu (1998) thermometer has been performed by the Hannover group (Institut
fiir Mineralogie; Leibniz Universitit Hannover), and is based on the following equation: —22.1 x [TiO, (wt
%)J? + 220.74 x [TiO, (wt %)] + 480.7; it has been tested in experimental studies (France, Koepke, et al., 2010;
Koepke et al., 2003), and has been used in several studies (France et al., 2009, 2013; Koepke et al., 2008, 2011).
The Al-in clinopyroxene thermometer has been developed experimentally by using an altered dike, considered
as representative of the SDC, as a starting material (France, Koepke, et al., 2010). The corresponding experi-
ments were designed to reproduce the reheating processes that are ongoing at the SDC root, and the dike used as
starting material was sampled in the Aswad area studied herein; the developed thermometer is therefore particu-
larly well suited for the present study. Erdmann et al. (2015) who conducted similar dike-reheating experiments
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Figure 3. Detailed geological and structural map (top right), and related cross section (line A-B in the map; bottom) of the studied area (no vertical exaggeration).
An aerial view derived from Google Earth is also presented along with the field data for easy location of the related outcrops (top left). Points 1 to 4 locate specific
outcrops that are discussed in text and in Figures 5-7 and 10. Dashed black line in the cross section displays a theoretical prolongation of the dike/gabbro contact. The
kinematics of the presume fault to the SE of the cross section are not known, therefore no offset is documented.

by using alternative starting materials from the SDC root sampled at the ODP Hole 1256D, also confirmed the
validity of this thermometer.

5. Field Observations

The studied area is ~2.5 X 2.5 km? large, and extends from the foliated gabbros to the SDC (Figures 1, 3, and 4a).
The SDC in the studied areas is characterized by 0.3—10 m wide dikes (most of the dikes being 1-1.5 m wide) with
characteristic chilled margins, and are trending 140°N (Figure 3). Some rare screens of fine-to coarse-grained
gabbros are pinched between dikes that chilled against the screens (Figure 3, point 1; Figures 5a—5c). Most of
those gabbro screens are observed in the first tens of meters but some rare ones are located at >200 m from the
SDC/gabbro contact (Figure 5). Remarkably, the gabbro screen that we have identified within the SDC at the
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Figure 4. Specific outcrops and field observations of the sheeted dike complex (SDC)/gabbro transition in the Oman ophiolite. (a—f) Dike gabbro transition, and (g—o)
various gabbroic facieses. (a) General view of GT3 area in the Wadi Aswad area. ICDP OmanDP Hole GT3A is located in the root zone of the SDC at the transition

to gabbros (b and c). Intrusive contact of gabbros (G) in the recrystallized granoblastic dike root zone (uSD) marked in yellow dotted line in (b) Lateral extension of
the contact is highlighted in (b) with L. France for scale to the left of the picture; arrows in (c) show the intrusive contact. (d) Other example of gabbros intruding the
SDC base. () Magmatic breccia composed of gabbros and felsic rocks (the so called oceanic plagiogranites) containing microgranular enclaves of dikes; the outcrop is
located directly at the contact between dikes and gabbros. (f) Gabbro injections in the recrystallized microgranular base of the SDC. (g) Archetype of granular foliated
gabbros being part of eponymous level in Figures 1 and 3, (h-1) Outcrops documenting the heterogeneity of the gabbroic textures encountered in the isotropic gabbro
interval (“varitextured gabbros”). (h) Displays fine grained isotropic gabbro with subordinate coarse-grained domains. Patchy gabbros are characterized by felsic patches
(i), granular pyroxenes (j), or subophitic gabbros with large poikilitic clinopyroxenes (k-1) and subordinate leuco-granular domains. “Gabbro in gabbro” intrusive
contacts are common in gabbros (m—o); those are sutured and locally overprinted by felsic melt migration (m and n). Arrows in (m) point to the “gabbro in gabbro”
intrusive contacts.
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Melt intrusion, dike reheating,
“ varitextured gabbros crystallization
(= former AML)

New dikes intrudes gabbros
@ (remaining gabbros are now limited
to a narrow screen within the SDC ~200m
upsection of the dike/gabbro transition

Figure 5. Gabbro screen outcrop (station 1 in Figure 3). (a) is the raw photo of the outcrop that is interpreted in (b) whereas panels (c and d) represent zoomed in areas
(indicated in black boxes in panel b). White arrows in (b and d) point to the dikes margins that chilled against the gabbro screen. The chilled margin is also visible in (c).
Black arrows in (d) point to the former intrusive contact of the gabbroic body as it contains a microgranular dike piece (interpreted as a formerly stopped dike piece).
This outcrop is located within the sheeted dike complex (SDC) ~200 m upsection from the SDC/gabbro transition, and attests to a former high level of the AML.

highest distance of the SDC/gabbro transition also contains former microgranular enclave (Figure 5d). Down
section, close to the SDC/gabbro transition, texture variation in dikes is hard to capture on hand samples (see “key
petrological features” section for the presentation of the granoblastic overprint), but microgranular margins are
present instead of chilled margins. The contact between the isotropic gabbros and the SDC is observed in several
places (“root zone outcrop” in Figure 3; e.g., Figure 6, and is always sharp (Figures 4b—4d, 6a and 6b) and intru-
sive (Figures 4c, 4d, 4f, 6a, 6b, 7a and 7b). At <10 m of the contact with the SDC the isotropic gabbro contain
locally some magmatic breccia composed of several angular to roundish gabbro and microgranular dike enclaves
embedded in coarse-to fine-grained plutonic rocks composed of gabbro, diorite, and plagiogranite (e.g., Figures 3
and 4e). Locally root zone outcrops reveal mutual intrusions of several dikes or gabbro bodies (Figure 6). Some
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Figure 6. Archetype of a root zone outcrop with mutual intrusion of dikes and gabbros (station 4 in Figure 3). (a) outcrop picture with location of the used samples,
small letters represent sample names (from 070L45a to 070L45z), red and green boxes represent the sampling locations of dikes and gabbros, respectively; the scale is
given by Prof. Adolphe Nicolas. (b) picture of a hand sample (sample 070L45a) with clear intrusive character of the gabbro in the granoblastic dike. (c) outcrop picture
of the contact between G3 and D4 with the dike being intrusive in the gabbro (location of G3 and D4 are documented in d)). The dike is microgranular and might
represent an example of a dike root (named protodike in Nicolas & Boudier, 1991; Nicolas et al., 2008; France et al., 2009). (d) Interpretative sketch of the outcrop
presented in (a) with various dikes (D1-6), and gabbros (G0-6) identified. The ticks on the intrusions rims are placed on the intruding side. Maximum temperature
estimates (in °C) obtained with the Al in clinopyroxene thermometer of France, Koepke, et al. (2010) are also documented for both dikes (red values), and gabbros
(green values). “D” and “G” identify individual dikes and gabbros. Corresponding clinopyroxene compositions are presented in Table S1.

