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Abstract
The magmatic history of the early Izu-Bonin-Mariana (IBM) arc forms a gap between a growing understanding of Eocene 
subduction and IBM arc initiation in the western Pacific, and Miocene- recent IBM arc processes. Fresh volcanic minerals 
in lapilli tuffs drilled at DSDP Site 296 on the northern Kyushu Palau Ridge (KPR) provide an opportunity to understand 
the early–late Oligocene magmatic evolution of the IBM arc leading up to arc rifting and opening of the Shikoku back-arc 
basin. In this study, we use major and trace element compositions of feldspar, amphibole and pyroxene, with melt inclusions, 
to infer KPR magma compositions, crystallization temperatures and pressures, and temporal sequence. A major finding of 
this approach is that inferred magma compositions span a wider range of trace element variation than that inferred from 
basaltic to dacitic glass shards within the tuffs. Elemental and thermobarometric data for clinopyroxene indicate the presence 
of mafic, incompatible element-depleted (Nb/Yb < 0.3 and La/SmN < 1.4) magmas that crystallized at shallow depths, and 
incompatible element-enriched (Nb/Yb = 8.1 and La/SmN = 6.5), mafic, amphibole-bearing arc magmas that either crystal-
lized over a range of pressures or without reaching plagioclase saturation. We interpret the incompatible element-depleted 
magmas as decompression melts of a shallow BABB source mantle and the incompatible element-enriched type as mature, 
water-rich arc magmas. The occurrence of both types of magma in several lapilli tuff intervals in the drilled section suggests 
that arc extension and rifting was a gradual process leading to multiple events of decompression melting interspersed with 
the eruption of mature arc magma.
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Introduction

The Izu-Bonin Mariana arc (Fig. 1a) in the Western Pacific 
is well recognized as an ideal location to study and under-
stand arc evolution (Stern et al. 2003). Periodic rifting of the 
arc since subduction initiation in the Eocene has formed a 
series of inactive remnant arcs and intervening basins, each 
providing a window to early IBM history. Initiation of the 
IBM arc at about 52 Ma (Fig. 1a) may have occurred when 
lithospheric subsidence began along a preexisting oceanic 

transform margin or fracture zone (Reagan et al. 2019), or, 
alternatively, as result of an extension event which separated 
the Amami Plateau, Oki-Daito and Daito Ridges (Fig. 1a), 
reducing upper plate strength, and allowing lower plate sub-
sidence (Leng and Gurnis 2015). In either case, shortly after 
subduction initiation, seafloor spreading resulted in the rapid 
formation of fore-arc basalts or FABs along the entire length 
of the IBM system followed by the eruption of boninites, 
generated by shallow level melting of the mantle with the 
addition of water-rich fluids released from the subducting 
plate (Stern et al. 1991; Taylor et al. 1994; Reagan et al. 
2010, 2019; Ishizuka et al. 2011a; Arculus et al. 2015a, b; 
Maunder et al. 2020). After 5 Ma, there was a transition 
from subsidence to true subduction and the first or early 
(Oligocene) magmatic arc was established with eruption of 
geochemically typical arc magma types (Stern et al. 2003; 
Brandl et al. 2017; Hamada et al. 2020; Ishizuka et al. 2020). 
In the late Oligocene, arc volcanism was disrupted by rifting 
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and opening of the Parece Vela in the south and Shikoku 
basin in the north, separating the Kyushu Palau Ridge from 
the then active IBM Arc (Karig 1975; Taylor et al. 1992; 
Okino et al. 1994; Kobayashi et al. 1995; Ishizuka et al. 
2011a). After a period of back arc basin opening by seafloor 
spreading, volcanism along the arc front resumed around 
17 Ma and continued until 7 Ma, when another period of 
back arc basin formation in the south formed the remnant 
West Mariana Ridge and Mariana Trough (Yamazaki and 
Stern 1997). The presently active (5–0 Ma) Izu-Bonin-Mar-
iana arc has been studied in detail for several decades (Arcu-
lus et al. 1992; Stern et al. 1993, 2003; Lee et al. 1995; Elliot 
et al. 1997; Hochstaedter et al. 2001; Pearce et al. 2005).

Compared to the active IBM, understanding of early arc 
evolution is still developing, with a shift in focus of IBM 
studies to remnant arcs such as the Kyushu Palau Ridge 
(KPR) and forearc and reararc exposures of the early arc 
and arc initiation sequences (e.g., Arculus et al. 2015a, b; 
Reagan et al. 2019; Ishizuka et al. 2020). To date, most stud-
ies of the Oligocene (early) IBM arc have been based on 
dredged volcanic and plutonic rocks, and glass, mineral, and 
melt inclusions from sites drilled in the back arc and forearc 

regions (Lee et al. 1995; Haraguchi et al. 2003, 2012; Straub 
2003, 2008; Savov et al. 2006; D’Antonio et al. 2006; Ishi-
zuka et al. 2011b; Arculus et al. 2015b; Brandl et al. 2017; 
Hamada et al. 2020; Samajpati and Hickey-Vargas 2020; 
Ishizuka et al. 2020), leading to a developing, but incom-
plete, understanding of spatial and temporal variations. One 
advance in this direction is the comprehensive survey of vol-
canic rocks recovered by dredging and piston core (5–10 m 
depth) on the crest of the KPR by Ishizuka et al. (2011b) 
which defined four along-arc chemical segments of the early 
IBM arc (Fig. 1a).

