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ABSTRACT 

Our understanding of the lower crust in the ocean basins has been inferred from 

geophysical studies of mid-ocean ridges (MOR), volcanic arcs, and ophiolites. Many 

studies of ophiolites suggest that although they exhibit characteristics of MOR’s, they 

may originate in supra-subduction zone (SSZ) settings. It is also suggested that the 

foundations and lower crust of SSZ arcs are created by a MOR, possibly in a trench-

ridge-trench triple junction setting.  Although many samples of the lower crust have been 

collected along the world’s MOR’s, few samples have been retrieved from SSZ arcs.  

Fifty ultramafic and gabbroic samples recovered by dredges 31 and 42 of the KH07-

02 dredging cruise along the inner trench wall of the Izu-Bonin Arc have been 

characterized as lower crustal rocks related to MOR-like basalts (fore-arc basalts or 

FAB). Major element analyses of Cr-spinels indicate two distinct compositional trends. 

Group M consists of wehrlites and gabbros with medium Cr# (45-60) and high Al2O3 and 

TiO2 (12-30 & 0.1-2.25 wt. %) which reacted with MORB-like melts. Group B consists 

of spinels solely from dunites and peridotites with high Cr# (65-94) and low Al2O3 and 

TiO2 (3-21 & 0-0.12 wt. %) which reacted with boninitic melts. Boninites from the Bonin 

Ridge are known to be younger (44-48 Ma) than FABs (50-52 Ma). This suggests that the 

majority of the lower crust was related to subduction initiation.  

Major and trace element analyses of clinopyroxenes associated with Group M spinels 

indicates highly depleted compositions characteristic of high degree partial melts or 

boninites. A lack of orthopyroxene and association with Group M spinel suggests that 

D31 clinopyroxenes evidence singly depleted, un-aggregated melt fractions. This 
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suggests that FABs are the result of mixing between a highly depleted mantle source and 

a MORB-like liquid. Modeling results in 5 to 7% fractional melts of DMM refertilized by 

the addition of ~12% N-MORB reproducing such a mixing array.  This model is 

consistent with models for subduction initiation which suggest that asthenosphere will 

upwell into the void created between the down-going and overriding plates during 

initiation and begin to undergo decompression melting. 
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INTRODUCTION 

Oceanic subduction is one of the key processes in plate tectonics (Ampferer, 

1906; Amstutz, 1951; White et al., 1970). Although the volcanic portions of subduction 

zones are well studied, comparatively little is known about the formation of the lower arc 

crust. Most of current thinking in this regard has been extrapolated from studies of 

ophiolites (e.g. Oman, Troodos, and the Alpine Ophiolites) (see Pearce, 2003 for a 

historical perspective) due to the rarity of in-situ lower arc crust. For decades, the Izu-

Bonin-Mariana (IBM) forearc has been considered a type locality for processes 

governing subduction initiation and the evolution of volcanic arcs (Meijer, 1980; Fryer et 

al., 1992; Stern and Bloomer, 1992; Bloomer et al., 1995; Kodaira et al., 2010; Ishizuka 

et al., 2011). The subaerial forearc exposures on the Ogasawara Islands (Reagan and 

Meijer, 1984; Umino, 1985) and the recovery of early-arc lavas from deep dredging along 

the outer-arc high of the Bonin Ridge (Bloomer, 1983) have provided a basis for the 

current models of early-arc development and evolution (Pearce et al., 1992; Kodairi et al., 

2010; Ishizuka et al., 2011).  

The IBM arc system covers a major portion (~5000 km) of the eastern boundary 

of the Philippine Sea Plate, south of Japan (Fig. 1), which in itself preserves a complex 

record of the recent geologic history for the western Pacific in its many remnant arcs and 

marginal basins (Sdrolias et al., 2004 and references therein). Of the many expeditions 

that have sampled the IBM arc, few have recovered intact mafic and ultramafic plutonic 

rocks from the lower crust, and even fewer of those samples have been the subject of 

detailed investigation (Fryer et al., 1992; Ishii et al., 1992; Pearce et al., 1992).  
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Figure 1: Bathymetric map of the (A) Philippine Sea Plate and the (B) Bonin Ridge. 

Sampling sites and lithologies for the Bonin Ridge after Ishizuka et al. (2011). Dredge 

D42 is located where the forearc basalt label points. Bathymetry from GeoMap App. 
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The Philippine Sea Plate: A Complex Tectonic History 

The Philippine Sea Plate is located south of Japan and east of the Philippines in 

the Philippine Sea (Karig et al., 1978; Sdrolias et al., 2004). As a whole, the plate is 

thought to be the result of a complex history of several arc-lengthening events (i.e. a 

trench-ridge-trench configuration similar to the West Philippine Basin) and episodic 

backarc spreading events (Karig et al., 1978; Sdrolias et al., 2004). A general consensus 

on the major events which led to the current configuration of the eastern margin of the 

Philippine Sea Plate and its morphology has been made even though many of the details 

of the events are still under debate (e.g. Karig et al., 1978; Kobayashi and Nakada, 1979; 

Hussong and Uyeda, 1981; Pearce et al., 1992; Sdrolias et al., 2004). It is estimated that 

the early arc terrain developed primarily around the inception of subduction in the 

Eocene (between ~48 to 43 Ma) on through the early Oligocene (between ~34 to 31 Ma; 

Sdrolias et al., 2004 and references therein). Following this period of early arc 

development, an episode of back-arc spreading began in the Parece Vela Basin (PVB) 

which separated the Kyushu-Palau Ridge from the early arc terrain by way of both 

northward and southward propagating rift tips (between ~31 to 29 Ma). The northern 

Shikoku Basin later began spreading concurrently with the PVB around 25 Ma with a 

southward propagating rift that linked the two basins by 23 Ma. After joining, the two 

basins shared their spreading axis until spreading ceased in the Shikoku Basin at 17-15 

Ma and in the PVB between 15-12 Ma. At this point, the active zone of extension moved 

towards the arc and began to slowly open the currently active Marianas Trough around 8 

to 6 Ma which then isolated the West Marianas Ridge remnant arc. Currently the 
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Marianas Trough is estimated to be propagating northward where it is slowly beginning 

to rift the Izu-Bonin portion of the IBM arc (Pearce et al., 1992) (Fig. 1). 

The lack of a recent, major backarc spreading episode in the Izu-Bonin arc (aside 

from the estimated Oligocene formation of the Ogasawara Trough) has made it an ideal 

location for the possible recovery of materials associated with the various early stages of 

arc and fore-arc development. In particular, submersible dive studies, combined with 

drilling and dredging of the outer-arc high of the prominent Bonin Ridge (Fig. 1) have 

returned an overall older (~50 to 30 Ma) lithologic stratigraphy, which closely resembles 

that of deemed “supra-subduction zone (SSZ)” ophiolites (Ishizuka et al., 2011, and 

references therein; Figure 2). In an effort to understand the temporal and spatial 

variations in IBM arc magmatism, several recent studies have cataloged the various 

volcanic samples recovered and analyzed from the arc and split them into groups based 

on their age and composition (Reagan et al., 2010; Ishizuka et al., 2011). Two of the most 

abundant volcanic rocks in the IBM forearc have boninitic and mid-ocean ridge basalt 

(MORB)-like composition. These MORB-like tholeiitic basalts were given the name 

forearc basalt (FAB) by Reagan et al. (2010) and interpreted to be related to the first 

erupting lavas following the initiation of subduction. Dredge and submersible sampling 

of the deep landward slope of the Bonin Ridge (i.e. Ogasawara Ridge) has recovered 

lower crustal/upper mantle peridotites and gabbroic rocks in close spatial relationship to 

FABs. Ishizuka et al. (2011) report U-Pb ages of zircons in 2 isotropic gabbros recovered 

from separate locations on the ridge with 206Pb/238U ages of 51.72±0.82 and 

51.63±0.79 Ma, which are nearly identical to the oldest 40Ar/39Ar age for FABs within 

2σ error. 
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Figure 2: Representative stratigraphy for the Bonin Ridge based on dive and dredge 

sampling after Ishizuka et al. (2011). Beneath 5500 to 4760 m, a sequence of pillow lavas 

over sheeted dykes followed by gabbros and peridotites has been recovered. This 

sequence represents a Penrose ophiolite stratigraphy where pillow lavas overly sheeted 

dykes which root into isotropic gabbros. These isotropic gabbros grade into layered 

gabbros which overly mantle peridotite at their base (Dick et al., 2006). 
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The IBM Forearc and Ophiolites 

Several investigations have identified the forearc crustal stratigraphy of the IBM 

arc, inferred from combined sampling of FABs and boninites and various exposures of 

gabbros and peridotites along the inner trench wall, as being very similar to that of well-

preserved ophiolites (Stern, 2004). Peridotite and gabbro assemblages in ophiolites are 

considered to represent ancient pieces of oceanic lithosphere that have been tectonically 

emplaced on or against island arcs and continental lithosphere (e.g. Moores and Vine, 

1971; Shervais, 2001). The assemblages in ophiolites can range from variably depleted 

oceanic upper mantle to complex moho transition zones made up of various gabbroic and 

ultramafic lithologies. Many investigations of ophiolite complexes have made attempts to 

tie individual ophiolites to various tectonic settings (e.g. Mid-Ocean Ridges, Supra-

subduction Zones, or Backarc Spreading Ridges) with little consensus (e.g. Cann, 1970; 

Pearce and Cann, 1973; Dick and Bullen, 1984; Pearce, 2003; Morishita et al., 2011b). 

Although ophiolites can vary largely in their overall structure and stratigraphy, the 

Penrose model, which was derived from geophysical studies of ophiolites and MOR’s, 

has often been used to represent an ideal ophiolitic stratigraphy that could be created 

during normal MOR spreading.  