rare dikes with microgranular margins are intrusive in the isotropic gabbros (Figure 6¢), and likely represent
dikes that root slightly deeper in the section as previously described by France et al. (2009), Nicolas et al. (2008),
Nicolas and Boudier (1991) (such microgranular dike roots were named protodikes by those authors). Coarse-
grained isotropic gabbros are abundant within the isotropic gabbro interval (Figure 3), and as reported elsewhere
in the root zone of the SDC are locally concentrated around the microgranular xenoliths (Figure 3; e.g., France
et al., 2009). Microgranular xenoliths are present at nearly all the root zone outcrops (Figures 3 and 4e), but are
also observed sparsely in the isotropic gabbro interval. Oceanic plagiogranite domains and patches are common
in the isotropic gabbros close to the SDC base (e.g., Figure 4e) or close to gabbro in gabbro intrusive contacts
(Figures 41, 4m, and 4n). The isotropic gabbro interval (or varitextured gabbros) displays several facies with inter-
growths of fine- and coarse-grained subophitic isotropic gabbros (Figure 4h), granular gabbros (Figure 4j), patchy
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gabbros (Figures 41, 4k, and 41) that are characterized either by cm felsic patches (Figure 4i), or by subophitic
gabbros with large poikilitic clinopyroxenes and associated plagioclase chadacrysts (Figures 4k and 41). Those
various textural domains in the isotropic gabbro interval can usually be followed over tens of meters. Several
gabbro in gabbro intrusive contacts are also present (Figures 4m, 4n, and 40) and attest of various magma batch
injections. Contacts are usually sutured, and locally underlined by felsic intrusions (Figures 4m and 4n). Similarly
to the sections studied in MacLeod & Yaouancq (2000), and France et al. (2009), isolated foliated gabbro domains
of few meters large are observed within the isotropic gabbro horizon (Figure 3); the foliation direction is parallel
to the general direction defined by the underlying foliated gabbros and by the SDC. Deeper in the section, foliated
gabbros are relatively homogeneous, and display granular textures (Figure 4g). The foliation in the foliated gab-
bros is generally parallel to the sub-vertical SDC orientation (trending ~140°N; Figures 3 and 4g).

A cross-section drawn along axis is presented in Figure 3. It has been drawn after a very careful mapping of the
contact zones with the objective to track the presence of any potential fault for example close to the two SDC
bodies that are mapped to the NW. There, no fault has been identified, and root zone outcrops with clear intrusive
features are present, attesting of their normal position. To the SE, although gabbros are also clearly intrusive in
the SDC root (e.g., Figures 7a and 7b; station 3 in Figure 3), it is possible that the large Wadi oriented WSW-ENE
may underline a fault within the isotropic gabbro body (Figure 3). In any case, the structural data, and geological
map presented herein, together with the numerous reported root zone outcrops attest to important depth variations
of the SDC/gabbro transition when observed along axis (more than 150 m vertically on an along axis distance of
~150 m; Figure 3).

6. Key Petrological Features, and Estimates of Equilibrium Temperature
6.1. Dikes

Similarly to the other SDC/gabbro transitions studied in the Oman or Troodos ophiolites (France et al., 2009;
Gillis, 2008; Gillis & Coogan, 2002, 2019; Gillis & Roberts, 1999), and at the East Pacific Rise (France
et al., 2009, 2014; Gillis, 2008; Koepke et al., 2008; Wilson et al., 2006), the base of the SDC is recrystallized
to hornfels-like granoblastic textures that are at odds with the classical doleritic textures of the basalts forming
the SDC. In all studied areas granoblastic assemblages were interpreted as prograde metamorphic assemblages.
Granoblastic textures observed herein are either widespread in the recrystallized dike (e.g., Figures 8a and 8b)
or more commonly rather localized in granoblastic domains (e.g., Figure 7c¢ purple and blue stars; Figures 8c
and 8d). In the latter case, the initial igneous subophitic texture is preserved, and granoblastic domains are
replacing larger pyroxene grains (e.g., Figures 8c and 8d). The granoblastic texture is more developed in finer
grained dikes, and when moving closer to the intrusive gabbro body. All granoblastic samples studied in the
Aswad area contain green to brown amphibole that is commonly organized as granoblastic amphibole patch-
es (granoblastic grains are tens of um wide, and related patches can be up to 1 mm wide; Figures 8c, 8d, 9).
Granoblastic rocks described in crustal sections documenting the crust formed at fast-spreading centers con-
tain both amphibole-bearing and amphibole-free domains (e.g., Gillis, 2008; Gillis & Coogan, 2019; Koepke
et al., 2008). In contrast, granoblastic assemblages associated with dikes intruding gabbros at slow-spreading

Figure 7. Textural and temperature effect of magma injection at the base of the sheeted dike complex (station 3 in Figure 3). Red arrows in (a) point to the outcrops
where gabbros have been observed intruding the sheeted dike complex base, and to the intrusive contact itself in (b). In (b) G highlight gabbros, and D dikes. Other
samples have been collected in the sheeted dike complex at 10, 20, 30, and 50 m from the dike/gabbro contact (from red star). (c) Plane polarized light microscopic
images of the various samples are presented to highlight their textural characteristics. In dikes samples localized at 50 and 20 m from the intrusive contact (purple,

and blue stars, respectively), some 1-2 mm large patches of granoblastic brown amphiboles are present. In dike sample localized at 10 m from the intrusive contact
(green star), a large clinopyroxene phenocryst has been preserved of the granoblastic overprint that is observed in the corresponding matrix. In dike sample localized

at the intrusive contact (red star), olivine is present and the granoblastic overprint is well marked. (d) maximum temperature obtained for each sample with the various
thermometers considered herein, where each thermometer is represented by a different color. An apparent temperature gradient (or metamorphic field gradient; gray
box) of ~3°C.m™! can be estimated from our data. Similar apparent temperature gradient estimates obtained by Gillis and Coogan (2019) in the Troodos ophiolite
(dashed lines, and corresponding circles), and by Koepke et al. (2008) at ODP Hole 1256D (dotted lines, and corresponding triangles) are reported for comparison.
Colors of points and of dashed-dotted lines document the used thermometer with red color for the two pyroxene thermometer (Andersen et al., 1993), green color for the
Ti in amphibole thermometer (Ernst & Liu, 1998; values have been recalculated for the data from Gillis & Coogan, 2019 as those authors did not use this thermometer),
orange color for the Al in clinopyroxene thermometer (France, Koepke, et al., 2010; values have been recalculated for the data from Gillis & Coogan, 2019 and Koepke
et al., 2008 as those authors did not use this thermometer), and blue color for the amphibole-plagioclase thermometer (light blue corresponds to the raw estimates from
Gillis & Coogan, 2019, when dark blue corresponds to their recalibrated values). See Section 4 for further details on the use of those thermometers. Corresponding data
are presented in Table S2.
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ridges are all amphibole-rich (Dick et al., 2019). The mineralogical assemblage of the recrystallized dikes
studied herein includes plagioclase, clinopyroxene, amphibole, and Fe-Ti oxides (Ti-magnetite and/or ilmenite).
Olivine is present in the granoblastic samples that are the closest to the contact with gabbros (e.g., present in
most dikes in Figure 6, and in the deepest sample in Figure 7c red star). In order to track the textural evolution
together with the evolution of the maximum temperature recorded in the reheated dikes at the SDC/gabbro
transition, we have sampled a 50 m long profile above such a contact (site 3 in Figure 3; Figure 7). Samples
at the very contact are strongly recrystallized and contain olivine in the mineralogical assemblage (red star in
Figure 7c). At 10 m away from the contact (green star in Figure 7c), samples display well developed granoblastic
texture (no olivine present from this level). Beyond 10 m from the contact granoblastic assemblages are only
present locally in specific domains, and are characterized by assemblages containing granoblastic amphibole
grains (e.g., Figure 7c purple and blue stars; Figures 8c and 8d).

