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A B S T R A C T   

Samples of an early olivine gabbro in the lower plutonic sequence of the Troodos ophiolite were studied to 
constrain their thermal history and the compositions of their parental magma. These rocks exhibit typical 
orthocumulate textures and petrographic evidence of reaction between a migrating interstitial magma and a 
crystal mush, including embayed margins of olivine crystals and irregular ragged grain boundaries of clino
pyroxenes, indicating dissolution of olivine and crystallization of clinopyroxene, followed by crystallization of 
plagioclase within the framework of olivine and clinopyroxene. All the minerals exhibit relatively homogeneous 
compositions, without any clear zoning in either their major or trace elements, indicating that the minerals and 
migrating magma reached equilibrium. The rare earth element (REE) distribution between clinopyroxene and 
plagioclase records an equilibrium temperature of about 1300 ◦C, but the Mg-exchange geothermometer yielded 
a lower temperature of about 1000 ◦C. These different closure temperatures indicate a rapid cooling history with 
a cooling rate of − 2 ◦C/year log units. The low TiO2 contents and additional trace element compositions of 
clinopyroxene show that the parental magma of the gabbro was related to boninitic magmas of the ophiolite. 
Consequently, we show that some boninitic lavas in the upper oceanic crust have been affected by melt-rock 
reaction process during their ascent through the lower crust, and therefore their composition cannot be 
directly used to constrain the composition of the primary boninites.   

1. Introduction 

The igneous oceanic crust consists of an upper part including 
extrusive lavas and the dykes that feed them (White and Klein, 2014), 
and a lower part made up of different types of plutonic rock, e.g., gab
bros, troctolite and wehrlite (Coogan, 2014). This structure results from 
a magma plumbing system that operates during the formation of the 
oceanic lithosphere (White, 2013). At a spreading center, magmas are 
extracted from the upwelling mantle and ponded in magma chambers. 
Crystallization of magmas in the chambers produces the lower oceanic 
crust (Coogan, 2014), whereas the remaining melt fraction after partial 
crystallization is injected as sills or dikes or erupted as lavas (Sinton and 
Detrick, 1992). The lower oceanic crust thus preserves critical infor
mation about the nature and evolution of magmas before subsequent 
eruption to the surface (Coogan, 2014). 

To understand the possible links between the lower plutonic rocks 
and the upper lavas, it is imperative to constrain the compositions of the 

parental magmas of the plutonic rocks. Bulk compositions of the 
plutonic rocks may be used to estimate the nature of their parental 
magmas, but this requires large-scale systematic sampling, and can lead 
to imprecise results because the plutonic rocks do not equate to the 
liquids from which they formed (Bowen, 1928; Niu et al., 2002; Wager 
and Brown, 1968), and the plutonic rocks could have developed by 
fractionation in an open system (e.g., Coogan et al., 2000; Lissenberg 
et al., 2013; Lissenberg and Dick, 2008; Lissenberg and MacLeod, 2016; 
Sanfilippo et al., 2020; Yang et al., 2019; Zhang et al., 2020). Major and 
trace element compositions of minerals, in conjunction with appropriate 
distribution coefficients, provide a better way of estimating the magma 
composition, but mineral compositions can be modified by a series of 
post-crystallization processes, e.g., interaction with migrating or trap
ped liquids, and inter/intra- grain diffusion (Barnes, 1986; Borghini and 
Rampone, 2007; Gao et al., 2007; Godel et al., 2011; Lissenberg et al., 
2013; Lissenberg and Dick, 2008; Lissenberg and MacLeod, 2016; 
Rampone et al., 2016; Sun and Liang, 2014). 
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Given that in-situ investigation of the lower oceanic crust is difficult 
due to its relative inaccessibility, ophiolites have been widely used as 
analogues. Well-developed and well-preserved ophiolite complexes 
allow for better sampling and direct observation of the relationships 
between the lower oceanic crust and other associated parts of the lith
osphere (Coogan, 2014; Coogan et al., 2003; Liu et al., 2018, 2021; 
Marchesi et al., 2009; Sanfilippo and Tribuzio, 2013; Wang et al., 2021; 
Yamasaki et al., 2006). The Troodos ophiolite, one of the most studied 
ophiolites in the world (Edwards et al., 2010; Miyashiro, 1973; Pearce 
et al., 1984; Robertson and Xenophontos, 1993), is thought to have 
formed at a slow-spreading center above a paleo-subduction zone 
(Abelson et al., 2001; Malpas, 1990; Pearce and Robinson, 2010). Pre
vious studies of plutonic rocks of the Troodos ophiolite, especially the 
CY-4 drilling project, provided a basic knowledge about the generation 
of the lower oceanic crust and revealed a complex magma plumbing 
system (Gibson et al., 1989; Malpas, 1990; Thy, 1987a and 1987b). 

To date, the genesis of the Troodos lower oceanic crust and its 
relationship with the overlying lavas has been examined largely through 
major element chemistry of whole-rocks and minerals (e.g., Thy, 1987a 
and 1987b). In this study, we selected olivine gabbros from the lower 
plutonic section of the Troodos ophiolite close to the mantle/crust 
boundary (Fig. 1) and measured both the major elements and trace el
ements of the constituent minerals. Rare earth elements (REE) are of 
particular interest as they have very slow diffusion coefficients in the 
major minerals (e.g., clinopyroxene and plagioclase) and hence can 
largely preserve information about early igneous processes (Lee et al., 

2007; Sun and Liang, 2014). Together with microtextures, mineral 
geothermometers were used to investigate the thermal and crystalliza
tion histories of the gabbros. The studied gabbros show clear petro
graphic evidence of interaction between a migrating magma and a 
crystal mush; consequently, it is necessary to investigate the effects of 
this interaction on the melt compositions as crystallization proceeded. 

