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Abstract

Olivine-rich troctolites and dunites are diffuse lithologies at crust-mantle transition of
the oceanic lithosphere. Disequilibrium textures coupled to mineral compositions indicate that
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PT

melt-rock reactions play an important role in their origin. The prevailing view is that olivinerich troctolites are related to extensive melt impregnation of a precursor mantle dunite.
In order to provide experimental constraints, we performed reactive dissolution and
crystallization experiments by juxtaposing three variably evolved MORB-type glasses with a

NU

melt-bearing dunite at 1300°C and then cooling to 1150°C at constant pressure (0.5 and 0.7
GPa). Additionally, an isothermal experiment (0.7 GPa, 1250°C) provides a snapshot of

MA

olivine- melt reaction after the high-temperature step.

Runs result in glass-bearing gabbro overlain by olivine-rich troctolite (at 0.5 GPa) or

ED

dunite (at 0.7 GPa) showing disequilibrium textures comparable with natural occurrences
typically related to melt-rock reaction, e.g. embayed and resorbed subhedral olivine with

PT

lobate contacts against plagioclase and clinopyroxene, often occurring as large poikiloblasts

CE

including rounded olivines. Modal abundance of interstitial phases and mineral chemistry are
strongly controlled by the extent of reacting melt infiltrated into the dunite matrix, i.e. the

AC

melt/olivine ratio. We found that higher pressure further limits olivine dissolution and results
in a lower high-T porosity, decreasing the final abundance of interstitial phases.
Olivine composition is mostly buffered by the starting San Carlos olivine, resulting in
high XMg (0.88-0.90). NiO content decreases at increasing melt/olivine ratio, matching the
composition of olivine in natural samples. Remarkably, at very low melt/olivine ratio, NiO
can exceed the starting San Carlos value as a result of the increase of Ni olivine-melt partition
coefficient during cooling after olivine assimilation in the reacted melt. This might potentially
produce high-Ni, at high XMg, magmatic olivine.
2
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Melt composition affects the chemistry of interstitial minerals that show large
compositional variability (anorthite in plagioclase, TiO 2 in clinopyroxene) as a result of local
equilibrium driven by trapped melt. Remarkably, mineral co-variation trends (e.g. anorthite in
plagioclase vs. olivine XMg) match those of some natural olivine-rich troctolites occurrences.
Experimental results corroborate and constrain the lead role of melt-rock reactions in
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the origin of olivine-rich rocks at mantle crust transition in the oceanic lithosphere.
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1. Introduction

Olivine-rich troctolites and dunites represent the most primitive rocks of gabbroic
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PT

sequences in the oceanic crust. They have been documented in oceanic ridge environments
(e.g. Lissemberg and Dick, 2008; Godard et al., 2009; Drouin et al., 2009; 2010; Sanfilippo et
al., 2013), and in ophiolitic sequences (e.g. Bedard, 1993; Bedard et al., 2000; Borghini et al.,
2007; Sanfilippo et al., 2011; Sanfilippo and Tribuzio, 2013). Textural, microstructural and

NU

geochemical features of several olivine-rich troctolites are not consistent with fractional
crystallization from a primitive MORB (Suhr et al., 2008; Drouin et al., 2009; 2010; Renna

MA

and Tribuzio, 2011; Lissenberg et al., 2013; Sanfilippo et al., 2013; Sanfilippo and Tribuzio
2013; Sanfilippo et al, 2014, 2016; Rampone et al., 2016; Renna et al., 2016; Ferrando et al.,

ED

2018; Basch et al., 2018). Rather, they indicate that melt-rock reactions play an important role
in the formation of the primitive olivine-rich lower oceanic crust (e.g. Rampone et al., 2016;

PT

Ferrando et al., 2018, and references therein), as well as in the chemical evolution of MORB

CE

(e.g. Collier and Kelemen, 2010; Yang et al., 2013; Paquet et al., 2016; Sanfilippo et al.,
2016).

AC

Textures showing partially corroded embayed olivine suggest chemical reactions
driven by disequilibrium between a pre-existing olivine matrix and reactive interstitial melts
(e.g. Dick et al., 2000; Kvassnes and Grove, 2008; Drouin et al., 2009). In many cases, this is
coupled

with

major

element

mineral

co-variations

deviating

from

pure

fractional

crystallization with the chemical compositions of interstitial phases far from those typically
expected from a low-pressure crystallization (e.g. Lissemberg and Dick, 2008; Suhr et al.,
2008; Drouin et al., 2009). Similar features were firstly described in studies on continental
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layered intrusions showing that the crystallization of interstitial trapped melt within a cumulus
crystal matrix can drastically affect the final mineral composition of cumulate rocks (e.g.
Barnes, 1986; Bedard, 1994; Cawthorn, 1996; Charlier et al., 2005; O’Driscoll et al., 2007;
Holness et al., 2007).
The interplay between crystallization and melt-olivine reaction has been highlighted
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PT

for olivine-rich lithologies originated at crust-mantle transition (e.g. Boudier and Nicolas,
1995; Arai and Matsukage, 1996; Arai et al., 1997). On the basis of microstructural and
geochemical observations, it has been proposed that olivine-rich troctolites derive from
extensive melt impregnation of precursor mantle dunite (e.g. Boudier and Nicolas, 1995;

NU

Dijkstra et al., 2003; Droiun et al., 2009, 2010). In this scenario, “replacive” dunite is
generated by open-system reactive melt percolation that leads to pyroxene dissolution and

MA

olivine crystallization (e.g. Dick, 1977; Quick, 1981; Kelemen et al., 1990, 1995a,b, 2007;
Morgan et al., 2008; Dick et al., 2008, 2010; Pirard et al., 2013; Dygert et al., 2016; Rampone

percolating

MORB

melts

ED

et al., 2004, 2008; Rampone and Borghini, 2008). Later, the interaction between dunites and
via

olivine

assimilation

and

concomitant crystallization of

PT

interstitial plagioclase and clinopyroxene is inferred to originate olivine-rich hybrid rocks. In

CE

the last decades, this interpretation has been invoked for several troctolites from both oceanic
(e.g. Suhr et al., 2008; Drouin et al., 2009, 2010; Sanfilippo et al., 2013, 2015, 2016) and

AC

ophiolitic settings (Renna and Tribuzio, 2011; Sanfilippo et al., 2011, 2014, 2015; Sanfilippo
and Tribuzio, 2013; Rampone et al., 2016; Renna et al., 2016).
One relevant argument for a mantle origin of precursor olivine mostly concerns major
element disequilibrium between coexisting minerals (e.g. Suhr et al., 2008; Drouin et al.,
2009; Sanfilippo et al., 2013, 2014), coupled with microstructures indicating mantle-like high
temperature deformation (e.g. Drouin et al., 2010; Higgie and Tommasi, 2012; Basch et al.,
2018) and with correlation to some trace elements (Drouin et al., 2009; Sanfilippo et al.,

5
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2014; Rampone et al., 2016). For example, high XMg values and NiO content in olivine have
been used to support a mantle origin of some troctolites (e.g. Suhr et al., 2008; Drouin et al.,
2009; Renna and Tribuzio, 2011; Sanfilippo and Tribuzio, 2013; Sanfilippo et al., 2013),
whereas the chemistry of interstitial clinopyroxene (i.e. XMg, Cr2 O3 and TiO 2 contents) and
plagioclase (anorthite content) have been adopted to discriminate the chemistry of infiltrating
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melts and/or pressure of crystallization (e.g. Meyer et al., 1989; Ross and Elton, 1997;
Coogan et al., 2000a,b; Lissenberg and Dick, 2008; Drouin et al., 2009; Sanfilippo et al.,
2013). The hybrid reactive nature of some troctolites has been recently demonstrated by
tracing the microstructural and geochemical evolution of olivine matrix (Basch et al., 2018).

NU

However, in several case studies, these interpretations are far to be univocal and whether the
olivine-rich matrix has magmatic origin or represents mantle dunite relict is still a matter of

MA

debate (e.g. Drouin et al., 2009; Rampone et al., 2016).

