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Abstract

Occurrences of diopsidites, rocks made predominantly of gem-like diopside whose composition precludes a purely igneous
origin, allow tracking the pathway of high-temperature fluids and fluid-saturated melts in the oceanic lithosphere in vicin-
ity of the mantle-crust transition zone (the Moho) and the adjacent mantle in an oceanic setting. We have experimentally
explored the origin of the mantle diopsidites by reacting serpentinite with synthetic haplobasaltic glass (corresponding to
anorthite-diopside eutectic at 0.1 MPa pressure) at 900 and 1250 °C, and 0.2 GPa pressure for 120 h. At 900 °C, no reaction
is observed in the sample; in contrast, in the experimental runs heated to 1250 °C, we distinguish two mineral associations (1)
early Al-poor diopside [Mg#=Mg/(Mg+Fe)=99 + 1; Al,0;=1.9 + 1.6 wt%] with the diopside-hosted forsterite (Fogg, , ¢ ;)
inclusions and (2) late Al-enriched diopside Mg#=98 +1; Al,0;=3.7+2.8 wt%). Our experiments confirm that mantle
diopsidites can be produced at > 1100 °C in response to partial melting of hydrated peridotite (serpentinite) in the presence
of haplobasaltic melt and aqueous fluid at the conditions typical of the mantle-crust transition zone and the shallow mantle
beneath oceanic spreading ridges.

Keywords Diopsidite - Oceanic lithosphere - Hydrated peridotite - Mantle-crust transition zone - Melt-rock reaction
experiment

Introduction at high temperatures (Python et al. 2007a,b). These rocks

are made up predominantly of diopside [0.95 < Mg/

Diopsidites were discovered in the Oman ophiolite and
interpreted as crystallization products resulting from the
percolation of hydrothermal fluids in mantle peridotite
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(Mg + Fe) < 1] and minor Mg-rich (Fo > 95 mol%) oli-
vine. The diopsidites form dykes hosted by peridotites in
the lithospheric part of ophiolites (Python et al. 2007a;
Akizawa and Arai 2014). Veins composed mainly of diop-
side with associated chromite, Fe—Ni-Co metal, silica and
troilite occur in lunar soil samples collected by the Apollo
17 mission at the base of the Sculptured Hills and appear
to result from intrusion and crystallization of fluid (Irving
et al. 1974). The source of the fluid is considered as enig-
matic. MARID suite consisting of varying proportions of
mica, amphibole, rutile, ilmenite and diopside has been
distinguished by Dawson and Smith (1977) within kim-
berlite pipes. In the oceanic mantle-crust transition zone,
diopside is present as scattered crystals in dunites and
as inclusions in chromites at the same setting (Borisova
et al. 2012; Rospabé et al. 2017, 2019). Additionally, rare
occurrences of plagioclase diopsidites, made of equal pro-
portions of diopside and pure anorthite, have also been
reported in the dunitic transition zone (Python et al.
2007a) and in the ophiolitic and modern oceanic crust
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(Vanko and Laverne 1998; Akizawa et al. 2011; Akizawa
and Arai 2014). Mantle diopsidites have (not foliated)
metasomatic textures contrasting with igneous textures
and comparable to those of metasomatic skarns or rod-
ingites frequently present in serpentinite bodies within
the ophiolitic crust. The diopsidites frequently appear as
dykes, with a few mm to few tens of cm wide transitional
zones, which contain high amounts of hydrous minerals,
between the diopsidite and its host rock (Python et al.
2007a). The mechanism of the diopsidite rock formation
was proposed to be crystallization from high tempera-
ture fluids intermediate between the silicate melts and
supercritical water. These rocks were suggested to form
due to high temperature circulation of seawater-derived
hydrothermal or carbonated fluids at> 800 °C close to
the mantle-crust transition zone (Python et al. 2007a).
One argument for the hydrothermal origin of the water
is the pronounced positive Eu anomaly in diopside crys-
tals, showing that the fluid has leached gabbroic rocks en
route to the Moho transition zone (Python et al. 2007a).
However, the proposed mechanism requires a high water-
to-rock ratio and may be unrealistic. Thus, it is still a
matter of debate why predominant diopside crystallizes
in the mantle to form diopsidite rocks. A revised forma-
tion mechanism of the high-Mg rock origin may now be
proposed based on reactions documented at depths in the
oceanic lithosphere (Benoit et al. 1999; Borisova et al.
2012; Rospabé et al. 2017, 2019; Zagrtdenov et al. 2018;
Borisova et al. 2020, 2021), as well as based on experi-
mental modeling of the proposed reactions at a pressure
of 0.2 GPa.