6.2. Gabbros

Gabbros from the varitextured gabbro interval display subophitic to granular textures, and are intensely over-
printed by hydrothermal fluids forming green to brown hornblende assemblages, actinolite-chlorite assemblages,
and locally some prehnite-pumpellyite assemblages. Domains containing no plagioclase, and likely replacing
large Fe-Mg minerals such as amphibole or pyroxene are composed of fine-grained granoblastic aggregates of
brown amphibole (Figures 8e—8j). Pyroxene with brown amphibole rims or blebs are common, and transition
from brown amphibole to green amphibole from core to rim is locally observed (e.g., Figure 10a). Prismatic
green amphiboles are also locally recrystallized to brown amphibole granoblastic assemblages (e.g., Figure 10b).
Gabbros locally contain some granoblastic patches that are remnants of dike pieces partially assimilated in the
fossilized AML (see Figures 7c and 10d in France et al., 2009, and Figure 2c in Koepke et al., 2011 for related
examples). An% of plagioclase in the isotropic gabbro studied herein are up to 75, and clinopyroxene Mg# up to
79 (Tables S1-S5).

6.3. Temperature Estimates

Following the numerous studies in which temperature estimates were performed at the SDC/gabbro transition
(e.g., France et al., 2009; Gillis, 2008; Gillis & Coogan, 2019; Koepke et al., 2008), we have here selected
very specific field stations to provide additional constraints of equilibrium temperatures (see Section 2.3).
The followed approach and the various thermometers that are used herein are presented in Section 4. Val-
ues to be kept in mind while considering the temperature estimates presented in this study are the hydrous
solidus temperature of hydrothermally altered dikes that is ~850°C (Erdmann et al., 2015; France, Koepke,
et al., 2010), and the maximum temperatures that were recorded in previous studies in granoblastic rocks
(1,045°C in ODP Hole 1256D by Koepke et al., 2008; 1,025°C in the Oman ophiolite by France et al., 2009;
1,020°C in the Troodos ophiolite by Gillis & Roberts, 1999). In the present study, we can follow the evolution
of the maximum recorded temperatures estimated with increasing distance up section from the SDC/gabbro
transition (Figure 7d). Our results highlight that the maximum recorded temperature is decreasing up section
from the contact (maximum temperatures up to 1,040°C) to less recrystallized dikes at 50 m from the contact
(maximum temperatures < 900°C; Figure 7d). This corresponds to an apparent temperature gradient of ~3°C.
m~! which is in the same order of magnitude as the apparent T gradient obtained by Koepke et al. (2008) in
ODP Hole 1256D (~3°C.m™!), and by Gillis and Coogan (2019) in the Troodos ophiolite (~4°C.m™!). This
temperature gradient is here considered apparent as it records the maximum temperature reached at each point
of the contact metamorphism aureole, but none of these maximum temperatures were reached at the same time
as heat transfer by diffusion takes time. The temperature gradient is thus only apparent, has never existed as a

Figure 8. Photomicrographs of recrystallized dikes (a—d) and gabbros (e—j) observed in plane-polarized light (a, c, e, g, and i), and cross-polarized light (b, d, f, h,

and j). (a and b) display a dike sample (070L54a) with a widespread granoblastic texture overprint (mineral assemblage composed of plagioclase, clinopyroxene, light
pink orthopyroxene, and greenish chlorite-actinolite assemblages), when (¢ and d) display a dike sample (08OLO09f) with localized amphibole-bearing granoblastic
assemblages (see also Figure 7c purple & blue star, 9a for similar features); in (c) clinopyroxenes are containing tiny oxides, and greenish minerals are chlorite-actinolite
assemblages. In gabbros, recrystallized features are also highlighted by recrystallized domains composed of granoblastic assemblages of amphibole (e—j). Depending

on the samples granoblastic amphibole domains are associated either with nonrecrystallized clinopyroxene-plagioclase (e-h), or only with amphibole-plagioclase (i—j)
suggesting that in those sample an initial alteration of clinopyroxene to amphibole may be required to record the granoblastic stage. Red arrows indicate some of the
granoblastic domains in gabbros, and numbers in (i) refer to Figure 10 (samples in e and f: 070L47b, g and h: 070L57a, i and j: 080CO06).
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Figure 9. Granoblastic patch of brown amphibole showing chemical zonation in a recrystallized dike from Figure 7, and
corresponding temperature estimates by using the Ti in amphibole thermometer (Ernst & Liu, 1998; see Section 4 for further
details on the use of this thermometer). Amphibole grains are chemically zoned (a) with Ti-rich rims (red) in comparison

to corresponding cores (blue) that documents the reheating stage (b); mineral rims document higher temperatures than
corresponding mineral cores. Sample in colored backscattered image in (a) is 080L9i (purple star in Figure 7; 50 m from

the contact); in (b) triangles correspond to sample 08OL09g (blue star in Figure 7; 20 m from the contact), and diamonds
correspond to sample 080OL9i (purple star in Figure 7; 50 m from the contact). Corresponding data are presented in Table S3.

“in Figur

real geothermal gradient in the history of the SDC/gabbro transition, and although it has been done in literature
(e.g., Gillis, 2008; Gillis & Coogan, 2019; Koepke et al., 2008) it should not be used to calculate instant heat
fluxes to be compared with active vent fields. The reheating stage is recorded in those dikes by, as an example,
the inverse zoning of the granoblastic amphibole grains that compose some of the granoblastic assemblages
(Figure 9). There the amphibole rims record temperature estimates that are ~50°C higher than their corre-
sponding cores. Redox estimates in the 50 m above the intrusive contact documents conditions ranging from
AFMQ = —1 to +3 with no systematic variation with depth (redox estimates based on the oxybarometers of
France, Ildefonse, et al., 2010, and of Sauerzapf et al., 2008). This corresponds to more reducing conditions
than those estimated for granoblastic rocks at ODP Hole 1256D by Koepke et al. (2008). The maximum tem-
perature estimates obtained on the dikes from the root zone outcrop presented in Figure 6 are in agreement
with those obtained at the SDC/gabbro contact in Figure 7 as these are up to 1,020°C. Maximum temperature
estimates using the Al in clinopyroxene thermometer of France, Koepke, et al. (2010) only document temper-
atures >940°C in the granoblastic samples that are located at the very contact with gabbros (e.g., in the root
zone outcrop where dikes and gabbros are mutually intrusive in Figure 6, or at the very contact “0 meters” in
Figure 7d). Those granoblastic samples are the only ones that contain olivine, demonstrating the accuracy of
the comparison with France, Koepke, et al. (2010) experimental study, which showed that this mineral is only
present in the reheating experiments >940°C. Equilibrium redox condition estimates for the dikes of this root
zone outcrop document average values of AFMQ = +1.5 (based on the oxybarometer of France, Ildefonse,
et al., 2010).