In this study, we focus on the early to late Oligocene sec-
tion of detrital and tuffaceous sediments cored at DSDP Site 
296 in the northernmost KPR (Fig. 1). We use major and 
trace element chemistry of orthopyroxene (opx), clinopy-
roxene (cpx), amphibole (amph), feldspar and melt inclu-
sions (MI) within pyroxene to model the major and trace 
element composition of the melts in equilibrium with them 
and their pressure and temperature of origin. We then com-
pare these compositions with those of detrital glass shards 
from the same section (Samajpati and Hickey-Vargas 2020) 
to extend our understanding of IBM arc magma chemistry 

Fig. 1   a Map of the present day Izu-Bonin Mariana arc and features 
of the Philippine Sea plate made using GeoMapApp (www.​geoma​
papp.​org; Ryan et al. 2009). The Kyushu Palau ridge has been divided 
into four segments as per Ishizuka et  al. (2011b). Red stars shows 

the location of DSDP Site 296 and IODP Site U1438. b Litho-strati-
graphic sequence as defined by the Shipboard Party, DSDP Leg 31 
(Ingle et al. 1975)

http://www.geomapapp.org
http://www.geomapapp.org
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in this location in the Oligocene. Since Site 296 is located in 
the northernmost section of the KPR (Fig. 1a), within geo-
chemical Segment 1 of Ishizuka et al. (2011b), we compare 
our results with published data for other locations within 
Segment 1 to interpret magmatic evolution without the 
potential impact of along-arc variation. The unique aspects 
of this work are: (1) emphasis on the late Oligocene, pre- to 
post-rifting stage of IBM arc evolution; (2) the inference of 
major and trace element magma compositions from miner-
als, using thermometry and compositionally matched parti-
tion coefficients; and (3) the opportunity to compare results 
inferred from mineral chemistry with geochemical data for 
melt inclusions and detrital glass shards from the same site 
in interpreting magma evolution.

Methods

Core samples

Deep Sea Drilling Project Leg 31 Site 296 was located in 
a graben like structure in the northernmost Kyushu Palau 
Ridge, and consists of two distinct lithological Units, 1 and 
2 (Fig. 1b). Unit 1 comprises 453 m of clayey nannofos-
sil chalks and oozes of late Oligocene to late Pleistocene/
Holocene age with interbedded layers of volcanic ash. The 
base of Unit 1 coincides in time with the subsidence of 
the arc following rifting and opening of the Shikoku basin 
(Ingle et al. 1975). The underlying Unit 2 comprises 634 m 
of early to late Oligocene interbedded tuffs, lapilli tuffs and 
volcanic sandstones derived from the active Oligocene KPR 
arc. Ages of cores 34 through 63 (310–975.5 m) were well 
constrained to be late Oligocene, based on calcareous nan-
nofossil and foraminifera biostratigraphy (Ingle et al. 1975). 
Ages for basal cores 64 and 65 (1070.5–1087 m) were less 
well constrained due to sparse nannofossil recovery and 
could be early Oligocene or older. Leg 31 scientists inter-
preted the tuffs as direct deposits from volcanic eruptions 
and the volcanic sandstones as the products of the erosion 
and deposition of sediment from ridges around Site 296. 
Only minerals extracted from the tuffs correspond in age 
with their biostratigraphic age, while sandstones may con-
tain older material.

The tuffs and lapilli tuffs of Unit 2 consist of angular and 
poorly sorted lithic fragments, glass shards, and volcanic 
minerals such as plagioclase, pyroxenes, and titano-magnet-
ite with a sparse amount of amphibole, in a matrix of palago-
nitized glass. According to the Shipboard Party, cores 52, 
54, 56 and 57 are most likely to be ash-fall accumulations. 
Volcanic sandstones are more abundant below 750 m and are 
composed of the same materials as the tuffs, but rounded and 
sorted (Ingle et al. 1975; this study).

Mineral grains for analysis were picked from intervals of 
tuff and lapilli tuff as discussed below. The feldspar grains 
picked were usually clear and white without any signs of 
alteration. Clinopyroxenes were typically in shades of green 
or black, whereas orthopyroxenes were orange and brown. 
Both had inclusions of oxide, feldspar, and melt inclusions. 
Amphiboles were present as black grains slightly more 
opaque than the pyroxene grains under a binocular micro-
scope. The amphiboles had inclusions of feldspar, oxide, and 
apatite; melt inclusions were mostly absent.

Analytical technique

Twenty-two core intervals selected for their coarse grain 
size and fresh appearing mineral grains were disaggregated 
in deionized water; 21 from Unit 2 (lapilli and ash tuffs) 
and one from the base of Unit 1G (clay-rich nannofossil 
chalk with volcanic ash). The resulting sediment was sieved, 
rinsed, and handpicked at 500-μm to 1-mm grain size. Min-
erals were first identified under a binocular microscope and 
later using Scanning Electron Microscopy with Energy 
Dispersive X-ray Spectroscopy (SEM–EDS). The grains 
were then mounted in epoxy, polished, and carbon-coated 
for Electron Probe Microanalysis (EPMA). Melt inclusions 
inside the pyroxenes were first identified using backscattered 
electron imaging and then analyzed for major oxides. Melt 
inclusions (MIs) that were round and intact and did not show 
evidence of post entrapment crystallization were analyzed. 
Large MIs were rare; the size of the melt inclusions analyzed 
was typically 30–60 μm. Major oxides of the minerals and 
melt inclusions were analyzed using a JEOL 8900 Super-
probe EPMA at the Florida Center for Analytical Electron 
Microscopy at Florida International University (FIU). Refer-
ence materials (Enstatite, Diopside, Kaersutite and BHVO-2 
glass) were analyzed before and after each sample to check 
the accuracy of the analysis. The analysis was done using a 
1 μm beam for minerals, 2.5 μm for MIs, at 20 nA current, 
and 15 kV with two spots analyzed per grain. For Na and K, 
the beam was defocused during analysis to minimize vola-
tilization. For feldspars and pyroxenes, the grains yielding 
totals in the range of 99–101 wt% are reported. For melt 
inclusions, totals were as low as 90% for felsic compositions. 
The amphiboles analyzed had totals between 94 and 98%.

Trace elements in the amphiboles, pyroxenes and melt 
inclusions, were analyzed by Laser Ablation ICP-MS using 
the Elan 6100 ICP-MS at the Trace Evidence Analysis Facil-
ity at FIU, using a New Wave 213 nm laser. NIST 612 was 
used as the calibrator and BHVO-2 glass as the external 
reference material. Spot size for minerals was 80 μm, and for 
melt inclusions, it was 40–55 μm, with a 10 Hz laser repeti-
tion rate and 100% output for both. The size of the inclusions 
did not allow for more than one spot, and inclusions smaller 
than 40 μm were not analyzed. Integration intervals for the 
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data signal of samples was selected using the software Glit-
ter (Griffin et al. 2008), with 40Ca as the internal standard 
previously analyzed by EPMA.

Smear slides were prepared for all the samples to compare 
mineral abundances in the coarse and finer sediments. The 
size of the grains used for making smear slides was between 
75 and 100 μm. Data for all analyses and accuracy and preci-
sion for standard analysis can be found in the supplementary 
files (Online Resource 1–5,7).