Experimental and analytical methods

To experimentally model the petrogenesis of diopsidite
rocks, we have used a similar design as that of Borisova
et al. (2020, 2021) with a serpentinite cylinder in the upper
part and haplobasaltic (i.e. the synthetic system of albite-
anorthite-diopside, Barth 1962) glass powder in the lower
part of an AugyPd,, capsule. As starting materials, we used
the synthetic haplobasalt (86.7—82.4 wt%) and natural ser-
pentinite (13.3—17.6 wt%) (Table 1). These components
have been chosen to model experimentally interaction
between (i) a model silicate melt, which is formed due to
partial melting of predominantly gabbroic crust enriched
in anorthite and diopside, (ii) altered (hydrated or serpen-
tinized) peridotite and (iii) an aqueous fluid. These experi-
ments were designed to simulate the process of basaltic
melt infiltration into serpentinite rock that does not neces-
sarily reach equilibrium. Three experiments (P40, P41 and
P41bis) with different basalt to serpentinite mass ratios
(4.7—6.5; Table 2) were carried out at a pressure of 0.2
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Table 1 Compositions (wt%) of

. h Sample” BAS SERP
the starting materials

Sio, 50.34 40.69
TiO, - bdl
Al O, 15.38 0.88
Fe,05%* - 7.53
MnO - 0.11
MgO 10.80 38.24
CaO 23.48 0.06
Na,O - bdl
K,O0 - bdl
P,04 - 0.05
LOI - 11.55
Total 100.00  99.1
H,O0 total 11.91
“BAS  haplobasaltic  powder,

SERP serpentinite rock (TSL-
19), BDL values below detec-
tion limits. LOI loss on ignition

*Total Fe quoted as Fe,Os

GPa and temperature of 900 °C (P40) and 1250 °C (P41
and P41bis) using an internally heated gas pressure vessel
(Safonov et al. 2014). The duration of experiments was
120 h for all runs. The pressure in the system was created
by pure Ar gas. The experimental charge was heated in a
furnace with two windings (to minimize any thermal gra-
dient). The temperature was set and measured by a TRM-
101 OVEN controller through two S-type (PtygRh,, versus
Pt, o) thermocouples. The thermocouples were mounted
at the top and close to the bottom of the run hot spot to
monitor the temperature gradient. The experiments were
quenched by switching off the furnace. The pressure dur-
ing the quench was kept constant down to 550 °C, and then
slowly released. The cooling rate from 1250 to 1000 °C
was 167 °C/min, and then 90 °C/min from 900—1000 °C
down to 550 °C. After the runs, the AugyPd,, capsules were
mounted in epoxy, cut in half using a diamond micro-saw,
and then polished using SiC sand papers and diamond
pastes.

The major experimental products (silicates and hydrous
glasses) in the samples were identified using two scan-
ning electron microscopes (SEM) JEOL JSM-6360 LV and
Bruker TESCAN using energy-dispersive X-ray spectrom-
etry (EDS). X-ray mapping of the experimental samples
was performed using the electron microscopes. In order
to perform the EDS mapping, the X-ray lines (Ka) have
been measured for the elements Al, Si, Mn, Fe, Ca and
Mg. Major and minor elements in the crystals and glasses
were analyzed using a CAMECA SX-Five electron probe
micro-analyser (EPMA) operated at 15 kV and 20nA; the
analyzed surface area was 2 pm?. The following synthetic
and natural reference materials were used for the EPMA
calibration: albite (for Na), corundum (Al), wollastonite
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Table 2 Experimental sample description

