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Abstract The internal structure of oceanic crusts is not well understood due to the limitation of
deep drilling. However, that of ophiolites, i.e., on-land ancient analogs of oceanic lithosphere, could be
precisely mapped and measured. The Xigaze ophiolite in Tibet has been regarded as “peculiar”, due to the
sheeted sill complex in its upper crust, and non-sheeted diabase sills/dikes crosscutting its mantle and
lower crust, which are geometrically different from the primarily vertical sheeted dike complex. Based on
extensive field observations, here we present petrological and geochemical data for the Xigaze ophiolite
to decipher the origin of sheeted sill complex and its implications for the construction of oceanic crusts.
Diabases in the Xigaze ophiolite could be subdivided into sheeted sills, Group 1 non-sheeted dikes, and
Group 2 non-sheeted sills, based on their orientations. These diabases cut other lithologies, and hence
belong to the latest-stage products. Based on petrological, geochemical, and structural data, we highlight
the important role of detachment fault in the generation of sheeted and non-sheeted sills. During the
formation of oceanic crust, large block exhumation, multi-stage rotations, and foundering are argued
here as key mechanisms for the generation of Xigaze sheeted and non-sheeted dikes/sills, all of which are
in the evolution of detachment fault systems. These processes are also not uncommon for asymmetrical
segments at modern slow-spreading and ultraslow-spreading ridges, but are rare at symmetrical segments.
Due to the evolution of detachment fault, the internal structures of (ultra)slow-spreading ridges are more
complex than those at fast-spreading ridges.

1. Introduction

The construction of oceanic crusts, transferring vast energy and mass from the Earth's interior to the sea-
floor, is one of the most important geological processes on planet Earth. Oceanic crustal architectures can
be directly investigated at modern mid-ocean ridges via deep drilling, and can also be precisely mapped in
ophiolites (e.g., Dick et al., 2006; Karson, 2018; Snow & Edmonds, 2007). Ophiolites have been genetical-
ly linked to oceanic lithospheres since the recognition of sheeted dike complex, whose formation needs
continuous spreading and magma injection (e.g., Gass, 1968; Moores & Vine, 1971). Sheeted dike complex-
es comprise >90% diabase dikes that originally lie vertically and are perpendicular to the major lithology
boundaries of oceanic crusts (Figure 1a) (Karson, 2018). These sheeted diabases represent upper crustal
fractures, where magmas move continuously from the lower crust to feed the upper crustal extrusive lavas
(Hopson, 2007; Karson, 2018). Thus, formation mechanism of sheeted dike complexes is key to understand-
ing the construction of oceanic crusts. Sheeted dike complexes have been well studied and precisely mapped
in several ophiolites, such as the Troodos ophiolite in Cyprus and Semail ophiolite in Oman (e.g., France
et al., 2009; MacLeod & Rothery, 1992; Moores & Vine, 1971; Nicolas et al., 2008), of which internal struc-
tures match well crustal architectures at the East Pacific Rise (EPR) (e.g., France et al., 2009; Karson, 2018).
These observations collectively improved the recognition of vertical sheeted dikes within the horizontally
layered oceanic crusts (Figure 1a) (e.g., Karson, 2018; Sinton & Detrick, 1992).
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However, the Xigaze ophiolite in the Tibetan Plateau shows a different
Sheeted sills picture from the Oman and Troodos ophiolites. It develops “peculiar”
sheeted sill complex in its upper crust and non-sheeted, discrete diabase
sills/dikes crosscutting its mantle and lower crust (Nicolas et al., 1981).
The “sheeted sill complex” is defined to describe those sheeted diabases
that strike concordantly to the ophiolite pseudostratigraphy, and to the
gabbro and mantle foliations (Figure 1b), a geometry fundamentally dif-
ferent from that of sheeted dikes (Hopson, 2007; Nicolas et al., 1981). The
sheeted sill complex, along with the non-sheeted sills/dikes, is truly a tec-
tonic enigma in extensional environments, where dikes are modeled to
lie perpendicular to the minimum stress along the spreading directions of
ocean basins (Anderson, 1951). Hopson (2007) suggested that the sheeted
sills in the Xigaze ophiolite were generated in an axial melt lens typical
of fast-spreading ridges, hence showing sill-like occurrences. However,
such an explanation is incompatible with the geological features of the
Xigaze ophiolite, i.e., large-scale mantle but with minor crust, and dis-
(b) Xigaze continuous exposures of lower crust, which support its formation at a
low rate of magma supply in a slow-spreading ridge setting (Girardeau

Non-sheeted
" sills/dikes

Figure 1. Oceanic crustal architectures shown in pseudostratigraphy. et al., 1985a; Liu et al., 2018; Nicolas et al., 1981). Therefore, the mecha-

(a) The East Pacific Rise (EPR) and Oman ophiolite show a horizontally
layered structure with the occurrence of vertical sheeted dikes (after

nism generating the sheeted sill complex, and its implication for the con-

Nicolas et al., 1988). (b) The Xigaze ophiolite has sheeted sills in its upper struction of oceanic crusts remain unclear.
crust and non-sheeted mafic sills/dikes crosscutting its mantle and lower

crust (after Nicolas et al., 1981).

Based on extensive field observations, we present petrological and geo-

chemical data of the sheeted sill complex and lower crustal gabbros in

the Xigaze ophiolite. Our results show that the sheeted sill complex of the

Xigaze ophiolite is not as “peculiar” as previously suggested, but could
be explained by geological processes in the context of slower-spreading ocean ridges, and thus provides
supplementary information on understanding of the geometry and construction of modern slow-spreading
and ultraslow-spreading oceanic crusts, which are still poorly studied.

2. Geology of the Xigaze Ophiolite

The Xigaze ophiolite crops out in the central part of the Yarlung Zangbo suture zone in southern Tibet,
which marks the closure of Neo-Tethys Ocean and the surface boundary between the Indian and Eurasian
plates (e.g., Bao et al., 2013; Hébert et al., 2012; Wu et al., 2014; Yin & Harrison, 2000). Well-exposed massifs,
including Jiding, Luqu, Deji, Bainang, Baigang, and Dazhuqu, crop out continuously from west to east in
the Xigaze ophiolite (Figure 2a). These massifs collectively have a complete ophiolite sequence, composed
of mantle peridotites, gabbroic rocks, diabase dikes and sills, and pillow and massive lavas, but show vari-
able crustal thicknesses ranging from ~2 to 3 km to even missing (Nicolas et al., 1981). Mantle peridotites
have experienced variable degrees of serpentinization, while fresh harzburgites/lherzolites only locally oc-
cur in the Luqu and Dazhuqu massifs (e.g., Liu et al., 2019; Zhang et al., 2017). Gabbroic rocks occur in
three massifs, i.e., Jiding, Baigang, and Dazhuqu, which are only hundreds of meters thick (Bao et al., 2013;
Girardeau et al., 1985a; Liu et al., 2018). The mantle peridotites and gabbroic rocks both are pervasively cut
by discrete diabase dikes and sills, which increase northwards in proportion, and transfer gradationally into
total diabase units. These diabases show subparallel orientations with the magmatic foliations of gabbroic
rocks, the primary high-temperature foliations of mantle peridotites, and also with the nearly E-W-trending
major unit boundaries of the ophiolite (i.e., mantle—gabbro boundary), hence were termed “sheeted sills”
(Girardeau et al., 1985a; Hopson, 2007; Nicolas et al., 1981). High-precision geochronological data have
shown that the gabbros and diabases of the Xigaze ophiolite formed nearly synchronously, in a short dura-
tion of ~124-130 Ma (see the review by Liu et al. (2016)).

The geological features of the Xigaze ophiolite were regarded as “peculiar” with respect to those of the Oman
and Troodos ophiolites (Nicolas et al., 1981), and were summarized by previous studies as: (1) large-scale
highly serpentinized mantle peridotites with small amounts of crustal rocks, (2) laterally discontinuous
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Figure 2. Geological maps. (a) Simplified geological map of the Xigaze ophiolite, southern Tibet. (b) Geological map of
the Jiding massif in the western part of Xigaze ophiolite, showing in situ geological sections measured in this study (see
the text for details). The occurrence and location of oceanic detachment fault are shown here, with details referring to
the discussion.

lower crustal units, i.e., gabbroic rocks, (3) the occurrence of sheeted sill complex rather than sheeted dikes,
and (4) the pervasive diabases cutting gabbroic and mantle rocks (Bao et al., 2013; Girardeau et al., 1985a;
Liu et al., 2016, 2018; Nicolas et al., 1981; Wu et al., 2014). These features were interpreted as formation at
a low magma supply, which was probably at an (ultra)slow-spreading ridge (Girardeau et al., 1985a; Liu
et al., 2016, 2018; Nicolas et al., 1981). Besides, the recognition of oceanic detachment fault, which is an
exclusive feature of (ultra)slow-spreading ridges (Blackman et al., 2009), in the Xigaze ophiolite by paleo-
magnetic and structural studies also attested to these arguments (Li et al., 2016; Maffione et al., 2015).