Maximum temperature estimates in the gabbros from the root zone outcrop are up to 1,000°C, thus very sim-
ilar to those obtained on the dikes, indicating that both lithologies where equilibrated in the same conditions
during the overall reheating event (Figure 6). Corresponding redox estimates are of FMQ = +1.2 (based
on the oxybarometer of France, Ildefonse, et al., 2010), thus similar to values obtained for the dikes when
considering the uncertainty of the used oxybarometer that is of ~1 Log unit. Beside the textural evidences
for gabbro reheating, temperature estimates also highlight the reheating stage, and allow us to determine
for the first time the range of this reheating stage (Figure 10c). Large brown hornblendes, possibly docu-
menting magmatic amphiboles, record temperatures of ~1,000°C, while their green hornblende rims corre-
spond to temperatures of 600°C-700°C, showing conditions related to hydrothermal cooling of the gabbros
(Figures 10a and 10c). In some samples, green hornblendes are locally recrystallized to brown-hornblende
granoblastic assemblages that record temperatures as high as 855°C, while the rims of some of those grano-
blastic grains eventually record temperatures of ~600°C (Figures 10b and 10c). This key result shows that
some gabbros were hydrothermally cooled in a higher green-schist facies conditions before being reheated
of more than 200°C.
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Figure 10. Recrystallization features and corresponding temperature estimates in isotropic gabbros (station 2 in Figure 3).
Temperature estimates are performed by using the Ti in amphibole thermometer (Ernst & Liu, 1998; see Section 4 for
further details on the use of this thermometer). (a) Large brown amphibole (stage 1 hornblendes) of possibly magmatic
origin records hydrothermal cooling and display green amphibole rims (stage 2 hornblendes). (b) In some isotropic gabbros,
green amphiboles (stage 2 hornblendes) are locally recrystallized to brown amphibole granoblastic assemblages (stage 3
hornblendes). (c) Temperature evolution during the evolution of a reheated isotropic gabbro (sample 080CO06, station 2 in
Figure 3): stage I amphiboles record temperatures up to 1,000°C, when stage 2 amphiboles record temperatures down to
600°C. The reheating stage is locally documented with szage 2 amphiboles that are recrystallized to stage 3 granoblastic
amphibole assemblages recording temperatures up to 850°C. The latter are locally re-equilibrated at lower temperature (stage
4 hornblendes to actinolites). Transition from stage 2 amphiboles to stage 3 ones documents a reheating stage of >200°C.
Corresponding data are presented in Table S4.

7. Discussion

The new results presented herein were obtained to tackle specific open questions on the organization and evolu-
tion of the SDC/gabbro transition, and the interactions between the hydrothermal and magmatic systems. Here-
after, we first discuss the implications of our results on the quantification of the depth variations of the SDC/
gabbro transition at oceanic spreading centers (Section 7.1), before discussing the evidences for successive melt
injections and quantifying the related reheating events in dikes and gabbros at the AML level (Section 7.2). The
comparison of these new results with literature data allow to present a much more detailed insight into the mag-
matic/metamorphic processes at the SDC/gabbro transition at fast spreading oceanic centers (Section 7.2). To-
gether with thermometric estimates they are used to discuss the apparent thermal gradient that is recorded at the
SDC base, to build simple thermo-kinetics models of the magma reservoir roof zone, and to discuss related heat
fluxes and their link with active hydrothermal vents on the seafloor (Section 7.3). We then discuss the fate of the
AML and the origin of the isotropic gabbro interval, before discussing the origin of the hydrothermal component
that is recorded in MORBs at fast-spreading oceanic centers (Section 7.4).

7.1. Depth Variations of the Dike/Gabbro Transition in the Field

Seismic data from fast-spreading oceanic ridges have shown that the depth of the AML can vary vertically over
hundreds of meters, over some kilometers along axis (e.g., Carbotte et al., 2013; Hooft et al., 1997; Marjanovic
et al., 2018). In the oceanic crust this AML is likely represented by the upper isotropic gabbro level that fossilizes
at the last stages of its evolution (e.g., France et al., 2009; Hayman et al., 2019; Koepke et al., 2011; MacLeod
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& Yaouancq, 2000; T. Miiller et al., 2017). Deciphering whether the thickness of the isotropic gabbro level is
representative of the original AML thickness is not trivial; nevertheless it is clear that the intrusive SDC/gabbro
contact (e.g., Figures 4b—4f) is representative of the depth of the ultimate shallowest AML roof. Our new results
highlight for the first time in fossil oceanic crust that depth variations of this SDC/gabbro contact can occur over
more than 150 m vertically along the axis over a distance of ~150 m (Figure 3). Our results also demonstrate
that in a given section of a ridge, the depth level of a given magma lens may vary in time as remnants of former
magma lenses are observed at >200 m above the highest intrusive contact between SDC and gabbro (Figure 5).
The corresponding remnant of this former high level AML is represented by gabbro screens that were later on
intruded by numerous dikes forming the present day SDC (Figure 5). The gabbro screen presented in Figure 5
contains some microgranular enclaves, implying that granoblastic dikes once located in the roof of this former
high level AML have been stopped into the magma lens. This high level AML finally crystallized to form the
observed enclave-bearing gabbros. All those field results imply that the AML depth could be highly variable both
along axis, but also at a given locality on the ridge. Those depth variations are consistent with the results from
seismic studies (e.g., Carbotte et al., 2013), and are likely related to the injection of new magma batches (replen-
ishments), and could be either related to along axis variations of the melt supply, or to heterogeneous or cyclic
melt supply at the top of a mushy lower crustal reservoir.