Sample Conditions Starting proportions* BAS melt to Final phases**
SERP rock
ration
T (°C), P (GPa) SERP / BAS (wt%) -
P40 900, 0.2 16.9/83.1 4.93 Dehydrated serpentinite and haplobasaltic glass
P41 1250, 0.2 13.3/86.7 6.50 Diopside, Mg-rich olivine: D1 and D2
P41bis 1250, 0.2 17.6/82.4 4.69 Diopside, Mg-rich olivine: D1 and D2

“SERP serpentinite rock, BAS haplobasaltic powder, T temperature and P pressure

““The final mineral associations are represented by (i) D1: early Al-poor diopside-hosted forsterite inclusions together with (ii) D2: late Al-rich
diopside composed by well-crystallized diopsidite with water fluid bubbles

(Si, Ca), sanidine (K), pyrophanite (Mn, Ti), hematite
(Fe), periclase (Mg), Cr,05 (Cr) and Ni metal (Ni). Peak
and background counting times were 5 s for Na and K
and 10 s for other major elements, whereas peak count-
ing times were 120 s for Cr and 100 s for Ni. Resulting
detection limits for Cr and Ni were 70 ppm and 100 ppm,
respectively. Silicate glass reference materials (MPI-
DING) glasses (ATHO-G, StHs6/80-G, T1-G, KL2-G,
ML3B-G, GOR132-G, GOR128-G, Jochum et al. 2006)
were analyzed as unknowns to monitor the accuracy of
the major and minor (Cr, Ni) element analyses. The analy-
sis of silicate reference materials allowed us to control
precision for the major and minor element analyses to be
within the limit of the analytical uncertainty (related to
the count statistics). The accuracy, estimated on the refer-
ence glasses, ranged from 0.5 to 3% (1o RSD =relative
standard deviation), depending on the element contents
in the reference glasses.

Results

Figure 1 (a-i) illustrates backscattered electron images and
X-ray mapping of the diopsidite samples (P40, P41 and
P41bis). The P40 sample (900 °C) contains initial starting
serpentinite rock and haplobasaltic glass with no reaction
zone (Fig. 1d,g), whereas the recovered P41 and P41bis
samples (1250 °C) are almost monomineralic and com-
prise predominantly diopside (Fig. la-c, e—f, h-i). In the
experimental diopsidites, two mineral associations were
distinguished: (D1) early Al-poor diopside (Mg#=99 + 1;
Al,0;=1.9+1.5; Cr,0,=0.16 +0.10 wt%) with inclusions
of forsterite (Fogg 5 , () (Fig. 1 a-c, €, h, i) and (D2) late Al-
rich diopside Mg#=98 + 1; Al,0,=3.7+2.8 wt%) forming
a well-crystallized diopsidite matrix (Fig. 1a-b, f, i; Table 3).
The size of the diopside crystals varies from 100 to several
hundred pm.

Discussion

Results of the P41 and P41bis runs demonstrate that hap-
lobasaltic melt component reacts with dehydrated serpen-
tinite at 1250 °C at conditions of saturation with aqueous
fluid, whereas temperature of 900 °C was not sufficient to
initiate the reaction. Numerous bubbles in experimental
samples P41 and P41bis correspond to a fluid, consistent
with water fluid saturation of the haplobasaltic melt at 0.2
GPa pressure. According to Benne and Behrens (2003), the
saturation of haplobasaltic melt in anorthite-diopside system
with aqueous fluid at 0.2 GPa requires an H,O content of
about 5 wt% in the melt; it is likely that the water saturation
of the melt was developed progressively in response to the
crystallization of anhydrous mineral. The conditions cre-
ated in our experimental system at 1250 °C thus were close
to aqueous fluid saturation due to serpentinite dehydration,
especially at the final stages of the diopsidite crystalliza-
tion. The localized occurrence of Mg-rich olivine inclusions
in the low-Al diopside crystals (Fig. 1) corresponds to the
emplacement of the former serpentinite zone, suggesting
reaction of serpentinite with haplobasaltic melt and aque-
ous fluid to form forsterite and Al-poor diopside according
to the following equation:

Mg;Si,O5(OH), [Serp] + 2CaAl, 1,Mg, ¢3Si, O4 1 [HB] = MgSiO, [Fo]
+ CaMgSi, Oy [Di] 4+ CaAl, ;sMg, 435104 [RM]

+ 2H,0 [Fluid)

(1)
where Serp is the principal serpentine mineral, HB is hap-
lobasaltic melt component, Fo is forsterite, Di is diopside,
RM is a residual silicate (melt) component and Fluid is an
aqueous fluid.