3. In Situ Observations of the Jiding Massif in the Xigaze Ophiolite

Geological mapping and two-dimensional structural measurements were done in this study at the Jiding
massif, which has a complete sequence cropping out in the western part of the Xigaze ophiolite (Figure 2).
Detailed geological sections include the A-A" and B-B’ sections in the northern part, and C-C’ section in
the southern part (Figure 2b). The A-A’ section for the mantle unit (its details not shown here) is about
1.2-km long in a NEE60° direction, where mantle peridotites are heavily serpentinized and occasionally
intruded by a series of meters-thick dikes and sills of rodingites, foliated gabbros, amphibolites, and dia-
bases (Figure S1). Foliated gabbros have experienced variable extents of amphibolite-facies metamorphism,
and contain clinopyroxene relicts, brown amphibole, altered plagioclase, and minor ilmenites (Figure 5a).
They display crystal preferred orientations of amphiboles and clinopyroxenes (Figure 5a). Amphibolites
have similar mineral assemblages to foliated gabbros, but contain more modal amphiboles with respect to
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clinopyroxenes (Figure 5b). The minerals in amphibolites are also intensely sheared and deformed, with
recrystallized plagioclases, showing a protomylonitic texture (Figure 5b).

The 1574.5-m thick B-B’ section in a direction of NNE14.5° starts at the serpentinized mantle peridot-
ites (236 m, shown in B-P section in detail), through lower crust (353 m, shown in P-P’ section in detail),
sheeted sill complex (774 m), and pillow lavas (211.5 m) to the fault contact with the overlying siliceous
mudrocks of the Chongdui Formation, which is in the lower part of the Xigaze fore-arc basin sediments
(Figures 3 and 4a). Mantle peridotites in this section are variably altered into serpentinites, and are intrud-
ed pervasively by diabase sills and dikes, a few of which are subject to amphibolite-facies metamorphism
(Figure 4b). Occasionally, fresh diabase dikes are observed intruding into serpentinized mantle peridotites,
where the former show clear two-way chilled margins (Figure 4c). Gabbroic rocks from the P-P’ lower
crustal section show clear layering or magmatic foliations, dipping moderately to steeply (58-87°) to the
north (NW345-NNE25°). They are predominantly gabbros, with a few olivine gabbros and gabbronorites,
generally having fine-grained to medium-grained (~1-2 mm) olivine, clinopyroxene, orthopyroxene, and
altered plagioclase crystals (Figures 5c and 5d), but with local course-grained to pegmatitic gabbros. Ox-
ide-bearing gabbros also occur at the top of lower crust, covering ~8% of the total P-P’ section (Figure 3).
They contain fine-grained to medium-grained clinopyroxene, altered plagioclase, and minor ilmenites, in
which some clinopyroxene crystals experienced low-temperature alteration into amphiboles (Figure 5e).
Point counting shows that ilmenite in the oxide-bearing gabbros has a modal content of ~0.25-2%, hence
they are defined as disseminated oxide gabbros, based on the classification of Dick et al. (2002). These dis-
seminated oxide gabbros typically show an isotropic texture, without evidence for deformation. All types of
gabbroic rocks are intruded pervasively by diabase sills and dikes of variable thicknesses (~0.2-14 m), with
a gabbro-diabase proportion of 2:1 (Figure 3). These diabases have orientations mainly subparallel with,
but occasionally oblique to the gabbro foliations, dipping consistently with each other (Figures 4d and 4e).
Besides, intersected diabase dikes and sills are locally observed intruding gabbros (Figure 4f), suggesting
multi-stage melt intrusions into the gabbros. The boundaries between diabases and gabbros are variable,
either in an arborization shape or being curved (Figures 4g and 4h). The sheeted sill complex to the north of
the P-P’ section is in intrusive contact with gabbros, and is composed of 100% diabase sills dipping moder-
ately to steeply to the north (averagely N6°, n = 9), an orientation consistent with those sills cutting gabbroic
rocks (Figure 4i). All diabases are subject to moderate-temperature to low-temperature alterations, and are
composed of green amphibole, altered plagioclase, ilmenite, and a few clinopyroxene relicts (Figure 5f).
Amphiboles occur occasionally as rims or coronas of clinopyroxenes, while ilmenites are mostly as skeleton
crystals along amphibole cleavages (Figures 5f and 5g). The sheeted diabases are in fault contact with the
pillow basalts to the north, which show similar mineral assemblages and alteration degrees to the diabases,
but with an intergranular or porphyritic texture (Figure 5h).

The 687.5-m thick C-C’ section, also in a direction of NNE14.5°, starts at the fault contact between the red
chert in the south and serpentinized mantle peridotites in the north (Figure 4j). The whole section includes,
from south to north, mantle peridotites (226 m), sheeted sill complex (363.5 m), and deformed pillow and
massive lavas (98 m) (Figures 3 and 4j). Gabbroic rocks are lacking between mantle peridotites and sheeted
sill complex, but occur to the north of the deformed basaltic lavas, in fault contact with each other. Man-
tle peridotites are intruded by numerous diabase and a few gabbro sills and dikes, dipping moderately to
steeply to the south (averagely S174°, n = 7). The sheeted sill complex is composed of nearly 100% diabases,
with only ~2-m-thick isotropic gabbros. The diabases and isotropic gabbros have intrusive contacts, some of
which show one-way chilled margins (Section D in Figure 3). In general, the diabases have mineral assem-
blages and alteration degrees that are similar to those in the B-B’ section.

Field structural measurements for the Jiding B-B’ section shows variable orientations of diabases and gab-
bros (Figure 6). Diabases in the sheeted sill complex have strikingly identical orientations with the average
orientations of gabbro foliations. In contrast, those non-sheeted, discrete diabase sills/dikes (both in the
mantle and lower crust) could be subdivided into two groups. Group 1, containing only a few samples,
shows orientations that are subperpendicular to the magmatic foliations of gabbros; while Group 2 overlaps
the gabbros in structural elements (Figure 6). Moreover, the gabbros, sheeted sills, and Group 2 non-sheeted
sills all have orientations that are compatible with the primary high-temperature foliations of the Jiding
mantle peridotites (striking at E95° in average; measured by Girardeau et al., 1985b). These structural data
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Figure 3. Accrete geological sections measured for the Jiding massif. Insets show details of the B-P mantle and
P-P’ lower crustal sections. See the text for details of the definition of G-series gabbro, and D-series diabase and
disseminated oxide gabbro.

show that the diabases in the Jiding massif occur mainly as sills, occasionally as dikes, among which the for-
mer are consistent with the argument of “sheeted sill complex” in previous studies (Girardeau et al., 1985a;
Hopson, 2007; Nicolas et al., 1981).

4. Analytical Methods
4.1. Whole-Rock Major and Trace Element Analyses

Whole-rock major element analysis was conducted at the Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS) in Beijing, China. Before analysis, 0.5 g sample powder was mixed suffi-
ciently with 5 g Li,B,0,, and then was fused to make glass discs for analysis on an AXIOS Minerals X-ray
fluorescence (XRF) spectrometer. According to triplicate measurements for USGS standard GSR-1, the
95% confidence limits for analysis are <+0.05% for all oxides, and the total error is less than +1% (Liu
etal., 2019). Another 0.5 g sample powder was heated in an oven at ~1,000°C for 1.5 h, and then was weight-
ed to calculate the relative weight loss for the determination of loss on ignition (LOI).

Whole-rock trace element analysis was done on an Agilent 7500a mass spectrometer in the MC-ICPMS
laboratory at the IGGCAS. Before analysis, 50 mg sample powder was dissolved by a mixed acid of distilled
HNO;, HF, and HC1O, in Teflon and high-pressure bombs at 195°C for 2 days. The solution was evaporated
and dissolved again, using distilled HNO; to remove HF, and was then heated in 6 N HNO; at 165°C for
1 day. After total dissolution, the sample was diluted to 100 g by adding 1 g Rh internal standard and addi-
tional Milli-Q water. USGS standards BCR-2 and BHVO-2 were measured during the whole procedure, and
gave an analytical accuracy better than 5% for most elements.