Ishizuka et al. (2011) compiled both the age and major and trace element data for 

samples collected from the Bonin Ridge over the course of multiple diving and dredging 

expeditions. From the data collected, it was deduced that the volcanic edifice of the 

Bonin Ridge preserved rocks mostly related to the early stages of arc development with 

minor amounts of younger arc material. Further, the chemical and structural 

characteristics of the analyzed FABs were determined to represent material that was 
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formed in a MOR-type setting unrelated to material being subducted in the western 

Pacific or early Philippine Basin volcanics. Table 1 provides a synthesis of the rock types, 

ages, and relative distribution of the samples and important sites used in this study. 
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Ishizuka et al. (2011) and Reagan et al. (2010) suggest that the FABs are a volcanic 

product related to processes similar to MOR spreading which occurred during or shortly after 

subduction initiation, based on the ages and the MORB-like affinity of the FABs. It is generally 

agreed that subduction initiated along the proto-IBM arc around 50-55 Ma along with several 

other Western Pacific arcs (e.g. the Tonga-Kermadec) (Stern, 2004). Although there is some 

consensus, the mechanisms and models for how subduction initiated along the IBM arc are still 

considered to be under debate. 

Subduction Initiation and the IBM Arc System 

Two models have been put forward to describe the events that lead to the initiation of 

subduction. These are the spontaneous nucleation of subduction zone (SNSZ) and the induced 

nucleation of a subduction zone (INSZ) models (Stern, 2004).  The main difference between 

these two models is that INSZ initiation begins with a period of convergence followed by 

subsidence, whereas the SNSZ initiation begins with gravitational instability and lithospheric 

subsidence in the down-going lithospheric plate (Stern (2004) provides great detail on these two 

models for subduction initiation). In this sense, early reverse faulting, folding, and uplift of the 

upper plate is expected to result from the compressive regime of thrusting of one plate over the 

other in the INSZ model. Consequently, a preserved record of extension, normal faulting, 

seafloor spreading, and/or subsidence in the upper plate would implicate a SNSZ mode of 

initiation, reflecting the subsidence of the down-going lithospheric plate due to gravitational 

instability (Stern, 2004). By examining the early sequence of events preserved in the overriding 

plate, we can distinguish between the spontaneous nucleation of a subduction zone (SNSZ) and 

the induced nucleation of a subduction zone (INSZ) modes of initiation for a given modern or 
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ancient (i.e. SSZ ophiolite) subduction zone based on the predicted consequences of the two 

models.  

The IBM arc system has played a huge role in understanding how subduction zones and 

ophiolites form (Pearce et al. 1992; Pearce, 2003; Stern, 2004; Morishita et al., 2011b). This is in 

part due to the early record of the subduction system that is preserved in the IBM forearc crust, 

which is well exposed with limited sediment cover and no accretionary prism (Stern and Smoot, 

1998; Stern, 2004). As previously discussed, the forearc crust has been studied in great detail 

from subaerial island exposures and by drilling, diving, and dredging along the inner trench wall. 

Although small slivers of ‘trapped’ older crust have been identified (DeBari et al., 1999), it is 

generally agreed that the exposures of pillow basalts and sheeted dikes and boninites combined 

with the various gabbro-peridotite exposures sampled along the inner IBM trench wall represent 

the general lithospheric structure for the entire length of the IBM forearc (Stern et al., 2003). 

Based on these observations and numerical models which show a sequence of events resulting in 

the overriding plate undergoing spreading as subduction initiates (Hall et al., 2003; Gurnis et al., 

2004), it is agreed that the IBM forearc originated in a SSZ spreading environment at or shortly 

after the time that subduction began at the trench (Stern et al., 2003). Although much of this 

evidence points towards a SNSZ model for subduction initiation along the IBM trench, 

conclusions gleaned from the results of geodynamic modeling suggest an induced model for 

IBM subduction initiation (Hall et al., 2003; Gurnis et al., 2004). The main objection to the 

SNSZ model by the geodynamic community is based on their consensus that the oceanic 

lithosphere is too strong to flex as is needed by the ‘retreating hinge line’ required in the SNSZ 

model (Stern, 2004). However, serpentinization of the oceanic lithosphere due to re-activation of 

deep faults by down flexing may weaken the lithosphere enough to accommodate the amount of 
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lithospheric flexure needed for the ‘retreating hinge line’ (Ranero et al., 2003; Ranero et al., 

2004). 

Despite these objections, an overwhelming amount of evidence supports a SNSZ origin 

for the IBM arc system. Aside from the abundance of igneous activity over a broad region of the 

IBM forearc, it is noted that there are data to suggest that the Tonga-Kermadec convergent 

margin began roughly about the same time as the IBM arc system at about 45-50 Ma (Bloomer et 

al., 1995; Stern, 2004). The SNSZ model implies that subduction will initiate nearly 

simultaneously along the ‘downstream’ margins of the affected plate. Thus, there is a general 

consensus that the IBM arc system roughly conforms to a SNSZ model for subduction initiation. 

This consensus is dominantly based on focused studies on the Marianas forearc and the Bonin 

Ridge. As previously mentioned, the earliest volcanics and plutonics of the Bonin Ridge (i.e. the 

FABs and gabbros) have a tight age range of 50-52 Ma and are suggested to be associated with 

MOR-like magmatism in response to subduction initiation. However, dating of gabbroic zircons 

by Ishizuka et al. (2011) has been the only work that has been carried out on the lower crustal 

gabbros and peridotites recovered from the Bonin Ridge, aside from a small study of a handful of 

peridotites from the 7K417 dive site (Morishita et al., 2011b). 

Lower Crustal Sampling of the Bonin Ridge 

Of the 19 stations dredged along the Bonin Ridge, many of the dredges below 6000 m 

recovered some amount of gabbroic and/or ultramafic rock with a few dredges above 6000 m 

returning gabbroic rock (Ishizuka et al., 2011). The sampling of ultramafic rocks by these 

dredges marked the first recovery of ultramafic rocks along the Izu-Bonin arc outside of the 

previously sampled serpentine seamounts (e.g. Ishii et al., 1992; Pearce et al., 1992).  

During the R/V Hakuho Maru KH07-02 cruise, dredge stations located on the deep 
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landward slope of the Bonin Ridge recovered FAB pillow basalts as well as gabbroic and 

ultramafic rocks This is noted as the first recovery of peridotite from the Izu-Bonin arc, aside 

from the ODP leg 125 sampling of the serpentine seamounts (Tani et al., 2009; Ishizuka et al., 

2011). Dredge 31 (D31) was located on the trench wall of the Bonin Ridge, east off of the 

Hahajima Islands. D31 dredged from 26°46.15'N, 143°12.85'E at 5738 m to 26°46.34'N, 

143°12.34'E at 5293 m and recovered peridotite, wehrlite, pyroxenite, gabbro, and diorite (see 

Figure 1 and 3). This same sampling path was followed by the ROV Kaiko Dive 7K417, which 

sampled the same lithologies (Fig. 3). Submersible and ROV investigations along the trench 

slope of the Bonin Ridge, such as Kaiko Dive 7K417, have recovered similar lithologies from 

outcrops. Spatial relationships observed by the dives were used to determine that the outcrops are 

slopes of a tectonically exposed lower-crustal/mantle derived peridotite and gabbro body. This 

body was probably developed by the IBM arc instead of a less likely origin from the serpentine 

seamounts which are interpreted to be the result of serpentine diapirs (Morishita et al., 2011b). 
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Figure 3: A bathymetric map showing the tracks of dredge D31 and Dive 7K417 (red dashed and 

purple dashed lines respectively), and the sampling points for Dive 7K417. The colored symbols 

show the dominant lithologies collected at each sampling point. A diabasic sample with FAB 

chemistry is represented by the red star. (after Morishita et al., 2011b; Harigane et al., in prep). 

The samples chosen for this study consist of residual peridotites (i.e. dunites and 

harzburgites), wehrlites, and gabbros recovered from dredges D31 and D42 of the R/V Hakuho 

Maru KH07-02 Leg 2 dredging cruise. Dredge D42 also recovered fragments of variably altered 

pillow basalts and hyaloclastite (composed of relatively fresh basaltic and glass fragments) that 

were interpreted to have originated similarly to basalts from fore-arc highs or oceanic basement 

where the Izu-Bonin arc was built. The extant thin section collection for dredges D31 and D42 

includes a total of 50 thin sections (D31: 35 sections; D42: 15 sections). 
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The composition of lower-arc crust is poorly understood. These samples provide a source 

of in-situ lower arc crust that can be examined in detail. Although SSZ arcs are typically treated 

as distinctly separate environments from MOR’s, questions regarding how similar, or different, 

SSZ arc lower crust to that of MOR’s and BAB’s can be addressed by the study of these rocks. In 

particular, are the processes of lower crustal melt migration similar to those seen at slow 

spreading ridges (Godard et al., 2008; Suhr, 2004) and back-arc basins (Sanfilippo et al., 2013)? 

It is suggested that due to the drastically different tectonic settings, the processes of crustal 

accretion and melt migration will possibly behave in slightly different ways. However, the 

relationships between the samples examined in this study and those recovered from other 

tectonic settings may indicate that the difference in tectonic setting does not make a difference 

regarding the processes of melt migration and crustal accretion in the lower crust. 

Previous studies of primitive gabbros, peridotites, and associated lavas in ophiolites have 

been successful in recognizing geochemical relationships which tie phases within the hybridized 

plutonic rocks of the lower crust to known melt compositions through geochemical modeling 

(e.g. Kelemen et al., 1997; Python and Ceuleneer, 2003; Tribuzio et al., 2008). Many ophiolites, 

such as Oman, have been interpreted to originate in a SSZ setting, but also exhibit evidence for 

MOR-type melt compositions (Dick and Bullen, 1984; Kelemen et al., 1997; Pearce, 2003). 

Although the samples under study are spatially/temporally associated with the FABs, there is a 

possibility that they share a common origin with later migrating boninitic melts. Ideally, the trace 

element chemistry of the samples could be used to determine if they are consistent with an origin 

relating to the FABs or the later boninites. 

We present a detailed examination of the petrographic and geochemical nature of 50 

ultramafic and gabbroic lower arc samples recovered from dredges D31 and D42 of the R/V 
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Hakuho Maru KH07-02 dredging cruise along the Izu-Bonin inner trench wall. The relict phases 

in the ultramafic and gabbroic samples of D31 and D42 provide geochemical data that can 

constrain mantle processes such as the mechanisms of melt extraction, the degree of partial 

melting, and melt-rock interaction (e.g. Kelemen et al., 1992; Johnson et al., 1990; Hellebrand et 

al., 2001). Further, the rarity of the samples under study makes the data derived from them 

important to our understanding of the nature and composition of the lower arc crust, the 

foundations that suprasubduction zone arcs are built on, and the processes governing magmatism 

during subduction initiation. 
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ANALYTICAL METHODS 

The 50 thin sections were described, including detailed microscopic observations and 

high resolution scans of the thin sections in both plain polarized light and cross-polarized light. 