From experimental works of Yoder (1964) and Yoder
and Tilley (1962), it is well-known that higher pressures
widen the crystallization field of diopside in haplobasaltic
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«Fig. 1 (a-f) Backscattered electron images of diopsidite rock experi-
mentally produced during the serpentinite-haplobasaltic glass reac-
tion at 0.2 GPa, 900 °C (P40) and 1250 °C (P41 and P41bis samples)
for 120 h. In the experimental system at 1250 °C, the final mineral
associations are represented by (i) DI: early Al-poor diopside-
hosted forsterite inclusions together with (ii) D2: late Al-rich diop-
side composed by well-crystallized diopsidite with water fluid bub-
bles. HBAS =haplobasaltic glass, SERP=dehydrated serpentinite,
Di=diopside, Fo=high-Mg olivine and L=residual melt. (a-c) the
P41 sample; (d) P40 sample; (e-f) P41bis sample. (g-i) X-ray map-
ping for Al, Si, Mn, Fe, Ca and Mg of the experimental diopsidite
samples. (g) P40 sample; (h) P41bis sample; mauve color corre-
sponds to the high-Mg olivine inclusions in the D1 diopside. (i) P41
sample. Blue color corresponds to the high-Mg olivine inclusions in
the D1 diopside

systems saturated with water (Fig. 2). Similarly to the hap-
lobasaltic experimental system, any starting composition
corresponding to dry anorthite-diopside eutectic composi-
tion (Dig;Ans,) at room pressures (0.1 MPa) would result
in crystallization of pure diopside at high pressures (> 0.2
GPa) if the system is water-saturated. Silicate melts of
composition approaching the pure haplobasaltic systems
are not common in nature, nevertheless, natural anorthite-
diopside associations are documented in ophiolites at

Moho level as described above. The altered lower oceanic
crust is regularly enriched in epidote, chlorite (chlorite-
rich epidosite), but also anorthite and high-Ca diopside
formed due to intermediate to high temperature alteration
(Seyfried et al. 1988; Gillis 1995; McCollum and Shock
1998; Vanko and Laverne 1998; Alt et al. 2010). These
altered lower crustal Ca-Al-Mg-rich rocks may be formed
in the sheeted dyke complex due to hydrothermal fluid
circulation through the gabbroic crust. As a result, the
NaCl-bearing fluids are strongly enriched in Ca, Al and
Si due to the high solubility of anorthite in hydrothermal
fluids (Seyfried et al. 1988; Oelkers et al. 1995, 2009).
These NaCl-rich fluids (up to 5.6 wt% NaCl) represent ‘hot
modified seawater’ described as inclusions in minerals of
anorthitized rocks (Vanko and Laverne 1998). Figure 2
shows an expansion of the diopside crystallization field to
Ca-Al-rich compositions in the fluid-saturated systems.
Thus, diopside will crystallize from haplobasaltic melt
at>1100 °C and pressure below 0.5 GPa in the presence
of aqueous fluid.

Our model illustrated by Fig. 3 suggests that periodic partial
melting of the altered (and enriched in anorthite-diopside) gab-
broic crust produces a silicate melt approaching haplobasaltic

Table 3 Chemical composition of mineral and glass phases in the experimental diopsidites produced at 0.2 GPa and 1250 °C

Associatio Mineral association D1 Mineral association D2
Phase Olivine (15)* Diopside 1 (30)* Diopside 2 (75)* Residual glass
@*