4.2. Mineral Major and Trace Element Analyses

Clinopyroxene, plagioclase, amphibole, and ilmenite major elements were measured on a JEOL JXA8100
instrument at the IGGCAS. Wavelength-dispersive spectrometer (WDS) was used for quantitative measure-
ments. An accelerating voltage of 15 kV and a beam current of 20 nA were used during analysis with the
beak and background counting time of 20 s and 10 s, respectively. Oxides of Si, Ti, Al, Cr, Fe, Mn, Mg, Ca,
Na, K, and Ni were determined for clinopyroxene, plagioclase, and ilmenite, and additional F and Cl were
also measured for amphibole, using natural minerals and synthetic oxides as standards (Liu et al., 2019). An
on-line correction for all raw data was processed using a JEOL-modified ZAF procedure (atomic number,
absorption, fluorescence).
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Figure 4. Field photos of the B-B’ and C-C’ sections for the Jiding massif. (a) Mantle, lower crust, and sheeted sill complex in the B-B’ section. (b) A series of
diabase/amphibolite dikes cut serpentinized mantle peridotites (B-B’). (c) A fresh diabase dike cuts serpentinized mantle peridotites (B-B’). The dike shows
clear two-way chilled margins. (d) An ~1 m thick diabase sill intruded into foliated gabbros, showing subparallel orientations with each other (P-P’). (e)

A diabase dike cuts obliquely foliated gabbro (P-P’). (f) Intersected diabase dikes and sills are locally found intruding gabbros (P-P’). (g, h) The boundaries
between diabases and gabbros are variable, either in an arborization shape or being curved (P-P’). (i) The sheeted sill complex of the Jiding massif comprising
100% diabase sills (B-B’). (j) The C-C’ section starts from the fault contact between red chert and mantle peridotites, through sheeted sill complex, to the fault
contact between deformed basalts and gabbros.
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Figure 5. Photomicrographs of representative mafic rocks from the Jiding massif. (a) A-A’ section: a foliated gabbro
dike in the serpentinized mantle peridotites contains clinopyroxene, brown amphibole, altered plagioclase, and minor
ilmenites, showing variable foliations. (b) A-A’ section: amphibolites in the serpentinite matrix contain deformed

and recrystallized amphiboles around altered plagioclases. (c) P-P’ section: gabbro shows clear magmatic foliations,
with shape preferred oriented clinopyroxenes and totally altered plagioclases. (d) P-P’ section: clinopyroxenes in
gabbros occur as oikocrysts including small grains of plagioclases, or interstitial to altered plagioclases (BSE image).
(e) P-P’ section: disseminated oxide gabbro contains clinopyroxene, altered plagioclase, and minor ilmenites, showing
an isotropic texture. Clinopyroxenes are locally altered and transformed into amphiboles. (f) B-B’ section: diabase
comprises clinopyroxene relicts, altered plagioclases, green amphiboles, and ilmenites. Note that some amphiboles
occur as rims or coronas of clinopyroxenes. (g) B-B’ section: ilmenites in diabases occur mostly as skeleton crystals
along amphibole cleavages (BSE image). (h) B-B’ section: pillow basalts are composed of plagioclases, green
amphiboles, and minor ilmenites, showing intergranular textures. Pl: plagioclase, P1 (A): altered plagioclase, Cpx:
clinopyroxene, Cpx (O): clinopyroxene oikocrysts, Cpx (I): interstitial clinopyroxene, Amp: amphibole, Ilm: ilmenite.

Clinopyroxene trace element compositions of the Jiding gabbros were analyzed by laser ablation-induc-
tively coupled plasma-mass spectrometry (LA-ICP-MS), employing an Agilent 7500a spectrometry and a
193 nm ArF excimer LA system at the MC-ICPMS Laboratory, IGGCAS. Isotopes were measured using a
peak-hopping mode, with a laser diameter of ca. 90-120 um, and an 8 Hz repetition rate. A NIST 610 glass
standard was used for external calibration, and a NIST 612 standard was used for analysis monitoring.
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Figure 6. Equal-area projections (lower hemisphere) of strikes of gabbro
foliations and injection planes of diabase sills/dikes in the B-B’ section.
Non-sheeted diabases could be subdivided into two groups, based on their

orientations. See the text for details.

Calcium (**Ca) was used as an internal standard, and the raw data were
reduced using the GLITTER 4.0 program.

4.3. Oxygen and Hydrogen Isotope Analyses

Oxygen isotope analysis was conducted by conventional BrFs extraction
method of Clayton & Mayeda (1963) in Beijing Createch Testing Technol-

o Shooted diabase ogy Co., Ltd., Beijing, China. Before analysis, whole-rock and amphibole
© Non-sheeted diabase powders (200 mesh) were heated in an oven at 105°C for 12 h. Suita-

O Gabbro ble amounts of sample powders were reacted with BrFs in nickel reac-

tion vessels under vacuum at 550°C, which converted O, to CO, by 5 A
molecular sieve carbon rods. Oxygen isotope ratios were measured on a
Thermo Fisher Scientific 253 plus chromatography mass spectrometer.
Analytical results for NBS 28 quartz standard have a standard deviation
for 8" Oysmow better than +0.2%o.

Equal area profection

Hydrogen isotope was measured using the method of Gong et al. (2007)
in Beijing Createch Testing Technology Co., Ltd. Amphibole powders
were heated under vacuum at 90°C for 12 h to remove surface water.
These powders were then sealed in a quartz tube with Zn metal at 1380°C
to generate H, by reacting with glass carbon. H, gas was then transferred
by pure N, (150 ml/min) through chromatographic column (50°C) to a
Thermo Fisher Scientific 253 plus chromatography mass spectrometer for analysis. USGS57 Biotite and
USGS58 muscovite were measured as standard, yielding a standard deviation for §Dysyow better than +1%o.

5. Analytical Results
5.1. Whole-Rock Major and Trace Element Compositions

Whole-rock major element compositions of 200 in situ samples from the Jiding massif are listed in Ta-
ble S1 (http://dx.doi.org/10.17632/x9fndtgn49.4). These samples include (1) dikes and sills of amphibolite,
deformed gabbro, and diabase in the mantle unit, (2) gabbros in the lower crust, (3) diabase dikes and sills
crosscutting or overlying the lower crustal gabbros, and (4) pillow lavas. In the A-A’ section, 10 foliated
gabbro and amphibolite samples, as dikes/blocks cutting serpentinites, show relatively homogeneous com-
positions, with Mg# [100 x Mg/(Mg + Fe’*)] of 54-63, TiO, of 1.0-1.8 wt %, and MgO of 6.7-9.3 wt %. They
are variably altered with LOI mainly of 2.5-4.6 wt %.

In the B-B’ section, the gabbros in the lower crust have close Mg# and TiO,, mostly in the range of 75-81
and 0.1-0.4 wt %, respectively. Only six disseminated oxide gabbros in the high-level of lower crust show
variably lower Mg# (54-74) and higher TiO, content (0.5-1.3 wt %) (Figure 7). One amphibolite sample in
the mantle peridotite (18JD100 in Table S1) has Mg# of 54, MgO of 6.8 wt %, and TiO, of 1.5 wt %, which
is compositionally distinguishable from the lower crustal gabbros (Figure 7). Non-sheeted, discrete diabase
sills/dikes in both mantle and lower crust show homogeneous compositions. Twenty-nine out of 30 anal-
yses for these diabases contain 6.0-8.0 wt % MgO and 0.8-1.4 wt % TiO,, and have Mg# of 52-64; only one
sample (18JD153) shows higher Mg# of 73 and lower TiO, content of 0.3 wt %, which are comparable to the
composition of lower crustal gabbros (Figure 7). Notably, there are no significant compositionally differenc-
es between diabase sills and dikes, except for the sample 18JD153. In contrast, those diabases in the sheeted
sill complex show relatively heterogeneous compositions, with Mg# of 32-66, and TiO, of 0.7-1.7 wt %.
Although most of these samples are compositionally similar to the non-sheeted diabases, six out of 31 anal-
yses have lower Mg# and higher TiO, with respect to the other samples (Figure 7). On the other hand, it is
notable that pillow lavas also have heterogeneous compositions (Mg# = 46-66, and TiO, = 0.5-1.7 wt %)
that are in the same range with those diabases in the sheeted sill complex (Figure 7).

Most samples in the C-C’ section have Mg# of 40-66, and TiO, content of 0.7-1.8 wt %, which are compara-
ble to the diabases and basalts in the B-B’ section (Table S1). Two samples (18JD04 and 18JD07), however,

LIU ET AL.

8 of 23


http://dx.doi.org/10.17632/x9fndtgn49.4

A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems

10.1029/2020GC009297

1400 Sediments|
A AA—AA A A .‘..A—F;
2%
==
1200 A A =
e
S (‘:',5 ° o © ° 04
3 £ ° o
© 1000 (-8 o o o %
i > ? O Gabbro % E-
° - o m Disseminated oxide gabbro o o
=S = o © @ Amphibolite o o
S 80T o r ' =
S = o © Diabase sills B
o © Q° @ Diabase dikes b 3
5 = 0 © A Basalt %
S 600f-go o 2
5 = © ] »n
© o o
o [¢)
2 400l 8 18JD153
> L X
2 ° ]
c 2
g 2001 ® 00 5
o 09 9 [
< [5) 3
o Mantle/gabbro ”O S
o 0 contact © &%
o [}
5] [¢)
= (e)
°© ©
-200 |- Qe €
=
(a)
-400 1 1 1 1 1
30 40 50 60 70 80 90 0 0.5 1 1.5 2

Whole-rock Mg# Whole-rock TiO, (wt.%)

Figure 7. Whole-rock Mg# and TiO, (recalculated to anhydrous condition) up-section variations of the mafic rocks in
the B-B’ section of the Jiding massif.

show high Mg# (83-85) and lower TiO, (0.1-0.2 wt %), which are close to the lower crustal gabbros in the
B-B’ section.