Results

Feldspars

Feldspar grains had occasional melt inclusions and min-
eral inclusions of titano-magnetite, pyroxene, and apatite. 
Compositionally, all the feldspars analyzed were plagioclase 
with a bimodal distribution centered around Anorthite (An) 
content of An45-60 and An85-95, although intermediate vari-
eties were also observed (Fig. 2). Among the plagioclase 
analyzed, Andesine (38%) is the most common type fol-
lowed by Bytownite (23%), Labradorite (21%), and Anor-
thite (18%) (Fig. 2). The K2O content of the plagioclases is 
consistently < 0.6%, MgO and FeO contents are less than 
0.1% and 1%, respectively, although few Bytownites have 
slightly higher MgO (0.2–0.8 wt%) and FeO (2.3–4.7 wt%) 
contents. The bimodal variation is observed throughout the 
core, but anorthite-rich plagioclase becomes more dominant 
towards the top of Unit 2 (Fig. 2).

Pyroxenes

Both clinopyroxenes (cpx) and orthopyroxenes (opx) are 
present in Unit 2, however, the presence of orthopyrox-
ene is low in the core intervals studied and absent in a few 
(Online Resource 3). Compositionally, opx are Bronzite-
Hypersthene with a composition of En54-73Wo2-4 (Fig. 3a). 
No highly magnesian enstatite or clinoenstatite, usually 
associated with boninites, was identified. Mg numbers 
(Mg# = (cation Mg)*100/(cation Mg + cation Fe)) of the opx 
are between 56 and 77. Cpx falls mainly in the diopside and 
augite field (Fig. 3a), with compositions of Wo36-48En36-50 
and Mg# ranging from 61 to 92.

Primitive Mantle (PM) normalized trace element pat-
terns of all cpx show Nb depletion compared with LREE 
(light rare earth elements) and LILE (large ion lithophile 
elements). Clinopyroxenes show LREE depletion compared 
to middle REE (MREE) and heavy REE (HREE), and Zr, 
Hf, and Th depletion compared to LREE (Fig. 3b). Higher 
concentrations of incompatible trace elements are observed 
in low Mg# grains and vice versa (Fig. 3b). Most high-Mg# 

cpx have very low concentrations of LREE and other trace 
elements, sometimes close to the detection limit.

Amphibole

Amphibole is not a common mineral in the lapilli and ash 
tuffs, but amphiboles in the size range 500–1000 μm are 
present in the upper part of Unit 2 from cores 49 to 57 at 
depths of 453–719 m below sea sea floor (mbsf). Smear 
slides of sediments from deeper intervals (cores 59–65) 
using the 75–100 μm size fraction are also amphibole-
free except for core 60R-1 W, 8–11 cm. Compositionally 
all amphiboles are calcic amphiboles (Fig. 4a), and can be 
subdivided into magnesiohornblende, edenite, and magne-
siohastingsites using the Leake et al. (1997) classification 
scheme. The Mg#s of the amphiboles range from 57 to 73. 
The PM normalized trace element concentrations show 
depletion of Th and Nb relative to LREEs and depletion of 
Zr and Hf relative to REEs (Fig. 4b). From the trace element 
plot, there are two distinct groups of amphiboles, with some 
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intermediates. One group is slightly depleted in LREE and 
HREE and shows enrichment of Ti compared to MREE and 
no Eu depletion. The other group is enriched in LREE com-
pared to MREE, depleted in Eu and Ti, and has flat MREE 
and HREE (Fig. 4b).

Melt inclusions

Melt inclusions within pyroxene are typically between 10 
and 60-μm in size and are found in both orthopyroxenes 
and clinopyroxenes; only the largest ones were analyzed. 
Some pyroxene grains had more than one melt inclusion; 
when analyzed, they had similar major oxide compositions 
(Online Resource 5). SiO2 contents range from 47 to 73 wt%, 
while the Mg#s of most basaltic MIs (48 to 52 wt% SiO2) 
range from 39 to 53. The total oxide composition for most 
of the felsic and some intermediate MIs are as low as 90 
wt% whereas, mafic ones are about 95 wt% or higher, which 
might reflect higher volatile contents of felsic inclusions. 
Without normalization, all the MIs plot within the medium 
K series on a plot of K2O vs SiO2 after the classification 
scheme of Peccerillo and Taylor (1976), similar to glass 
shards from Unit 2 (Samajpati and Hickey-Vargas 2020) 

(Fig. 5a). Overall, there is Mg–Fe disequilibrium between 
most MIs and host cpx, as the KdFe–Mg (Putirka et al. 2008) 
for the pairs are below the equilibrium line (Fig. 5b). The 
disequilibrium suggests that there were post-entrapment 
chemical exchanges between the MIs and the host mineral. 
Normalized trace element patterns show depleted to highly 
enriched LREE/MREE (La/SmN 0.33 to 4.03) and subduc-
tion-related geochemical signatures like Nb and Ta depletion 
relative to LREE (Fig. 5c).

Discussion

New findings from mafic and felsic minerals at site 
296

DSDP Site 296 presents a unique opportunity to study the 
evolution of arc magma in the northernmost section of 
the Oligocene IBM (KPR segment 1 from Ishizuka et al. 
(2011b)). Prior studies on the KPR in this region were made 
on dredged and piston core samples of plutonic and vol-
canic rocks (Haraguchi et al. 2003, 2012; Ishizuka et al. 
2011b). Studies of contemporaneous sediments are from 

Fig. 3   a Plot showing the 
composition of pyroxenes at 
Site 296 on the pyroxene quad-
rilateral. b Primitive mantle 
normalized multi-elemental 
composition of some mafic 
clinopyroxenes. Normaliz-
ing values are from Sun and 
McDonough (1989)
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a volcaniclastic sequence in the adjacent Amami-Sankaku 
basin drilled at IODP Site U1438 which range in age from 
Late Eocene to late Oligocene (Arculus et al. 2015b; Brandl 
et al. 2017; Barth et al. 2017; Hamada et al. 2020). In the 
IBM forearc, Oligocene ashes and tephra were drilled at 
ODP Site 782 (Straub 2003, 2008; Bryant et  al. 2003). 
Because it is situated in a basin near the crest of the KPR, 
Site 296 records the magmatic evolution of the early–late 
Oligocene IBM arc, up until arc rifting and opening of the 
Shikoku basin.