Several experimental works have been devoted to the role of melt-rock reaction in

ED

melt migration through the mantle (Daines and Kholstedt 1993, Lambart et al., 2009;
Soustelle et al., 2013; Wang et al., 2013; Pec et al., 2015), reactive dunite formation (Morgan

PT

and Liang, 2003, 2005; Beck et al., 2006), and chemical modification of minerals and melts

CE

during melt percolation through the lithospheric mantle (Koepke et al., 2009; van den Bleeken
et al., 2010, 2011). These isothermal experiments significantly enlarged our understanding of

AC

the kinetics, mechanisms and reaction products of basalt-peridotite interactions, focusing on
key processes at conditions of the thermal boundary layer where melt migration is strongly
affecting both the peridotite matrix and the percolating melts. More recently, the effect of in
situ crystallization of reacted melts in a peridotitic matrix has been investigated through step
cooling experiments after an isothermal isobaric dissolution stage (Tursack and Liang, 2012;
Saper and Liang, 2014). These studies successfully reproduced the formation of duniteharzburgite and dunite-harzburgite-lherzolite sequences, (Tursack and Liang, 2012), and

6
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hybrid plagioclase-bearing peridotite and plagioclase-bearing wehrlite (Saper and Liang,
2014), widely documented in ultramafic massifs. However, reaction crystallization within an
olivine matrix has not yet been experimentally investigated.
In this study, we performed basalt-olivine reaction experiments following a stepcooling path in order to provide experimental constraints to the origin of olivine-rich rocks by

SC
RI
PT

reactive dissolution and in situ crystallization within a dunite matrix. Specific aims are to
define the role of melt composition on the products of reactive crystallization at two different
pressures, 0.5 and 0.7 GPa.

NU

2. Experimental and analytical techniques

MA

We performed six reactive crystallization experiments by juxtaposing a melt-bearing
dunite to a layer of powdered MORB glass (Fig. 1a). The charges were first pressurized to 0.5

ED

or 0.7 GPa at 400°C and then run at 1300°C for 24hrs. Melt-olivine reaction couple was stepcooled, at a rate of 10°C/min, down to 1150°C following the temperature-time path shown in

PT

Figure 1b. Experimental charges were held at 1150°C, at fixed pressure, for 24 hours to

CE

promote crystallization from the interstitial melt. High-porosity melt trap, made of a thin layer
of vitreous carbon spheres has been inserted at the top of the capsule and used to promote

AC

reactive melt percolation (Van den Bleeken et al., 2010), mostly during the high temperature
step. However, as we will discuss below, the absolute amount of melt migrated into the
carbon spheres likely plays a minor role in the frame of the aims of this study.

2.1. Starting Material

The compositions of starting olivine and melts are reported in Table 1. The starting

7
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materials for the reacting melts are three synthetic glasses representing variably evolved
MORB-type melts (Fig. 2). AH3 and AH6 are two tholeiitic basalts whose phase relations and
liquid lines of descent have been experimentally investigated by Husen et al. (2016). AH3 is
the most evolved basalt, with XMg (XMg = Mg/(Mg + Fetot )) and XCa (XCa = Ca/(Ca + Na))
lower than AH6 (AH3: XMg = 0.58, XCa = 0.73; AH6: XMg = 0.62, XCa = 0.77; Table 1). As
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PT

the most primitive melt, we used a synthetic glass having the bulk composition of the Hess
Deep Rise Basaltic Crust (HDRBC, Gillis et al., 2014). This latter has the highest XMg and
XCa values, 0.74 and 0.79, respectively (Fig. 2). Its XMg is close to equilibrium with a mantle
olivine (XMgliquid = 0.75), therefore this melt is expected to be the least reactive.

NU

The dunite layer has been simulated using a powder of San Carlos olivine. In order to
avoid inclusions the clearest grains have been hand-picked under binocular, the crystals have

MA

been crushed, dried and sieved to 36-64 µm. The final olivine powder was further dried at
600°C for 1h in a horizontal oven in air. Its average composition is reported in Table 1. In

ED

order to simulate melt impregnation a small amount of basalt (glass/olivine ratio of about
0.09) has been mixed together with olivine (Fig. 1a). Mixtures of San Carlos olivine and

CE

PT

basaltic glasses were stored in closed containers in a 110°C vacuum oven.

AC

2.2. Experimental and analytical techniques

Experiments were carried out at 0.5 and 0.7 GPa (Table 2) in a single-stage piston
cylinder at the Laboratorio di Petrologia Sperimentale, Dipartimento di Scienze della Terra
“Ardito Desio”, University of Milano (Italy), using a salt-pyrex-MgO assembly.
In order to avoid Fe loss toward the noble metal, the graphite-lined platinum capsule
technique was applied (Ulmer and Luth, 1991) loading, for each experiment, approximately
the same proportions of the following layers: i) basaltic powder, ii) olivine (+ 9% melt)

8

ACCEPTED MANUSCRIPT
powder and iii) carbon spheres (Fig. 1a). Salt-Pyrex-MgO assemblies were employed and
stored in oven at 110 °C for 24 hours before being placed in the piston-cylinder apparatus.
Temperature was measured with Pt-PtRh thermocouple (S-type) with estimated accuracy of ±
5 °C.
Chemical analysis, backscattered electron (BSE) images and X-ray chemical maps
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RI
PT

were obtained using JEOL 8200 Super Probe at Milan University (Italy). Accelerating voltage
of 15 kV was applied for all analysis. All minerals were measured with a beam current of 20
nA and 1 µm beam size. In the isothermal run OM15, we analyzed glass using a beam size of
5 μm in order to prevent alkali loss. Counting time was 30 s for peak and 10 s for

NU

background. Compositions of core and rims of selected mineral grains were analyzed. We
performed image analysis on X-ray chemical maps obtained with the electron microprobe in

MA

EDS and WDS to quantify phase abundances and therefore determine the lithology observed

ED

across run products.

PT

3. Results

CE

Table 2 summarizes run conditions and phase assemblages. Five dunite-dissolution
and crystallization experiments were conducted by using the step-cooled procedure (Fig. 1b)

AC

at 0.5 (OM02 and OM03) and 0.7 GPa (OM20, OM21 and OM22) with three different
starting melts. Data from one isothermal experiment at 1250°C and 0.7 GPa (OM15) are also
reported in this study to evaluate the results of the melt-olivine reaction after the high-T step
that precedes the cooling stage.

3.1. Phase assemblages and textures

9
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The isothermal experiment OM15 (0.7 GPa, 1250°C; Table 2) results in a basaltic
glass reservoir at the bottom, a central part made by olivine coexisting with interstitial basaltic
glass, replacing the starting melt-dunite matrix, and carbon spheres trapping glass at the top of
the capsule (Fig. 3a). The melt-olivine interaction is testified by dissolution textures, such as
rather large subhedral crystals (~30 µm to ~100 µm) of olivine showing embayed, lobate,

SC
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PT

often cusped boundaries (Fig. 3b). Smaller rounded olivines (~2 µm to ~15µm) are also
present, suggesting the crystallization of new olivine (Fig. 3a, b). Such textures suggest that
olivine has been partially dissolved by the reaction with the starting melt and crystallized
from reacted melt.