2. Geological background 

The Troodos ophiolite in Cyprus consists of the main Olympos (Axis) 
Sequence and the Arakapas (Transform) Sequence, separated by a 
possible fossil transform fault (Fig. 1; Gass et al., 1994; Geological 
Survey Department Cyprus, 1995). The main Olympos (Axis) Sequence 
is one of the most complete and typical ophiolitic sequences in the 
world, and includes serpentinized mantle peridotites, plutonic rocks, 
sheeted-dykes and lavas. The zircon U–Pb ages of plagiogranites scat
tered amongst the plutonic rocks indicate that the ophiolite was formed 
at 90–92 Ma (Chen et al., 2020; Mukasa and Ludden, 1987; Osozawa 
et al., 2012). The Arakapas (Transform) Sequence has a triangular- 
shaped outcrop pattern bounded to the north by the linear Arakapas 
Transform Fault (Simonian and Gass, 1978). The rock assemblage here is 
the same as that of the main Olympos (Axis) Sequence, but structural 
relationships between lithologies are much more complicated. 

Lavas of the Troodos ophiolite have a clear chemostratigraphy 
(Mehegan, 1988; Pearce and Robinson, 2010; Regelous et al., 2014; 
Robinson et al., 1983), with a lower pillow lava (LPL) series composed of 
arc tholeiites, overlain by a boninitic upper pillow lava (UPL) series. The 
LPL includes three units: a basic-ultrabasic unit (Unit I) overlain by an 
intermediate-acid Unit (Unit II) and then a basic to basic-intermediate 
unit (Unit III) (Pearce and Robinson, 2010). The LPL gradually grade 
downward into the sheeted-dykes through a mixed unit of lavas and 
dykes named the Basal Group (Geological Survey Department Cyprus, 
1995). The UPL contains different types of boninite and boninitic lavas 
(e.g., Cameron, 1985; Osozawa et al., 2012). In this study, we adopt the 
classification scheme of Osozawa et al. (2012) that divides the UPL into 
two groups. The first group is mainly distributed on the northern flank of 
the main Olympos Sequence, and to a lesser extent locally in the Ara
kapas Sequence. The second group is mainly found along the Arakapas 
valley and its western and eastern extensions (Osozawa et al., 2012). 
This second group of boninites occupies the highest stratigraphic level 
and were referred to as “infill lavas” by Gass et al. (1994). In the field, 
the two groups of boninites are mostly overlain by the late Campanian 
(ca. 75 Ma) Perapedhi Formation. However, one small outcrop of vol
canic glass of the second group, that is covered by middle Paleogene to 
early Miocene sedimentary rocks, yielded an Ar–Ar age of 55.5 ± 0.9 
Ma (Osozawa et al., 2012). This single date is a significant outlier and 
should be treated with caution. 

The second group of boninites is more depleted in composition, 
having lower TiO2 and trace element concentrations than the first group 
(Hu et al., 2021; Osozawa et al., 2012). The two groups have similar 
HREE concentrations but the second group has lower LREE-MREE con
centrations than the first group. In chondrite-normalized REE diagrams, 
the second group displays “spoon-shaped” patterns whereas those of the 
first group are flat (Fig. 4 in Osozawa et al. (2012)). Accordingly, Oso
zawa et al. (2012) named the first group simply ‘boninite’ and the sec
ond group ‘depleted boninite’. To avoid confusion, in this study we 
instead refer to the first and second groups as Group-A and Group-B, 
respectively (Fig. 1). 

It is noteworthy that the geochemistry of the lavas provided the first 
indication that the Troodos ophiolite formed in a subduction-related 
environment rather than at a mid-ocean-ridge (Miyashiro, 1973; Rob
inson et al., 1983). More recent studies highlighted similarities in lava 
associations between the Troodos ophiolite and the Izu–Bonin–Mariana 
(IBM) forearc system and argued that this ophiolite most likely devel
oped in a forearc setting at the early stage of subduction (Hu et al., 2021; 
Ishizuka et al., 2014; Pearce and Robinson, 2010; Stern et al., 2012; 
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Fig. 1. Simplified map of (a) Cyprus and (b) the Troodos ophiolite (modified 
after Osozawa et al., 2012) and (c) mantle and gabbro sequence near the Solea 
graben (modified after Abelson et al., 2001). 
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Whattam and Stern, 2011). 
The Troodos main Olympus plutonic sequence is also divided into 

two series, namely an older series of variably deformed plutonic rocks 
which are intruded by a younger series of undeformed plutonic rocks 
(Malpas, 1990; Malpas et al., 1989). Both are represented in the CY-4 
drill hole of the Cyprus Crustal Study Project, where the younger se
ries occurs deeper in the stratigraphy and intrudes older plutonic rocks 