7.2. Melt Injections and Reheating Episodes in Dikes and Gabbros: Toward an Integrated Model

Previous field, structural, petrological, and geothermometric data on the SDC/gabbro transitions have highlighted
that the top of the AML is usually intrusive in the SDC root zone that is reheated as attested by its characteristic
granoblastic overprint (e.g., Coogan et al., 2003; France et al., 2009, 2014; France, Koepke, et al., 2010; Gil-
lis, 2002, 2008; Gillis & Coogan, 2019; Gillis & Roberts, 1999; Koepke et al., 2008; Wilson et al., 2006). Here
beside similar evidences for melt intrusion in the SDC root zone (Figures 4b—4f, 6a—6b, and 7), and related re-
heating events (Figures 7 and 9), we also show that several intrusive contacts have been observed where one gab-
bro is intruding another gabbro (Figures 4m—40). Those intrusive relations document contacts between gabbroic
bodies with various textures that record various magma batches (Figures 4h—41). Given the numerous gabbro in
gabbro intrusive contacts identified in the investigated area, together with the numerous root zone outcrops that
we mapped (e.g., Figures 3, 4, and 6) it is clear that cyclic magma batches injection was the rule and widespread
at the AML level. Clear petrologic reheating features are also observed in some gabbros (Figures 8e—8j and 10),
demonstrating that a melt batch intrusion in gabbroic lithologies has the potential to affect texturally, mineralogi-
cally, and chemically the plutonic host. This conclusion was also reached in the Northern Oman ophiolite (France
et al., 2013). The ~200°C reheating range shown in Figure 10c also emphasizes that melt injection at the AML
level is not continuous but rather cyclic, since gabbros once intruded, could have experienced hydrothermal cool-
ing down to ~600°C, before a new intrusion nearby occurred triggering a reheating event. This may correspond
either to tens of years without injection for a 10 m thick intrusion (hundreds of years for a 60 m thick intrusion),

Figure 11. General schematic model for the dynamics at the sheeted dike complex (SDC)/gabbro transition based on the results of this study, following France

et al. (2009). (a) Initial situation presented in stage (a) corresponds to a stage after a magma injection, at that stage a dike is injected from the AML into the SDC;
hydrothermal system cools down the series, and a conducting boundary layer is present between the base of the hydrothermal convecting cells and the top of the

magma lens. A screen of isotropic gabbros is also represented and accounts for a former high level of the AML that had crystallized to form those gabbros that were
subsequently intruded by the numerous dikes (e.g., Figure 5). Stage (b) corresponds to a recharge stage or to the injection of a new magma batch at the SDC base
(Figures 4b—4f, 6a, 6b, 6d, 7). This triggers assimilation (and potential associated contamination; see Section 7.4), reheating of the dike root (and potential related
anatexis and oceanic plagiogranite formation; Figure 4e) and corresponding recrystallization to hornfels like dikes (or granoblastic dikes; Figures 7, 8a—8f, and 9). Stage
(c) during a magma-starved phase the previously intruded melt crystallizes to isotropic gabbro (or varitextured gabbros; Figures 4h—41). Hydrothermal circulation affects
the isotropic gabbros down to the top of the conductive boundary layer (dashed white line). Stage (d) corresponds to the injection of a new magma batch at the SDC/
gabbro transition; intrusion affects both the and the partially (to fully) crystallized magma lens (Figures 4m—4o and 6). Gabbros can thus be reheated, recrystallized,

and potentially assimilated (Figures 8g—81 and 10). Final stage (e) documents the final state of the SDC/gabbro transition where several magma injections are recorded.
Numerous of those magma injections were associated with reheating and recrystallization of the intruded dikes and gabbros. Locally reheating features are not present
and may account for intrusive events close to each other in time; in that case fresh magma is intruded in a mush. Figure (f) summarizes the Figures of the present study
that documents each of the sketched results. Timescale estimates are from thermo-kinetic models (e.g., Fontaine et al., 2011, and our model presented in Figures 12

and 13 and related text), and from seismic observations performed at active ridges (see discussion for further details). Key observations related to timescales are (i)

that it takes tens of years to crystallize a tens of meters thick magma lens (Figures 12 and 13; Fontaine et al., 2011), (ii). that tens of years are required to account

for the reheating at the SDC base (Figure 12), (iii). that AML properties are potentially modified after seafloor eruptive events (e.g., Carton et al., 2008; Marjanovic

et al., 2014), (iv). that melt-rich AML are common at fast-spreading ridges (Marjanovic et al., 2015; Singh et al., 1998), and v. that paleo spreading rates in Oman, and
classical full spreading rate at a fast-spreading oceanic center are on the order on 10 cm.y~! (e.g., R. D. Miiller et al., 2008; Rioux et al., 2012).
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or more likely to episodes with slightly deeper or laterally distant intrusions (see Section 7.4 for a discussion on
the thermal effect of various sized intrusions).

Those results imply that the AML should not be considered as a permanent or steady state feature but rather as
a transient one, and that melt supply at the AML level is cyclic rather than continuous. Cyclic or episodic melt
injections may allow the AML to partially or fully crystallize under the influence of the overlying hydrothermal
cooling system. In the absence of a phase of reinjection or replenishment, AML crystallization would take place
within years to decades according to Fontaine et al. (2011). Similar cooling timescales were determined by using
diffusion chronometry in the granoblastic roof rocks of such AMLs (Zhang et al., 2014), supporting the theoret-
ical thermal models of Fontaine et al. (2011). Altogether those results are also consistent with seismic results at
fast spreading ridges that indicate first that most of the reflectors document crystal-rich or mushy lenses (e.g.,
Singh et al., 1998), and second that seismic properties of the AML can vary at the decade timescale (e.g., Carton
et al., 2008; Marjanovic et al., 2014). This new perspective for the evolution of the AML at fast spreading ridg-
es suggests that former models involving a permanent or steady state AML that can move up/down or inflate/
deflate (e.g., Coogan et al., 2003; France et al., 2009, 2014; France, Koepke, et al., 2010; Gillis, 2008; Koepke
et al., 2008) should be replaced by models involving cyclic transient magma lenses injections close to the SDC/
gabbro transition (Figure 11). Those injections intrude either the SDC root zone or the isotropic gabbro level,
trigger reheating of host rock (or host mush), and possibly partial assimilation. Those injections may or may not
be associated with dike injection, and possibly with seafloor eruption. Subsequently the intruded magma likely
crystallizes to form the isotropic gabbro interval in tens of years (e.g., Fontaine et al., 2011), while a new magma
batch intrudes either in the SDC root zone, or in its underlying partially to fully crystallized varitextured gabbro
level (Figure 11).

7.3. Intrusion Size, Geothermal Gradients, Heat Fluxes, and Relation With Active Hydrothermal Vents

The apparent temperature gradient (3°C.m™") that is highlighted by the maximum temperature recorded at the
base of the SDC corresponds to a metamorphic field gradient (Figure 7d). It was never active as a geothermal
gradient as the maximum temperatures obtained at the various depths were reached at various times (Figures 12a
and 12b). Similar apparent temperature gradients were obtained at ODP Hole 1256D that formed at the East
Pacific Rise (3°C.m™!; Koepke et al., 2008; Figure 7d), and in the Troodos ophiolite (4°C.m™!; Gillis & Coo-
gan, 2019; Figure 7d). In order to better quantify this reheating stage, and to reproduce the thermal constraints we
obtained with geothermometers, we have conducted simple conductive thermo-kinetic models to test the effect of
the intrusion of a magma body at the base of the SDC. Key questions to be approached with those models are (1)
What are the temperature and size of the gabbroic intrusion required to trigger the apparent thermal gradient? (2)
What is the lifespan of the gabbroic intrusions? (3) What is the duration required to produce the apparent temper-
ature gradient (or metamorphic field gradient)? (4) What are the real geothermal gradients, how do they evolve
with time, and to what range of heat fluxes do those correspond? (5) Are those heat fluxes compatible with the
heat fluxes estimated at active hydrothermal vent fields, and what are their potential lifetimes?