Whole-rock trace element compositions of the gabbroic rocks in the P-P’ section are presented in Table S2.
These gabbroic rocks include six oxide-bearing gabbros, 1 olivine gabbro, 1 gabbronorite, and the others
are gabbros. The oxide-free gabbros show homogeneous chondrite-normalized rare earth element (REE)
patterns, with light REE (LREE) depletion [(La/Sm)y = 0.2-0.8; N means normalization to CI chondrite,
Sun & McDonough, 1989], and nearly flat middle to heavy REE (MREE and HREE) [(Gd/Yb)y mostly in the
range of 0.8-1.1] (Figure 12b). All of them have moderate to strong positive Eu anomalies [§Eu = 1.0-3.8;
8Eu = Euy/(Smy X Gdy)"?]. In contrast, disseminated oxide gabbros show slightly weaker LREE depletion
[(La/Sm)y = 0.3-0.4] and variable positive Eu anomalies (8Eu = 1.3-1.6). In general, REE contents of
gabbros are much lower than those of disseminated oxide gabbros, which in turn are also lower than or
comparable to the most primitive end of Jiding diabases and basalts (data from Liu et al., 2020) (Figure 12b).

5.2. Mineral Major and Trace Element Compositions

Major element compositions of clinopyroxene, plagioclase, ilmenite, and amphibole from diabases, foliated
gabbros, and amphibolites are listed in Table S3 and S4. All diabases are from the P-P’ lower crustal section,
and the foliated gabbros and amphibolites occur as dikes or blocks in the serpentinites of A-A’ section.

Clinopyroxenes in the lower crustal diabases have homogeneous compositions, with 0.03-1.1 wt % Cr,0s,
0.3-0.8 wt % TiO,, and Mg# of 77-87. They range from diopside to augite in composition (Figure 8a). In
contrast, clinopyroxenes in the foliated gabbros and amphibolites also show homogeneous compositions,
but with lower Cr,05 (0-0.06 wt %), TiO, (0.2-0.3 wt %), and Mg# (66-71) with respect to the diabases. They
are mainly augite in composition (Figure 8a).
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foliated gabbros and amphibolites are intensely altered. Data of Hole 735B
gabbros are after Dick et al. (2002). (c) Alkali cations in A site versus Si in
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The compositions of plagioclases in the diabases are relatively heterogene-
ous, with anorthite [An; 100 X Ca/(Ca + Na + K)] contents ranging from 6
to 44 (Table S3), which plotted in the transitional composition between dis-
seminated oxide gabbros and low-T altered rocks, defined by large dataset
of the Hole 735B gabbro section from the Atlantis Bank (Dick et al., 2002)
(Figure 8b). Ilmenites in the Jiding diabases are homogeneous in compo-
sition, containing 43.7-54.7 wt % TiO,, and 41.8-48.1 wt % FeO (Table S3).

Amphiboles in the Jiding diabases contain 10.1-12.5 wt % CaO, with Na in
M4 site of 0.09-0.36 (Table S4), most of which show a calcic nature (calcic am-
phibole having CaO > 10 wt % and Na in M4 site <~0.33; Coogan et al., 2001;
Manning et al., 1996). They show relatively high Si (7.31-7.99 in atomic cati-
on), but low (Na + K) (0.10-0.39) (Table S4), mostly plotting in the tremolite
field in the (Na + K) versus Si classification (Figure 8c). Only 6 out of 37
analyses show a hornblende composition. These amphiboles all have quite
low F that is below the detection limits of analysis, but contain relatively high
Cl contents of 0.01-0.08 wt % (Table S4). Amphiboles in the foliated gabbros
and amphibolites are similar in composition to each other, but both are dif-
ferent from those in the diabases. They contain 10.4-11.2 wt % CaO, with Na
in M4 site of 0.39-0.69 (Table S4). They have relatively lower Si (6.89-7.36 in
atomic cation) and higher (Na + K) (0.40-0.71), showing an edenite-horn-
blende composition (Figure 8c). The Cl contents (0.05-0.2 wt %) in these
amphibolies are relatively higher than those in the diabases, though their F
contents are also blow the detection limits (Table S4).

As for its trace elements (Table S5), clinopyroxene in the Jiding gabbros
has CI chondrite-normalized REE patterns with LREE depletion, near-
ly flat HREE, and weak to negligible negative Eu anomalies, which are
virtually identical to clinopyroxene REE patterns in the more primitive
Atlantis Bank gabbros (IODP Hole U1473A; Dick et al., 2019a; Figure 9a).
They contain homogeneous trace element concentrations, with signifi-
cant depletions in Sr, Zr, and Hf, and weak negative Ti anomalies, when
normalized to primitive mantle (Figure 9b).

5.3. Whole-Rock and Amphibole H-O Isotopic Compositions

Whole-rock and amphibole H-O isotopic compositions of gabbros and
diabases in the Jiding P-P’ lower crustal section are listed in Table S6.
Gabbros, disseminated oxide gabbros, and diabases have homogeneous
whole-rock oxygen isotopic compositions, with 5" 0vsmow of 8.6-11.9%o,
which are much higher than that of the primary MORB (mid-ocean
ridge basalt) (8"*0 = 5.7 + 0.3%0; Harmon & Hoefs, 1995; Muehlenbachs
& Clayton, 1972) (Table S6 and Figure 10a). In contrast, amphiboles in
the diabases have §'*0 values ranging from 3.2%o to 5.9%., with 6 out of
13 samples showing 8'*0 values lower than primary MORB (Table S6
and Figure 10a). Collectively, whole-rock and amphibole oxygen isotope
analytical results in this study for the lower crust of the Xigaze ophiolite
are consistent with the results reported by Agrinier et al. (1988).

Twelve out of 13 hydrogen isotopic analyses for amphibole separates of
the diabases in the Jiding lower crust have homogeneous 8D values of
—66 to —78%o, only one sample has relatively higher 6D value of —55%o

(Table S6). Our results are in a range similar to the whole-rock hydrogen isotopic compositions of gabbros
in the Xigaze ophiolite reported by Agrinier et al. (1988), but with more samples having lower 8D values
(Figure 10b). Analytical results from our study and Agrinier et al. (1988) plot in a range between the sources
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Figure 9. Clinopyroxene trace element compositions of representative Jiding G-series gabbros. (a) CI chondrite-
normalized rare earth element patterns; (b) primitive mantle-normalized multi-element spidergrams. Data of CI
chondrite and primitive mantle are from Sun and McDonough (1989). The field for clinopyroxenes from the IODP Hole
U1473A gabbroic rocks at the Atlantis Bank, SW Indian Ridge is after Dick et al. (2019a).

of magmatic water (Taylor & Sheppard, 1986) and seawater metamorphism (after Alt & Bach, 2006) (Fig-
ure 10b), suggesting a mixing nature of magmatic water and seawater hydrothermal fluids.

6. Discussion
6.1. Lithological and Compositional Diversities in the Lower Crust of Xigaze Ophiolite

The P-P’ lower crustal section of the Jiding massif in the Xigaze ophiolite shows large lithological and com-
positional diversities, with three different rock types, i.e., gabbro, disseminated oxide gabbro, and diabase.
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Figure 10. (a) Whole-rock and amphibole oxygen isotope profiles for the gabbros and diabases of the P-P’ section of
the Jiding massif. (b) Amphibole oxygen and hydrogen isotopic compositions of the diabases of the P-P’ section. Data
of Agrinier et al. (1988) for the Xigaze ophiolite is also added for comparison. The H-O isotopic data of the Hole 735B
section at the SW Indian Ridge are from Alt & Bach (2006). The oxygen isotopic composition of primary MORB is

after Harmon & Hoefs (1995) and Muehlenbachs & Clayton (1972). Black dotted lines in panel (a) link amphibole and
whole-rock O isotopic analyses for individual sample. The fields of seawater metamorphism and magmatic water in
panel (b) are after Alt & Bach (2006) and Taylor & Sheppard (1986), respectively. Our data overlap the fields of seawater
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condition) stratigraphies showing the G-series gabbros, and D-series diabases and disseminated oxide gabbros, see the
text for details. (c) Plastic deformation intensity of the gabbroic rocks. Deformation grades are after Dick et al. (2019b),
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foliated, 3—strongly foliated (protomylonite), and 4—strongly laminated with porphyroclasts and recrystallized fine-
grained neoblasts (mylonite). (d, e) Whole-rock Mg# and TiO, histograms for the gabbroic rocks and diabases in the
P-P’ section. The composition of primary MORB with Mg# of ~72 is after Kinzler & Grove (1993).