NU

Run products of step-cooled experiments consist of two-layers samples following the
initial geometry: i) glass-bearing olivine-gabbro replacing the initial melt layer (Fig. 1a), ii)

MA

olivine-rich layer that replaces the starting dunite (Fig. 3c). This latter is composed of olivine,
clinopyroxene and plagioclase in different proportions (Fig. 3d, e, f, g), and traces of

ED

vermicular interstitial glass of 2 to 5 µm (Fig. 3h). Representative textural relations within the
olivine-rich layer in all step-cooled experiments present similar features at 0.5 and 0.7 GPa

PT

for all the starting melts used. Olivine is the dominant phase and occurs both as large

CE

subhedral crystals (~30 µm to > 100 µm) and as smaller (< 10 - 15 µm) rounded grains.
Subhedral olivines display either straight rims or lobate curvilinear grain boundaries,

AC

these latter indicating partial resorption of olivine by the melt (Fig. 3d-h). Small olivines
occur as chadacrysts included in large poikilitic plagioclase and clinopyroxene (Fig. 3e).
These textural features of olivine in step-cooled experiments are inherited from the initial
high-T stages at 1300-1250°C. Indeed, the texture of isothermal experiment OM15 represents
a snapshot of the olivine-melt relation before cooling and in-situ crystallization. Dissolution
features are preserved after crystallization in the step-cooled experiments, in which
interstitial, vermicular and poikilitic clinopyroxenes and plagioclase replaced the interstitial

10
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melt around embayed and cusped grain boundaries of olivine (Fig. 3d, e, f, g). Plagioclase and
clinopyroxene show sharp and straight contacts (Fig. 3f, g), suggesting co-precipitation from
reacted interstitial melt (Fig. 3f, g).
The olivine-gabbro contains coarse clinopyroxene, olivine grains, feldspar laths, and
relatively large melt portions (Fig. 3c). Plagioclase occurs as large tabular crystals transitional
likely related

to

moderate undercooling and slow

SC
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PT

towards a skeletal morphology,

experimental cooling rate. Intergrowth of olivine and plagioclase is also observed.

NU

3.2. Mineral chemistry of reactive dissolution and crystallization

In the diagrams of figures 4, 5 and 6, mineral compositions are plotted against the

gabbro

and

the

olivine-rich

MA

distance (d), with d = 0 µm corresponding approximately to the interface between the olivinelayer.

Mineral chemistry

of olivine,

plagioclase,

and

ED

clinopyroxene are reported in the Supplementary Tables 1, 2 and 3, respectively.

PT

3.2.1. Olivine

CE

Figure 4 shows the XMg and NiO content of olivine in experiments at 0.5 (a, b) and 0.7
GPa (c, d). At 0.5 GPa, core-to-rim compositional variations are observed in both experiments

AC

with AH6 and HDRBC melt (OM02 and OM03, respectively, Table 2). Some cores of
olivines from these experiments plot within the compositional range of San Carlos olivine
(XMg = 0.902-0.913), but most of them tend to lower XMg values, up to XMg = 0.886 (Fig. 4a).
Olivine rims vary towards lower XMg, with the lowest values (XMg = 0.860 in OM02; XMg =
0.886 in OM03) in olivine approaching the gabbro to olivine-rich layer interface (Fig. 4a).
At 0.7 GPa, XMg values always plot below the compositional range of San Carlos
olivine (Fig. 4c). In these experiments, core-to-rim compositional variations are negligible. In
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the center of olivine-rich layer (d = 500-2000 µm), XMg is similar in experiments with AH6
and AH3 melt (OM20, OM21 and OM22), and vary within a rather narrow range 0.890-0.902
(Fig. 4c). Approaching, at the bottom, the gabbro layer and, towards the top, the carbon
spheres melt trap, olivine has relatively low XMg values, up to 0.855 in OM20 (with AH6
melt), and 0.862 in OM22 (with AH3 melt) (Fig. 4c). However, XMg values decrease is not
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observed at the top of olivine-rich layer in OM21 (Fig. 4c), in which the melt trap layer was
missing (Table 2). Interestingly, data from isothermal experiment OM15 (0.7 GPa, 1250°C)
rather match the XMg variation in olivine documented in step-cooled experiments (Fig. 4c),
with XMg ranging from 0.904 to 0.868 (Fig. 3a).

NU

Olivines resulting from reaction experiments have XMg values higher than those in
equilibrium crystallization experiments on AH6 and AH3 melts (Husen et al., 2016). For

MA

example, at 0.7 GPa, olivine in equilibrium crystallization experiments on melt AH6 has XMg
of 0.64 and 0.80 at 1175 and 1225°C, respectively, and olivine from melt AH3 show XMg of

ED

0.583 and 0.645 at 1150 and 1175°C, respectively (Husen et al., 2016).
NiO content in olivine at 0.5 GPa is systematically lower than the NiO content of San

PT

Carlos olivine (NiO = 0.37 wt% ± 0.04, Table 1). The variation of NiO along the olivine-rich

CE

layer is similar in experiments with AH6 and HDRBC melt, with rims having lower NiO
contents than the cores (Fig. 4b). The highest NiO contents (up to 0.27 wt% in OM02 and

AC

0.32 wt% in OM03) are found in the central portion of olivine-rich layer (d = 600-1200 µm).
NiO contents are negligible in olivines within the melt traps (d > 2700 µm for OM20 and
OM22 and d > 1400 µm for OM03) and near the gabbro layer (d < 50 to 100 µm) (Fig. 4b),
suggesting their complete equilibration with the starting melts, which do not contain nickel
(Table 1).
At 0.7 GPa, the variations of NiO content in olivine follow the trends observed in
experiments at 0.5 GPa, but in the center of the olivine-rich layer olivine reach or exceed the

12

ACCEPTED MANUSCRIPT
NiO content of San Carlos (Fig. 4d). As described above for XMg value, data from OM15 well
mimic those from step-cooled
compositional

variability

in

experiments (Fig. 4d), suggesting that most of the

olivine

has

been

acquired

via

olivine

dissolution

and

recrystallization during the high-T step, before the cooling (Fig. 1b).
CaO content in olivine is rather high, overall spanning 0.2–0.4 wt% at both 0.5 and 0.7
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GPa (Suppl. Table 1). Such high CaO contents in olivine are usual in high-T experiments and
they have been documented in previous similar experimental works (e.g. Morgan & Liang,
2003, 2005; van den Bleeken et al., 2010; Tursak & Liang, 2012; Wang et al., 2013; Saper
and Liang, 2014). Cr2 O3 and TiO 2 contents are very low, generally lower than 0.12 and 0.10

NU

wt%, respectively (Suppl. Table 1).

MA

3.2.2. Plagioclase

Figure 5 displays plagioclase compositional variations along the olivine-rich layer in

ED

experiments at 0.5 (a) and 0.7 GPa (b). Anorthite in plagioclase (Xan = Ca/(Ca+Na)) from

PT

experiments at 0.5 GPa is rather heterogeneous, spanning from 0.585 to 0.719 in OM02 (AH6
melt) and 0.609-0.714 in OM03 (HDRBC melt), with values increasing towards the interface

CE

with olivine gabbro (Fig. 5a). No significant differences in plagioclase composition are

AC

observed as a function of starting melt compositions (Fig. 5a), which have similar XCa (AH6,
XCa = 0.77; HDRBC, XCa = 0.79; Table 1). Except for few analyses in the proximity of the
interface with the gabbro layer, plagioclases in experiment with AH6 melt have anorthite
contents systematically lower than plagioclases in equilibrium crystallization experiments at
0.4 GPa and temperature of 1150, 1175 and 1200°C from Husen et al. (2016)(Fig. 5a).
At 0.7 GPa, anorthite in plagioclase is influenced by starting melt composition,
varying from 0.551 to 0.688 in OM20 (with AH6 melt; XCa = 0.77), and from 0.448 to 0.613
in OM22 (with AH3 melt; XCa = 0.73)(Fig. 5b). Analyses on single interstitial plagioclase
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reveal high anorthite variability even at the grain scale (Supplementary Fig. 1s). In
experiments with AH6 melt, anorthite is not strongly correlated with pressure (Fig. 5a,b).
Data from experiments OM20 and OM21 are similar, indicating that the presence of melt trap
does not impact on plagioclase composition (Fig. 5b). Only in experiments with AH6 melt,
anorthite shows a correlation with distance; we found the highest values in the central part of

SC
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olivine-rich layer and decreasing values at the top and bottom (Fig. 5b).

The anorthite variability in experiments at 0.7 GPa exceeded towards lower anorthite
contents the range defined by composition of plagioclase in equilibrium experiments at same

NU

pressure on AH6 and AH3 (Husen et al., 2016) (Fig. 5b).