They were then carbon coated and prepared for geochemical analysis. 

 Major Element Analysis 

Major element analyses were carried out using the electron microprobe (EMP) facilities 

at The University of Houston, and Texas A&M University. Spinels were measured using the 

Cameca SX-50 EMPs at the University of Houston and Texas A&M. Analyses used an 

accelerating potential of 15kV, a beam current of 20nA, and spot sizes of 1 micron. Counting 

times were 20 s for Zn, Mn, Mg, Si, Al, and Cr, 60 s for Ti and Ni, and 40 s for Fe. 

Orthopyroxene, clinopyroxene, and olivine major element data were collected using the Cameca 

SX-50 facilities at Texas A&M University with only orthopyroxene and clinopyroxene being 

analyzed at the University of Houston using an accelerating potential of 15kV, a beam current of 

20nA, and beam sizes of 1 micron. Counting times for orthopyroxene and clinopyroxene were 20 

s for Na, 60 s for Mg, 45 s for Si and Al, and 30 s for K, Ca, Ti, Cr, Mn and Fe. Counting times 

for olivine were 20s for Fe, 40 s for Mg and Si, 60 s for Ni and Mn, 70 s for Ca and Ti, and 100 s 

for Al. To verify that the analytical results had not been varied significantly by mechanical drift, 

sample analyses were interspersed with standard analyses. Analyses were rejected if their totals 

were greater than 101% or less than 98% and if they showed evidence for mixed analysis or 

phase misidentification (e.g. SiO2 in spinel).  
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Trace Element Analysis 

 Trace elements were measured in-situ for clinopyroxenes using a Varian quadrupole 

inductively coupled plasma mass spectrometer (ICP-MS) with a CETAC Nd-YAG laser ablation 

sampled introduction system (213 nm laser wavelength) at the University of Houston. Grains 

previously measured by electron microprobe in thin sections were measured in-situ with the laser 

at a 5 Hz shot rate ranging from 150 to 170 bursts (i.e. 30 to 40 second measurement times). 

Only 1 to 2 grains in each sample were suitable for laser ablation with an average of 3 to 5 spots 

per grain. Spot sizes of 100 μm were used. Data reduction was performed by a Linux-based in-

house developed laser ablation reduction software package. Laser beam penetration through the 

clinopyroxene was monitored during analysis and removed automatically by the data reduction 

software. Calcium concentrations determined by electron microprobe analysis were used to 

correct the measured trace element ratio concentrations for drift over the course of an analytical 

run. A more detailed analytical procedure for the microprobe as well as the LA-ICP-MS can be 

found in Appendix 1. 
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RESULTS 

Petrography 

 Due to modal variations (e.g. on the order of 10%) of olivine, clinopyroxene, 

orthopyroxene, and plagioclase, which we infer might reflect gradual transitions between 

lithologies, within the samples under study, a slightly altered version of the IUGS classification 

was used to simplify the samples for comparison. However, each sample is identified according 

to the IUGS classification of Streckeisen (1967) in the table of petrographic observations located 

in appendix 2 (i.e. table A2.1). Peridotites that are heavily altered and cannot be categorized 

along with those identified as harzburgites are referred to as harzburgites. Samples containing 

modal plagioclase ≤ 5% and clinopyroxene ≥ 5%, which include wehrlites, plagioclase-wehrlites, 

and pyroxenites, are referred to as wehrlites. The D31 samples consist of 22 peridotites, 7 

plagioclase-bearing peridotites and wehrlites, 2 pyroxenites, 1 gabbro, and 3 orthopyroxene-

bearing olivine-gabbros. The 7 plagioclase-bearing peridotite and wehrlites were originally 

identified as troctolites by the shipboard scientific crew, but closer investigation revealed that 

they are in fact wehrlites/peridotites and plagioclase-wehrlites/peridotites. The D42 samples 

consist of 14 oxide-bearing gabbros (oxides ~ 1 to 7 vol. %) and 1 dunite. The D42 oxide-

gabbros are directly related to gabbros analyzed by Ishizuka et al. (2011), which are under 

further investigation, and thus were only examined petrographically for this study.  

Alteration is variable in the D31 peridotites, pyroxenites, and wehrlites, ranging from 

heavy red-orange oxidation or total serpentinization in most to nearly fresh samples (Fig. 4). 

Alteration has left a majority of the samples with very few, tiny primary relict silicate phases 

(Fig. 4).  Spinel is a common phase in various sizes and shapes, which is generally found 
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conforming to a foliation in the silicates where preserved. Although alteration of the peridotite 

samples in many cases is extensive, a small number of samples were determined to be dunites, 

and 2 samples were clinopyroxene-bearing harzburgites (Fig. 4). The plagioclase-bearing 

peridotites, wehrlites, and gabbros also suffer from heavy alteration, with pyroxenes and 

plagioclase having been altered to amphibole and prehnite ± chlorite ± hydrogrossular 

respectively. The plagioclase-bearing peridotites and wehrlites exhibit textures that may indicate 

they were produced by melt infiltration along grain boundaries (Fig. 4). 
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Figure 4: Representative photomicrographs of samples from dredges D31 and D42. Each photo 

is accompanied by a full thin section scan to the right. (A) KH07-02 D31-004 (cross polarized 

light): a granular harzburgite with olivine, orthopyroxene, and large holly leaf spinels; (B) 

KH07-02 D31-103 (plain polarized light): a plagioclase-wehrlite with cumulate olivine 

surrounded by large clinopyroxene crystals; (C) KH07-02 D42-103 (crossed-nicols): an oxide-

gabbro with large orthopyroxene oikocrysts altered, in-part, to brown amphibole, ophitic with 

large amounts of multi-generational plagioclase. (D) KH07-02 D42-111 (plain polarized light): 

An oxide-rich gabbro with large clinopyroxene/amphibole oikocrysts ophitic with large amounts 

of plagioclase. 
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The ultramafic rocks are serpentinized to variable amounts (35 – 70 vol. %) with 

harzburgites and dunites generally more altered than wehrlite and gabbro. Lizardite-magnetite 

mesh texture assemblages commonly replace olivine and bastite replaces pyroxene. Plagioclase 

often displays variable alteration to phyllosilicates with relict grains preserved as cores with 

alteration coronas.  

The porphyroclastic textures typical of harzburgite tectonites are common in the 

harzburgites and heavily altered peridotites (herein referred to collectively as harzburgites) of 

dredge D31 and are characterized by 1-5 mm deformed orthopyroxene porphyroblasts in a 

matrix of 0.2-0.5 mm serpentinized olivine. In a few samples, round clusters of orthopyroxene 

and minor spinel show a weak alignment. Spinel ranges from 0.2-1.5 mm in size and anhedral or 

holly leaf to perfectly euhedral in shape. Although orthopyroxene is present in small amounts as 

porphyroblasts, very little clinopyroxene is present save for a single clinopyroxene-bearing 

harzburgite (D31-031). The dunites consist of subhedral to rounded olivine that in most cases is 

heavily serpentinized. Spinel forms euhedral to round <1mm grains in the olivine matrix. 

The wehrlites are dominated by poikilitic textures with 1-5 mm, weakly deformed, 

anhedral or granular olivine associated with variable amounts of undeformed, optically 

continuous clinopyroxene (~5-15%) and plagioclase (~2-10%) oikocrysts. Clinopyroxene is 

mostly found as large (1-8 mm) oikocrysts that enclose olivine and spinel grains and as rare 

small polycrystalline interstitial clinopyroxene clusters. Plagioclase, where present, is mostly 

altered to a fine grained, pseudomorphous anhedral lobate blebs (0.5-2 mm) with rare <1 mm 

relict grains preserved in their cores. Spinel is sparse in the wehrlites, but is generally < 1 mm, 

round, and associated with olivine. 

The gabbros contain sub-equal amounts of clinopyroxene and plagioclase with small 
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amounts of orthopyroxene and olivine (with the exception of D31-302, which is discussed 

below). Spinel is minor, but ubiquitous in the gabbros lacking Fe-Ti oxides, and is associated 

with olivine or plagioclase. Grain sizes are generally heterogeneous and vary between 0.4 and 7 

mm for clinopyroxene and 0.2 and 2 mm for plagioclase. Clinopyroxene is generally large (1-10 

mm), anhedral to lobate, and sub-ophitic, enclosing numerous plagioclase laths (0.2 mm average 

size). Where present, orthopyroxene and olivine form small single or polycrystalline clusters 

interstitial to plagioclase and clinopyroxene. D31-302 (ol-gabbro/pl-wehrlite) is a special case in 

which plagioclase is found randomly oriented within and between large anhedral clinopyroxene 

oikocrysts (1 – 8 mm) that enclose rounded olivine and minor orthopyroxene (0.1 – 0.5 mm). 

Mineral Chemistry 

Spinel 

Overall, spinel Cr# [100*Cr/(Cr+Al)] and Mg# [100*Mg/(Mg+Fe2+)] in the samples 

ranges from  ~45-87 and ~22-68 with Al2O3 and TiO2 ranging from ~7 to 30 wt.% and ~0 to 2.25 

wt.% respectively (Fig. 5). Overall, (Table 2) major element oxides have standard deviations 

between 0.01 and 1.69 weight percent. The wide range in standard deviations is an indication of 

the presence of compositional heterogeneity within some of the spinels. 
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Figure 5: (A) Spinel Cr# vs Mg#. (B) Spinel Cr# vs TiO2 (wt. %). Data for MORB, Oman 

mantle transition zone, Island Arc Basalts, and Boninites from Arai (1992), Koga et al., (2001), 

Kelemen et al., (1995), and Dick and Natland (1996) respectively. (C) Spinel Al2O3 (wt. %) vs 

TiO2 (wt. %) based on Kamenetsky et al. (2001). Fields for forearc and abyssal peridotites from 

(Dick and Bullen, 1984).Massif du Sud ophiolite data from Marchesi et al. (2009) and Godzilla 

Megamullion data is from Sanfilippo et al. (2013). The Massif du Sud ophiolite, New Caledonia, 

is a comparable sample suite in that they represent a more recent forearc associated with the 

same Western Pacific tectonic setting as dredge D31. 