emplaced at a shallower level (Thy, 1987a). This stratigraphic rela
tionship is clear only in the drill core and cannot be established in the 
field where rocks of both series occur throughout the plutonic sequence. 
The two series also show considerable differences in terms of petrog
raphy and geochemistry. The older series comprise gabbros and gabbro- 
norites with typical adcumulate textures (Malpas et al., 1989). They are 
more evolved in terms of geochemistry with high Ti/Al clinopyroxene 
and, in the drill core, display three cryptic geochemical reversals 
together with intermittent normal fractionation intervals (Thy, 1987a). 
These petrographic and geochemical characteristics suggest that the 
older series was generated in multiple open system chambers with 
frequent magma replenishment. The younger intrusions, however, 
usually display orthocumulate or heteroadcumulate textures (Malpas 
et al., 1989), and exhibit limited geochemical reversals and low Ti/Al 
clinopyroxene, suggesting that the gabbros were generated in a more 
closed system, possibly an off-axis, slow-spreading tectonic environment 
(Thy, 1987a). Regarding the compositional similarities between lavas 
and plutonic rocks, it was proposed that the LPL and older plutons are 
genetically related, whereas the UPL relate to the younger plutons (Thy, 
1987a). In this study, we focus on rocks of the younger plutons and their 
relationships with the UPL. 

3. Petrography 

Olivine gabbros from the lower part of the plutonic sequence were 
sampled in this study. They are considered to be representative of the 
younger series of plutons and are coarse- to medium-grained with 
typical orthocumulate textures in which intercumulus plagioclase fills 
spaces between olivine and clinopyroxene cumulate crystals (Fig. 2a and 
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Fig. 2. Microscopic textures of the studied olivine gabbros of 
the Troodos ophiolite. (a)–(b) orthocumulate texture of olivine 
gabbros, i.e., early crystallized olivine and clinopyroxene 
formed a framework that was filled later by plagioclase. (c)– 
(d) embayed olivine partly replaced secondary plagioclase 
during its interaction with a later melt. (e)–(f) Deformation 
twins of plagioclase grains, indicative of compaction of 
cumulate piles. ol-olivine, cpx-clinopyroxene, opx- 
orthopyroxene, plg-plagioclase.   

Table 1 
Major and trace element compositions of olivines of olivine gabbros in the 
Troodos ophiolite.  

Sample No. CY1706a1 CY1706a2 CY1706b1 CY1706b2 CY1706c 

Major element (wt%) 
SiO2 39.69 39.76 39.11 39.13 40.05 
FeO 15.93 15.80 17.08 16.98 15.79 
MnO 0.22 0.22 0.23 0.22 0.21 
MgO 43.61 43.74 42.25 42.28 43.61 
NiO 0.13 0.13 0.16 0.18 0.13 
Total 99.59 99.65 98.82 98.79 99.78 
Fo 83.0 83.2 81.5 81.6 83.1  

Trace element (ppm) 
Sc 4.39 4.22 4.04 3.89 4.30 
Ti 30.1 26.6 24.3 28.4 25.5 
V 2.94 2.83 2.64 2.97 2.60 
Cr 28.0 26.8 27.5 26.2 24.2 
Mn 1789 1798 1859 1861 1797 
Co 193 194 200 200 196 
Ni 1279 1276 1467 1469 1274 
Zn 99.2 98.5 80.8 80.7 100  
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b). The olivine grains are large (>1 mm), anhedral crystals that make up 
5–10 modal %. The embayed morphology of the olivine indicates 
interaction with a later melt after olivine crystallization (Fig. 2c and d). 
Some domains of olivine grains cut by plagioclase have the same optical 
orientation. Clinopyroxene commonly occurs as euhedral crystals, most 
of which are granular to tabular in shape (0.5–1 mm × 1–2 mm), but 
many grains display complex intergrowths and ragged grain boundaries, 
indicating formation of new crystals during reaction with melts (Lis
senberg and MacLeod, 2016) (Fig. 2a and b). As the only intercumulus 
phase, plagioclase makes up 20–30 modal%, and occurs as anhedral 
grains that are largely controlled by the spaces between the cumulus 
minerals (Fig. 2a and b). The petrography features indicate reaction 
between a crystal mush and a migrating magma, which led to dissolution 
of olivine and crystallization of clinopyroxene, followed by crystalliza
tion of plagioclase from evolved intergranular melts within the frame
work of olivine and clinopyroxene. Some plagioclase grains show 
deformation twins, indicative of compaction of cumulate piles (Zhang 
et al., 2020) (Fig. 2e and f). No common accessory minerals, such as 
Fe–Ti oxide and apatite, have been identified in thin sections, sug
gesting that the evovled intergranular melt were expelled from the 
cumulate pile during fractionation and compaction. 

4. Analytical methods 

Mineral major element compositions were determined with a Link 

Energy Dispersive Spectrometry (EDS) system connected to a JEOL JXA- 
8230 electron probe micro-analyzer at the Department of Earth Sci
ences, the University of Hong Kong. All analyses were carried out in 
wavelength dispersive mode with a 15 kV accelerating voltage, ~20 nA 
beam current, and 1 μm beam diameter with a counting time of 10–20 s. 
Scanning electron microscope images were obtained using a Hitachi S- 
3400N variable pressure scanning electron microscope (SEM) at the 
University of Hong Kong. 