In its cryptic chemical stratigraphies (Figures 11a and 11b), two compositionally distinguishable series are
clearly shown, i.e., (1) relatively more primitive gabbros (termed G-series hereafter), and (2) more evolved
diabases and disseminated oxide gabbros (termed D-series hereafter), although the proportion of dissemi-
nated oxide gabbros is quite low.

The G-series gabbros have higher Mg# (~75-81) relative to the recommended primary melt after ~10%
melting of a MORB mantle source (Mg# = ~72; Kinzler & Grove, 1993). They also show chondritic REE
abundances, and marked positive Eu anomalies (Figure 12b), indicative of a cumulative origin. In terms of
whole-rock major elements, the G-series gabbros are more homogeneous than abyssal gabbros at modern
slow-spreading and ultraslow-spreading ridges (Figure 12a). Notably, their compositions do not extend to
the more extreme Fe-rich and Mg-rich compositions, seen, respectively, in Hole U1473A at the Atlantis
Bank of SW Indian Ridge (SWIR), and Hole U1309D at the Atlantis Massif of Mid-Atlantic Ridge (MAR).
In terms of whole-rock trace elements, the G-series gabbros are comparable to the gabbros/gabbronorites
at the Atlantis Massif, but have higher REE abundances than its primitive (olivine-rich) troctolites (Fig-
ure 12b). Therefore, the lack of the Mg-rich (primitive) compositions for the Jiding G-series gabbros in-
dicates on one hand that their parental melts are more evolved than those for the Atlantis Massif trocto-
lites, hence resulting in the predominant crystallization of plagioclase and clinopyroxene in the system, but
not of olivine. This is also evidenced by the bulk composition estimates for the Jiding gabbroic rocks (Liu
et al., 2018), which have lower bulk Mg# (~76) and higher bulk TiO, (0.4 wt %) than the Atlantis Massif
troctolites, i.e., mean Mg# and TiO, are 86 and 0.1 wt %, respectively (N = 11; Godard et al., 2009). On the
other hand, it also indicates that there was no interaction or hybridization of mantle rocks involved in their
crystallization, which was different from the intense melt-rock interactions between MORB-type melts and
mantle peridotites, generating the olivine-rich troctolites at the Atlantis Massif (e.g., Drouin et al., 2009;
Godard et al., 2009; Suhr et al., 2008).

Another notable feature is the predominance of gabbro over olivine gabbro in the G-series, as is also seen
for the gabbroic drill cores at the Atlantis Massif (Godard et al., 2009; Ildefonse et al., 2007), but not at
the Atlantis Bank (Dick et al., 2019b) (see the compilation in Figure 13). It should be noted that clino-
pyroxenes in the Jiding G-series gabbros have REE contents that are comparable to the more primitive
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Massif of Mid-Atlantic Ridge are after Godard et al. (2009).

clinopyroxenes from the Hole U1473A gabbros at the Atlantis Bank (Figure 9a; Dick et al., 2019a). This
indicates that the G-series gabbros are relatively more primitive than the average Atlantis Bank gabbros.
Therefore, considering the overall primitive character of the Jiding gabbros, the predominance of gabbro
over olivine gabbro can likely be attributed to a high percentage of late melt retention reacting out modal
olivine (Dick et al., 2019b). The retention of interstitial melts in the crystal mush has been suggested to be
associated with the degree of ductile deformation in response to tectonic shearing of detachment faults
(Sanfilippo et al., 2019). It is obvious that gabbros from Jiding (Figure 11c in this study) and Atlantis Mas-
sif (Ildefonse et al., 2007) both show much weaker crystal-plastic deformations (deformation intensities
are 0-1 and 0-2, respectively) than the Atlantis Bank gabbros (deformation intensity is up to 4; Ildefonse
et al., 2007), hence confirming weaker overall ductile deformations for Jiding and Atlantis Massif. This
would result in the retention of relatively larger amounts of interstitial, evolved melts in the crystal mush
at Jiding and Atlantis Massif than at the Atlantis Bank. Lack of intense ductile deformation in Jiding
and Atlantis Massif suggests that the deformation of gabbros occurred mainly in the brittle deformation
regime, while the ductile deformation was localized dominantly in the deep. Therefore, we speculate
that the characteristics of the Jiding G-series gabbros, including their fine grain sizes, argue for fairly
rapid uniform cooling in a relatively cold crust at the time of emplacement, consistent with infrequent
intrusion and a low magma supply. This condition is quite different from the relatively large amounts of
magma supply occurred at the Atlantis Bank, where both compaction-driven and deformation-driven
interstitial melt migration happened, resulting in large diversities of its lower crustal lithologies (Zhang
et al., 2020).

Relative to the G-series gabbros, the D-series disseminated oxide gabbros show heterogeneous composi-
tions, with variably lower whole-rock Mg# and higher TiO, content (Figures 11a, 11b, 11d, and 11e). Be-
sides, these disseminated oxide gabbros have higher REE abundances, and most of them show weak to
negligible Eu anomalies, which are comparable to the oxide gabbros at the Atlantis Massif (Figure 12b).
These features indicate that the disseminated oxide gabbros formed by in situ crystallization of variably
evolved melts. This is consistent with the limited FeO enrichment presented in them (Figure 12a). Besides,
these disseminated oxide gabbros have REE abundances that are comparable to the melt in equilibrium
with the G-series gabbros (Figure 12b; Liu et al., 2018). It implies that the melts from which the disseminat-
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Figure 13. Lithology proportions (in percent) of representative gabbroic sections from the Jiding massif, Xigaze
ophiolite (this study), Hole U1309D at the Atlantis Massif, Mid-Atlantic Ridge (MAR) (Blackman et al., 2006), and Hole
735B and U1473A at the Atlantis Bank, SW Indian Ridge (SWIR) (MacLeod et al., 2017).

ed oxide gabbros were derived are likely interstitial to the crystal mush, after variable extents of fractional
crystallization. The D-series diabases, on the other hand, also show homogeneous compositions, but have
much lower whole-rock Mg# and higher TiO, content than the G-series gabbros (Figures 11a, 11b, 11d,
and 11e). Besides, in terms of whole-rock major elements, most of these diabases contain much higher
FeO” contents than the G-series gabbros, and are comparable to the diabases from IODP Hole U1473A at
SWIR and U1309D at MAR (Figure 12a). In terms of whole-rock trace elements, the D-series diabases have
suprachondritic REE abundances, and lack Eu anomalies (Figure 12b). These features collectively suggest
that the D-series diabases are derived from in situ crystallization of melts. These melts must have experi-
enced variable differentiation, hence have a more evolved character than the recommended primary MORB
(Kinzler & Grove, 1993). The D-series diabases have (La/Sm)y ratios (averaged at ~0.52; data from Liu
et al., 2020) that are systematically higher than those of the G-series gabbros (averaged at ~0.35; Table S2).
This distinction is also shown by the relatively steeper LREE trends in the G-series gabbros with respect to
the D-series diabases (Figure 12b). A relatively higher (La/Sm)y ratio implies that olivine and clinopyrox-
ene were dominant phases in the source of the D-series diabases, because plagioclase crystallization would
lower the (La/Sm)y ratio of the system (e.g., Zhang et al., 2020). However, petrographic observations show
that clinopyroxenes in the G-series gabbros commonly occur as oikocrysts or interstitial to plagiolcases
(Figure 5d), confirming an early crystallization of plagioclase than clinopyroxene. Therefore, the distinct
mineral crystallization orders of the parental melts for the D-series diabases and G-series gabbros imply that
they are not genetically linked. It should be noted, on the other hand, that the diabases in the sheeted sill
complex and pillow lavas show larger compositional variations than those diabases in the lower crust and
mantle. Six diabases and one basalt show markedly lower whole-rock Mg# than the others (Figure 7a). This
compositional dispersion in the sheeted sill complex and pillow lavas could be explained by that the more
evolved samples were generated by interstitial melts to the cumulates, which were compacted from the
crystal mush and fed the upper crust. Nevertheless, the expulsion of these interstitial melts is quite limited,
and most of the upper crustal rocks show compositions that resemble those in modern oceans (Figure 12a).