3.2.3. Clinopyroxene

MA

Clinopyroxenes from the olivine-rich layer in experiments at 0.5 GPa displays large
XMg and TiO 2 variability that is even higher at 0.7 GPa (Fig. 6). At 0.5 GPa, clinopyroxene

ED

XMg varies from 0.869 to 0.897 in OM02 (AH6 melt) and from 0.853-0.901 in OM03
(HDRBC melt), with the highest values in the central part and decreasing values to the top

PT

and bottom of olivine-rich layer (Fig. 6a). In experiments at 0.7 GPa, XMg in clinopyroxene is

CE

not related to the starting melt composition and increases going far from the interface with the
gabbro layer (Fig. 6c). Run OM20 (AH6 melt) shows the larger XMg value variability, ranging

AC

0.814-0.896 (Fig. 6c). Melt trap occurrence in the experimental charge does not affect the
clinopyroxene composition (Fig. 6c,d).
Overall,

clinopyroxene XMg is higher than those in equilibrium crystallization

experiments on AH6 and AH3 melts (Husen et al., 2016) (Fig. 6a,c), except for the lowest
values observed in OM20 (AH6 melt) close to the interface with gabbro layer, plotting on or
below the XMg of equilibrium clinopyroxene crystallized at 1225°C (Fig. 6c).
TiO 2 content varies similarly in experiments at 0.5 GPa (TiO 2 = 0.56-1.28; Fig. 6b), in
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agreement with the similar TiO 2 content of the two starting melts AH6 and HDRBC (Table
1). Most of values fall within the TiO 2 range defined by clinopyroxene crystallized from AH6
melt in equilibrium experiments at 0.4 GPa and T = 1150-1200°C (Husen et al., 2016) (Fig.
6b). At 0.7 GPa, we found significantly higher TiO 2 contents in clinopyroxene from run
OM22 (Fig. 6d), reflecting the higher TiO 2 content of the starting melt AH3 (Table 1).
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Moreover, this experiment shows extremely high clinopyroxene TiO 2 variability, with
unusually high values up to 3.58 wt.% that plot well above the compositions of clinopyroxene
from equilibrium crystallization experiments on AH3 melt (Husen et al., 2016) (Fig. 6d). In
runs with AH6 melts (OM20 and OM21), TiO 2 contents in clinopyroxene are comparable to

NU

those in equilibrium crystallization experiments and tend to decrease going far from the
interface with gabbro layer (Fig. 6d). Grain-scale variability in both XMg and TiO 2 has been

MA

evidenced by analyses on single interstitial clinopyroxene from run OM20 (0.7 GPa, AH6;
Suppl. Fig. 2s).

ED

Al2 O 3 , Na2 O and Cr2 O 3 contents in clinopyroxene from olivine-rich layer are not
correlated with the distance from the interface with the gabbro layer. Cr2 O3 contents are not

PT

correlated with pressure; they are generally lower than 0.4 wt.%, with the highest values in

CE

the run OM02 (0.5 GPa, AH6, Fig. 7a). Al2 O 3 and Na2 O contents are systematically higher at
0.7 GPa; for examples, in experiments with starting melt AH6, clinopyroxene has Al2 O3

AC

concentrations varying from 5.42 to 7.72 wt% at 0.5 GPa, and from 6.47 to 10.69 wt% at 0.7
GPa (Fig. 7b). Lowest Al2 O3 contents are found in run OM03 (0.5 GPa, HDRBC). Relatively
high Na2 O contents are observed in clinopyroxene from runs at 0.7 GPa, spanning 0.39-0.88
wt%, as compared with those in experiments at 0.5 GPa (0.15-0.45 wt%; Fig. 7c).
Interestingly, at 0.5 GPa the lower Na2 O contents in run OM03 reflect the lower Na2 O
contents of HDBRC as compared with melt AH6 (Table 1).
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3.3. Phases abundance

Phases abundance in the olivine-rich layer were derived by image analyses combining
Mg, Al and Ca X-ray maps. Representative phase maps for two experiments are reported in
Figure 8 a,b, together with modal abundances derived for the step-cooled runs. Image analysis
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indicates that the melt-olivine reactive crystallization produces olivine-rich troctolites at 0.5
GPa and dunites at 0.7 GPa (Fig. 8c).

Although textural evidence, mainly observable in isothermal experiments (olivines
with linear boundaries against the melt; Fig. 3b), demonstrates that new olivine crystallized

NU

from the reacted melt, its amount cannot be defined by image analysis. As a result,
experiments will be discussed in terms of the relative proportions between interstitial phases,

MA

i.e. clinopyroxene, plagioclase and glass, and the total amount of olivine.
At 0.5 GPa the modal amount of interstitial phases is 15% and 11% in OM02 (AH6

ED

melt) and OM03 (HDRBC melt), respectively. As pressure increases, at 0.7 GPa, the
interstitial phases constitute the 6% of the olivine-rich layer regardless the composition of the

PT

starting melt (Fig. 8c). Interestingly, when no melt trap is used (run OM21, Table 2), at the

CE

same run conditions (i.e. pressure, temperature path, melt composition and starting meltolivine ratio) the 3% of interstitial phases is found. Assuming that in both experiments at 0.7

AC

GPa the same amount of newly crystallized olivine is produced, this means that the melt
migration from the underlain melt layer upwards is reduced or inhibited when no melt trap is
present.
Noteworthy, image analysis on the isothermal experiment OM15 (0.7 GPa, 1250°C,
AH6 melt) provides a melt/olivine ratio of 0.09 that is comparable to the proportion between
olivine and glass in the starting melt-bearing dunite layer.
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4. Discussion

4.1. Textural and chemical constraints on melt/olivine ratio

The isothermal experiment OM15 (0.7 GPa, 1250°C) indicates that during the first
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high-temperature step i) starting basalt layer is completely melted, ii) olivine and interstitial
melt are the stable phases in the olivine-rich layer, and iii) the carbon spheres trap is
completely filled by melt (Fig. 3a). As the volume ratio between glass and olivine is equal to
the basalt/olivine ratio of the starting melt-dunite matrix ( 0.09), we can assume that the

NU

volume of melt trapped within the carbon spheres approximately represents the amount of
melt migrated upward into the dunite layer from the basalt reservoir. Short duration

MA

experiments (20-60 minutes at 1250°C), which will be treated in a separate paper, revealed
that the melt trap is rapidly filled by melt. Therefore, after few minutes, melt advection in the

ED

capsule is interrupted and the experiments evolved in a closed system. Van den Bleeken et al.
(2010) explained this process in their melt-peridotite reaction experiments concluding that

PT

after the initial melt “flush” the experimental setup changed to a classic “sandwich” setup

CE

made by a reaction couple that is expected to induce chemical gradient. However, also taking
into account the low and constant thickness of the melt trap (approximately 0.4 mm), we can

AC

assume that it had a minor effect on the phase abundances and distribution, and mineral
chemistry variations along the capsule.
Textural features and mineral chemistry of our experiments suggest that melt
percolation from the basalt reservoir into the dunite layer is more intense at the melt-dunite
interface approximately within the first 200-300 µm, where, in fact, we found the highest
variability in olivine chemistry (Fig. 4). This latter is due to higher melt/olivine ratios,
enhanced by melt infiltration into the dunite matrix, or element diffusion from the adjacent
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melt layer, or likely the combination of the two processes. The very low NiO contents in
olivine from the interface, as well as in the proximity of the melt trap (Fig. 4b,d), suggest that
the composition of phases at these boundaries is more influenced by the melt chemistry. It is
indeed coupled to XMg decreases in both olivine and clinopyroxene (Fig. 4 and 6).
On the other hand, the melt/olivine ratio in the inner part of the dunite layer seems to
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be remained at rather constant low values (≈ 0.1). At such melt/olivine ratio, the composition
of final olivine, in terms of XMg and NiO, is only weakly modified by the reaction with the
melt (Fig. 4), regardless the composition of the starting melt (Fig. 4).