26 

 

Two distinct groups of samples have been identified based on the Cr#, Al2O3, and TiO2 

contents of their spinels (Fig. 5), group M and group B. Group M spinels are medium in Cr# 

(~45-60) and are overall higher in Al2O3 (19 to 29 wt. %) and TiO2 (0.1 to 2.25 wt. %). Group B 

spinels are high in Cr# (65 to 87) and are overall lower in Al2O3 (8 to 20 wt. %) and TiO2 (0 to 

0.1 wt. %). Relative variations of Al2O3 versus TiO2 can be used to characterize spinels as 

volcanic, abyssal, or arc related (Kamenetsky et al., 2001). Group M spinels plot mostly in the 

field of abyssal peridotite spinels with a trend moving towards arc-like and volcanic spinels, 

while group B spinels plot entirely within the field of arc-like spinels (Fig. 5c). Samples that fall 

into group M consist of plagioclase-bearing peridotites, werhlites, gabbros, and 1 cpx-

harzburgite, whereas group B samples consist of only peridotites and dunites (See Table 2). 

Olivine 

 Major element analysis of olivines (Table 3) found overall ranges in forsterite content 

from Fo82.4 to Fo92.5 and NiO and MnO from 0.18 to 0.45 and 0.08 to 0.25 wt. % respectively. 

Olivines in the ‘gabbroic’ rocks have compositions of Fo82.4 to Fo83.6 with NiO and MnO ranging 

from 0.18 to 0.31 and 0.21 to 0.25 wt. % respectively. Olivines from the peridotites or 

‘harzburgite’ group have compositions of Fo91.2-92.5 with NiO and MnO ranging from 0.37-0.45  

(abyssal peridotites average 0.3 wt. %; Sanfilippo et al., 2013) and 0.08-0.14 wt. % respectively. 

Olivines from the ‘wehrlitic’ rocks have compositions of Fo90-91.6 with NiO and MnO ranging 

from 0.18-0.31 and 0.11-0.17 wt. % respectively (Fig. 6). Note that there is no significant 

overlap between olivine compositions in the gabbros with the wehrlites and harzburgites, but 

there is minor overlap between the wehrlites and harzburgites with the wehrlites trending 

towards more depleted compositions.
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Figure 6: Mg# or Forsterite content (Fo) in olivine versus NiO (wt. %) for electron microprobe 

analyses of olivine from dredge D31 peridotites. The fractional crystallization curve (F.C.) and 

Godzilla Megamullion data are from Sanfilippo et al. (2013). Comparison data are as follows: 

Atlantis Massif (Suhr et al., 2008; Drouin et al., 2009), Kane Megamullion (Dick et al., 2010), 

Corsica and Liguria ophiolites (Renna and Tribuzio, 2011; Sanfilippo, 2011; Sandfilippo and 

Tribuzio, 2012). 

Pyroxene 

Most major element analyses of pyroxenes (Table 4) are for clinopyroxene due to the 

scarcity of orthopyroxene, and a lack of grains suitable for analysis. Overall clinopyroxene Mg#s 

extend from 86.1 to 97.96, with significant diversity between lithologies (Figures 7 and 8). By 
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lithology, Mg# ranges from 86.1-94, 92.4-92.98, and 93.86-97.96 in the gabbros, harzburgites, 

and wehrlites respectively. TiO2 and Na2O contents range from 0.03-0.17 and 0.1-0.21 in the 

gabbros, below detection limits – 0.02 and 0.03 in the harzburgites, and 0.01 – 0.11 and 0.01-

0.25 in the wehrlites. Al2O3 and Cr2O3 contents of the clinopyroxenes range from 8.2-3.98 and 

0.95-1.35 in the gabbros, 1.06-1.16 and 0.50-0.58 in the harzburgites, and 0.15-4.21 and below 

detection limits to 1.61 in the wehrlites. CaO in the clinopyroxenes covers a wide range of 

compositions from 14.08-22.87 in the gabbros, 0.64-1.06 in the harzburgites, and 13.14-25.75 in 

the wehrlites. The clinopyroxene composition in the harzburgites overlaps in part with the 

gabbros and generally plots between the wehrlites and gabbros. 
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Figure 7: Mg# vs (A) TiO2 (wt. %), (B) Na2O (wt. %), and (C) Al2O3 (wt.%). Fields for MOR 

cumulates, Izu-Bonin andesites and boninites, Oman MTZ, DSDP Site 334 cumulates, Oman 

wehrlites, Mersin wehrlites, and SW Oregon high-pressure peridotites are from Ross and Elthon 

(1993), Nonnotte et al. (2005), Koga et al. (2001), Ross and Elthon (1993), Koga et al. (2001), 

Parlak et al. (1996), and Medaris et al. (1972) respectively. 
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Figure 8: Cr2O3 (wt. %) vs TiO2 (wt. %) in clinopyroxene. Hess Deep Gabbros and Godzilla 

Megamullion data come from Lissenberg et al. (in press) and Sanfilippo et al. (2013).  

The few orthopyroxenes that were analyzed are from D31-004 (a protogranular, relatively 

fresh harzburgite with noticeable amounts of clinopyroxene), D31-301 (a >1.5 cm large 

clinopyroxene with orthopyroxene exsolution in reactive contact with a dunite), and D31-302 (a 

sub-ophitic gabbro with very rare, small, orthopyroxene exsolution lamella within 

clinopyroxene). The range in chemistries of orthopyroxene shows little to no overlap between 

‘gabbros’ and harzburgites. Mg# ranges from 84.4 to 85.2 in the gabbro and 91.8 to 93.1 in the 

harzburgite. TiO2 ranges from below detection limits to 0.25 and 0.02 in the gabbros and 

harzburgites respectively. Al2O3 and Cr2O3 range from 1.69 to 3.06 and 0.36 to 0.61 and 0.97-

1.13 for the gabbro and 0.4-0.51 for the harzburgite. 
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Trace Element Geochemistry 

Chondrite normalized REE patterns for D31 clinopyroxenes are plotted in Figure 9 based 

on analyses from Table 5. Included in this diagram are fields of boninitic cumulates (Tribuzio et 

al., 2008), DSDP 334 depleted cumulates (Nonnotte et al., 2005), Oman and Kohistan mantle 

transition zone rocks (Kelemen et al., 1997; Koga et al., 2001; Garrido et al., 2007), and rocks 

from the Massif du Sud ophiolite mantle transition zone (Marchesi et al., 2009) for comparison. 

Overall, the samples have highly depleted REE patterns with somewhat low MREE to HREE 

ratios and LREE depletions. All samples follow the same relative trend in slight HREE 

enrichment and heavy LREE depletion regardless of lithology, with the major difference being 

that the gabbros show a slightly higher enrichment in HREEs. The presence of a La enrichment 

relative to Ce in most of the samples is considered to be due to contamination and not related to 

the actual composition of the clinopyroxenes.
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Table 5: LA-ICP-MS analyses of clinopyroxene

Normalizing Value

Grain 1 Grain 2 Grain 1 Grain 2 Grain 1 Grain 2 Grain 1 Grain 2 KL2-GA ATH0-GB CI-ChondriteC

n 5 3 4 4 4 4 4 3 18 10

Li 3.868 1.411 0.692 1.681 2.033 1.759 0.323 0.738 5.1 28.6 1.6

Be 0.171 0.025 0.260 0.000 0.184 0.118 0.264 0.366 0.88 3.2 0.03

B 0.345 0.297 0.336 0.297 0.894 0.535 0.426 0.331 2.73 5.7 0.3

Sc 69.099 68.443 66.751 66.608 78.112 78.061 71.781 70.764 31.8 7 5.9

Ti 767.620 823.728 325.523 428.147 505.808 579.581 300.920 296.676 15343 1528 630

V 243.445 242.097 232.541 262.150 244.910 232.372 181.455 180.724 309 3.91 56

Mn 994.471 926.141 612.556 624.371 783.172 713.703 595.768 583.958 1277.8 820.95 1920