In the lower crust, disseminated oxide gabbros and diabases are seen not only in the Jiding massif of the
Xigaze ophiolite, but also in abyssal gabbro sections such as Hole 735B and U1473A at the Atlantis Bank
(e.g., Dick et al., 2002, 2019a, 2019b; MacLeod et al., 2017), and Hole U1309D at the Atlantis Massif (Black-
man et al., 2006; Godard et al., 2009). For example, the 735B section contains large amounts of oxide-rich
gabbros through the whole section. These oxide-rich gabbros contain higher FeO" and TiO, contents than
the ambient oxide-poor olivine gabbros and troctolites (Dick et al., 2002), a character similar to the Jiding
massif. The oxide-rich gabbros in Hole 735B crop out spatially close to regional ductile shear zones, which
may be controlled by the activities of oceanic detachment faults. Therefore, the migration of evolved melts
through the 735B section was interpreted to be accounted for by tectonic-controlled melt expulsion (e.g.,
Dick et al., 2002; Zhang et al., 2020). However, the Jiding lower crust is different from the Atlantis Bank,
because disseminated oxide gabbros in the former occur only at the top, but not throughout the section, as
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80 } } } } is shown in the Atlantis Bank. This implies that the migration of such
i Primary MORB i evolved melts were limited and localized in the Jiding lower crust. This
70 ! 518Q=5-710-3 i | is consistent with the retention of relatively large amounts of interstitial
60 i i 1 SIow-‘& uItrasIostpreading melts in the Jiding crystal mush and its cold lower crust, as discussed
i e above. Due to the lower wall-rock temperature of the Jiding oceanic crust
_ 90 ! i A, Fast-spreading with respect to Atlantis Bank and Atlantis Massif, the crystal grain size is
2 i i i i much small for the G-series gabbros (~1-2 mm; Figures 5c and 5d), the
§ 40 i i i i plastic deformation is weaker for both the G-series gabbros and D-series
30 i i i i disseminated oxide gabbros (Figure 11c), and the total magma supply is
i i i i quite lower (~350-m thick lower crust in Jiding relative to >1.5-km thick
20 ! ! | | at Atlantis Bank, and ~1.4-km thick at Atlantis Massif; Dick et al., 2002;

10 i i i i Godard et al., 2009).

| | | |

i ; i i On the other hand, although diabase indeed exists in the gabbroic drill
9'0 5 0 5 10 15 20 25 30 35 40 cores at Atlantis Bank and Atlantis Massif, its proportions in these two
5'30/%0 (VSMOW) for oceanic lower crusts and mantle sections are quite low. For example, diabases cover only 2.9% in the
Hole U1309D at the Atlantis Massif (Blackman et al., 2006), and even
Figure 14. A global compilation of oxygen isotopic compositions of are rarely seen in Hole 735B and U1473A at the Atlantis Bank (MacLe-
oceanic lower crusts and upper mantle in modern oceans and ophiolites. od et al., 2017) (as shown in Figure 13). In contrast, diabases constitute

Slow-spreading and ultraslow-spreading environments include the Xigaze
ophiolite, Ligurian ophiolite, and the Hole 735B at the SW Indian Ridge.
Fast-spreading environments include the Hess Deep at the East Pacific

~40% of the Jiding lower crustal section (Figure 13). The lithological
proportional distinction between these three regions indicates that much

Rise, and the Oman ophiolite. The data and references are presented in larger amounts of melts must have occurred in the Jiding lower crust

Table S7.

for the generation of diabases, though its total magma supply is the low-

est. Field observations clearly show that, in the Jiding lower crust, the

D-series diabases cut both the G-series gabbros and D-series disseminat-
ed oxide gabbros (e.g., Figures 3 and 4). This confirms that the diabases are the latest-stage melt products
with respect to the gabbros and disseminated oxide gabbros. It should be noted that diabase is commonly
generated in a much shallower level than gabbroic rocks, because of its smaller grain size (Liu et al., 2016).
This implies that these gabbroic rocks should have been exhumed to a shallower level, before the melts
intruded and generated diabase dikes and sills. Moreover, fresh diabase dikes/sills with chilled margins are
also found cutting intensely serpentinized mantle peridotites (Figure 4c), which suggest that the dike/sill
emplacement was also later than the exhumation and low-temperature alteration (i.e., serpentinization)
of mantle peridotites (Liu et al., 2016; Zhang et al., 2016). Therefore, all lines of evidence indicate that an
anomalous amount of melts had fed the Jiding oceanic crust to generate these diabases, after the exhuma-
tion and pervasive low-temperature alteration of both gabbroic and mantle rocks. These late-stage melts are
compositionally indistinguishable from those discrete diabase dikes in modern lower oceanic crusts (e.g.,
Atlantis Bank and Atlantis Massif; Figure 12a), but their amounts are much larger.

6.2. Intense, Pervasive Magmatic-Hydrothermal Interaction Through the Xigaze Lower Crust

The common occurrence of ilmenites in the Jiding sheeted and non-sheeted diabases indicates that these
rocks were derived from Fe-Ti-rich melts, which are probably late-stage evolved melts percolating gabbros.
These diabases typically contain numerous green amphiboles, some of which occur as rims or coronas of
clinopyroxenes. Most of these amphiboles have low TiO, contents (<1 wt %) and F (below the detection
limits), and relatively high CI (0.01-0.08 wt %), having a tremolite affinity (Table S4 and Figure 8c). All
these features indicate that these amphiboles are of hydrothermal origin (Coogan et al., 2001). We use
two thermobarometers of Gerya et al. (1997) and Holland & Blundy (1994) to calculate the crystallization
temperature of these amphiboles, giving results of 458-552°C (T, averagely 493°C), and 610-711°C (Tys,
averagely 645°C), respectively, and their equilibrium pressures of 144-1,821 bar (averagely ~1 kbar) (Ta-
ble S4). Note that the thermometer of Holland & Blundy (1994) is established for calculating the equilib-
rium temperatures of amphibole-plagioclase pairs. The plagioclases in the Jiding diabases contain a large
range of An contents (6-44), and plot between the oxide-rich gabbros and low-T alteration fields of the
735B section (Figure 8b). It indicates that some of these plagioclases with relatively low An contents are
secondary products recrystallized during interaction with hydrothermal fluids (Manning et al., 1996), mak-
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Figure 15. A proposed model for the generation of sheeted and non-sheeted “pseudosills” in the Xigaze ophiolite. The crustal architectures are shown in a top
view version in the left, and a cross-section view version in the right, respectively. See the text for details. DF: detachment fault, R: rotation.

ing Typ calculations misleading to some extent. Thus, we suggest that the crystallization temperatures of
these green amphiboles are in the range of ~450°C-550°C, which are much lower than that of magmatic
amphiboles (>700°C), but much higher than that of late-stage low-temperature alterations forming clays,
carbonates, zeolites, or prehnites (<250°C) (Alt & Bach, 2006).

Amphibole compositions and equilibrium temperatures/pressures suggest that the Jiding D-series diabases
formed by crystallization of evolved melts that interacted with hydrothermal fluids. H-O isotopic data for
these amphiboles clearly show a mixed metasomatic source of magmatic water and seawater hydrothermal
fluids, suggesting magmatic-hydrothermal transition and interaction (Figure 10b). During the emplace-
ment of these diabases, the wall-rock temperature was not quite low (~450°C-550°C), and the gabbros were
still hot, but in a brittle deformation regime, forming curved or branched contacts between diabases and
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gabbros (Figures 4g and 4h). This is also evidenced by the close crystallization ages between the diabases
and gabbros (see the review by Liu et al. (2016)). Thus, the gabbros experienced a rapid exhumation during
their formation, and then were intruded by evolved, Fe-Ti-rich melts, along with seawater hydrothermal
circulation, forming the ilmenite-bearing and green amphibole-bearing diabases. This suggests a rapid mag-
matic-hydrothermal transition and intense interaction, characterizing the lower crustal accretion of the
Xigaze ophiolite.

6.3. Evidence for the Occurrence and Location of Detachment Faults in the Xigaze Ophiolite

The Xigaze ophiolite has been suggested by previous studies to form at a slow-spreading to ultraslow-spread-
ing ridge, based on its anomalously thin oceanic crusts (e.g., Girardeau et al. 1985a; Liu et al., 2016, 2018;
Nicolas et al., 1981; Wu et al., 2014). At (ultra)slow-spreading ridges, the magma supply is commonly quite
low and episodic (e.g., Dick et al., 2002, 2019b), and ocean spreading is modeled to be accommodated by
tectonic extension (i.e., oceanic detachment faulting) (Tucholke et al., 2008). Previous studies have provided
paleomagnetic and structural evidence for the occurrence of detachment fault in the Xigaze ophiolite, but
its location in this region is still poorly constrained. For example, paleomagnetic data for the Xigaze sheeted
sills and mantle-hosted mafic dikes have revealed large internal block rotations, which were attributed to
footwall rotations during detachment-fault-controlled exhumation (Maffione et al., 2015). Besides, structur-
al studies during recent 1:50,000 geological mapping have identified mylonitic serpentinite belts in both the
northern and southern parts of the Xigaze ophiolite (Li et al., 2016). Notably, strongly foliated gabbros and
amphibolites were found, as dikes or blocks in the serpentinized mantle peridotites, which were explained
to be generated by ductile shearing at amphibolite-facies conditions (Li et al., 2016).