A sensible effect of experimental pressure on melt/olivine ratio within the olivine

NU

layer is observed instead. This is reflected in a lower amount of interstitial phases observed in
run products at higher pressure, i.e. 0.7 GPa (Fig. 8c). Assuming that melt migration driven

MA

by the porous carbon spheres layer is rapidly exhausted, other processes should act in
modifying the melt/olivine ratio at different pressures. At the high temperature step, melt-

ED

olivine reaction is controlled by dissolution and re-precipitation. We can therefore assume
that, at constant initial melt/olivine ratio and temperature, higher pressures favor re-

PT

precipitation rather than dissolution. As a result, before cooling, at higher pressure, we expect

CE

a melt-olivine network with lower porosity (i.e. the volume of interstitial melt within the
olivine matrix) combined with a lower interconnectivity that limits chemical exchanges. On

AC

the contrary, at lower pressure, a higher porosity with larger interconnectivity would enhance
melt interactions and chemical homogenization.
At cooling, once the interstitial melt starts crystallizing, the porosity is reduced and the
melt/rock ratio progressively decreases. Following the same step-cooled path, due to the
positive PT slope of melt-solid equilibria (e.g. Husen et al., 2016), the crystallization of
interstitial melt occurs at higher temperature at 0.7 GPa than at 0.5 GPa; the greater extent of
crystallization

at

higher

pressure

further

limits
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homogenization.

4.2. Reactive crystallization vs. equilibrium crystallization

At 0.7 GPa, the comparison between phases abundance in isothermal and step-cooled
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experiments indicates that a few amount of new olivine crystallized from the reacted melt
during the cooling from 1250°C. In order to infer the phases relations resulting from the
reactive crystallization during the cooling, we compare our experimental results with the data
from experiments of equilibrium crystallization.

NU

Phase equilibria and melt evolution in basaltic compositions have been broadly
investigated (e.g. Grove et al., 1992; Villiger et al., 2004, 2007; Husen et al. 2016). In

MA

particular, Husen et al. (2016) performed a large set of equilibrium crystallization experiments
to derive the liquid line of descent for 3 tholeiitic basalts, AH6, AH3 and AH5 characterized

ED

by a decreasing content of MgO (8.6, 8, and 6.4 wt%, respectively). They documented that, at
increasing MgO content of melt, the crystallization of olivine is moved to higher temperature

PT

(see Fig. 2 in Husen et al., 2016). Indeed, equilibrium crystallization of melt AH6 at 0.7 and

CE

1225°C results in simultaneously precipitation of clinopyroxene, plagioclase and olivine
(Husen et al., 2016).
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In the reaction experiments using the same starting melt composition AH6, the
assimilation of olivine leads to a relevant increase of MgO in the reacted melt (e.g. up to 14.6
wt% - isothermal experiment OM15, Supplementary Table 4). We expect, therefore, that, by
reaction within the olivine-rich layer, olivine is stable along the whole interval of temperature
whereas clinopyroxene and plagioclase crystallize concomitantly later. This is supported by
poikilitic textures made by small rounded olivine included in clinopyroxene and plagioclase
(Fig. 3e,f).
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XMg values of olivine and clinopyroxene in reaction experiments are systematically
higher than those resulting from equilibrium crystallization (Fig. 4 and 6), as San Carlos
olivine acts as chemical buffer. Within the same experiment, plagioclase shows a broad Xan
variability (Fig. 5), which resulted by the step-cooled procedure. Previous experimental
studies on plagioclase-melt equilibria at dry conditions demonstrated that Xan in plagioclase
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decreases with increasing experimental pressure (e.g. Longhi et al., 1993; Panjasawatwong et
al., 1995; Takagi et al., 2005). The same pressure dependence has been observed in
experiments on subsolidus phase relations in peridotite compositions (e.g. Falloon and Green,
1998; Borghini et al., 2010, 2011; Fumagalli et al., 2017). We do not observe a

NU

straightforward correlation of anorthite content in plagioclase with pressure, likely because it
could be overprinted by disequilibrium processes. Furthermore, Xan varies well beyond the

MA

composition of plagioclase in equilibrium crystallization experiments within the same
temperature range, generally showing lower Xan (Fig. 5). Higher variability is also observed

ED

for clinopyroxene composition (e.g. Al2 O3 , Na2 O and TiO 2 ; Fig. 7). Similar compositional
heterogeneity has been documented in previous melt-rock reaction experiments and have been

PT

related to the formation of melt pockets and, as a result, to local equilibria, i.e. different

CE

degree of fractionation or different buffering phases adjacent to the trapped melt (e.g. van den
Bleeken et al., 2010; Saper and Liang, 2014). Similarly, at the grain scale, our reaction

1s and 2s).
The

AC

experiments display a significant compositional variability of interstitial phases (Suppl. Fig.

high

Xan

variability

in plagioclase and

the extreme Ti enrichment in

clinopyroxene strongly support that melt pockets within the olivine matrix evolve as a closed
system and that the final composition of plagioclase and clinopyroxene is likely affected by
trapped melt effect (Fig. 6).
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4.3. Effect of melt composition

Melt composition does not affect textural features related to olivine dissolution and recrystallization. On the other hand, phase abundances produced by different melts show some
variability. Although at 0.7 GPa experiments run with AH6 and AH3 melts present
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comparable modal abundance in the olivine-rich layer, at 0.5 GPa olivine interactions with
melt AH6 produced a larger amount of interstitial phases as compared with what observed
using the more primitive melt HDRBC (Fig. 8). This reflects the difference in XMg of the
starting melts, rather than the melt SiO 2 content that does not vary significantly (Table 1).

NU

Indeed, AH6 and AH3 have closer XMg, 0.62 and 0.58 respectively, whereas HDRBC has XMg
of 0.74 that is much higher than AH6 (Table 1). A more primitive melt is expected to be less

MA

reactive against the olivine, thus reducing the dissolution and the porosity after the initial
high-temperature step.

ED

Olivine chemistry within the olivine-rich layer is relatively constant in all runs,
without any correlation with the melt composition (Fig. 4). Although NiO in olivine shows a

PT

larger variability, this is not systematically correlated with the starting melt composition,

CE

rather it is mostly controlled by the melt/olivine ratio (see discussion below). This indicates
that for a relatively low melt/olivine ratio, as investigated in this study, the composition of

AC

olivine produced by the reaction with melt is widely buffered by the composition of starting
San Carlos olivine.

Composition of clinopyroxene is affected by the starting melt, mostly seen in Na2 O
and TiO 2 contents (Fig. 7d). In particular, TiO2 content of reacted interstitial melt cannot
increase by olivine dissolution (as olivine contains negligible TiO 2 ), therefore it is related to
the TiO 2 content of the starting melt. This is well documented in experiments at 0.7 GPa, in
which the extent of TiO 2 enrichment in clinopyroxene is caused by the relatively high TiO 2 of
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starting melt AH3 (Table 1). TiO2 content is however significantly influenced also by a
trapped melt effect because its incompatible behavior let it concentrate in last residual liquid
and then almost entirely incorporated in the late crystallizing phase, i.e. clinopyroxene.
Plagioclase composition varies within a similar Xan range in experiments at 0.5 GPa
with no correlation with starting melt compositions (Fig. 5a). Indeed, although plagioclase-
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melt partition coefficient for alkalis is function of temperature, pressure, melt composition
and water content of the melt (Namur et al., 2012, and references therein), the starting melts
AH6 and HDRBC have close XCa (0.77 and 0.79, respectively, Table 1), and do not affect Xan
in plagioclase (Fig. 5a). Accordingly, in experiments at 0.7 GPa, lower Xan in plagioclase

NU

reflects the lower XCa (0.73) of the melt AH3.

It is worth noting that the effect of starting melt compositions on mineral chemistry

MA

operates in combination with local equilibrium and/or melt trapped effect.