We have used a transcription for PC of the CONTACT program (Peacock, 1989; Spear, 1989, 1991; Spear &
Peacock, 1990) that simulates contact metamorphism by using an explicit finite difference algorithm to solve the
one-dimensional heat transfer from an intrusion to the intruded host rock. In the model we assume that the igneous
body is instantaneously intruded, and that heat transfers in the magma only proceeds by conduction. Furthermore,
we do not consider potential heat transfers from the underlying magma reservoir that proceeds over longer times-
cales. Thermodynamic constants have been selected following Cannat et al. (2004), Gillis and Coogan (2019),
Lesher and Spera (2015), Spear and Peacock (1990) with a thermal conductivity of 3.0 W/m/K, a rock density of
3,000 kg/m?, a specific capacity of 1,200 J/kg/K , a latent heat of crystallization of 400 kJ/kg. When considering
the equilibrium temperatures obtained from geothermometers at the gabbro/dike contact (1,000°C-1,040°C),
models show that the intruding melt temperature should be of at least 1,200°C, casting for a relatively primitive
basaltic melt. We thus set the liquidus at 1,200°C, and an almost dry solidus around 1,050°C. A temperature of
600°C was chosen to account for the far field steady state temperature that likely corresponds to the high hydro-
thermal temperatures recorded in the dike section (e.g., Alt et al., 2010), and that is consistent with the lowest
temperatures we obtained and that preceded the reheating stage (point 2 in Figure 10c). Models considering
various intrusion thicknesses have been tested, and results indicate that 60—100 m thick intrusive bodies are the
most likely to reproduce the apparent temperature gradient (Figure 12a). This is consistent with our field results
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Figure 12. Results of the thermo-kinetic model performed herein (see Section 7.3 for further details on the model). (a) Modeled apparent temperature gradients (=
field metamorphic gradients; 4 colored curves), compared with the natural apparent temperature gradients obtained herein (all natural data are summarized in Figure 7,
and are presented here in gray colors). In panel (a) the effect of the intruded magma lens thickness on the apparent temperature gradient is tested. The data obtained in
the present study (gray box) are best reproduced by intrusions of 60—100 m thick. Intruding melt temperature has been set to 1,200°C to account for the temperature
recorded in the dikes at the very contact (~1,000°C). The apparent temperature gradient is the record of the highest temperature reached at increasing distance from the
intrusive contact, and corresponds to the gradient that is recorded by the studied rocks. Heat being extracted by conduction, the duration required to reach the maximum
temperature at various distances from the contact is different on each point (see Figures 12b and 12c). This duration (in years) is documented in (a) by the numbers
written on the 4 modeled curves at various depths. Panel (b) modeled evolution of temperature with time at various points of the studied profile in the case of a 60 m
thick intrusive body. The dashed red curve represents the thermal evolution at the center of the intrusion (=30 m); other curves labeled with positive distances (0, 10,
30, 60, 200 m) document temperature evolution in the SDC, at various distances from the contact. It is clear from (b) that the maximum temperatures reached at various
distance from the contact are obtained at various times, highlighting why temperature gradients that document the maximum reached temperatures in (a) are only
apparent and did not exist at a given time. Panel (c) modeled evolution of geotherms with time in the case of a 60 m thick intrusive body. Geotherms are the evolution of
temperature with increasing distance from the contact at a given time. The maximum temperature recorded at a given depth during the overall evolution of the system is
highlighted by the dashed black curve (“max temp.”) and corresponds to the apparent temperature gradient presented in Figure 12a (red curve for a 60 m thick intrusion.
Panel (d) Evolution of geothermal gradients (bottom x-axis) and heat fluxes (top x-axis) with time (color) and distance from contact (y-axis) in the case of a 60 m

thick intrusive body. Geothermal gradients are the slopes of the curves presented in (c). Also documented is the order of magnitude of the heat flux (Q) at very active
hydrothermal vents (gray fields; e.g., Lowell et al., 2013). The dashed curve highlights the maximum geothermal gradient that has been experienced at each depth of the
profile, and the thickness of the conductive boundary layer that has been affected by a given geothermal gradient. It is clear from (d) that the 3°C.m™! value obtained for
the apparent temperature gradient in Figure 7d can neither be used as a proxy for geothermal gradient, nor in discussions aiming at comparing geothermal gradients to
heat fluxes at active vents as it has been sometimes done in previous studies.
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showing that relatively homogeneous gabbroic bodies can be followed on thicknesses of tens of meters, or with
the thickness of the isotropic gabbro level that was drilled at IODP Hole 1256D (e.g., Wilson et al., 2006). Those
results show that a single intrusion of 60—100 m can account for the measured apparent temperature gradient, but
does not rule out potential reinjections in a smaller igneous body, or multiple injections of smaller bodies. In the
following we will consider the case of a single 60 m thick intrusion. The corresponding model highlights that the
60 m thick intrusion solidifies after ~60 years (Figure 12b). The durations to reach the maximum temperatures
that are recorded by the rocks at the various depths of the apparent temperature gradient are increasing up section
while moving away from the intrusive contact; those are of ~23 years at the contact, and of 61 and 74 years at 30
and 50 m from the contact, respectively (Figures 12a and 12b). It also takes hundreds of years to fully cool down
the system to 600°C (Figure 12b). Real instantaneous geothermal gradients can also be extracted from the mod-
el; they are transient features that quickly evolve with time (Figures 12c and 12d). As expected for any contact
metamorphism episode highest geothermal gradients are observed on short distances from the intrusive contact,
immediately after the intrusion time, and rapidly decrease (Figure 12d). As an example geothermal gradients
of tens of degrees per meter are recorded just after the intrusion and affect 5-10 m of the overlying conductive
boundary layer; geothermal gradients of >25°C/m are present on ~10 m one year after the intrusion (Figure 12d).
Durations >10 years will produce geothermal gradients that will be <10°C/m (Figure 12d). Once geothermal
gradients (d77/dz) are identified, corresponding heat flux (Q) can be calculated and eventually compared to heat
fluxes released at active hydrothermal vents on the seafloor. Q is obtained following Fourier’s law, such that
Q = —K (dT/dz) where K is the thermal conductivity (here taken as 3 W/m/K). Corresponding heat fluxes are for
example of 210, 75, 30 W/m? for geothermal gradients of 70, 25, and 10°C/m, respectively (Figure 12d). Heat
fluxes required to feed an active vigorous black smoker system have been estimated by seafloor heat flow studies
and corresponding models, and are on the order of ~100 W/m?, an order of magnitude perfectly fitting to our
results of the first decade following magma injection (Figure 12d; e.g., Lowell et al., 2013). Lowell et al. (2013)
additionally showed that the thickness of the conductive boundary layer affected by such high geothermal gra-
dients should be on the order of 10 m, perfectly matching our estimates (Figure 12d). Furthermore our results
provide constraints on the duration of such transient high geothermal gradients with heat fluxes >30 W/m? that
could not be sustained for more than ~10 years (Figure 12d). Such short durations are consistent with Humphris
and Cann (2000) conclusions, and are also consistent with the rapid changes that are observed at fast-spreading
ridges active hydrothermal vents following magmatic events (e.g., Lilley et al., 2003). The stability of relatively
lower heat fluxes (e.g., 18 MW that corresponds to 18 W/m? if we consider a 1 km long and 1 km wide AML)
that has been observed over 26 months at the Juan de Fuca Ridge (Xu, Jackson, et al., 2014) is also consistent
with our models but would not be stable over more than tens of years (Figure 12d). The estimates associated with
the models presented above are associated with large uncertainties that cannot be assessed in details herein, but
Lowell et al. (2013) noted as an example that heat output values are uncertain by a factor of two, and should thus
rather be considered as documenting the order of magnitude of this parameter.