Fresh glass shards provide the best magmatic record 
of melt compositions, (Lee et al. 1995; Samajpati and 
Hickey-Vargas, 2020), but preservation of a large quan-
tity of fresh and undevitrified glass in older volcaniclastic 
sediments is uncommon (Arculus et al. 1995; Lee et al. 
1995). Compared to glass, mafic minerals like pyroxene 
and amphiboles are more resistant to alteration and more 
abundant. Pyroxenes at Site 296 are the dominant mafic 
silicate grains and are present throughout the stratigraphic 
section. The composition of the Site 296 cpx was used 
to distinguish the tectonomagmatic affinities of the cpx 
(Fig. 6a–c) using the discrimination diagram of Leterrier 
et al. (1982). The result shows that these cpx are mostly 
from subalkaline magma, showing both calc-alkaline and 
tholeiitic affinities, and a few are MORB-like. Stratigraph-
ically, calc-alkaline cpx are predominant in the bottom 

cores whereas tholeiitic ones are more common at the top. 
This is similar to the observation of Brandl et al. (2017) 
and Hamada et al. (2020) based on cpx within the Eocene 
to late Oligocene section at IODP Site 1438. The few 
MORB-like cpx at Site 296 occur at the top of the section.

Amphiboles in early IBM magmas represented by 
tephra fragments in IBM forearc cores were associated 
with felsic melt compositions by Straub (2008) but there 
is limited evidence of amphibole crystallization based on 
the trace element concentrations of Site 296 mafic through 
felsic glass shards and lithic fragments found in Unit 2 
(Samajpati and Hickey-Vargas 2020). In contrast, pristine 
amphibole crystals are found as isolated grains in Site 296 
sediments which indicates that amphiboles must have been 
phenocrysts in early IBM volcanic rocks.

The only felsic mineral in the Site 296 sediment is pla-
gioclase (An45–95). No quartz or muscovite was found. In 
terms of An content, presence of > An90 plagioclase is 
commonly attributed to high H2O content of arc magma 
as high-water content suppresses Si–O–Si–O polymeri-
zation and favors crystallization of anorthite over albite 
(Sisson and Grove 1993). In following sections, we utilize 
published experimental tools to understand the origins of 
the minerals, which together with glass shard composi-
tions, refine and add to our knowledge of the evolution of 
the early IBM arc.

Fig. 4   a Site 296 amphibole 
compositions plotted using cati-
onic values based on 23 Oxy-
gens after Leake et al. (1997). 
b Primitive mantle normalized 
trace element abundances in 
amphiboles



Contributions to Mineralogy and Petrology (2022) 177:41	

1 3

Page 7 of 18  41

Inferences from clinopyroxenes

Mg‑numbers of clinopyroxenes and coexisting melts

The distribution coefficient (Kd) of an element is defined as 
the ratio of its concentration in a mineral to its concentra-
tion in the melt, is a measure of the preference of that ele-
ment in a given phase and can be used to model magmatic 

processes (e.g., O’Hara 1995; Shaw 2000). Figure 5b shows 
the Mg# of liquids inferred from the composition of Site 296 
cpx compared with the Mg# of glass shards (Samajpati and 
Hickey-Vargas 2020) found in Unit 2, with reference to the 
Kd(Fe–Mg) between melt and cpx (Putirka 2008). Glasses rep-
resenting the most primitive melts inferred from the cpx are 
not found in the core and were either not erupted or not pre-
served. Additionally, none of the cpx apparently crystallized 

0

2

4

45 55 65 75

K 2
O

 (w
t%

)

SiO2 (wt%)

MIs

Site 296
glass

Low K

Med K

High K

0

1

2

3

0 5 10

Fe
/M

g 
 C

px

Fe/Mg Melt 

Cpx Data

Glass Data

Cpx-Melt
Inclusion

(b)

0.01

0.1

1

10

100

Rb Ba Th U Nb La Ce Pr Nd Sr Zr Hf Sm Eu Gd Dy Ho Y Yb Lu

PM
 N

or
m

al
iz

ed

(c)

(a)

MI cpx
MI opx

Fig. 5   a K2O vs SiO2 showing Site 296 melt inclusions in clinopy-
roxene compared with detrital glass shards from Site 296. Glass shard 
data are from Samajpati and Hickey-Vargas (2020) b Cationic Fe/Mg 
ratios for melt inclusions and host clinopyroxenes. Kd line for cpx/
melt is 0.27 after Putirka (2008). Clinopyroxene Fe/Mg calculated 
from Site 296 glass shards and melt Fe/Mg calculated from Site 296 

clinopyroxenes are plotted on the equilibrium line to show the range 
of values. The melt inclusion (red star) which plots on the equilib-
rium line is of a basaltic composition and has been used to calculate 
partition coefficients; two other inclusions also lie close to the line. 
c Primitive mantle normalized trace element compositions of melt 
inclusions from clinopyroxenes (orange) and orthopyroxenes (purple)

0.00

0.01

0.02

0.03

0.04

0.0 0.1 0.2 0.3

Ti
 (a

pf
u)

Al (apfu)

Calc-alkaline

Tholeiitic

(b)

0.00

0.02

0.04

0.06

0.08

0.10

0.6 0.7 0.8 0.9 1.0

Ti
 (a

pf
u)

Ca+Na (apfu)

Sub-alkaline
Alkaline

(a)

0.00

0.02

0.04

0.06

0.5 0.6 0.7 0.8 0.9 1.0

Ti
+C

r

Ca (apfu)

MORB

Supra-subduction

(c)

   
(a

pf
u)

Fig. 6   a–c Tectonic discrimination diagrams based on clinopyroxene 
compositions from Leterrier et al. (1982). Elements are expressed in 
cationic value from the structural formula of clinopyroxenes. Orange 

symbols in b and c are the unusually high-Mg# clinopyroxenes dis-
cussed in the text. Fewer data points are shown in c because Cr was 
not analyzed