Trace elements in olivine (Sc, Ti, V, Cr, Mn, Co, Ni and Zn), clino
pyroxene (Sc, Ti, V, Cr, Mn, Co, Ni and Zn), and plagioclase (K) with 
concentrations >1 ppm were determined by spot analysis using an 
Agilent 7900× inductively coupled plasma mass spectrometer (ICP-MS) 
coupled with a Coherent GeoLasPro 193-nm Laser Ablation (LA) system 
at the State Key Laboratory of Ore Deposit Geochemistry (SKLODG), 
Institute of Geochemistry, Chinese Academy of Sciences, Guiyang. 
Element abundances were calibrated using multiple reference materials 
(NIST610, BCR-2G, BIR-1G, BHVO-2G, and GSE-1G) with 29Si as an 
internal standard. The reference materials ML3B-G and BCR-2G were 
analyzed as unknown samples to monitor the quality of the data. Off-line 
selection and integration of background and analytical signals, and time- 
drift corrections and quantitative calibration were performed using the 
ICPMSDataCal software of Liu et al. (2008). Repeated analyses of in
ternational glass standards ML3B-G and BCR-2G were in accordance 
with the referenced values within ±10%, with precisions better than 

Table 2 
Major and trace element composition of clinopyroxene of olivine gabbros in the 
Troodos ophiolite.  

Sample No. CY1706a1 CY1706a2 CY1706b1 CY1706b2 CY1706c 

Major element (wt%) 
SiO2 53.21 53.30 52.73 52.73 53.37 
TiO2* 0.19 0.17 0.16 0.16 0.18 
Al2O3 2.08 2.08 1.85 1.89 2.22 
Cr2O3 0.40 0.43 0.37 0.42 0.46 
FeO 4.36 4.39 4.92 5.07 4.43 
MnO 0.14 0.11 0.15 0.13 0.15 
MgO 16.61 16.93 17.08 17.56 16.73 
CaO 22.36 22.20 21.17 20.44 22.19 
Na2O 0.20 0.18 0.16 0.18 0.17 
NiO 0.02 0.02 0.03 0.03 0.01 
Total 99.56 99.82 98.61 98.61 99.91 
Mg# 87.2 87.3 86.1 86.1 87.1  

Trace element (ppm) 
Sc 96.4 90.8 82.5 77.8 95.2 
Ti 1118 998 961 963 1084 
V 269 252 253 274 267 
Cr 3181 3335 2485 2238 3488 
Mn 1187 1162 1219 1199 1154 
Co 35.1 37.6 38.0 36.9 35.8 
Ni 181 194 224 212 187 
Zn 22.6 23.6 19.5 18.3 21.8 
Sr 4.33 4.28 4.09 3.76 4.29 
Y 5.71 5.62 6.15 5.03 5.63 
Zr 1.62 1.73 1.74 1.58 1.52 
La 0.06 0.07 0.06 0.05 0.05 
Ce 0.29 0.28 0.30 0.25 0.27 
Pr 0.08 0.07 0.07 0.06 0.07 
Nd 0.46 0.48 0.49 0.42 0.46 
Sm 0.36 0.35 0.38 0.31 0.35 
Eu 0.17 0.16 0.17 0.14 0.16 
Gd 0.69 0.69 0.72 0.60 0.69 
Tb 0.14 0.14 0.15 0.12 0.14 
Dy 1.01 1.04 1.11 0.92 1.03 
Ho 0.23 0.22 0.25 0.21 0.23 
Er 0.68 0.67 0.72 0.59 0.68 
Tm 0.10 0.10 0.11 0.08 0.09 
Yb 0.66 0.62 0.71 0.56 0.64 
Lu 0.09 0.09 0.10 0.08 0.09 

* Contents of TiO2 of clinopyroxene were determined by LA-ICP-MS 
Fig. 3. (a) Mg# vs. TiO2 of clinopyroxene. Fields of ocean ridge cumulates and 
Izu–Bonin arc volcanic rocks are from Nonnotte et al. (2005) and references 
therein. (b) and (c) Histograms of Ti/Al atomic ratios of clinopyroxene from 
olivine gabbros, compared to data of Thy (1987a). 
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10% (RSD). 
Additional clinopyroxene and plagioclase grains were selected for 

trace element analyses at the State Key Laboratory of Nuclear Resources 
and Environment (SKLNRE), East China University of Technology, using 
a PerkinElmer NexION 1000 ICP-MS coupled to an ESL NWR-193 laser 
ablation system. In this round, the main focus was on trace elements 
with concentrations lower than 1 ppm, with special attention to REE 
data. All analyses were performed with a laser beam width of 80 μm, a 
10 Hz pulse frequency, and a laser fluence of 5.2 J/cm2. Each analysis 
comprised 20–30 s of background acquisition (gas blank) and 40 s of 
data acquisition. Dwell time for 139La and 140Ce was 80 ms, for 141Pr, 
146Nd, 147Sm, 153Eu it was 60 ms, for 157Gd,159Tb, 163Dy, 165Ho, 166Er, 
169Tm, 172Yb, 175Lu it was 30 ms, and for other elements it was 20 ms. 
Element abundances were calibrated using the Iolite software (Paton 
et al., 2011), with NIST612 as the external standard and 29Si as the in
ternal standard. The reference materials NIST610, NIST614, and an 
olivine standard MongOL Sh11–2 (Batanova et al., 2019) were analyzed 
in this study as unknown samples to monitor the quality of the data. 
Detection limits for REE calculated by the method of Longerich et al. 
(1996) varied from 0.01 ppm to 0.15 ppm. For the standards, NIST 610 
and NIST 614, repeated analyses of most elements were in accordance 
with the referenced values within ±10% (Fig. S1), with precisions better 
than 10% (RSD). Analysis of the olivine standard MongOL Sh11–2 
showed that for elements of very low concentrations (<0.1 ppm), the 

results were in accordance with the referenced values within ±20% (Fig. 
S1), with <30% RSD. 