Our study has identified a rapid exhumation experienced by the gabbroic rocks during or just after their
formation, along with seawater hydrothermal alteration and magmatic-hydrothermal interaction. Oxygen
isotopic analysis in this study for the amphiboles in the Jiding D-series diabases shows MORB-like to rela-
tively depleted 5'°0 values (Figure 10a), suggesting that some of these amphiboles were involved in mod-
erate-temperature to high-temperature hydrothermal alterations during their formation. In comparison,
whole-rock analysis for all D-series diabases gives enriched 8'0 values of 8.6-10.8%o with respect to prima-
ry MORB, even for those samples containing amphiboles with depleted 80 (Figure 10a). Besides, the G-se-
ries gabbros have 8'%0 values (8.7-11.9%o) that are in the same range with the D-series diabases. This shows
a clear O isotopic contrast between amphibole and whole-rock analyses, most likely due to the influence of
low-temperature alteration minerals of both diabases and gabbros in bulk §'*0. For example, plagioclases in
these rocks are intensely altered into saussurite and clay (Figure 5), which would contribute largely to the
elevated bulk §'*0 (e.g., Alt & Bach, 2006). Therefore, whole-rock analysis for these diabases and gabbros
shows mixed O isotopic compositions, which are controlled by modal compositions of low-temperature
alteration minerals and relative mass of rock and fluids (Alt & Bach, 2006). Nevertheless, the Xigaze lower
crust shows both enriched and depleted 'O values relative to primary MORB, hence suggesting low-tem-
perature and high-temperature seawater hydrothermal alterations, respectively. High-temperature seawater
hydrothermal alterations were also identified in fast-spreading lower oceanic crusts of the EPR and Oman
ophiolite, as evidenced by their depleted 8"*0 compositions (see the compilation in Figure 14; data and
references are presented in Table S7). This was ascribed to seawater injection to the uppermost lower crust
through sheeted dike complex, which is the site of axial melt lens, or was accounted for by the elevated wa-
ter contents of evolved melts (Stakes & Taylor, 1992). However, low-temperature seawater alterations, which
form enriched 8'*0, have rarely been reported for fast-spreading lower oceanic crusts (Gao et al., 2006)
(Figure 14). This is mainly due to the lower crustal accretions at a steady state, where the temperatures are
relatively high. In contrast, enriched 80 values have been widely identified in gabbros and mantle rocks
at slow-spreading and ultraslow-spreading environments (Figure 14). An interpretation is that oceanic de-
tachment faults typical of these environments could exhume deep-seated rocks to a much shallower level or
seafloor, and expose these rocks in long-term contact with seawater at low temperatures (Alt & Bach, 2006;
Gao et al., 2006; Tribuzio et al., 2014). Therefore, detachment faults play a key role in seawater circulations
at slow-spreading and ultraslow-spreading ridges (Escartin et al., 2008, 2017; Gao et al., 2006), forming the
pervasively occurred depleted and enriched O isotopic compositions of the lower crusts, as have been iden-
tified in the Xigaze ophiolite (Figure 10a).
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On the other hand, the Xigaze ophiolite is characterized by the occurrence of foliated gabbro and amphib-
olite dikes or blocks in the serpentinized mantle peridotites, as shown in Figures 3, 4, and S1. Petrographic
observations show that these foliated gabbros and amphibolites typically contain brown amphiboles, which
are metamorphosed products of clinopyroxenes (Figures 5a and 5b). These amphiboles have an edenite—
hornblende composition, which is different from the hydrothermal amphiboles in the diabases (Figure 8c).
Based on their major element compositions, we calculated the equilibrium temperature and pressure, using
the thermobarometer of Gerya et al. (1997), for the generation of amphibolies in the foliated gabbros and
amphibolies, giving homogeneous results averaged at ~580°C-590°C and 3 kbar (Table S4). P-T calculations
clearly suggest that these rocks have experienced amphibolite-facies metamorphism at moderate tempera-
ture and ~10 km in depth. It should be noted that the foliated gabbros and amphibolites also show variable
extents of deformations up to protomylonitic conditions (Figures 5a and 5b), hence suggesting the amphi-
bolite-facies metamorphism was also accompanied by intense shearing. Deformed gabbros and amphib-
olites have been previously identified in some ophiolites and modern oceanic lithospheres. For example,
mylonitic gabbros and amphibolites were reported occurring along a shear zone in the Mirdita ophiolite,
Albania (Maffione et al., 2013; Nicolas et al., 1999, 2017). Besides, mylonitic oxide-rich gabbros also com-
monly occur in the Hole 735B and U1473A at Atlantis Bank, which are spatially associated with regional
tectonic shear zones (e.g., Dick et al., 2002, 2019b). The formation of these strongly deformed gabbros and
amphibolites needs syn-magmatic shearing and high-temperature metamorphism (e.g., Dick et al., 2019b).
Therefore, the occurrence of foliated gabbros and amphibolites has been regarded as strong evidence for
detachment faulting (Dick et al., 2002; Maffione et al., 2013; Nicolas et al., 2017), which controls the defor-
mation, metamorphism, and alteration of oceanic lithospheres (Escartin & Canales, 2011). Direct evidence
for this interpretation is the identification of amphibolite in the serpentinite/talc matrix, as one of the most
dominant rock types along the detachment surface at 15°45’N, Mid-Atlantic Ridge (Escartin et al., 2003;
MacLeod et al., 2002, 2011). Therefore, we argue that the foliated gabbros and amphibolites in the Xigaze
ophiolite were generated by detachment faulting deeply rooted to ~10 km at ~600°C, close to the brit-
tle-ductile transition. Moreover, field observations in this study have shown that these foliated gabbros and
amphibolites occur as dikes or blocks throughout the serpentinized mantle peridotite section (e.g., A-A’
section; Figure S1). It indicates that the high-temperature deformation and metamorphism of mafic rocks
were synchronous with or shortly after the low-temperature serpentinization of mantle rocks. A plausible
interpretation is that mantle serpentinization occurred along the detachment surface, accompanied by sea-
water hydrothermal circulation from the top, and repeated melt injections from the bottom. Therefore, the
detachment surface in the Xigaze ophiolite is most likely along present-day mantle serpentinization; and
detachment faulting was terminated at the south of the ophiolite (as shown in Figure 2b).

6.4. The Role of Detachment Faults in the Generation of Sheeted and Non-sheeted Sills

As discussed above, detachment faulting may have controlled the rapid exhumation of gabbroic and mantle
rocks in the Xigaze ophiolite, along with efficient seawater hydrothermal circulation and magmatic-hydro-
thermal interaction. Diabase sills and dikes, as the latest-stage melt products, formed just afterwards. Our
structural measurements have revealed variable orientations of these diabases with respect to the gabbro
and mantle foliations (Figure 6). Diabases in the sheeted sill complex have strikes mainly trending NW,
which are consistent with the average magmatic foliations of gabbros (Figure 6), and the high-temperature
primary mantle foliations (Girardeau et al., 1985b). Non-sheeted diabases, however, contain two groups
based on their orientations. Group 1 shows diabase strikes that are mainly subperpendicular to the average
gabbro foliations, hence are defined as dikes (Figure 6). In contrast, Group 2 is composed of diabases with
strikes that are subparallel with the average gabbro foliations, hence occurring as “sills” (Figure 6). Dra-
matic orientation distinctions among all diabases are probably associated with the geometry of the gabbro
body during multi-stage melt injections. Based on geological, geophysical, and numerical modeling studies,
the footwall of detachment faults would commonly be rotated to variable extents during its exhumation,
due to flexural unloading (e.g., Buck, 1988; Kelemen et al., 2007; Lavier et al., 1999; MacLeod et al., 2009,
2011; Maffione et al., 2013, 2015; Morris et al., 2009; Parnell-Turner et al., 2017). Besides, during or just after
the evolution of detachment faulting, footwall foundering (Sauter et al., 2013) and mass wasting (Cannat
et al., 2013; Escartin et al., 2017; Smith et al., 2014) due to gravity instability are commonly found as im-
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portant mechanisms to reshape seafloor morphology and reduce the slope of detachment surface. These
processes may have played a critical role in changing the geometry of the gabbro body at the Xigaze paleo
axis through time, along with multi-stage, variable amounts of melt intrusions.