7.4. Fate of the AML, Assimilation, and MORB Contamination

The fate of the AML itself remains controversial and its fossilization to form the upper isotropic gabbros interval
(e.g., Coogan et al., 2002; France et al., 2009; Koepke et al., 2011; MacLeod & Yaouancq, 2000) is occasionally
questioned (e.g., Lissenberg et al., 2019). The main issue is that the global average composition of the isotropic
gabbro interval may be too evolved to fit the composition of both average and primitive MORBs (Lissenberg
et al., 2019; Natland & Dick, 1996). Evolved felsic and oxide-rich rocks are commonly described among the
various lithologies forming the isotropic gabbro interval along with evolved and primitive gabbroic domains
(e.g., France et al., 2009; Koepke et al., 2011; MacLeod & Yaouancq, 2000; T. Miiller et al., 2017; Natland &
Dick, 1996; Zhang, Koepke, et al., 2017). An alternative model would be that the supposed evolved composi-
tion of this upper plutonic sequence would result from the extraction of reactive interstitial melt that would be
extracted at the top of the underlying mushy magma reservoir (Lissenberg et al., 2019; Natland & Dick, 1996)
similarly to what was recently observed at the scale of an igneous reservoir at a slow-spreading oceanic center
(Boulanger et al., 2020). One way to solve this issue is to quantify the weighted average composition of the whole
isotropic gabbro interval, a difficult exercise as most of the studied areas (e.g., ICDP OmanDP Hole GT3A,
Hess Deep upper plutonic section, or ODP Hole 1256D) do not cover the full interval (from the dikes to the
foliated gabbros), and cannot be used for such a calculation. Zhang, Koepke, et al. (2017) has indeed suggested
that some evolved lithologies may be concentrated close to the roof of the AML, implying that any attempt of
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Figure 13. Thermo-kinetic & thermodynamic models of the dike/gabbro transition. Thermo-kinetic models are associated to those presented in Figure 12 and in
related Section 7.3; thermodynamic model is based on Rhyolite-MELTS (Gualda et al., 2012), and is presented in Section 7.4. (a) displays the depth (in meters)
evolution of isotherms in both dikes (depths >0 m) and solidifying gabbros (depths <0 m) with time (in years) following a basaltic melt intrusion event (1,200°C)

at ¢ = 0. Also documented in pink is the domain of the SDC that is equilibrated at a temperature >850°C that corresponds to the domain where hydrous anatexis is
possible as the solidus temperature of hydrothermally altered dike is ~850°C (France, Koepke, et al., 2010). MELTS models are used to document the melt fraction

in the crystallizing magma lens (bellow 0 m). Key observation is that the anatectic domain (pink) is never in contact with eruptible magma (yellow), and thus direct
contamination is unlikely unless an additional process triggers a mixing event. (b) Thermodynamic fractional crystallization model tracking the evolution of plagioclase
composition upon differentiation of a primitive MORB melt (initial melt has a Mg# = 65). The red curve links the instantaneous plagioclase composition to the one

of the equilibrium melt (right vertical axis). The green histogram curve documents the distribution of plagioclase composition along the liquid line of descent of a
primitive MORB melt in a closed system; results highlight that ~50% of the plagioclase grains have An%>65, and ~25% have An%<55. Plagioclase grains from the
isotropic gabbro interval having a composition of An% = 80 are in equilibrium with relatively primitive MORB melts (Mg#>60; dashed curve). It should be noted that
the magma - mush transition (when crystal content > 40% and that the magma becomes noneruptible) is at An%~65, meaning that the presence of Pl with An%<65 in
erupted lavas is very unlikely. Average EPR MORB is from Rubin and Sinton (2007).

Duration (y)