Linear analyses of trace elements in minerals were obtained at the 
SKLNRE, East China University of Technology, using a PerkinElmer 
NexION 1000 ICP-MS coupled to an ESL NWR-FEMTO 257 nm laser 
ablation system. The analyses were performed with a laser beam width 
of 50 μm, a 15 Hz pulse frequency, a laser fluence of 3.2 J/cm2, and a 
scan velocity of 20 μm/s. The results were processed using the Iolite 
software (Paton et al., 2011), using the USGS glass standard, NIST612, 
as the primary standard. 

Major and trace element mapping was performed using an Agilent 
7900× ICP-MS (LA-ICP-MS) equipped with a Photon Machines Analyte 
HE 193-nm ArF Excimer Laser Ablation system at the In-situ Mineral 
Geochemistry Lab, Ore Deposit and Exploration Centre (ODEC), Hefei 
University of Technology, China. The Analyte HE utilizes a two-volume 
ablation cell designed by Laurin Technic Pty. Ablation was performed in 
an atmosphere of UHP He (0.9 L/min), and immediately upon exiting 
the cell, the aerosol was mixed with Ar (0.87 L/min) via a T-connector 
before entering the ICP. In addition, for high resolution profiling, the 
signal-smoothing device, which is used for routine analysis, was 
removed, providing an almost instantaneous response time. The ICP-MS 
system was optimized daily to maximize sensitivity for isotopes of the 
mass range of interest, while keeping production of molecular oxide 
species (i.e., 232Th16O/232Th) as low as possible, usually <0.3%. 
Element maps were created by ablating sets of parallel line rasters in a 
grid across the sample. A beam diameter of 5 μm and a scan speed of 55 
μm/s were used in this study. A laser repetition of 10 Hz was selected at a 
constant energy output of 40 mJ. A 20 s background acquisition was 
acquired at the start of scanning and, to allow for cell wash-out, gas 
stabilization, and computer processing, a delay of 20 s was used after 
ablation. The reference material NIST 610 was analyzed for data cali
bration at the start and end of each mapping run. Images were compiled 
and processed using the program LIMS (Wang et al., 2017). For each 
raster and every element, the average background was subtracted from 
its corresponding raster, and the rasters compiled into a 2-D image 
displaying combined background/drift corrected intensity for each 
element (Wang et al., 2017). 

Fig. 4. Chondrite-normalized REE diagrams of clinopyroxene and plagioclase 
from the investigated olivine gabbros of the Troodos ophiolite. The normali
zation values are from Sun and McDonough (1989). Literature data for clino
pyroxene in the plutons of the Troodos ophiolite are from Batanova et al. 
(1996), Coogan et al. (2003), and Shen et al. (2020). 

Table 3 
Major and trace element compositions of plagioclase of olivine gabbros in the 
Troodos ophiolite.  

Sample No. CY1706a1 CY1706a2 CY1706b1 CY1706b2 CY1706c 

Major element (wt%) 
SiO2 45.05 45.25 44.80 44.83 45.31 
Al2O3 35.00 35.00 34.82 35.21 34.94 
CaO 18.42 18.57 18.41 18.79 18.45 
Na2O 0.94 0.89 0.96 0.85 0.93 
K2O* 0.01 0.01 0.01 0.01 0.01 
MgO* 0.04 0.08 0.11 0.04 0.09 
Total 99.42 99.72 99.00 99.68 99.65 
An 91.5 92.0 91.3 92.4 91.6 
Ab 8.5 8.0 8.6 7.5 8.4 
Or 0.1 0.1 0.1 0.1 0.1  

Trace element (ppm) 
V 1.75 1.76 1.80 1.50 1.90 
Sr 97.0 95.5 99.4 108 103 
Y 0.08  0.08 0.08 0.09 
Ba 1.86 1.99 1.91 2.27 2.04 
La 0.06 0.09 0.08 0.11 0.06 
Ce 0.14 0.14 0.12 0.15 0.11 
Pr 0.02  0.02 0.02 0.02 
Nd 0.10 0.10 0.08 0.10 0.08 
Eu 0.09 0.10 0.10 0.10 0.09 

* Contents of K2O and MgO of plagioclase were determined by LA-ICP-MS 
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5. Mineral chemistry 

5.1. Olivine 

Average compositions of olivine are provided in Table 1, with the 
complete dataset available in the Table S1 of the Supplementary File. 
Olivine has moderate forsterite values (Fo = atomic Mg/(Mg + Fe2+) ×
100) from 81.4 to 83.6. Trace element contents are 3.28–5.00 ppm for 
Sc, 16.9–39.0 ppm for Ti, 1.38–4.28 ppm for V, 12.0-66.4 ppm for Cr, 
1681–1893 ppm for Mn, 189–203 ppm for Co, 1232–1503 ppm for Ni, 
and 77.9–104 for Zn. 