ED

4.4. Comparison with natural occurrence

PT

Olivine-rich troctolites and dunites generated by melt-rock reaction experiments at 0.5

CE

and 0.7 GPa show the same textural features documented in olivine-rich troctolite from
oceanic lithosphere, as Atlantis Massif (Suhr et al., 2008; Drouin et al., 2009, 2010), and

AC

ophiolites from Ligurian Alps (Borghini et al., 2007; Renna and Tribuzio, 2011; Rampone et
al., 2016) and Corsica (Sanfilippo and Tribuzio, 2013; Sanfilippo et al., 2015). This strongly
reinforces the view that reactive dissolution and in-situ recrystallization play a key role in
their origin. However, the high modal olivine interval in our experiments (olivine = 85-97 %)
only partially covers the mode of olivine-rich troctolites that often contain olivine abundances
lower than 80 % (e.g. Drouin et al., 2009; Renna and Tribuzio, 2011; Sanfilippo et al., 2013;
Sanfilippo and Tribuzio, 2013; Basch, 2018). As we have seen, the limited melt flux towards
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the starting dunite layer resulted in very low melt/olivine ratios evolving in close system
crystallization. This is a critical point of difference between experiments of this work and
natural samples. The melt-dunite reaction advocated for the origin of natural troctolites is
expected to involve large amounts of melt and/or multiple melt infiltration in open systems,
both resulting in a minor effect of chemical buffering by pre-existing dunite solid matrix. This

from many natural olivine-rich troctolites (Fig. 9).
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explains the relatively high XMg in olivine from experiments when compared to XMg in olivine

NU

High NiO-olivines: mantle origin or reactive crystallization?

NiO content in olivine, coupled with high XMg values, have been proposed as

MA

constraints on environment of formation of olivine-rich rocks because they enable to
distinguish the melt composition, the nature and the extent of reaction processes (e.g.

ED

Sanfilippo et al., 2013).

Chemical profiles along experimental charges suggest that NiO in olivine is very

PT

sensitive to the melt/olivine ratio. In each experiment we observed a) olivines with very low

CE

NiO to almost Ni-free, at the interface with the gabbro-layer and with the carbon spheres, b)
olivines with NiO content systematically lower than San Carlos, and c) olivines, at 0.7 GPa,

AC

with higher NiO content as compared with the starting San Carlos olivine (Fig. 4).
Olivines with NiO approaching to zero reflect a higher melt/olivine ratio, and as a
result a higher buffering effect by the melt is assumed.
At 0.5 GPa, within the olivine layer the amount of interstitial melt produced at the
high temperature step, is enough to significantly affect and reduce the NiO content of olivine
in the matrix. This is further supported by higher core-rim variations in olivines in these
experiments with rims having lower NiO (Fig. 4b).
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At 0.7 GPa, olivines have higher NiO, in some cases even exceeding that of the San
Carlos olivine (NiO up to 0.47 wt%, Fig. 4d). This occurrence is in agreement with the
increase of olivine-melt Ni partition coefficient (DNi

ol/liq

) as temperature decreases (e.g. Hart

and Davis, 1978; Matzen et al., 2003, 2017). Quantitatively we can profit of chemical data in
the isothermal experiment at 1250°C, 0.7 GPa (OM15); glass pockets within the olivine-layer
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contain up to 0.11 wt% (Supplementary Table 4), suggesting that in a melt-bearing olivinedominated system, i.e. at very low melt/olivine ratio, high temperature mantle olivine
dissolution leads to NiO enrichment in the interstitial melt. Considering that in the isothermal
experiment we found olivines with NiO up to 0.37 wt%, it results a DNi

ol/liq

≈ 3.36. At 0.7

wt.% NiO. This means a maximum DNi

ol/liq

NU

GPa, in experiments that have been step cooled down to 1150°C, olivines contain up to 0.47
of about 0.47/0.11 ≈ 4.27 which is in agreement

MA

with the slope reported experimentally by Matzen et al 2003, constructed only considering the
effect of temperature, showing an increase of DNi

ol/liq

of approximately 0.8 for a decrease of

ED

100°C (see figure 1b, red line in Matzen et al. 2003).
High-NiO content of olivine in natural olivine-rich rocks is considered an indicator of

PT

their mantle origin (e.g. Suhr et al., 2008; Drouin et al., 2009; Sanfilippo et al., 2013).

CE

Experimental results of this study indicate that high-NiO olivine, at rather high XMg (XMg >
0.88), could crystallize from a melt that previously assimilated mantle olivine. Our estimates,

AC

based on the highest NiO content of reacted melt at 1250°C (run OM15), suggest a maximum
of 30% of olivine assimilation. Interestingly, in a closed system, at a melt/olivine ratio that act
as efficient buffer for XMg in olivine, melt-rock reaction would generate olivine-rich
troctolites and dunites consisting of magmatic olivine with high NiO content (and relatively
high XMg) but lacking of mantle-like high-temperature deformation.
In Figure 9, NiO contents in olivine from reaction experiments are compared with data
from natural olivine-rich troctolites. The use of Ni-free starting melts in experiments resulted
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in NiO content that can reach values much lower than natural olivine (Fig. 9). However, the
variability of NiO content shown by experimental data covers the range defined by olivine
from natural olivine-rich troctolites supporting the hypothesis of the high NiO content in
troctolites can results from interaction between mantle-derived olivine and an impregnating

2013; Renna et al., 2011; Ferrando et al., 2018).
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more differentiated basaltic melt (e.g. Suhr et al., 2008, Drouin et al., 2009; Sanfilippo et al.,

Plagioclase and clinopyroxene chemistry in olivine-rich troctolites: experiments vs.
nature

NU

Mineral chemistry of interstitial clinopyroxene (mainly XMg, Cr2 O3 and TiO 2 contents)

and/or pressure of crystallization.

MA

and plagioclase (Xan ) has been adopted to discriminate the chemistry of infiltrating melts

Figure 10 shows the covariation of XMg in olivine vs. XAn in plagioclase in our

ED

experiments compared to data from natural olivine-rich troctolites. Steep trends defined by
decreasing Xan in plagioclase at rather constant high-XMg olivine have been documented in

PT

some troctolites (e.g. Meyer et al., 1989; Borghini et al., 2007; Sanfilippo et al., 2013;

CE

Sanfilippo and Tribuzio, 2013) and in olivine gabbros (e.g. Ross and Elton, 1997). Such
correlation has been explained as indicator of moderate pressure of crystallization (e.g. Ross
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and Elton, 1997; Borghini et al., 2007). Alternatively, relatively low Xan in plagioclase in
fosteritic olivine-rich rocks has been related to post-cumulus crystallization (e.g. Barnes,
1986; Meyer et al., 1989), or infiltration of Na-rich melts in mantle-derived olivine matrix
(e.g. Sanfilippo et al., 2013). Reaction experiments of this study define almost vertical trends,
with rather variable Xan in plagioclase, which are clearly far from fractional crystallization
trends (Fig. 10). However, using the same starting melt composition (AH6), we obtained
similar XMg - Xan trends at both 0.5 and 0.7 GPa, thus excluding a pressure influence. On the
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contrary, a higher variability towards lower Xan in plagioclase requires a Na-enriched
impregnating melt (AH3, Table 1).
Interactions between mantle olivine and the moderate evolved basalt AH6 resulted in
XMg - Xan trends that are in agreement with what observed in the Erro-Tobbio troctolites
(Borghini et al., 2007; Rampone et al., 2016; Basch et al., 2016)(Fig. 10). Recently, Basch
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(2018), has provided robust evidence, mostly based on microstructural observations and trace
element chemistry, of their origin by melt impregnation of a mantle-derived dunite. Our
experimental data further support the fundamental role of melt-olivine reaction in creating
these rocks. Moreover, they are in good agreement with the sharp decrease in Xan of

NU

plagioclase at rather constant XMg of clinopyroxene resulting from reactive crystallization
models (Collier and Kelemen, 2010; Sanfilippo et al., 2016).