	 Contributions to Mineralogy and Petrology (2022) 177:41

1 3

41  Page 8 of 18

from the most silicic melts represented by the glass shards. 
In this case, the melts may not have been saturated with cpx, 
or cpx crystallization may have been impeded by rapid cool-
ing of the felsic melts. The most primitive cpx, with Mg# 
of 88–92, were calculated to coexist with melts having Mg# 
between 67 and 73, which is higher than that observed in the 
late Oligocene IBM melts represented by either glass, ash or 
lava, although Brandl et al. (2017) report similar high-Mg# 
in both cpx and its hosted MIs in the > 37 Ma (Eocene) sec-
tion of IODP Site 1438. Cpx with Mg# between 87 and 61 
are in equilibrium with melts of Mg# 65–30, which com-
prises a range of mafic to felsic lavas (45–69 wt% SiO2) 
seen in the late Oligocene products. Some of the most primi-
tive KPR basaltic lavas reported by Haraguchi et al. (2012) 
and Ishizuka et al. (2011b) had Mg# 65–63. Ash particles 
studied by Straub (2003) with a range from Mg# 47 to 30 
have silica contents between 56 and 69 wt% similar to Site 
296 glasses (Samajpati and Hickey-Vargas 2020), although 
more silicic melts inferred from glass and tephra have been 
reported in Sites 296 and 782A. The conclusion of this 
comparison is that the range of melt compositions inferred 
from cpx extends to more mafic melts than found among 
the glasses but does not reach that of the most felsic glasses.

The composition of all cpx grains from Site 296 define a 
broad trend in the variation of Al2O3 with the Mg# (Fig. 7). 
Overall, Al2O3 contents increase to a maximum of about 7 
wt% near Mg# = 80 and then decrease at lower Mg#s. That 
the alumina content of the most magnesian cpx increases 
as Mg# decreases from 92 to 86 suggests that the magne-
sian cpx crystallized from magma without accompanying 
plagioclase, consistent with the suppression of plagioclase 
crystallization at high pressure and/or water contents (Kay 
and Kay 1985; DeBari et al. 1987; DeBari and Coleman 
1989). Alternatively, because the Al content in cpxs also 
increases as a function of pressure (Nimis and Ulmer 1998), 
the low alumina contents of cpx may be related to lower 
pressures of crystallization. Using this reasoning, the cpx 

with highest Mg# and low alumina probably crystallized 
in a shallow or low-pressure environment. In contrast, the 
wide variation in Al contents at Mg# ~ 80 could be a result 
either of the generation of magma at different depths or vari-
able alumina contents of the magma as the result of varying 
co-precipitation of plagioclase with other minerals, or both 
these processes occurring together. The broadly decreasing 
trend in the alumina content with further decreasing Mg# 
may indicate the onset of plagioclase crystallization together 
with cpx during differentiation to form silicic magmas.

Pressure estimates using clinopyroxene thermobarometry

Pressure estimates from clinopyroxene are calculated as a 
linear function of unit-cell and M site volume (Nimis 1995; 
Nimis and Ulmer 1998; Nimis 1999). For hydrous magmas 
like those of subduction zones, the barometer is also sensi-
tive to the temperature of crystallization and a close esti-
mation of temperature (± 50 °C) is needed to give accurate 
pressure readings. For Site 296 pyroxenes, in sediments, it is 
difficult to estimate a temperature using other geothermom-
eters. To estimate pressure, a temperature was chosen based 
on a temperature determined on pyroxenes from lithic clasts 
from volcaniclastic sediments shed from the KPR and drilled 
at ODP Site 1201 (D’Antonio et al. 2006), giving a result of 
1155 ± 56 °C for the most primitive magmas. ODP Site 1201 
has IBM debris contemporaneous in age to Site 296 but is 
located in segment 3 of KPR (Ishizuka et al. 2011b) roughly 
1100 km south of Site 296. Using the cpx geobarometer 
(Nimis 1999) at temperatures of 1155 °C some high-Mg# 
cpx (88–92) produced negative pressures, indicating these 
cpx compositions probably formed at lower temperatures. 
At 1100–1075 °C, most high-Mg# cpx yield a pressure of 
crystallization of 0–2 kbar, and those with both high-Mg# 
and high Al content (Fig. 7) give 4–6 kbar pressure of crys-
tallization. Cpx with lower Mg numbers between 78 and 84 
gave pressures ranging from 0 to 8 kbar at temperatures of 
1100–1075 °C. Because of the sensitivity of the barometer 
to Al contents of magma, only low Al mafic magmas provide 
an accurate pressure estimate (Nimis 1999). The higher pres-
sures given by the high Al cpx could reflect either crystal-
lization in deeper magma reservoirs or their derivation from 
high alumina parent magmas.

Melt trace element concentrations and patterns estimated 
using clinopyroxene partition coefficients

Partitioning of trace elements between melt and crystal 
is affected by pressure, temperature, the composition of 
magma and the structure of the solid phase (Blundy and 
Wood 2003; Nandedkar et al. 2014, 2016; Shimizu et al. 
2017; Humphreys et al. 2019). At subduction zones, water 
also plays a vital role in partitioning, as it may decrease 
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the trace element activity in melts and cause preferential 
stability of one valence over the other (Blundy and Wood 
2003). For this study, we calculated cpx/melt trace element 
Kds using the Site 296 cpx-hosted MIs, including basal-
tic, andesitic and dacitic inclusions and enclosing cpx, with 
results shown in Fig. 8. For comparison, and to test the 
efficacy of this approach, we show Kds from experimental 
studies having melt compositions similar to those inferred 
for the Site 296 cpx (Fig. 8 and caption). Phenocryst-matrix 
measurements were used when experimental data were not 
available. Partition coefficients for basalt were calculated 
from the Site 296 mafic cpx-basaltic MI that falls on the 
KdFe-Mg equilibrium line in Fig. 5b (red star) ensuring that 
post entrapment element exchanges were minimal. As shown 
in Fig. 8, Kds calculated from MI have similar trace element 
trends to those resulting from experiments, for example, sim-
ilar relative values for different elements and REE Kd’s that 
increase exponentially with more SiO2-rich melt inclusions 

(Fig. 8). Therefore, for cpx without MIs, we used the Kd’s 
calculated from the cpx and enclosed basaltic melt inclusion 
shown in Figs. 5b and 8 (Online Resource 6), applied only 
to mafic cpx (Mg# > 75).