Average  Error Average  Error Average  Error Average  Error
Major and minor oxides (wt%) 43.50 0.87 54.70 1.07 53.40 2.00 42.28 10.85
SiO, bdl - bdl - bdl - bdl
TiO, bdl - 1.91 1.61 3.70 2.84 19.30 10.93
Al Oy 0.76 0.12 0.41 0.20 0.55 0.34 1.59 0.56
FeO bdl - bdl - bdl - bdl bdl
MnO 55.16 1.50 18.80 0.70 17.97 1.20 12.62 4.65
CaO 1.04 0.70 24.46 0.27 24.65 0.48 18.44 4.62
Na,O bdl - bdl - bdl - bdl -
K,0 bdl - bdl - bdl - bdl -
Cr,04 bdl - 0.16 0.10 0.06 0.12 bdl -
NiO 0.21 0.06 bdl - bdl - bdl -
Total 100.86 1.01 100.57 0.37 100.45 0.77 94.75 5.50
Mineral and members (mo1%)
Fo 99.23 0.14 - - - - -
Wo - - 48.02 - 49.22 - - -
En - - 51.35 - 49.94 - - -
Fs - - 0.63 0.84 - - -
Mg # 99.23 0.14 98.76 0.62 98.27 1.21 93.34 1.25

Errors are quoted at 26 level (standard deviation); Mg#=Mg/(Mg + Fe); bdl — below detection limit
Fo forsterite, Wo wollastonite, En enstatite, Fs ferrosilite, bdl values below detection limits

“Bracketed numbers correspond to the numbers of EPMA points (P41 and P41bis samples) Average = average value
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Fig.2 Diopside (Di)—anorthite (An) phase diagram demonstrating
eutectic compositions for three experimental systems (i) anhydrous
haplobasaltic melt at P=0.1 MPa pressure (marked as P=0.1 MPa);
(ii) hydrous system at 0.5 GPa pressure under fluid saturated condi-
tions (P H,0=0.5 GPa) and (iii) hydrous system at 1.0 GPa pressure
under fluid saturated conditions (P H,O=1 GPa) according to Yoder
(1964) and Yoder and Tilley (1962). Expansion of the diopside crys-
tallization field to Ca-Al-rich compositions is remarkable in the fluid-
saturated systems
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Fig.3 Simplified model of diopsidite formation in the mantle close to
oceanic mantle-crust transition zone. A silicate melt rich in haploba-
saltic component is produced due to partial melting of the lower gab-
broic crust; it reacts with hydrated peridotite producing diopsidites
at depths of 6—10 km in the oceanic lithospheric mantle. Modified
after Python et al. (2007a) and Borisova et al. (2012)

component. The haplobasaltic melt reacts and replaces the man-
tle peridotite with dykes and veins of forsterite-bearing diop-
sidites. Indeed, mantle diopsidites are regularly associated with
mantle plagiogranites (M. Benoit, personal communication). In
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fact, the associated mantle plagiogranites have been inferred to
form due to fluid-assisted melting of hydrated peridotite owing
to the reaction with basaltic melt (Borisova et al. 2021). The
process of basaltic melt-peridotite reaction is therefore common
in the mantle and the mantle-crust transition zone (Borisova
et al. 2020, 2021). The reaction between hydrated peridotite
and basaltic melts may happen periodically during the oceanic
lithosphere formation. The haplobasaltic melt component, thus,
constitutes a missing silicate component necessary for diopside
crystallization upon the reaction with peridotite at the level of
the oceanic mantle-crust transition zone or even in deeper parts
of the lithospheric mantle.

Conclusions

Synthetic diopsidite was produced experimentally for the
first time. In the experimental system, reaction of natural
serpentinite with a synthetic haplobasaltic melt (corre-
sponding to the anhydrous anorthite-diopside eutectic at
0.1 MPa) at 1250 °C and 0.2 GPa produces two mineral
associations represented by (i) Al-poor diopside with high-
Mg olivine inclusions and (ii) Al-rich diopside composing
well-crystallized diopsidite. We propose a model, where
mantle diopsidites are formed near the oceanic mantle-crust
transition zone due to reaction of haplobasaltic melt pro-
duced via efficient melting of an altered gabbroic crust rich
in anorthite and diopside. The generated haplobasaltic melts
react with the mantle peridotite at > 1100 °C and < 0.5 GPa
in the presence of high-temperature aqueous fluid to pro-
duce veins of forsterite-bearing diopsidites. The process of
basaltic melt-hydrated peridotite reaction is common in the
oceanic mantle and the mantle-crust transition zone. This
reaction (e.g. Eq. 1) may happen periodically during the
formation of the oceanic lithosphere at mid-ocean spread-
ing centers.
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