Co 39.602 33.264 30.703 30.196 42.925 36.605 30.470 30.709 41.2 2.13 501

Ni 410.610 344.573 282.069 256.219 559.391 523.418 291.542 298.488 112 13 10700

Cu 17.035 8.631 1.173 1.426 1.913 1.588 2.098 3.688 87.9 18.6 120

Zn 28.993 21.332 14.670 18.381 21.471 17.201 14.623 11.492 110 141 312

Ga 5.216 3.692 2.918 3.410 3.792 3.638 3.068 3.195 20 25.3 9.2

Rb 0.272 0.139 0.238 0.209 0.168 0.228 0.196 0.247 8.7 65.3 2.3

Sr 2.167 2.167 2.411 3.426 4.783 3.775 1.764 1.764 356 94.1 7.25

Y 5.305 5.393 1.681 2.284 2.938 3.143 1.764 1.717 25.4 94.5 1.57

Zr 1.059 1.361 0.401 0.510 0.518 0.898 0.154 0.125 152 512 3.82

Nb 0.017 0.026 0.026 0.021 0.029 0.027 0.025 0.032 15 62.4 0.24

Cs 0.024 0.011 0.030 0.017 0.008 0.022 0.023 0.014 0.115 1.08 0.19

Ba 0.392 0.231 0.351 0.327 0.760 0.356 0.255 0.157 123 547 3.45

La 0.035 0.022 0.011 0.018 0.035 0.060 0.013 0.010 13.1 55.6 0.24

Ce 0.114 0.138 0.036 0.052 0.060 0.090 0.029 0.020 32.9 121 0.61

Pr 0.033 0.039 0.019 0.026 0.023 0.035 0.011 0.023 4.6 14.6 0.09

Nd 0.373 0.384 0.110 0.225 0.201 0.227 0.103 0.095 21.7 60.9 0.46

Sm 0.248 0.253 0.131 0.163 0.138 0.174 0.111 0.090 5.55 14.2 0.15

Eu 0.134 0.093 0.053 0.046 0.072 0.081 0.053 0.051 1.92 2.76 0.06

Gd 0.528 0.564 0.198 0.328 0.262 0.350 0.206 0.189 5.92 15.3 0.2

Tb 0.110 0.119 0.049 0.048 0.059 0.065 0.040 0.049 0.89 2.51 0.04

Dy 0.966 0.854 0.311 0.415 0.443 0.537 0.329 0.264 5.22 16.2 0.25

Ho 0.203 0.201 0.069 0.082 0.091 0.116 0.075 0.068 0.961 3.43 0.06

Er 0.679 0.603 0.209 0.251 0.353 0.359 0.221 0.231 2.54 10.3 0.16

Tm 0.102 0.107 0.027 0.057 0.064 0.057 0.039 0.049 0.331 1.52 0.02

Yb 0.691 0.658 0.261 0.309 0.370 0.415 0.250 0.225 2.1 10.5 0.16

Lu 0.085 0.103 0.038 0.038 0.062 0.047 0.053 0.045 0.285 1.54 0.02

Hf 0.132 0.078 0.041 0.068 0.073 0.058 0.036 0.053 3.93 13.7 0.1

Ta 0.014 0.007 0.016 0.020 0.012 0.026 0.018 0.018 0.961 3.9 0.01

Pb 0.065 0.039 0.053 0.033 0.065 0.050 0.058 0.051 2.07 5.67 2.47

Th 0.024 0.025 0.016 0.025 0.027 0.019 0.025 0.039 1.03 7.4 0.03

U 0.026 0.026 0.020 0.026 0.214 0.159 0.023 0.034 0.548 2.37 0.07
A

Jochum, K.P. (2006)
B

Icelandic Rhyolite Glass
C

McDonough and Sun, 1995

D31-107D31-103D31-101D31-301 Standards

3
4
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Figure 9: CI-chondrite normalized (Workman and Hart, 2005) REE plots for D31 

clinopyroxenes from gabbros and wehrlites compared against Massif du Sud clinopyroxenes 

(white circles) (Marchesi et al. (2009). Fields for Boninitic cumulates, DSDP 334 cumulates, 

Oman MTZ, and Kohistan MTZ come from Tribuzio et al. (2008), Nonnotte et al. (2005), Koga 

et al. (2001), and Garrido et al. (2007) respectively. 
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DISCUSSION 

Melt Stagnation and Melt-Rock Reaction in the Lower Crust 

Interactions between transient MORB melts and mantle rocks commonly result in the 

formation of replacive dunites and plagioclase-impregnated peridotites (e.g.: Dick, 1977; Quick, 

1981; Bonatti et al., 1992; Kelemen and Dick, 1995; Dick and Natland, 1996; Rampone et al., 

1997; Tartarotti et al., 2002; Sanfilippo et al., 2013). It has been shown that more extensive melt-

rock interaction in the mantle (e.g. larger volumes of melt) can lead to the formation of 

‘hybridized’ gabbros and troctolites which incorporate a large amount of mantle-derived minerals 

(Dick and Natland, Sci Res. 1996; Kelemen et al., 2004; Sanfilippo et al., 2013). Such processes 

have been documented in olivine-rich troctolites and impregnated harzburgites (Tamura et al., 

2008; Godard et al., 2009; Sanfilippo and Tribuzio, 2012), the mantle transition zone at Kane 

Megamullion (Dick et al., 2010) from the lower crust drilled at the Atlantis Massif, Mid-Atlantic 

Ridge (Drouin et al., 2007, 2009; Suhr et al., 2008) and in ophiolites such as the Ligurians 

(Renna and Tribuzio, 2011). The cases involving olivine-rich troctolites are thought to have 

formed from crystallizing MORB melts which stagnated during migration through partial 

dissolution of replacive dunite in mantle conduits and stagnation zones at the crust-mantle 

transition with precipitation of plagioclase and minor Cpx. 

If a melt is reacted with a large enough mass of enclosing mantle material, effectively 

lowering the bulk solidus below that of ambient temperature, the stagnated melt can undergo 

complete and isothermal solidification (Dick and Natland, 1996; Dick et al., 2010; Sanfilippo et 

al., 2013). Mimicking the liquid line of descent of MORB melt undergoing equilibrium or 

fractional crystallization, but at higher Mg#, the sequence of crystallization causes an 

undersaturation of olivine in the liquid (Arai and Matsukage, 1996; Dick and Natland, 1996; 
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Sanfilippo et al., 2013). This leads to the corrosion of olivine and precipitation of plagioclase ± 

clinopyroxene, which is basically a reversal in the formative textures of replacive dunites. The 

resulting formation of plagioclase impregnated peridotite due to shallow mantle melt infiltration 

in the shallow mantle is considered a classic example of this process (Dick and Bullen, 1984; 

Rampone et al., 1997; Tartarotti et al., 2002; Piccardo et al., 2006; Brunelli and Seyler, 2010; 

Dick et al., 2010). This process is commonly associated in the crust/mantle transition with 

characteristically abundant troctolite, wehrlite, dunite, and clinopyroxene ± plagioclase dunite 

which commonly characterize the crust/mantle transition (Nicolas and Prinzhofer, 1983; Boudier 

and Nicolas, 1995; Sanfilippo et al., 2013). 

The textures observed in the wehrlites, plagioclase-bearing peridotites, and gabbros of 

dredge D31 indicate an origin related to progressive melt-infiltration and stagnation. Anhedral, 

polygonal to rounded olivine grains within the D31 wehrlites, in many cases embayed by 

clinopyroxene, exhibit signs of chemical disequilibrium with infiltrating melt (Fig. 4b). In many 

cases, the olivine seems to have been in the process of being resorbed during clinopyroxene 

crystallization. In some of the wehrlites, both clinopyroxene and plagioclase are present as an 

infiltrating phase. In some samples they intermingle with sharp contacts, while other samples 

contain discreet zones of clinopyroxene or plagioclase with relatively sharp contacts. Both cases 

suggest that neither plagioclase nor clinopyroxene was reacting with the melt during 

crystallization. Along with the solely oikocrystic nature of clinopyroxene compared to the olivine 

and plagioclase, these features suggest that the melt infiltrated into an olivine matrix and was 

initially saturated in plagioclase (Sanfilippo et al., 2013). These textures are very similar to those 

of olivine-rich troctolites from the Mid-Atlantic Ridge and the Godzilla Megamullion 

(Lissenberg and Dick, 2008; Suhr et al., 2008; Drouin et al., 2009, 2010; Dick et al., 2010; 
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Sanfilippo et al., 2013). 

Similar to rocks studied by Sanfilippo et al. (2013) from the Godzilla Megamullion, 

dredge D31 clinopyroxenes have higher Mg#s than expected for MORB crystallized at low 

pressures (Tormey et al., 1987; Grove et al., 1990,1992; Yang et al., 1996). The stability field for 

MORB clinopyroxene is shown in experimental data to expand with increasing pressure to a 

point where clinopyroxene preferentially crystallizes out prior to olivine and plagioclase 

(Presnall et al., 1978; Grove et al., 1992). This is why high-Mg# clinopyroxenes are generally 

thought to indicate high pressure crystallization (Elthon et al., 1982). It must also be noted, that 

the addition of water to a melt can accommodate clinopyroxene crystallization before plagioclase 

and olivine (Feig et al., 2006 and references therein). However, high-Mg# clinopyroxene can 

also be produced by either subsolidus equilibration of interstitial melt-derived clinopyroxene 

with cumulus olivine (Meyer et al., 1989) or the crystallization of clinopyroxene from migrating 

melt which is resorbing high-Fo olivine (Dick and Natland, 1996; Bedard et al., 2000; Kvassnes, 

2004; Kvassnes and Grove, 2008; Lissenberg and Dick, 2008). 

Although the textures and Mg#s of the D31 clinopyroxenes suggest a magmatic origin, 

the low-TiO2 and high-Cr2O3 content of the clinopyroxenes suggest that they are not the product 

of fractional crystallization of a MORB liquid. Estimates of Cr2O3 contents of melts in 

equilibrium with D31 clinopyroxenes (using a partition coefficient of 3.8 from Hart and Dunn, 

1993) suggest melt Cr concentrations ranging from 1750 – 3200 ppm. This is far in excess of 

what is considered reasonable for MORB compositions (Roeder and Reynolds, 1991). 

Assimilation of chromian diopside from adjoining wall rock peridotite during the formation of 

replacive dunites can reasonably account for the localized formation of a high-Cr melt (Dick, 

1977; Quick, 1981). This would cause the Cr# of spinel in olivine- and plagioclase-saturated 
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MORB and abyssal dunites to gradually increase with the decrease in olivine or melt Mg# (Dick 

and Bullen, 1984). The co-precipitation of both clinopyroxene and spinel will drastically 

decrease the Cr# of the melt leading to large ranges in the Cr contents of the phases and 

eventually terminate spinel crystallization.  

We infer that the wehrlites and primitive plagioclase-poor gabbros (i.e. mela-gabbros) of 

dredge D31 represent the progressive crystallization and reaction of percolating melt with the 

matrix and wall-rock of melt-transport conduits. Progressive reaction and crystallization of 

subsequent melts leads to the further development of clinopyroxene-rich rocks and eventually 

more plagioclase-rich rocks at the periphery of such conduits. This leads to the re-working of 

previously reacted material (i.e. wehrlites and pl-wehrlites) and development of more evolved 

rocks such as primitive gabbros. Such wehrlitic/troctolitic and gabbroic segregations associated 

with dunites with similar textures have been identified in lower crustal sections along the Mid-

Atlantic Ridge (Lissenberg and Dick, 2008; Suhr et al., 2008; Drouin et al., 2009, 2010; Dick et 

al., 2010), at Hess Deep (Dick and Natland, 1996) and at the Godzilla Megamullion (Sanfilippo 

et al., 2013). Based on the wide range of localities where these characteristic assemblages have 

been observed, it is generally agreed that shallow melt-rock reaction and melt stagnation is 

ubiquitous across the spreading rate spectrum and tectonic environments.  