Figure 9 shows the calculated trace element patterns for 
melts coexisting with high-Mg# cpx (88–92) and cpx with 
Mg# between 75 and 87. Patterns calculated from the highest 
Mg# cpx have a flat REE distribution and low concentrations 
of incompatible trace elements compared to glass shards 
from the Site 296 drill core (Samajpati and Hickey-Vargas 
2020). Calculated trace element patterns for melts coexist-
ing with cpx with Mg# 75 to 85 vary widely, from flat REE 
patterns to LREE enriched patterns. Cpx with Mg# of 86–87 
yield melt trace element patterns that are similar to those 
inferred from the highest Mg# cpx and are grouped with 
them in Fig. 3b. Some of these calculated melts have higher 
Nb contents than LREE in the PM normalized multi-element 
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ized trace element abundances 
in melts calculated from Site 
296 clinopyroxenes using cpx-
basalt MI partition coefficients. 
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trace element abundances of 
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pati and Hickey-Vargas, 2020). 
High-Mg andesite from Bonin 
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plot (Fig. 9) and therefore do not exhibit arc trace element 
characteristics (e.g., Perfit et al. 1980).

Inferences from amphiboles

Temperatures and magma compositions from amphibole 
compositions

Recent studies of amphibole compositions suggest that 
amphibole is not a reliable pressure indicator (Erdmann et al. 
2014; Putirka 2016) except under restricted conditions like 
T < 800 °C and Fe# or Fe/(Fe + Mg) amp < 0.65 (Anderson 
and Smith 1995). Amphiboles are more sensitive to tem-
perature and liquid composition. Putirka (2016) emphasized 
that amphibole barometers based on partitioning of alumina 
between amphibole and melt (e.g., Ridolfi and Renzulli 
2012) are only successful when multiple pressure estimates 
for different compositions are averaged, without which 
there could be an error of ± 4 kbar. In contrast, temperature 
estimates from amphibole compositions have a precision 
of ± 30 °C. We used the pressure (P-) independent ther-
mometer from Putirka (2016), as given as Eq. 5, to estimate 
the temperature and Eq. 10 to determine the SiO2 content 
of melts coexisting with Site 296 amphiboles. Results are 
temperatures of crystallization from 741 to 1016 °C for the 
amphiboles and silica contents for coexisting melts ranging 
from basaltic andesite to rhyolite (52–75 wt%). Magnesio-
hastingsites yield higher temperatures than magnesiohorn-
blende. Magnesiohastingsites, crystallized at temperatures 
of 1016–872 °C, are more common in mafic to intermediate 
magmas (calculated SiO2 52–66 wt%), whereas edenite and 
magnesiohornblendes are more common in silicic magmas 
(calculated SiO2 69–75 wt%). The amphiboles crystallizing 
in basaltic andesite compositions are henceforth referred to 
as mafic amphiboles although these amphiboles do not have 
very high-Mg#s (62–67). Given the range of amphibole and 
melt SiO2 compositions, the trace element variation in the 
amphiboles (Fig. 5b) may be related to the magma compo-
sition. The amphiboles which show low incompatible trace 
element concentrations mainly crystallized from mafic and 
intermediate magma. Among the mafic amphiboles, the vari-
ation in LREE is probably related to the geochemical charac-
teristics of the primary magmas as LREEs are incompatible 
in mafic amphiboles. During differentiation from intermedi-
ate to silicic magma, plagioclase and titano-magnetite are 
usual major fractionating phases (Samajpati and Vargas 
2020), and this probably explains the depletions of Eu and 
Ti in the normalized trace element patterns for silicic amphi-
boles. Apatite crystallization in silicic magma can also affect 
rare earth elements (REE); magma crystallizing apatite may 
have low concentrations of REE, especially MREE, and this 
might explain the differences among the silicic amphiboles 
(Prowatke and Klemme 2006).

Melt trace element concentrations estimated 
from composition matched amphibole‑melt partition 
coefficients

Using SiO2 contents inferred for melts coexisting with Site 
296 amphiboles, we calculated melt trace element abun-
dances using compositionally matched partition coefficients, 
as given by Nandedkar et al. (2016) and Humphreys et al. 
(2019) (Fig. 10a, b). We used both these sources to get a bet-
ter comparison of data and to model the maximum number 
of trace elements. Partition coefficient values from Nand-
edkar et al. (2016) are listed in supplementary file (Online 
Resource 6). None of the calculated basaltic andesite (mafic) 
melt compositions calculated using these Kds show LREE 
depletion, although this is observed in some basalt or basalt-
andesite glass shards from Site 296 (Fig. 10a). In Fig. 10, 
there are also some highly LREE enriched melt composi-
tions inferred from amphibole compositions that are not 
observed among Site 296 glasses.

We also tested the multiple regression method from Hum-
phreys et al. (2019) to calculate melt trace compositions in 
equilibrium with the Site 296 amphiboles. This method is 
empirical, based on multiple regression analysis of the major 
element composition of individual amphiboles and coexist-
ing melts to calculate their individual trace element partition 
coefficients. Representative sets of example partition coef-
ficients calculated using these methods are given in Online 
Resource 6. When the two sets of calculated melt composi-
tions are compared, Kd values from Nandedkar et al. (2016) 
produced trends of highly elevated LREE over other rare 
earth elements (Fig. 10a) whereas using Humphreys et al. 
(2019) methods produced slightly elevated LREEs and 
more depleted HREEs in some felsic melts (Fig. 10b), all 
in comparison with Site 296 glass compositions. Overall, 
trace element abundance patterns calculated using Kds from 
Humphreys et al. (2019) have a better fit to the range of Site 
296 detrital glass shards. Calculated La/SmN values using 
Kds from Humphreys et al. (2019) for basalt-andesite are 
1.1 to 7.2, indicating the magma crystallizing amphibole 
was enriched in LREEs. Calculated trace element patterns 
for basaltic-andesite and andesite magmas using both sets 
of Kds have a positive Sr peak (Fig. 10a and b), indicating 
plagioclase was not an important fractionating phase at these 
magma compositions. In contrast, plagioclase was a major 
fractionating phase in the silicic magmas as inferred from 
the depletion of Sr in the plots.