MA

The compositions of oceanic olivine-rich troctolites show relations between XMg in
olivine and Xan in plagioclase that do not significantly differ from fractional crystallization

ED

trend (Fig. 10). Sanfilippo et al. (2013) reproduced the compositions of troctolites from
Godzilla Megamullion (Parece Vela Basin, Philippines Sea) by applying an AFC model (De
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Paolo, 1981). Starting from variably evolved basalts, similar to those used in our experiments,

CE

they fitted natural data by assuming an open system in which a mantle olivine matrix is
replenished by several melt infiltration steps. This suggests that a similar effect would be

AC

produced by melt/olivine ratios significantly higher than those adopted in our experiments.
Higher volume of infiltrating melt is expected to i) lower the XMg of reacted olivine, by
partially overcome the buffer effect of the olivine matrix, and ii) mitigate the trapped-melt
effect narrowing the variability of Xan in plagioclase, as well as TiO 2 in clinopyroxene.
Remarkably, olivine XMg vs. plagioclase Xan data close to the basalt reservoir in reaction
experiments, that simulating higher melt/olivine ratios, follow the trend defined by Pineto
troctolites (Fig. 10). Although starting from lower olivine XMg and higher plagioclase Xan ,
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similar trends have been derived from the thermodynamic model of reactive crystallization
proposed by Sanfilippo et al. (2016) (Fig. 10).
Despite of similar XMg values, reaction experiments do not reproduce the high Cr2 O3
content in clinopyroxene generally observed in oceanic and ophiolitic olivine-rich troctolites
(Fig. 7a). Such Cr-rich compositions are significantly higher than those of clinopyroxenes in
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equilibrium with MORB and are thought to reflect partial dissolution of pre-existing spinel
grains in the reacting melts (e.g. Lissenberg and Dick, 2008; Suhr et al., 2008; van den
Bleeken et al., 2010; Renna and Tribuzio, 2011). The reaction between low-Cr MORB-like
melts, used in our experiments, with olivine alone results in interstitial clinopyroxene with

buffering the final clinopyroxene composition.

NU

very low Cr2 O3 content (Fig. 7a), indicating the important role of melt-spinel reaction in

MA

TiO 2 content in clinopyroxene is mostly controlled by the melt chemistry, because of
slow diffusion of Ti (e.g. van den Bleeken et al., 2010). Relatively high TiO 2 content have

ED

been documented in vermicular clinopyroxene from Erro-Tobbio troctolites (Fig. 7d) and
ascribed to trapped melt effect (Borghini and Rampone, 2007). Experimental results of this

PT

study reveal that the extent of such Ti-enrichment by trapped melt is significantly enhanced

CE

by the very low melt/olivine ratio, as indicated by impregnated dunites resulted from our
experimental at 0.7 GPa. Higher melt/olivine ratio in olivine-rich troctolites, therefore, could
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explain the relatively lower TiO 2 content in clinopyroxene in experiments at 0.5 GPa, as well
as, in natural samples (Fig. 7d).
High Al2 O3 contents in clinopyroxene of experiments reflect the crystallization at high
pressure; Al2 O3 contents higher than 6 wt.% have been observed in high-pressure experiments
of MORB crystallization (e.g. Bender et al., 1978; Stolper et al., 1980) and melt-rock reaction
(e.g. Tursack and Liang, 2012; Saper and Liang, 2014). Crystallization experiments on AH6
basalt by Husen et al. (2016) provide equilibrium clinopyroxene with average Al2 O3 contents
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varying 5.08-5.51 and 7.01-8.87 wt.%, at 0.4 (1200-1150°C) and 0.7 (1225-1150°C) GPa,
respectively.

These

are

in

good

agreement

with

the composition of experimental

clinopyroxenes of this study (Fig. 7b). On the other hand, natural olivine-rich troctolites
display clinopyroxenes with systematic lower Al2 O3 content that might suggest crystallization

the extent of reaction (e.g. Saper and Liang, 2014).
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at pressure lower than 0.5 GPa or, alternatively, might be related to spinel dissolution and/or

The Na2 O content in clinopyroxene from natural olivine-rich troctolites varies within
the range defined by our reaction experiments (Fig. 7c), where it is positively correlated with
pressure. Remarkably, several data from ophiolitic settings (Erro-Tobbio, Borghini and

NU

Rampone, 2007; Rampone et al., 2016; Internal Liguride Unit, Renna and Tribuzio, 2011;
Pineto, Corsica, Sanfilippo and Tribuzio, 2013) plot at relatively high Na2 O content (> 0.6

MA

wt%), together with experimental data at 0.7 GPa (Fig. 7c). However, our experiments at 0.5
GPa have revealed a strong correlation of Na 2 O with melt composition (Fig. 7c), so that high
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Na2 O content in clinopyroxene could be related to a Na enriched composition of impregnating

PT

melts.

CE

5. Concluding Remarks

AC

We performed basalt-olivine reaction experiments at 0.5 and 0.7 GPa following a stepcooling path (from 1300 to 1150°C) in order to experimentally constrain the origin of olivinerich rocks by reactive dissolution and in situ crystallization.
At fixed temperature path, a higher pressure in experimental charges results in lower
melt/olivine ratio, and, as a consequence, a final lower abundance of interstitial phases, i.e.
plagioclase and clinopyroxene. Lower melt/olivine ratio limits the interconnectivity of the
melt/solid network reducing chemical homogenization and thus triggering trapped melt effect
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on mineral chemistry.
Regardless the composition of reacting melts, at low melt/olivine ratio, XMg values of
olivine are constant and relatively high (0.88-0.90), due to San Carlos olivine acting as
chemical buffer. Olivine NiO content is sensitive to melt/olivine ratio, showing systematically
lower contents with respect to San Carlos olivine at 0.5 GPa. However, at 0.7 GPa, olivines
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have higher NiO contents, also exceeding San Carlos olivine value as results of cooling after
olivine assimilation in reacted melt. Remarkably, olivine-rich troctolites and dunites can
consist of magmatic olivine with high NiO content lacking of mantle-like high-temperature
deformation. Experimental data covers the range defined by olivine from natural olivine-rich
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troctolites supporting their origin from interaction between mantle-derived olivine and an
impregnating more differentiated basaltic melt.
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The composition of interstitial phases (plagioclase and clinopyroxene) is mostly
controlled by the combined effect of reacting melt composition and local equilibria or trapped

ED

melt effect. We do not observe a straightforward correlation of anorthite content in
plagiolcase with pressure. Clinopyroxene from reaction experiments have much higher Al2 O3

PT

and lower Cr2 O3 contents than those in natural samples. This likely highlights the role of

CE

spinel dissolution during reaction, although the influence of relatively high pressure of
experiments cannot be excluded.

AC

Interactions between mantle olivine and moderate evolved basalts result in high
variability of Xan at constant forsterite content in olivine, as documented in some olivine–rich
troctolites from ophiolitic massifs. Although the experiments of this study do not cover the
entire range of critical parameters, such as low pressure and high melt/olivine ratio, they well
reproduced textural and some mineral compositional features described in olivine-rich rocks
generated at the mantle-crust transition, supporting their origin by melt-dunite reaction
processes.
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Figure Captions
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Figure 1: (a) Three-layer experimental setup of the graphite lined platinum capsule used in

AC

this study. (b) Temperature vs. time path of the dissolution-crystallization experiments.

Figure 2: (a) Starting synthetic basalts (AH3, AH6 and HDRBC) plotted in the diagrams (a)
XMg = Mg/(Mg+Fe) vs. XCa = Ca/(Ca+Na) and (b) TAS (Total Alkali versus Silica). AH3 and
AH6 compositions are from Husen et al. (2016); HDRBC is the bulk composition of the Hess
Deep Rise Basaltic Crust from Gillis et al. (2014). Grey circles are the compositions of
Atlantic and Pacific MORBs (PetDB, http://www.earthchem.org/petdb).
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Figure 3: Representative Back-Scattered-Electron (BSE) images showing textures in reactive
experiments; a) Panoramic view of the capsule of the isothermal run OM15 (0.7 GPa,
1250°C, 24 hrs. AH6 starting melt), showing glass layer at the bottom, glass-bearing olivinerich layer in the middle, and glas trapped within the carbon spheres at the top of the capsule;
b) Subhedral crystals of olivine with embayed, lobate and cusped boundaries against the glass
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in OM15 (0.7 GPa, 1250°C, AH6 starting melt); c) Panoramic view of the capsule of stepcooled experiment OM02 (0.5 GPa, step-cooled down to 1150°C, AH6 starting melt)
consisting of glass-bearing olivine-gabbro

overlain by olivine-rich layer with olivine,

plagioclase, clinopyroxene; d) Interstitial plagioclase and clinopyroxene within olivine matrix

NU

in olivine-rich layer of run OM03 (0.5 GPa, step-cooled down to 1150°C, HDRBC starting
melt); e) Poikilitic plagioclase including rounded olivines and partially resorbed subhedral

starting melt); f) Sharp

and

MA

olivines in the olivine-rich layer of run OM02 (0.5 GPa, step-cooled down to 1150°C, AH6
straight boundaries between interstitial plagioclase and

ED

clinopyroxene suggesting co-precipitation; small rounded olivines included into poikilitic
plagioclase in run OM20 (0.7 GPa, step-cooled down to 1150°C, AH6 starting melt); g) co-

PT

precipitation of interstitial plagioclase and clinopyroxene in olivine-rich layer of run OM02

CE

(0.5 GPa, step-cooled down to 1150°C, AH6 starting melt); h) interstitial glass in olivine-rich

AC

layer of run OM02 (0.5 GPa, step-cooled down to 1150°C, AH6 starting melt).