Overall, a possible gradation can be found in a number of the samples that seems to 

follow a path of increasing addition of melt from dunite/harzburgite → wehrlite → plagioclase-

wehrlite → olivine-gabbro. This gradation from residual peridotite to more primitive gabbro is 

characteristic of the addition and reaction of melt into a residual peridotite at varying melt 

fractions (Lissenberg and Dick, 2008; Suhr et al., 2008; Drouin et al., 2009; Dick et al., 2010; 

Sanfilippo et al., 2013). This mechanism for the creation of the wehrlites is supported by the 
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observation of classic cumulate and poikilitic textures including the change from 

wehrlitic/troctolitic segregations within peridotite to peridotitic segregations within wehrlite (Fig. 

4 and 10). This pattern of melt addition seemingly continues in the plagioclase-wehrlites and 

more plagioclase-rich primitive gabbros (i.e. plagioclase-wehrlite → olivine-gabbro/gabbro). The 

same cumulate textures are exhibited within the orthopyroxene-bearing olivine-gabbro and 

begins to even include ophitic to sub-ophitic relationships which would indicate possible active 

processes of cumulate recycling (Sanfilippo et al., 2013, and references there in). These same 

relationships have been described in drill cores from Hess Deep (Dick and Natland, 1996; 

Natland and Dick, 1996) and lower crustal units of ophiolites (Ramp, 1961; Savel’yeva et al., 

1980; Boudier and Coleman, 1981; Quick, 1981; Nicolas and Violette, 1982; Ceuleneer and 

Nicolas, 1985; Nicolas, 1989; MacLeod and Yaouanq, 2000; Marchesi et al., 2009).  
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Figure 10: Estimated modal abundances for D31 lower crustal rocks projected onto the 

combined ultramafic/mafic classification ternary of Streckeisen (1967). The general trend of the 

D31 lithologies follows roughly that of crust-mantle transition zones reported by previous studies 

(e.g. Dick and Natland, 1996; Kelemen et al., 1995; Kelemen et al., 1997; Korenaga and 

Kelemen, 1998; Morishita et al., 2011b). The arrow follows the trend from the center of dunite 

conduits outward towards the edges where reaction with stagnated melt has crystallized out 

clinopyroxene and small amounts of plagioclase (with possible orthopyroxene) in wehrlites and 

possibly pyroxenites. As you move out from the conduit and into the lower crustal plutonic 

rocks, there is an increase in plagioclase and a marked increase in clinopyroxene up into proper 

gabbros. Note the lack of rocks containing transitional amounts of olivine (olivine gabbros) 

between the proper wehrlites and gabbros. 
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Contrasting MORB-Boninite Reaction Trends in the Bonin Ridge Lower Crustal 
Spinels 

Analysis of spinels from dredge D31 rocks has revealed two chemically distinct and 

contrasting trends. Group M consists of plagioclase-bearing rocks and Group B consists of solely 

plagioclase-free, and in some cases pyroxene-poor, peridotites and dunites. Similar groupings to 

those in this study have been found in spinels from peridotites recovered by the ROV 

KAIKO7000II from dive site 7K417 that were determined to occur in close proximity to one 

another (Morishita et al., 2011b). Dive 7K417 followed roughly the same path as dredge D31 

(see Figure 3), and serves as a reference for the locations and spatial relationships of samples and 

lithologies recovered by the dredge. Based on the chemical systematics and lithologic 

distributions reported by Morishita et al. (2011b), we infer that D31 samples of group M and 

group B might occur in a similar manner in outcrop. As is seen in the 7K417 samples and 

crust/mantle sections in ophiolites, the dunites of dredge 31 might have occurred in outcrop on 

the slope as networks and veins within pyroxene-bearing peridotite and/or gabbroic rocks 

(Kelemen et al., 1990; Morishita et al., 2011b).  

Parkinson and Pearce (1998) estimated the oxidation conditions of peridotites recovered 

from serpentine seamounts in the IBM forearc and found that both the oxidized harzburgites and 

dunites of the Torishima Seamount formed in an arc environment while oxidized dunites and 

reduced harzburgites from the Conical Seamount were formed under arc and MORB-like 

conditions respectively. Spinels from the group B samples have Cr#s which exceed those of most 

abyssal peridotite spinels and are consistent with compositions of spinels that have been found in 

equilibrium with a boninitic melt (e.g. Danyushevsky et al., 1995; Maehara and Maeda, 2004) 

(see Figure 5) and in forearc peridotites (Ishii et al., 1992; Morishita et al., 2011b). The group M 

spinels fall within the most depleted range of abyssal peridotite Cr#s and follow the same trend 
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in Cr# versus TiO2 space as those of melt-rock reacted abyssal peridotites collected from mid-

ocean ridges (Dick and Bullen, 1984; Dick, 1989; Arai, 1992). This trend is created through the 

reaction of a depleted abyssal peridotite with a MORB-like tholeiitic melt (Fig. 5). These 

distinctly different spinel compositions provide evidence for melt-rock reaction in the presence 

of two contrasting melt compositions within a short distance of one another.  

Dating boninite volcanics of the Bonin Ridge shows ages ranging from ~44 to 48 Ma, 

while dating of the FABs, which have a MORB-like composition, gives an age range of ~50 to 

52 Ma (Ishizuka et al., 2011). The presence of this age gap between boninitic and tholeiitic 

volcanism implies that the reactions that formed the group M and B spinels likely did not occur 

simultaneously. This suggests that the group M and group B lower crustal rocks are the result of 

two distinct melt-rock interaction events that are geochemically associated with the transition 

from the 50-52 Ma FAB volcanism to the 44-48 Ma boninite volcanism, respectively. The lower-

crustal and mantle rocks of the Bonin Ridge thus preserve a record of subduction initiation and 

the early evolution of the Izu-Bonin magmatic system. 



44 

 

Ultra-depleted Melts and the Formation of FAB 

Melts crossing the crust/mantle boundary are thought to have a long history of melt-rock 

interaction over the course of their extraction from the asthenosphere (Kelemen et al., 1997; 

Korenaga and Kelemen, 1998). In this set of samples we see evidence for the interaction between 

melts with varying affinities and petrogenetic histories in the mantle transition zone (MTZ) of 

the Bonin Ridge. Pervasive transport of melt through the MTZ is suggested by the general lack 

of clinopyroxene and plagioclase in dunite and abundant clinopyroxene (with minor 

orthopyroxene) and plagioclase in wehrlite (Marchesi et al., 2009). 

The presence of small or absent Eu anomalies in the REE patterns of the D31 

clinopyroxene in samples with little or no plagioclase suggests that clinopyroxene was 

crystallizing before plagioclase by the migrating melt in an open system (Koga et al., 2001; 

Marchesi et al., 2009). Suppression of plagioclase and crystallization of clinopyroxene is 

generally attributed to the presence of low concentrations of water in a melt (Feig et al., 2006; 

and references therein). 

A primitive parental magma composition is suggested by the high Cr2O3 and Mg# in the 

D31 pyroxene. Pyroxenes with high Mg#s are believed by some to crystallize by primitive 

MORB at moderately high pressures (i.e. >0.2 GPa) (Ross and Elthon, 1997). However, such 

pyroxenes are expected to have relatively high Al2O3 of up to 3% and 6% for orthopyroxene and 

clinopyroxene respectively (Seyler et al., 2001; Nonnotte et al., 2005, Marchesi et al., 2009). As 

is illustrated in Figures 5 and 6, the D31 pyroxenes do not follow this expected trend. This 

suggests a non-primitive MORB origin for these clinopyroxenes. However, the Cr# and TiO2 

contents of spinels associated with these clinopyroxenes have values in equilibrium with MORB 

similar to those of melt-rock reacted and depleted peridotites from mid-ocean ridges (Dick and 
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Bullen, 1984; Dick, 1989). These seemingly contradictory mineral compositions suggest that 

these phases did not crystallize from a single migrating aggregate MORB. 

The high Mg#-Cr2O3 and low TiO2 compositions of the clinopyroxenes suggest a 

primitive parental melt. The lack of orthopyroxene and abundance of clinopyroxene suggests the 

presence of water in the upper portions of the MTZ (probably at P ~0.2 GPa, Collot et al., 1987). 

Such conditions would favor crystallization of clinopyroxene at the expense of orthopyroxene 

(Feig et al. 2006). This is considered unusual in ocean ridge melts and characteristic of andesitic-

boninitic sequences from convergent margins (Kelemen et al., 2003; Suhr et al., 2003; Marchesi 

et al., 2009). In contrast to the MORB dominated chemistry of melts at mid-ocean ridges, the 

association of arc tholeiites and variably depleted boninitic volcanic rocks is common in 

ophiolite sections with forearc affinities (Bedard et al., 1998; Kvassnes et al., 2004; Garrido et 

al., 2006). 

 Figure 9 shows chondrite-normalized (McDonough and Sun, 1995) trace element patterns 

for D31 clinopyroxenes. The trace element compositions of clinopyroxenes can be used to obtain 

information regarding the characteristic chemical signature of migrating liquids. This is 

calculated by inverting the trace element concentrations based on clinopyroxene/melt partition 

coefficients determined experimentally or from natural samples (Irving and Frey, 1984 and 

references therein; Bedard, 1994; Kelemen et al., 1997; Koga et al., 2001). Overall, the 

incompatible trace elements (i.e. HFSEs and LREEs) of the D31 clinopyroxenes are lower than 

those in gabbroic and wehrlitic rocks from the Oman MTZ that are interpreted to have 

crystallized from a MORB-like melt (Kelemen et al., 1997; Koga et al., 2001). They do however, 

overlap in part with samples from the Kohistan MTZ and the Massif du Sud ophiolite which are 

posited to be in equilibrium with boninitic melts (Dhuime et al., 2007; Garrido et al., 2007; 
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Marchesi et al., 2009). 

This indicates that these samples are recording the migration and ascension of separate 

melt batches through the MTZ. For example, clinopyroxenes with lower La/SmN may be derived 

from a more depleted source or higher degree partial melts. Higher degree partial melts such as 

boninites would generally be depleted in oxides such as TiO2 and CaO and relatively enriched in 

oxides like MgO and SiO2. These higher degree partial melts are hard to create and are thought 

to be the result of addition of water to a peridotite source (Kushiro, 1975). This is consistent with 

the preferential crystallization of clinopyroxene before plagioclase inferred from the trace 

elements of D31clinopyroxenes. This possible SiO2-rich parental melt origin of the D31 

clinopyroxenes is consistent with high degree partial melts derived from a high flux of aqueous 

fluids (Kushiro, 1975; Marchesi et al., 2009). However, this would cause saturation of 

orthopyroxene in the magma, and though it is rarely present, save for minor amounts, there is a 

characteristic lack of orthopyroxene in the Group M rocks. 