5.2. Clinopyroxene 

Average compositions of clinopyroxene are provided in Table 2, with 
the complete dataset available in the Table S2 and Table S3 of the 
Supplementary File. Mg# values (Mg# = atomic Mg/(Mg + Fe2+) ×
100) of clinopyroxene range from 85.5 to 87.9, slightly higher than the 
Fo values of olivine. The clinopyroxene is characterized by low TiO2 

contents (0.13-0.25 wt%), lower than clinopyroxene from MORB- 
related cumulates but similar to clinopyroxene from andesites and 
boninites (Fig. 3a). The low TiO2 contents possibly indicate a low-Ti 
parental magma such as boninite. The Ti/Al ratios of clinopyroxene 
are very low (around 0.05), comparable to those of the younger gabbros 
and websterites in Troodos, but lower than those of the older gabbros 
(Fig. 3b). The clinopyroxene in our samples has higher Sc (66.2–106 
ppm), Ti (759–1473 ppm), V (224–310 ppm), and Cr concentrations 
(1836–4273 ppm) but lower Mn (1112–1249 ppm), Co (32.6–40.6 
ppm), Ni (170–230 ppm), and Zn (16.5-28.5 ppm) concentrations than 
olivine, which is consistent with the distribution coefficients of olivine/ 
melt and clinopyroxene/melt (e.g., Bédard, 1994). Chondrite- 
normalized REE patterns of clinopyroxene display LREE depletion 
relative to MREE and HREE, with no clear Eu anomalies are present 
(Fig. 4a), indicating that the pyroxenes crystallized earlier than the 
plagioclase. 

Fig. 5. Traverse analyses of major elements of minerals in the investigated olivine gabbros of the Troodos ophiolite.  
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5.3. Plagioclase 

Average compositions of plagioclase are provided in Table 3, with a 
complete dataset available in the Table S4 and Table S5 of the Supple
mentary File. Plagioclase in the olivine gabbros has high An values 
(90.3-93.4), and very low REE concentrations, all of which are below the 

detection limits except for La, Ce, Pr, Nd, Eu, and Y. Nevertheless, the 
plagioclase exhibits clear LREE-enriched patterns with positive Eu 
anomalies (Fig. 4b). 

5.4. Intra-grain chemical variations 

To better understand the significance of the mineral compositions, 
rim-to-core traverses and element mapping were conducted for different 
minerals (Figs. 5-8). The data of linear analyses are given in Table S6 and 
Table S7 of the Supplementary File. Given that the concentrations of 
most trace elements in both clinopyroxene and plagioclase are very low, 
we mainly focus on Ce, Yb, and Y in clinopyroxene and Nd and Y in 
plagioclase, which have high absolute concentrations relative to other 
REE. All the studied grains are homogenous without any clear zonation 
in either major or trace elements, particularly REE (Figs. 5-8). 

6. Geothermometry based on mineral equilibrium 

Temperature is an important factor affecting element contents of 
minerals, because it not only controls their crystallization sequence 
(Ghiorso and Sack, 1995), but also affects the distribution coefficients of 
many elements (Blundy and Wood, 2003). Our petrographic observa
tions indicate reaction between a crystal mush and a migrating magma, 
which led to olivine dissolution and crystallization of clinopyroxene, 
and subsequent crystallization of plagioclase from evolved intergranular 
melts within the framework of olivine and clinopyroxene (Fig. 2). The 
interaction of a migrating interstitial liquid with a pre-existing crystal 
mush has been well documented in oceanic gabbros and is known as 
“reactive porous flow” (Lissenberg et al., 2013; Lissenberg and Dick, 
2008; Lissenberg and MacLeod, 2016; Sanfilippo et al., 2020). Through 
this process, major and trace element zonation in minerals commonly 
develops as a result of diffusion and disequilibrium during magma- 
mineral reaction. However, all the minerals in this study have con
stant intra-grain compositions without any clear zonation (Figs. 5–8), 
and it seems very likely that the chemical compositions of the clino
pyroxene and the plagioclase have reached equilibrium with the 
migrating magma, even though these minerals did not crystallize at the 
same time. 

Based on the assumption of mineral equilibrium, the clinopyroxene- 
plagioclase REE thermometer developed by Sun and Liang (2017) was 
used to obtain the equilibrium temperature. The results for the olivine 
gabbros are between 1282 ◦C and 1317 ◦C (Fig. 9a). All the REE and Y 
except Eu plot on a linear trend of (B/100) versus ln(D)-A in the diagram 
generated by the clinopyroxene-plagioclase REE thermometer (Fig. 9b), 
which further support that equilibrium of these elements between cli
nopyroxene and plagioclase was achieved and not disrupted later.. 
Using the clinopyroxene-plagioclase Mg thermometer of Sun and Lis
senberg (2018), lower temperatures were obtained (930 ◦C to 1047 ◦C) 
(Fig. 9a). The differences between these two thermometers are due to 
the different diffusion rates of REE and Mg (Sun and Liang, 2017; Sun 
and Lissenberg, 2018). Specifically, REE have very slow diffusion rates 
in both plagioclase and clinopyroxene and their distribution preferen
tially records crystallization, or near-crystallization, temperatures of the 
rock (Cherniak, 2003; Sun and Liang, 2017; Van Orman et al., 2001), 
whereas Mg has a fast diffusion rate, and its distribution is readily reset 
during further cooling of the minerals (Müller et al., 2013; Faak et al., 
2014; Van Orman et al., 2014). As illustrated in Sun and Lissenberg 
(2018), the combination of these two thermometers allows calculation 
of the cooling rate of the gabbros. Using the code of Sun and Lissenberg 
(2018), we suggest that the olivine gabbros studied here experienced 
rapid cooling (− 2 ◦C/year log units) (Fig. 9c). 
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Fig. 6. Traverse analyses of trace elements of minerals in the investigated 
olivine gabbros of the Troodos ophiolite, determined by LA-ICP-MS (a Perki
nElmer NexION 1000 ICP-MS coupled to an ESL NWR-193 laser abla
tion system) 
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7. Discussion 