weighted average should really be performed on the full isotropic gabbro interval. The only estimate available
to our knowledge was performed by MacLeod & Yaouancq (2000) who found that the bulk composition of this
critical horizon is similar to average MORBs. Given the uncertainties associated with this estimate, this conclu-
sion should nevertheless be considered with caution. The results of the thermo-kinetic model presented herein
(Section 7.3; Figure 12) also supports that the isotropic gabbro interval crystallized from a relatively primitive
basaltic melt. Indeed, our models highlight that the temperature of the intruding melt required to produce the
observed apparent temperature gradient has to be ~1,200°C, an equilibrium temperature characteristic of prim-
itive basaltic magmas. The huge geothermal gradients that are recorded at the SDC/gabbro contact (Figure 12)
also strongly suggest that any magma subject to such gradients would crystallize on site relatively quickly. This
is evident when considering the thermal profiles within the intruded body that are complementary to the ones
obtained for the intruded SDC base; these profiles show that at the time of intrusion several meters of the intrud-
ing body directly crystallize at the contact with the base of the SDC (Figure 13a). This rapid crystallization stage
nevertheless proceeds at ~1,000°C (Figure 13a), and fast-growth features such as skeletal and dendritic crystals
are expected in gabbros rather that chilled margins that would likely form at lower temperatures. Such specific
minerals shapes are common in the isotropic gabbro interval (Kelemen et al., 2020; Koepke et al., 2011), and thus
support our thermo-kinetic model results. Mineral compositions in the intruding gabbros also attest to the crys-
tallization of relatively primitive MORB type melts. The least evolved plagioclase present in the gabbros studied
in the Aswad area have An% up to 75, consistent with other data from the isotropic gabbro interval in Oman in
which the highest An contents are between 70 and 80 (Coogan et al., 2002; MacLeod & Yaouancq, 2000; Miiller
et al., 2017), and with other data from the isotropic gabbro interval at ODP Hole 1256D in which the highest An
contents reach 80 (Koepke et al., 2011). Thermodynamic models testing the crystallization of primitive MORB
(Mg# = 65; 0.5% of water to account for the water rich content of the Oman ophiolite parental melts; MacLeod
et al., 2013) by using Rhyolite-MELTS (Gualda et al., 2012) allow us to follow the evolution of plagioclase
composition with melt composition and temperature (red curve, Figure 13b). Fractional crystallization results
imply that the most primitive plagioclase grains that are present in the isotropic gabbro interval have crystallized
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from relatively primitive MORB melts (Mg# of the melt between 60 and 65) that were thus present at this level
(Figure 13b). All those results clearly demonstrate that the isotropic gabbro interval initially crystallized from
relatively primitive MORB-type melts, but it does not imply that the bulk composition of the interval is similar
to that of primitive MORB. To advance the discussion on this topic, our thermodynamic model can be used to
quantify the repartition of compositions along the liquid line of descent (green curve, Figure 13b). It shows that
crystallizing a primitive MORB in a closed system would result in ~50% of the plagioclase grains with An%>65,
and ~25% of the plagioclase grains with An%<55 (Figure 13b). Although a weighted average of the isotropic
gabbro interval has not been conducted in the area studied herein, and it cannot be realized in sections were the
full interval has not been recovered (e.g., ICDP OmanDP Hole GT3A, Hess Deep upper plutonic section, or ODP
Hole 1256D), some specific observations can be used. One of the best examples is represented by the detailed
petrology of the isotropic gabbros as they contain relatively primitive subophitic domains with An% usually >65,
and granular domains with An% usually <55 (Koepke et al., 2011; Miiller et al., 2017). Koepke et al. (2011) no-
ticed that granular domains, which are locally heavily altered and underlined by whitish patches, form <30% of
the isotropic gabbro interval, matching well the estimates extracted from our thermodynamic models presented
above (~25% of plagioclase with An%<55). Furthermore constraints are clearly required to make progress on this
subject, but any future attempt will require mass balances at the scale of the full interval in areas that allow for it,
and will have to consider the effect of potential subsidence of primitive crystals (e.g., Coogan et al., 2002; Nicolas
et al., 2009) and of hydrothermally altered rock assimilation (e.g., Coogan et al., 2003; Fischer et al., 2016; France
et al., 2014; Michael & Cornell, 1998; Wanless et al., 2010).

MORB contamination at crustal levels has been inferred from basalt compositions (Chaussidon & Marty, 1995;
Coogan et al., 2003; Fischer et al., 2016; Gannoun et al., 2007; Le Roux et al., 2006; Michael & Cornell, 1998;
Wanless et al., 2011), and proposed to be related to the assimilation process that is observed in the field in
SDC/gabbro transects of present day oceanic crust, and ophiolites (Coogan, 2003; Coogan et al., 2003; France
et al., 2009, 2013, 2014; Gillis & Coogan, 2002; Hayman et al., 2019; Koepke et al., 2011). Although the con-
tamination of the AML is established at depth based on those field results, the subsequent eruption of the con-
taminated melt filling the AML is unlikely. Indeed the assimilation process is endothermic, and thus triggers the
partial crystallization of the assimilating magma lens (e.g., DePaolo, 1981), which thus turn to be a mush lens
filled with crystal-rich noneruptible material (noneruptible when >40% of crystals are present; e.g., Lejeune &
Richet, 1995). Alternatively, contamination may be achieved by mixing with anatectic melts produced by hydrous
partial melting of previously altered sheeted dikes of the AML roof (plagiogranite-like; e.g., Coogan et al., 2003;
Fischer et al., 2016; France et al., 2014; France, Koepke, et al., 2010). Nevertheless, although dike anatexis ini-
tiates at the time of melt intrusion, most of the anatectic stage develops later as it is related to the release of the
latent heat of crystallization from the underlying gabbro body (Figure 13a). Also it is clear that intense crystalli-
zation occurs at the roof of any newly injected magma batch immediately after the injection (blue in Figure 13a)
preventing any interaction between the melt feeling the remaining magma lens (yellow in Figure 13a), and the
area affected by anatexis (pink in Figure 13a). This result highlights that although assimilation does occur as iden-
tified in the field (e.g., Coogan et al., 2003; France et al., 2009), and anatexis of dikes or gabbros is likely (e.g.,
Gillis & Coogan, 2002; France et al., 2014; France, Koepke, et al., 2010; France, Ildefonse, et al., 2010; Koepke
et al., 2004), the eruptible melt-rich areas of the AML, which essentially feed an eruption, remains isolated from
those anatectic domains, and thus of any potential contamination (Figure 13a). MORB contamination being ef-
fectively identified in seafloor samples (e.g., Michael & Cornell, 1998), it follows that an alternative process, like
magma mixing, should be involved. Such mixing could occur either when a new magma batch (or new magma
lens) is emplaced in a contaminated area (anatectic domain at the SDC base, or partially crystallized gabbroic do-
main contaminated by hydrothermally altered dike assimilation), or while uncontaminated melt migrates through
a contaminated area on its way to the surface. This makes such a contamination process more likely in very active
ridge segments where melt reinjections are the rule, and rather rare in other segments.

8. Conclusion

We provide herein a detailed study of a section of the dike/gabbro transition in the Oman ophiolite, where igne-
ous, metamorphic, and hydrothermal processes related to the AML dynamics are interacting. Main results are
that:
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e Depth variation of the dikes/gabbros transition are widespread, and can vary of up to 150 m in depth over
distances of ~150 m along axis. Depth variations with time are also recorded as remnants of high level AMLs
are observed at hundreds of meters above the last dikes/gabbros transition level

¢ AMLs may not be permanent or steady state features at fast spreading centers, but rather transient ones that
are associated with magma batch injections close to the dikes root zone

¢ Both dikes and gabbros are repeatedly intruded, and display reheating features. Intruded host is locally reheat-
ed of more than 200°C, up to >1,000°C, by basaltic melts that were equilibrated at ~1,200°C

¢ Thermo-kinetic models suggest that intrusive bodies were tens of meters thick, and crystallized in tens of
years, triggering the reheating and potential anatexis of the hydrothermally altered basaltic (or gabbroic) host.
Models show that associated anatectic melts (plagiogranitic) are never in contact with the magma reservoir
eruptible melt, and mixing events are thus required to account for the hydrothermal contamination that is often
reported in MORBs

¢ Results of the thermo-kinetic models highlight that the crystallization of such tens of meters thick intrusive
bodies produced heat fluxes at their roof that are similar to those measured at active high temperature hydro-
thermal vents (tens to hundreds of degrees centigrade per meter). The corresponding conductive boundary
layer would be <10 m thick, and the related high heat fluxes would last for less than a decade

¢ The shallowest gabbros of the lower crustal section, the isotropic gabbro interval, have initially crystallized
from relatively primitive MORB melts
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