 It is possible that the D31 gabbroic and wehrlitic pyroxenes are derived from ascending 

single depleted MORB melt fractions in the mantle. These single fraction melts are indicated by 

the presence of highly depleted, orthopyroxene-saturated melts in the mantle sections of ‘ocean 

ridge’ ophiolites (e.g. Rampone et al., 1997; Dijkstra et al., 2003; Borghini et al., 2007). These 

cumulate pods are suggested to crystallize from the last melt increments produced by adiabatic 

upwelling of a MORB source (Dick, 1977). These melts tend to be highly reactive in the 

presence of lithospheric mantle (Rampone et al., 1997). Due to this reactivity, they are generally 

thought to be easily re-incorporated into the upper mantle and/or aggregated into more enriched 

melt fractions. This would owe to their rarely documented occurrence in the MTZ and lower 

oceanic crust (Ross and Elthon, 1993; Suhr et al., 1998; Coogan et al., 2000; Dick et al., 2010).  
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Marchesi et al. (2009) found similar evidence for a highly depleted melt in samples from 

the Massif du Sud ophiolite, to which they argue that it is unlikely that this type of highly 

depleted melt is derived from MORB-like melt fractions based on the ophiolites forearc 

environment of origin. This would make the melts more akin to the boninitic dunites and 

pyroxenites of the Bay of Islands ophiolite (Varfalvy et al., 1996; Suhr et al., 2003) and those 

which crystallized from re-melted, depleted, lithosphere which intrudes as depleted dykes in the 

Oman mantle section (Benoit et al., 1996; Kelemen et al., 1997a; Benoit et al., 1999; Python and 

Ceuleneer, 2003). This origin would be consistent with the D31 wehrlites and gabbros if they did 

not contain MORB-reacted spinels, which would be easily affected by interaction with a 

boninitic melt.  

Figure 11 compares trace element compositions of modeled melts in equilibrium with 

D31 clinopyroxenes against FAB compositions from Ishizuka et al. (2011). The linear nature of 

the FAB array and the plotting of the modeled melts at the most depleted end of the array 

suggests a possible mixing line between an unknown enriched melt (Zr ~100 ppm) and a highly 

depleted end member represented by the D31 clinopyroxenes. The unknown enriched end 

member would be too enriched for an average MORB melt composition and thus may itself be a 

result of mixing. In fact, 5 to 7% fractional melting of a DMM source (Workman & Hart, 2005) 

refertilized by the addition of ~12% N-MORB (Sun and McDonough, 1989) would create a 

viable enriched end member in the FAB mixing array, with outliers falling along the fractional 

melting curve at higher melt fractions. However, this fractional melting model of a refertilized 

DMM source would lead to highly depleted melts at high melt fractions (i.e. F > 15%) that are 

even more depleted than the modeled melts for the D31 clinopyroxenes. These modeled melts do 

plot relatively close to the composition of DMM, and thus may be a result of re-melting of 
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previously depleted DMM. This would suggest then that refertilization, although widespread 

enough to create an enriched source for a significant volume of melt, was localized and left large 

portions of previously depleted mantle undisturbed.  

 

Figure 11: Zr vs Ti of FABs (Ishizuka et al., 2011) and equilibrium melts calculated for D31 

clinopyroxenes. DMM is the  data point from Workman and Hart (2005). The fractional melting 

curve plotted uses a source composition of DMM + 12% N-MORB (Sun and McDonough, 1989) 

which between 5 and 7% fractional melting replicates a possible enriched end-member for the 

FAB-D31 cpx mixing array. 

The generally accepted model for subduction initiation in the IBM arc suggests that once 

the top of the down-going plate has passed beneath the base of the overriding lithosphere, 

asthenosphere from beneath both plates would naturally rush to fill the newly created void or 

‘proto-mantle wedge’ (Stern & Bloomer, 1992; Stern, 2004). Melts from this upwelling 

asthenospheric mantle would, in effect, refertilize the previously depleted DMM present between 

the two plates (Fig. 12). This could create a mantle composition consistent with the proposed 
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model for the source of the enriched end member in the FAB mixing array. Further, evidence for 

the presence of ancient depleted mantle domains in the IBM forearc was reported by Parkinson 

et al. (1998) based on Re-Os isotopic analyses of forearc peridotites. Similar depleted mantle 

domains would likely be candidates for the source of the highly depleted end member that is 

evidenced by the D31 clinopyroxenes. It is thus likely that the rocks sampled by dredge D31 

represent, in part, a zone where various melt fractions were mixing to create aggregated FAB 

melts. This would also suggest that the gradual transition from more enriched FABs to true 

boninites as the arc matured may not just represent the increasing amount of slab influence on 

melting, but also the gradual depletion of the initially refertilized source. 
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Figure 12: A schematic model for melting during subduction initiation. The left panel is from 

Stern (2004). Prior to initiation (A), the mantle has a DMM composition from a previous MOR 

melt extraction event. (B) As the older plate begins to sink and passes beneath the younger plate, 

upwelling asthenosphere rushes to fill the newly created void. This effectively refertilizes the 

mantle between the two plates. (C) As forearc spreading begins, both the DMM and refertilized 

mantle melts beneath the spreading center. (D) Once the subducting slab reaches a particular 

depth, it begins to contribute fluids and material to the mantle wedge and the forearc. Soon after 

this, spreading ceases in the forearc. (E) Once true subduction has begun, the volcanic arc moves 

landward and the melts are dominantly slab influenced. 
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CONCLUSIONS 

The peridotites, wehrlites, and gabbros of KH07-02 dredge D31 represent a fossil mantle 

transition zone that was dominantly active during the initial stages of magmatism associated with 

subduction initiation of the IBM arc system. The various D31 lithologies are consistent with an 

origin through melt stagnation and subsequent melt-rock interaction within and along the 

periphery of melt conduits in the lower crust or crust/mantle transition similar to such sections in 

ophiolites and along MOR’s.  

Although alteration is present and variable, spinel is present in every rock type recovered 

by D31 and a dunite from D42 that is interpreted to be from the upper-lower crust. Major 

element analysis of spinels suggests the presence of two distinct groups of rocks based on 

composition, Group M and Group B. Group M spinels exhibit compositions consistent with 

spinels that have reacted with MORB-like melt and are lithologically limited to plagioclase-

bearing peridotites, wehrlites, and primitive gabbroic rocks. Group B spinels are limited to 

dunites and pyroxene-poor harzburgites, and show a trend towards higher Cr#s and Mg#s away 

from that of Group M rocks, which is consistent with spinels that have reacted with boninite-like 

melts. The previously established age gap between the MORB-like FABs (50-52 Ma) and 

boninites (44-48 Ma) along the Bonin Ridge, combined with the lithologic constraints for the 

spinel groupings suggests that MORB melt-reaction occurred prior to boninite melt-reaction, and 

the dredge D31 rocks record a similar petrogenetic history as the volcanic rocks reported by 

Ishizuka et al. (2011). This suggests that a majority of the lower crust was created by forearc 

extension during/following subduction initiation and that later mature arc volcanism contributed 

little or no material to the lower crust save for dunite conduits.  

Major and trace element compositions of clinopyroxenes in the D31 gabbros and 
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wehrlites fall in the range of some of the most depleted clinopyroxenes analyzed in abyssal and 

ophiolitic rocks. In particular, their trace element compositions are consistent with rocks of the 

Massif du Sud ophiolite (New Caledonia) (Marchesi et al., 2009) and the Kohistan mantle 

transition zone (Garrido et al., 2007) that are interpreted to be have crystallized from boninitic 

melts. A boninitic origin is ruled out, however, on the basis that spinels in close association with 

the clinopyroxenes have MORB-reaction chemistries and show little or no evidence for reaction 

or equilibration with a boninitic melt. Further, geochemical modeling of melts in equilibrium 

with the clinopyroxenes suggests that they crystallized from a highly depleted, DMM-like melt 

which plots nicely as a depleted mixing end-member for FABs. This suggests that these 

clinopyroxenes crystallized from single, highly depleted melt fractions that had yet to aggregate 

into FAB. These single melt fractions are rarely documented due to their highly reactive nature 

and tendency to form cumulate pods or re-assimilate into the mantle. 

An enriched end-member component for FAB mixing relative to the depleted end-

member represented by the clinopyroxenes is modeled in accordance with models for subduction 

initiation and arc evolution. A mixture of DMM (Workman and Hart, 2005) with ~12% N-

MORB (Sun and McDonough, 1989) best simulates the source of the enriched end-member, 

which would have been the result of refertilization of previously depleted mantle by material 

from the asthenosphere flowing in to fill the space created between the top of the down-going 

plate and the base of the over-riding plate. Melts created by 5-7% fractional melting of this 

DMM + 12% N-MORB source are the most likely end-member of the FAB mixing array, with 

outliers of the FAB array plotting exactly along the DMM+12% N-MORB fractional melting 

curve and the depleted end-member clinopyroxene parent melts falling to more enriched, almost 

DMM compositions. The presence of a highly depleted end-member is consistent with the 
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identification of preserved ancient depleted mantle domains in the IBM forearc by Parkinson et 

al. (1998). 

This investigation of dredges D31 and D42 has provided an unusual glimpse into the 

inner workings of the lower arc crust.  To date no in-situ lower arc crust has been sampled by 

drilling, although drilling of the seafloor around D42 is scheduled for 2014 by the Joides 

Resolution. This study provides an important complement to this proposed drilling leg in that it 

provides a preview of the types of rocks and the processes that are to be expected. The 

petrogenetic connection between these lower crustal rocks and the FABs recovered nearby 

suggests that the foundations of subduction zone arcs is created dominantly by MOR-like 

extension during subduction initiation and not during flux melting of the mature arc.  