Figure 4: XMg [XMg = Mg/(Mg+Fe)] and NiO content (wt.%) in olivines as a function of
distance (in µm) from the interface with gabbro layer (or glass layer for the isothermal
experiment OM15). Distance = 0 µm marks the boundary between gabbro and olivine-rich
layer boundary; a) and b) results in experiments at 0.5 GPa; c) and d) results in experiments at
0.7 GPa. Full and empty symbols represent cores and rims, respectively. Grey vertical band is
the composition of starting San Carlos olivine.

42

ACCEPTED MANUSCRIPT

Figure 5. Anorthite content [Xan = Ca/(Ca+Na] in plagioclase as a function of distance along
the olivine-rich layer in experiments at 0.5 (a) and 0.7 (b) GPa. Distance = 0 µm marks the
boundary between gabbro and olivine-rich layer boundary. Also reported are the compositions
of plagioclase from equilibrium crystallization experiments by Husen et al. (2016) on AH6
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melt at 0.4 GPa, 1150 and 1200°C (a), and at 0.7 GPa on AH6 and AH3 melts, 1150, 1200
and 1225°C (b).

Figure 6: XMg [XMg = Mg/(Mg+Fetot )] and TiO 2 content (wt.%) in clinopyroxene as a

NU

function of distance along the olivine-rich layer in experiments at 0.5 GPa (a, b) and 0.7 GPa
(c, d). Distance = 0 µm marks the boundary between gabbro and olivine-rich layer boundary.
reported

are the compositions of clinopyroxene from equilibrium crystallization

MA

Also

experiments by Husen et al. (2016) on AH6 melt at 0.4 GPa, 1150, 1175 and 1200°C (a, b),

ED

and on AH6 and AH3 melts at 0.7 GPa, 1150, 1200 and 1225°C (c, d).

PT

Figure 7: XMg [XMg = Mg/(Mg+Fetot )] vs. Cr2 O3 (a), Al2 O 3 (b), Na2 O (c), and TiO 2 (d)

CE

contents (wt.%) in clinopyroxene from reaction experiments at 0.5 and 0.7 GPa, compared to
data from natural troctolites: Atlantis Massif, Mid Atlantic Ridge 30°N (Suhr et al., 2008;

AC

Drouin et al., 2009; Ferrando et al., 2018); Godzilla Megamullion, Philippine Sea (Sanfilippo
et al., 2013); Kane Megamullion, Mid Atlantic Ridge (Lissenberg and Dick, 2008); ErroTobbio ophiolites, Western Alps (Borghini et al., 2007; Borghini and Rampone, 2007;
Rampone et al., 2016); Internal Ligurides ophiolites, Northern Apennines (Renna and
Tribuzio, 2011); Pineto ophiolites, Corsica (Sanfilippo and Tribuzio, 2013).

Figure 8: Phase maps derived by combining X-ray concentration maps (Ca, Mg, Al) on

43

ACCEPTED MANUSCRIPT
olivine-rich layers in step cooled experiments OM20 (a) and OM02 (b), performed with the
starting melt AH6, at 0.5 and 0.7 GPa, respectively. Olivine in red, clinopyroxene in blue,
plagioclase in green, glass in white. (c) Phase abundances in olivine-rich layers of step-cooled
experiments.
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Figure 9: XMg vs. NiO content in olivine in reaction experiments at 0.5 and 0.7 GPa
compared with data from natural troctolites. Symbols and references are as in Figure 7. Data
of Erro-Tobbio troctolites include additional olivine compositions from Basch (2018). Yellow

NU

star represents the composition of starting San Carlos olivine.

Figure 10: XMg in olivine vs. and Xan in plagioclase in reaction experiments at 0.5 and 0.7

MA

GPa compared with data from natural troctolites. Symbols and references are as in Figure 7
and 9. Red dashed line is the equilibrium crystallization path obtained by linear regression of

ED

data from experiments on AH6 melt by Husen et al. (2016). Black and open circles represent
models of reactive crystallization computed starting from a residual mantle harzburgite and a

PT

primitive MORB-type melt at 0.6 GPa assuming respectively 1 and 3 grams of mantle
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assimilation per 1°C of cooling (Sanfilippo et al., 2016).
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Table 1 Compositions of st arting materials.
HDRBCa

San Carlos Olivine

AH6 b

AH3 b

(n=18) c
SiO2

40.68(32)

48.25

47.70

49.25

T iO2

0.00(0)

0.83

0.89

1.45

Al2 O3

0.01(1)

16.57

16.76

15.64

Cr 2 O3

0.03(3)

FeO

8.90(26)

MnO

0.12(4)

NiO

0.37(4)

MgO

49.14(20)

12.37

CaO

0.07(2)

11.90

Na2 O

0.01(1)

1.80

K2 O

0.00(0)

0.11

0.00

7.68

9.51

10.47

0.14

0.19

0.17

0.00

0.00

P 2 O5
T otal
XMg d

99.34

99.65
0.908(5)

0.742

XCae

0.790

8.62

7.99

13.80

12.16

2.28

2.49

0.10

0.18

0.05

0.20

99.94

99.80

0.618

0.580

0.770

0.730

from Gillis et al. (2014), b from Husen et al. (2016), c n: number of
analysis. In the first column, in parentheses we report the standard deviation (1 σ)
given in terms of least unit; e.g. 47.68 (32) is 47.568 ± 0.32.
d
XMg = Mg/(Mg+Fe), uncertainties of XMg have been obtained by error propagation.
e
XCa= Ca/(Ca+Na).
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Table 2 Run conditions and final phase assemblages.
T emperature (°C)
Initial

Final

Cooling
Process

Starting
Melt

T otal run
Lithology of the ol-rich layer
duration (h)

Runs at 0.5 GPa
OM02

1300

1150

Step

AH6

72

ol-rich troctolite

OM03

1300

1150

Step

HDRBC

72

ol-rich troctolite

OM15

1250

1250

None

AH6

24

ol, glass

OM20

1300

1150

Step

AH6

72

pl- and cpx-bearing dunite

OM21
(no melt trap)

1300

1150

Step

AH6

72

pl- and cpx-bearing dunite

OM22

1300

1150

Step

AH3

72

pl- and cpx-bearing dunite
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Runs at 0.7 GPa

ol= olivine; pl=plagioclase; cpx=clinopyroxene; gl=glass.
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Step: step-cooled temperature path with a ramp of 10°C/minute.
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The origin of olivine rich troctolites by melt-olivine reaction have been experimentally
investigated
melt-olivine reaction step-cooled experiments from 1300 down to 1150°C, at constant
pressure (0.5 and 0.7 GPa)
textural development in experiments is comparable with disequilibrium features in natural
olivine-rich troctolites
Modal abundance and mineral chemistry is controlled by starting melt composition and
melt-olivine ratio
Experimental data shed lights on the significance of melt-rock reactions in the formation of
oceanic lithosphere
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