7.1. Nature of the parental magma of the olivine gabbros 

Major element concentrations of minerals are important indicators of 
the composition of their parental magmas. For Troodos gabbroic rocks, 
Thy (1987a) used Ti/Al ratios of clinopyroxene to distinguish the 
parental magmas of the gabbros and volcanic rocks. Specifically, in 
borehole CY-4, clinopyroxene in the uppermost, older gabbro has very 
low Ti/Al ratios (average = 0.16) similar to clinopyroxene in the LPL 
(average = 0.13), whereas clinopyroxenes in the younger gabbros at 
greater depths in the borehole have very low Ti/Al (average = 0.09) 
similar to clinopyroxene in the UPL (average = 0.06) (Thy, 1987a). In 
the present study, clinopyroxene in the olivine gabbros sampled in the 
lower pluton has consistently low Ti/Al (around 0.05), indicating that 
these gabbros are most likely related to the boninites of the UPL. 

As mentioned above, the UPL in the Troodos ophiolites consists of 
two groups of boninites, i.e., the Group-A boninites that occur mainly 
along the ophiolite's northern flank and the Group-B boninites that occur 

along the Arakapas valley and its western and eastern extensions. The 
question that arises is thus, “to which group of boninites in the UPL are 
the olivine gabbros analyzed in this study related?” We use trace 
element compositions of clinopyroxene in the gabbros to address this 
problem. Given that clinopyroxene and plagioclase are homogeneous, 
and that both were likely in equilibrium with the migrating interstitial 
magma, it should be possible to determine their parental magma 
composition by back-calculating their trace elements using appropriate 
distribution coefficients. However, to date, distribution coefficients be
tween clinopyroxene and boninitic magmas are rarely studied, and 
complicated by the fact that water contents in the magmas can greatly 
affect the distribution coefficients (McDade et al., 2003). Instead, we 
attempt to constrain the composition of the parental magma using direct 
comparison with natural clinopyroxenes of similar compositions, whose 
parental magmas have been well documented. Clinopyroxene pheno
crysts from the Troodos Upper Lavas sampled by Sobolev et al. (1996) 
have almost the same trace element compositions as clinopyroxenes of 
the olivine gabbros in this study (Fig. 10a). Moreover, the chemical 
compositions of melt inclusions in these volcanic clinopyroxenes are 
close to boninite and show flat trace element patterns, similar to those of 
Group-A but different from Group-B boninites (Fig. 10b). This suggests 
that the olivine gabbros in this study were most likely derived from 
percolation of Group A boninite-related liquids, and not those of the 
Group B ‘infill lavas’. This conclusion is also supported by the phase 
assemblage of the olivine gabbros. From petrographic observations, the 
crystallization sequence of these rocks is olivine-clinopyroxene- 
plagioclase, consistent with that of Group-A boninites (olivine-clino
pyroxene-plagioclase) but different from that of Group-B boninites 
(olivine-orthopyroxene-clinopyroxene-plagioclase) (Thy and Xen
ophontos, 1991). 

7.2. Implications for the Troodos ophiolite 

The Olympus (Axis) Sequence of the Troodos ophiolite is considered 
to have formed at a spreading ridge with low magma supply, partly 
because the plutonic sequence is made up of two different series of small 
discrete plutons. This is different from the situation envisaged for fast- 
spreading ridges with copious magma (Malpas, 1990), such as the 
Oman ophiolite that has a more continuous plutonic sequence. The rapid 
cooling rate documented by the olivine gabbros in the present study is 
consistent with slow-spreading ridges (e.g., Coogan et al., 2007; Zhang 
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et al., 2020), and can be explained by efficient heat removal due to 
crustal-scale hydrothermal circulation (Sun and Lissenberg, 2018; 
VanTongeren et al., 2008) or emplacement of plutons into thick and cool 
lithosphere (Coogan et al., 2007). 

Olivine gabbros in this study display petrographic features indicative 
of reactive porous flow, in which a migrating magma reacted with a pre- 
existing crystal mush (Lissenberg et al., 2013; Lissenberg and Dick, 
2008; Lissenberg and MacLeod, 2016). Unlike oceanic gabbros, which 

show significant major and trace element zonation in minerals after 
reaction with migrating magmas (e.g., Lissenberg et al., 2013; Lissen
berg and MacLeod, 2016), all the minerals in this study exhibit relatively 
constant compositions without any clear zonation (Figs. 5–8). In addi
tion, REE concentrations in the clinopyroxene and plagioclase are in 
equilibrium at high temperatures and have not been disrupted by later 
processes (Fig. 9a). Consequently, these minerals are thought to have 
reached equilibrium with the interstitial migrating magma. On the other 
hand, because the inferred composition of the magma is similar to that 
of Group-A boninites, it is very likely that some erupted Group-A 
boninites might have been modified by melt-mineral reaction in the 
lower crust and consequently may not accurately represent their pri
mary magma compositions (Lissenberg et al., 2013; Lissenberg and Dick, 
2008; Lissenberg and MacLeod, 2016). 