In Figure 15, we proposed a model to illustrate the dynamic crustal accretion of the Xigaze ophiolite. At
the earliest stage, the Xigaze paleo ridge spreaded at a slow to ultraslow rate, in which period a series of
normal faults occurred at the rift valley walls (Figure 15a, Stage 1). Beneath the rift valley, an active gabbro
intrusion was generated at relatively large amounts of melt supply, and the magmatic foliation of gabbros
was mainly subhorizontal, due to several processes such as mineral crystallization and segregation, and
magma flow. When the magma supply waned to accommodate ~30-50% extension (as modeled by Tuchol-
ke et al., 2008), a detachment fault initiated along one of the normal faults (DF1 in Figure 15b, Stage 2-1).
Gabbros and mantle peridotites were exhumed to a shallow level or even to the seafloor, where they would
experience long-term seawater hydrothermal alteration, as revealed by the enriched O isotopes of gabbros
(e.g., Figure 10; this study and Agrinier et al., 1988) and pervasive serpentinization of mantle peridotites.
Besides, seawater could also inject into deep mantle along the detachment fault (Escartin et al., 2003; Ma-
cLeod et al., 2002, 2011). In this period, the magma supply was reduced, and only small amounts of melts in-
truded repeatedly into the intensely serpentinized mantle. The emplacement depth of these melts was most
likely ~10 km at 600°C, as constrained by the P-T calculations for the amphibolite-facies metamorphism
experienced by foliated gabbro and amphibolite dikes/blocks in the serpentinites (Figure 15f). During the
exhumation, gabbros and mantle peridotites would be rotated, and their foliations tend to be oblique, when
they were uplifted to the slope of the footwall (Rotation 1, R1 in Figure 15b). At this time, small amounts of
melts could intrude into the gabbro body at a shallow level in the brittle deformation regime, generating the
non-sheeted, discrete Group 1 diabase dikes (Figure 6, 15e). Subsequent footwall exhumation and rotation
could change the geometry of the gabbro body. The second rotation (R2 in Figure 15b) of the gabbro body
would result in a continuous transition of the gabbro foliations from being oblique to subhorizontal at the
top of footwall.

Due to gravity instability, the footwall of detachment faults might founder along new faults initiated at its
top (DF2 in Figures 15b and 15c). The gabbro body was rotated once again, and its magmatic foliations
changed from being subhorizontal to oblique (R3 in Figure 15c, Stage 2-2). Continuous foundering, if it
happened, resulted in the fourth rotation (R4) of the gabbro body, after which period the gabbro foliations
were transformed to be subvertical (Figure 15d, Stage 3). The whole evolution of these detachment fault sys-
tems was ultimately terminated, when relatively large amounts of melts burst again at the ridge axis. These
melts migrated vertically and injected into the gabbros and serpentinized mantle peridotites, generating
“pseudosills,” i.e., the sheeted sill complex and Group 2 non-sheeted sills (Figures 6, 15d, and 15g). These
melts could also intrude into the Group 1 discrete diabase dikes, resulting in intersected diabase dikes and
sills in the gabbro body (Figure 15h).

Our model shows that the gabbros and mantle peridotites of the Xigaze ophiolite, as the footwall of de-
tachment fault, may have experienced exhumation and multi-stage rotations and foundering, before the
emplacement of sheeted and non-sheeted “pseudosills.” These processes suggest the important role of de-
tachment faulting, block rotation, and foundering, along with mass wasting, in reshaping the oceanic crus-
tal architecture, which are also well documented for modern oceanic lithospheres (e.g., Cannat et al., 2013;
Escartin et al., 2017; Sauter et al., 2013; Smith et al., 2014). For example, side-scan sonar images have re-
vealed continuous exhumations of serpentinized mantle peridotites at the eastern SWIR, where rheological
changes initiated a new master fault cutting the footwall of an earlier fault (Sauter et al., 2013). Similar
observations have also been documented at the Krasnov area of MAR (Cannat et al., 2013). Detachment
along the new master fault would result in decreasing of the slopes of oceanic core complexes to less than
20° (Cannat et al., 2013). This implies that the relative block rotation during its foundering or mass wasting
was quite large. Besides, geophysical observations on ~16.5°N at the MAR have provided evidence for mul-
ti-stage block exhumation, rotation, and mass wasting (foundering), along a series of detachment surfaces
that are subparallel with the spreading axis (Smith et al., 2014). Rotations through time would change
the orientations of gabbro and mantle foliations to a significant extent, a process resetting the structural
relations of gabbros, diabases, and extrusive lavas. Besides, microbathymetry data and in situ observations
between 13°20’N and 13°30’N at the MAR showed that mass wasting of the footwall has reduced the slope
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of detachment faults, and resulted in morphologically complex chaotic terrains (Escartin et al., 2017). An al-
ternative model, however, can also explain the generation of non-sheeted, discrete diabase dikes cutting the
gabbros and mantle peridotites. At the final stage of the life cycle of oceanic core complex, the detachment
fault would migrate across the ridge axis, when detachment accommodates more than half of the plate
separation (i.e., MacLeod et al., 2009). New melt intrusions are then captured by the footwall of detachment
faults (footwall capture model), which could explain the common occurrence of gabbros and diabases in
the oceanic core complex (Blackman et al., 2006; Dick et al., 2000, 2019b; Godard et al., 2009; Ildefonse
et al., 2007; MacLeod et al., 2002). In this scenario, however, the dikes in the gabbros and mantle peridotites
tend to show variable orientations (Blackman et al., 2006; Godard et al., 2009), which are different from the
strikingly consistent orientations between non-sheeted sills and gabbros in the Xigaze ophiolite (Figure 6).

6.5. Construction of Slow-Spreading and Ultraslow-Spreading Oceanic Crusts

The geometry of sheeted dike complexes at modern slow-spreading and ultraslow-spreading ridges are still
poorly studied, due to the lack of in situ drill cores into the upper crusts (see the review in Karson, 2018).
However, detailed field observations for those in ophiolites could provide key insight into the geometry of
internal oceanic crustal architectures. To date, well-established slower-spreading type ophiolites include the
Alpine-Apennine ophiolites in Italy/France (e.g., Frassi et al., 2017; Lagabrielle & Cannat, 1990; Lagabrielle
et al., 2015; Manatschal et al., 2011; Sanfilippo & Tribuzio, 2011), Mirdita ophiolite in Albania (e.g., Ma-
ffione et al., 2013; Nicolas et al., 1999, 2017), Coast Range ophiolite in California (Hopson et al., 2008), and
Xigaze ophiolite in Tibet, China (Girardeau et al., 1985a; Liu et al., 2018; Nicolas et al., 1981). Diabases crop
out in different styles in these ophiolites, including (1) lacking in the Alpine-Apennine ophiolites, (2) as
dikes or sills intruding mantle peridotites and plutonic rocks in the Xigaze ophiolite, (3) comprising sheeted
dike complexes in the Mirdita ophiolite, and (4) comprising sheeted sill complexes in the Xigaze and Coast
Range ophiolites. Therefore, sheeted sill complexes occur only in the Xigaze and Cosat Range ophiolites,
but have not been found in other ophiolites generated at slower-spreading ridges (Hopson, 2007). Accord-
ing to our model for the sheeted and non-sheeted sills in the Xigaze ophiolite, their generation needs a
perfect sequence of events, including detachment faulting, and block exhumation, multi-stage rotations
and foundering before dike propagation (Figure 15). The total rotation of the gabbro body is close to 90°. If
block rotation and foundering is limited (e.g., during Stage 2-1 in Figure 15b), sill complexes are expected
to rarely occur. This could explain why diabase dikes in drill cores, such as the Hole U1309D at the MAR
and Hole 735B and U1473A at the SWIR, commonly cut other lithologies but show random orientations
(e.g., Blackman et al., 2006; Dick et al., 2002, 2019b; Godard et al., 2009; MacLeod et al., 2002). On the
other hand, bathymetric observations along ~2,500 km long region between 12.5°N and 35°N at the MAR
revealed that asymmetrical accretions controlled by detachment faults cover nearly half of the ridge (Es-
cartin et al., 2008). However, it is symmetrical accretion that dominates in the regions where detachment
faults are rarely generated. In these regions, sheeted dike complexes are expected to be dominant, which are
geometrically similar to those at fast-spreading ridges (Karson, 2018). Therefore, considering the complex
crustal architectures at modern slow-spreading and ultraslow-spreading ridges, it is a perfect balance be-
tween block exhumation, rotation, and foundering that constructs the sheeted and non-sheeted pseudosills
in the Xigaze ophiolite, which are almost unique in the world (Hopson, 2007; Nicolas et al., 1981).

7. Conclusions

Detailed field observations and structural measurements in this study have revealed variable diabase ori-
entations in the Xigaze ophiolite, which could be subdivided into sheeted sills, non-sheeted sills and dikes.
These diabases were probably emplaced at different stages, during or after the exhumation, rotation, found-
ering, and intense seawater alteration of the gabbros and mantle peridotites. This dynamic accretion of the
Xigaze oceanic crust was intimately associated with the activities of oceanic detachment faults, which had
also contributed to the deformation and high-temperature metamorphism of foliated gabbros and amphi-
bolites in the serpentinized mantle peridotites. Block rotation and foundering, sometimes along with mass
wasting, are suggested as two important controlling mechanisms reshaping the oceanic crustal architec-
tures at asymmetrical segments of slow-spreading and ultraslow-spreading ridges. In contrast, sheeted dike
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complexes are expected to be dominant at symmetrical segments of slower-spreading ridges, which hence
have a similar geometry to those at fast-spreading ridges.
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