Magma compositions based on amphibole stability 
in Island Arc Magmas

Understanding amphibole stability in volcanic rocks and 
especially in island arcs is an issue of great importance 
for understanding the evolution of the continental crust 
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(Davidson et al. 2007; Larocque and Canil 2010; Smith 
2014). Stagnation of magma at intermediate crustal depths 
can stabilize amphiboles to a minimum of about 1.5–2 GPa 
(Allen and Boettcher 1983) under water-saturated condi-
tions but magma degassing during ascent can destabilize 
amphibole. A slow ascent can cause the amphibole to break 
down into anhydrous minerals and fluid. In arc magmas, 
amphiboles are more common in intermediate and felsic 
rocks presumably because these are cooler and may have 
higher water contents. Therefore, the presence of mafic 
amphiboles in equilibrium with inferred melts with 52–56 
wt% SiO2 at Site 296 is relatively unique. Experiments con-
ducted to address amphibole stability in arc magma revealed 
that Na2O (at least 3 wt%) in addition to high water contents 
of the magma are crucial factors in stabilizing amphibole in 
hydrous high alumina basalts and basalt andesites (Sisson 
and Grove 1993). In lower Na2O magmas, amphiboles start 
to appear only when andesite compositions are reached (Sis-
son and Grove 1993). Experiments of amphibole stability 
in primitive high-Mg andesites and basaltic andesites in arc 
magmas at variable water, pressure and fO2 contents (Kraw-
czynski et al. 2012) yielded high-Mg# amphiboles (Mg#s 

76–82) coexisting with olivines at pressures over 500 MPa 
and temperatures of 975–1025 °C under high water con-
tents (10–14 wt%). Such high-Mg# amphiboles are absent 
in Site 296, thereby suggesting that such primitive magmas 
are probably not the origin for these amphiboles.

We used the experimental major element Kds between 
amphibole and melt from Sisson and Grove (1993) to under-
stand more about the major element composition of the 
melts. We used KdAl–Si since it is restricted to 0.94 in differ-
ent melt compositions, compared to KdFe–Mg which varies 
from 0.30 to 0.38 in mafic and intermediate melts to lower 
values in silicic melts (Sisson and Grove 1993). The calcu-
lated melts from which the mafic amphiboles crystallized 
have higher Al/Si ratios (0.36–0.43) than those observed 
in the more mafic glasses from Site 296 (0.28–0.36). This 
could mean that the mafic amphiboles crystallized from 
more alumina rich magmas than those represented by the 
Site 296 glass shards (11.4–15.5 wt%, Samajpati and Hickey-
Vargas (2020)). We used the calculated melt major element 
composition from Site 296 amphiboles (Zhang et al. 2017; 
Humphreys et al. 2019) which yielded 18.0–18.7 wt% Al2O3 
and MgO 2.1–5.3 wt% for basalt-andesites. The composition 

Fig. 10   a Primitive mantle 
normalized trace element abun-
dances in melts calculated from 
amphiboles using amphibole/
melt partition coefficients from 
Nandedkar et al. (2016). The 
shaded field represents the trace 
element abundances of Site 296 
glass shards (Samajpati and 
Hickey-Vargas, 2020). b Calcu-
lated melt compositions using 
the method of Humphreys et al. 
(2019). The regression equation 
for Y and Ho from Humphreys 
et al (2019) produced anoma-
lous peaks in the inferred melt 
trace element patterns which 
was not observed in the normal-
ized trace element analyses for 
amphiboles, hence these ele-
ments are not plotted
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is similar to the low Mg high alumina hornblende diorites 
(equivalent to basaltic andesite) from experiments by Sisson 
and Grove (1993), where amphiboles started crystallizing at 
998 °C with olivine and before plagioclase crystallization. 
Therefore, based on the major element calculated composi-
tions and previous experimental studies, the mafic amphi-
boles might have crystallized from high alumina basaltic 
andesite magma with low to moderate MgO and at least 3 
wt% Na2O concentrations.

Synthesis: magma compositions recorded at site 
296 and other locations in KPR segment 1

Figures 11, 12 and 13 summarize geochemical features of 
magma compositions inferred from minerals in the Site 296 
section and analyses of glass shards. In this section, we inter-
pret their origin and timing together with findings from other 
locations in KPR Segment 1. We group magma composi-
tions into high-Mg#, flat to LREE-depleted and high Al2O3, 
LREE-enriched types.

High‑Mg magmas

IODP Site U1438 (Fig. 1a), situated about 240 km SW 
from Site 296 in the Amami Sankaku basin is also a part 
of segment 1 of the KPR. Both sites have contemporaneous 
records, but Site U1438 has a complete stratigraphic record 
starting from the igneous basement through Eocene and Oli-
gocene volcaniclastic sediment (Arculus et al. 2015b; Brandl 
et al. 2017). At Site 296, these older records are absent 
except for one volcanic rock fragment dated at 47.5 Ma 
(Eocene) in a deep sandstone section (core 63) (Ozima et al. 

1977). At IODP Site U1438, Brandl et al. (2017) found that 
high-Mg# melt inclusions within high-Mg cpx (Mg# 89 to 
92) were found only in the older > 37 Ma sediments and 
were chemically similar to plagioclase poor (1–4%) high-Mg 
andesites of the Bonin Ridge Escarpment (BRE) (Fig. 1a). 
The origin of the BRE high-Mg rocks was inferred to occur 
during the change from decompression melting accompany-
ing subduction initiation to early arc magma formation at 
about 44 Ma (Ishizuka et al. 2006). When compared to Site 
296 high-Mg# cpx (Fig. 9), the inferred melts that formed 
the Site 296 high-Mg# cpx and BRE high-Mg-andesites have 
similar flat REE patterns and high Sr contents compared to 