In order to further evaluate the effects of melt-rock reaction on the 
lavas, Group-A boninitic glasses of the Troodos ophiolite are displayed 
in Mg# vs. major oxide diagrams (Fig. 11). We first model crystallization 
of the Troodos primary boninite by using the software alphaMELTS 
(Smith and Asimow, 2005). The composition of the Troodos primary 
boninite is from Hu et al. (2021). The modelling pressure is 0.2 GPa and 
the water content of the parental boninite is set to either 2 wt% or 4 wt% 
after Woelki et al. (2020). For most major element oxides except CaO, e. 
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Fig. 9. (a) Mg bulk closure temperature (TMg) vs. REE bulk closure temperature 
(TREE).. Data of the fast-spreading East Pacific Rise (EPR) at Hess Deep is from 
Sun and Lissenberg (2018). (b) The representative (B/100) vs (ln(D)-A) plot, 
generated by the clinopyroxene-plagioclase REE thermometer developed by 
Sun and Liang (2017), suggesting that clinopyroxene and plagioclase have 
reached REE equilibration. (c) The cooling rate of a representative olivine 
gabbro sample calculated using the code of Sun and Lissenberg (2018). 

Fig. 10. (a) Trace element compositions of clinopyroxenes in the investigated 
olivine gabbros of the Troodos ophiolite, compared to those of clinopyroxene 
phenocrysts in the UPL (Sobolev et al., 1996). (b) Trace element compositions 
of melt inclusions in the clinopyroxene phenocrysts of Sobolev et al. (1996), 
compared those of boninitic glasses in the Troodos ophiolite (Golowin et al., 
2017; Osozawa et al., 2012; Pearce and Robinson, 2010; Woelki et al., 2018, 
2019, and 2020). 
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g., SiO2, TiO2, Al2O3, and Na2O, the trends due to crystallization of 
olivine and clinopyroxene are quite similar. Therefore, their trends in 
the simple crystallization process (olivine-clinopyroxene) and the reac
tive porous flow process (i.e., olivine dissolution together with crystal
lization of clinopyroxene and then plagioclase) are nearly opposite, and 
cannot efficiently distinguish these two processes (Fig. 11a–d). 

In contrast, crystallization of olivine and clinopyroxene each change 
the CaO contents of the magma in a different way, and a reactive porous 
flow process in which olivine is dissolved can be easily distinguished 
from a crystallization process in the Mg#-CaO and Mg#-CaO/Al2O3 
diagrams (Fig. 11e and f). It is clear that, some boninites (“reactive 
boninite” in Fig. 11) have higher Mg# values at given CaO contents and 
higher CaO/Al2O3 ratios than others (“unreactive boninite” in Fig. 11), 
indicative of olivine dissolution during reactive porous flow. 

However, the CaO and CaO/Al2O3 compositional features of the 
“reactive boninite” could be alternatively explained by crystallization of 
a magma which has lower CaO concentrations than the parental magma 
of the “unreactive boninite” (Fig. 11). If so, the parental magma of the 
“reactive boninite” could have been derived either from a source 
different from that of the parental magma of the “unreactive boninite”, 
or the parental magma of the “reactive boninite” evolved from the 

parental magma of the “unreactive boninite” following processes such as 
crustal assimilation or magma mixing. In either case, the “reactive 
boninite” should have different trace element compositions from the 
“unreactive boninite”. In contrast, a reactive porous flow process 
involving olivine dissolution would not significantly affect most trace 
elements such as REE and HFSE, because olivine is extremely depleted in 
these elements. In Fig. 12, the two groups of boninites share the same 
trace element compositions, therefore the major element variation more 
likely reflects reactive porous flow in the lower crust. It is therefore 
proposed that, some boninites in the Troodos ophiolite might have 
experienced melt-rock reaction during their ascent through the lower 
oceanic crust. Thus, attempts to identify the primary magma composi
tions by using such rocks should be approached with caution. 

8. Conclusions 

Olivine gabbros in the lower parts of the plutonic sequence of the 
Troodos ophiolite, exhibit typical orthocumulate textures with clear 
evidence of interaction between a crystal mush and a migrating inter
stitial melt. However, all the minerals show relatively constant compo
sitions without any clear zonation, suggesting the migrating melt and 

Fig. 11. Major element compositions of the 
Group-A boninites in the Troodos ophiolite. 
Magma crystallization was simulated by using 
the software alphaMELTS (Smith and Asimow, 
2005). The modelling pressure is 0.2 GPa. The 
starting composition of the primary boninite and 
the evolved boninite were based on melt in
clusions in high-Fo olivine phenocrysts from Hu 
et al. (2021) and glass CY130 from Osozawa et al. 
(2012), respectively. The water content of the 
primary boninite is set to 2 wt% and 4 wt%, 
respectively, after Woelki et al. (2020).   
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the minerals had reached equilibrium. Using a clinopyroxene- 
plagioclase REE geothermometer, clinopyroxene and plagioclase in the 
olivine gabbros equilibrated at temperatures of around 1300 ◦C. Based 
on trace element compositions of the clinopyroxene, we suggest that the 
migrating interstitial magma was genetically related to the boninites in 
the ophiolite. A compilation of data shows that some boninitic lavas 
have been affected by melt-rock reaction in the lower oceanic crust. 
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