The IBM forearc, in particular the Bonin Ridge, represents an ‘ophiolite-in-waiting’. In 

fact, the stratigraphy of the Bonin Ridge and the geochemical and lithological characteristics of 

the rocks from dredge D31 indicate that the IBM forearc is very similar to well characterized 

ophiolite sections around the world. Stern (2004) extrapolates from both previous and similar 

observations and the IBM forearc’s tectonic setting, which favors the obduction of ophiolites, 

that SSZ ophiolites are packages or pieces of forearc material that formed during SNSZ events 

that are later emplaced as the result of collision events. If this is the case, then 10,000 kilometers 

or more of the western Pacific could be lined with ophiolites-in-waiting. This suggests that 

ophiolites are not unique in the geologic record and are thus an inevitable consequence of plate 

tectonics. 
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Appendix 1: Analytical Methods and Procedures 

Electron Microprobe Methods 

All samples which had sufficient grains for analysis were analyzed for spinel, clinopyroxene, 

orthopyroxene, and olivine major and minor elements. Spinel analyses were performed on both 

the Cameca SX-100 electron microprobe at Texas A&M University in early summer of 2012 and 

the Cameca SX-50 electron microprobe at the University of Houston in late summer of 2012. 

Clinopyroxene, orthopyroxene, and olivine analyses were performed on the Cameca SX-50 

electron microprobe at Texas A&M University in early summer 2012. The composition of all 

synthetic and natural standards used for analysis can be found in Table A1.1. Collected data was 

corrected for absorption, atomic number, and fluorescence (ZAF) by the software provided by 

Cameca. Analytical conditions for each phase can be found in Tables A1.2 – A1.6.  
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Spinel Analytical Conditions Accelerating Potential: 15 kV

University of Houston Spot Size: 1 μm Beam Current: 20 nA

Standard SP1 (LIF) SP2 (TAP) SP3 (PET) SP4 (PET) EDS Backgrounds

Chromite23 Al (60) Cr (30)
Mg (100), 

Fe(100)
Al: ± 800; Cr: ± 500

Diopside15
Si (100), 

Ca (100)

Rutile81 Ti (40) Ti: ± 500

Rhodonite72 Mn (40) Mn: +500,-800

Ni Metal Ni (30) NI: ± 500

Gahnite24 Zn (30) Zn: ± 500

Table A1.2: Spinel analytical conditions used on the University of Houston Cameca SX50 EMP. Number in 

parenthesis next to elements represent the measurement count time for that element. TAP: Thallium Acid 

Pthalate; PET: Pentaerythritol; LiF: Lithium Fluoride  
 
Olivine Analytical Conditions Accelerating Potential: 15 kV

Texas A&M University Spot Size: 1 μm Beam Current: 20 nA

Standard SP1 (TAP) SP2 (TAP) SP3 (PET) SP4 (LIF) Backgrounds

3olivine Mg (40) Si (40) Fe (20) Mg: ± 1600; Si: +850,-800; Fe: ± 500

3chromite Al (100) Al: ± 800

5diopside Ca (70) Ca: ± 600

3ilmenite Ti (70) Ti: ± 500

7ni Ni (60) Ni: ± 500

5spessartine Mn (60) Mn: ± 500

Table A1.3: Olivine analytical conditions used on the Texas A&M University Cameca SX100 EMP. Number in 

parenthesis next to elements represent the measurement count time for that element. TAP: Thallium Acid 

Pthalate; PET: Pentaerythritol; LiF: Lithium Fluoride  
Clinopyroxene Analytical Conditions Accelerating Potential: 15 kV

Texas A&M University Spot Size: 1 μm Beam Current: 20 nA

Standard SP1 (TAP) SP2 (TAP) SP3 (PET) SP4 (LIF) Backgrounds

5albite Na (20) Na: ± 700

5diopside Mg (60) Si (45) Ca (30) Mg: ± 1600; Si: ± 850; Ca: ± 600

5orthoclase Al (45) K (30) Al: ± 800; K: ± 500

3ilmenite Ti (30) Ti: ± 500

3chromite Cr (30) Cr: ± 500

5spessartine Mn (30) Mn: ± 500

3olivine Fe (30) Fe: ± 500

Table A1.4: Clinopyroxene analytical conditions used on the Texas A&M University Cameca SX100 EMP. 

Number in parenthesis next to elements represent the measurement count time for that element. TAP: 

Thallium Acid Pthalate; PET: Pentaerythritol; LiF: Lithium Fluoride  
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Orthopyroxene Analytical Conditions Accelerating Potential: 15 kV

Texas A&M University Spot Size: 1 μm Beam Current: 20 nA

Standard SP1 (TAP) SP2 (TAP) SP3 (PET) SP4 (LIF) Backgrounds

5albite Na (20) Na: ± 700

3hypersth Mg (60) Si (45) Mg: ± 1600; Si: ± 850

5diopside Ca (30) Ca: ± 600

5orthoclase Al (45) K (30) Al: ± 800; K: ± 500

3ilmenite Ti (30) Ti: ± 500

3chromite Cr (30) Cr: ± 500

5spessartine Mn (30) Mn: ± 500

3olivine Fe (30) Fe: ± 500

Table A1.5: Orthopyroxene analytical conditions used on the Texas A&M University Cameca SX100 EMP. 

Number in parenthesis next to elements represent the measurement count time for that element. TAP: 

Thallium Acid Pthalate; PET: Pentaerythritol; LiF: Lithium Fluoride  
 
Spinel Analytical Conditions Accelerating Potential: 15 kV

Texas A&M University Spot Size: 1 μm Beam Current: 20 nA

Standard SP1 (TAP) SP2 (TAP) SP3 (PET) SP4 (LIF) Backgrounds

3chromite Mg (60) Al (60) Cr (30) Fe (30)
Mg: ± 1600; Al: ± 800; Cr: ± 500; Fe: ± 

500

5diopside Si (60) Ca (10) Si: ± 850; Ca: ± 600

5spessartine Mn (40) Mn: ± 500

3ilmenite Ti (40) Ti: ± 500

V V (30) V: ± 500

7ni Ni (30) NI: ± 500

3gahnite Zn (30) Zn: ± 500

Table A1.6: Spinel analytical conditions used on the Texas A&M University Cameca SX100 EMP. Number in 

parenthesis next to elements represent the measurement count time for that element. TAP: Thallium Acid 

Pthalate; PET: Pentaerythritol; LiF: Lithium Fluoride  
 

 

The Cameca software package applied a ZAF correction to the data after collection. Fe was 

speciated into FeO and Fe2O3 based on stoichiometry for each respective mineral following 

ZAF correction. The standard deviations of each oxide analysis of each sample (i.e. thin section) 

was used to calculate the reproducibility. The uncertainty of every oxide measurement over the 

measurement period was calculated by averaging the standard deviations for each individual 

sample. The individual reproducibility or uncertainty for each oxide can be found in major and 

minor element tables (Tables 2 - 4) in the Results section of this thesis. Mechanical drift, sample 

heterogeneity, as well as compositional differences between the samples and the standards can 

account for variances in accuracy. 
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The precision of measurements on during EMP analysis, is a function of x-ray counting statistics 

which in turn are a function of the total number of x-ray counts collected on both the calibration 

standard, and on the counts collected on the sample. The mechanical reproducibility of the 

spectrometers mostly limits measurement precision; however, low numbers of x-ray counts can 

be a factor in limiting counting statistics errors. As well, filament instability in addition to 

chemical heterogeneities both in samples and the standard can be major factors in the precision 

of EMP analysis. In order to determine the precision of both electron microprobes, Repeat 

analyses of secondary standards were performed (Table A1.7 – A1.5) in order to determine the 

precision of both EMPs used in this study. 
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 Laser Ablation-Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) 

Time-resolution, in-situ analyses were performed on each clinopyroxene grain listed in 

table 5 of the Results section of this thesis. The analyses shown in table 5 are reported as 

averages of several spots (2-4) on a clinopyroxene grain within each sample. Each analytical 

session was begun with 3 spots on tholeiitic basalt glass standard (KL2-G), which was used as a 

reference standard, followed by analyses of dredge D31 clinopyroxenes, then finally ending with 

three spots on the KL2-G reference standard to correct and check for instrumental drift. Each 

spot analysis consists of three parts.  

(1) A ~10 second interval with the laser off is collected to measure the blank, or 

the He+Ar carrier gas). 

(2) The laser is turned on and the clinopyroxene is ablated. The ablated material is 

carried into the source by the carrier gas and measured for ~30-35 seconds. 

(3) The laser is turned off, and the elemental measurements are allowed to ‘wash 

out’ over an interval of 15-20 seconds. 

Laser ablation of the samples used a CETAC laser ablation sample introduction system with a 

laser wavelength of 213 nanometers. The laser was set to a frequency of 5 hz which allowed for 

150-175 bursts over a period of 30-35 seconds to hit the clinopyroxene. 

An in-house data reduction program which identifies which part of the time-resolved 

elemental spectrum corresponds to actual clinopyroxene analysis and which part corresponds to 

background data was used to reduce the raw data for each analysis. The elemental intensities are 

corrected for the background by subtracting the average counts per second of the (Cps) 

background, or blank, measurement from the Cps of sample analyses. 
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Calcium (
43

Ca) is used as an internal standard element (known from EMPA) to convert 

the background-corrected elemental intensities to concentrations by weight percent element (in 

ppm) using the following formula: 

 

where CS
Sa

is the concentration of the internal standard in the sample (calcium) determined by 

EMPA, Ii
Sa

/Is
Sa

 is the ratio of background-corrected intensity (Cps) of the element i to the 

internal standard element (calcium) in the sample. Ci
R
/Cs

R
 is the ratio of the concentrations of the 

element i to the concentration of the internal standard in the reference standard, and Is
R
/Ii

R
 is the 

ratio of the background-corrected intensities of the internal standard element to the element i in 

the reference standard. Each individual spot is subjected to this conversion. The results are given 

in parts per million (ppm) and can be found in Table 7 within the main body of this thesis. 

Data rejection occurs automatically within the in-house program as well as by personal 

inspection of the programs output data. 
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Appendix 2: Petrographic Observations 

 

 
 

Figure A2.1: The combined ternary diagram for the classification of ultramafic and mafic rocks (Streckeisen, 1967). The 

following tables identify sample lithology on the basis of this IUGS classification.
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