Fig. 11   Primitive mantle nor-
malized REE plot for analyzed 
and calculated melts for all 
materials at Site 296. Compo-
sitional ranges inferred from 
clinopyroxenes, amphiboles and 
analyzed melt inclusions are 
shown as shaded fields, lines are 
individual glass shard and clast 
composition (Samajpati and 
Hickey-Vargas 2020). Normal-
izing values are from Sun and 
McDonough (1989)
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REE (Fig. 9), suggesting these magmas were not yet satu-
rated with plagioclase. The high-Mg#-cpx of Site 296 also 
have low alumina content (Fig. 7) and inferred crystalliza-
tion pressure of 0–2 kbar, suggesting that they formed in a 
shallow setting. In contrast to Site 1438, at Site 296, high-
Mg# cpx appear predominantly in the upper-middle sec-
tion of Unit 2 between cores 54 to upper 61 at approximate 
depths of 625–863 m. At this level, lapilli and ash tuffs are 
the dominant lithologies suggesting that the cpx were depos-
ited directly during volcanic eruptions. Benthic foraminifera 
species in cores 55 and 56 indicate a near sea level loca-
tion of late Oligocene age (Ingle et al. 1975). Therefore, 
magmas crystallizing these cpx are unlikely to have formed 
at the same time as the geochemically similar high-Mg 
andesites of the BRE or the melt inclusions in high-Mg cpx 
from > 37 Ma sediments at Site U1438. There are, however, 
cpx with Mg# of 87 in the deepest Site 296 core (core 65) 
with inferred melt trace element patterns similar to the other 
Site 296 high-Mg# cpx and BRE rocks. These could have 
been deposited directly during early Oligocene or older vol-
canic activity, or alternatively, included as eroded sediment 
or xenolithic fragments from older KPR volcanic products. 
In either case, it is plausible that this magma type, having 
low concentrations of incompatible trace elements and flat 
REE patterns reflects a particular tectonic regime. According 

to (Brandl et al. 2017), the BRE high-Mg andesites were pre-
arc rocks formed during the transition from seafloor spread-
ing associated with subduction initiation and true subduction 
and generation arc magma. By analogy, magmas forming the 
high-Mg# cpx at Site 296 might be related to the onset of arc 
extension, rifting and decompression melting during the late 
Oligocene. This interpretation is consistent with their low Al 
and shallow inferred crystallization depths and might also 
explain why high-Mg# cpx are absent in younger < 37 Ma 
sediments at Site U1438 on the non-rifted, rear arc side of 
the early IBM arc (Brandl et al. 2017).

LREE enriched magmas

Strongly LREE-enriched and high Al2O3 melt composi-
tions are found in Site 296 in some glass shards (Samajpati 
and Hickey-Vargas (2020) and among mafic and intermedi-
ate magma compositions inferred from amphiboles. These 
also have REE patterns similar to strongly LREE enriched 
hornblende-bearing andesite clasts (La/SmN > 4) from Site 
296 (Samajpati and Hickey-Vargas 2020). LREE enriched 
compositions were also observed for melts inferred from 
two cpx grains (Mg#s around 80 and 4–6 wt% Al2O3, La/
SmN 3–4) and an andesite melt inclusion within a cpx with 
17.9 wt% Al2O3 and La/SmN = 4. These compositions are 
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comparable to highly LREE enriched volcanic rocks recov-
ered from Nichinan seamount, located 160 km NW of Site 
296 on the KPR (Haraguchi et al. 2012). All of the above 
materials, which point to LREE-enriched high-Al magmas 
as their source, are present in the topmost section of Unit 2, 
cores 54–57.

Our interpretation is that these LREE-enriched high-
Al magmas were formed under high pressure and/or water 
contents towards the later part of the late Oligocene. Evi-
dence for high water contents and/or a deeper magma res-
ervoir is both the stabilization of amphibole and increas-
ing dominance of calcic plagioclase at the middle to top 
of the stratigraphic section (Fig. 2). At high pressures and/
or water content amphiboles are stabilized, and plagioclase 
crystallization is suppressed as the volume of stability of 
clinopyroxene expands (Baker and Eggler 1983). When pla-
gioclase does crystallize, it is more Ca rich and Si poor with 
compositions of An90–95 (Arculus and Wills 1980), as seen 
at Site 296.

Evidence for mantle depletion and enrichment

There is an upward increase in Nb/Yb ratios among inferred 
melt compositions in the Site 296 core (Fig.  13, cores 
54–57). In Fig. 10b, the composition-matched trace element 
abundances of mafic and intermediate melts inferred from 
amphiboles at Site 296 using the method of Humphreys et al. 
(2019) vary from slightly to highly enriched in terms of La/
SmN (1–7) and from Nb/Yb = 0.9 to 8.1. Th concentrations 
for the melts calculated using the composition-matched par-
tition coefficients from Nandedkar et al. (2016), yield Th/Yb 
values that also vary widely 1–7. The most LREE-enriched 
mafic melt (SiO2 = 55 wt%; La/SmN = 7.0) has the highest 
Nb and Th concentrations and highest Nb/Yb and Th/Yb 
ratios (8.1 and 7.6, respectively), which indicate high mantle 
fertility in the first case and incorporation of a subduction 
component in the second case (Brandl et al. 2017; Pearce 
et al. 2005).

Melt compositions calculated from the cpx do not show 
such high Nb/Yb but more moderate to extremely low values 
(Fig. 12). The extremely low values (close to and lower than 
0.1 in Fig. 12) inferred from cpx could result from meas-
urement errors due to the low, near detection limit, con-
centrations (Table 1), however, there are melt inclusions 
and glasses from Site 296 with higher Nb concentrations 
whose Nb/Yb values are close to 0.1 (Fig. 12). Since Nb/
Yb is an indicator of mantle fertility (Pearce et al. 2005), the 
wide variation of Nb/Yb ratios in Fig. 12 suggests changes 
in mantle source fertility took place between the formation 
of enriched magmas, as inferred from some amphiboles 
in cores 54–57 and depleted magmas inferred from cpx 
(Fig. 13). As seen in Fig. 13, diverse magmas in terms of 
La/SmN (~ 0–2) and Nb/Yb (0–1) are present throughout 

the Oligocene with the appearance of highly enriched (La/
SmN = 7; Nb/Yb = 8) and amphibole bearing magmas shortly 
before the cessation of volcanism marking arc rifting. In 
short, we can suggest towards the late Oligocene, deep-
seated magma storage or high-water contents of the magma 
may have led to the evolution of high Al magmas with vari-
able Mg contents from a somewhat LREE and Nb enriched 
source with the crystallization of high-Al cpx, amphiboles, 
and highly calcic plagioclases.

Temporal changes and oligocene rifting of the early 
IBM arc

Rifting of the KPR and opening of the Shikoku basin by 
sea-floor spreading was interpreted to have begun by the 
late Oligocene at about 30 Ma (Okino et al. 1994; Ishizuka 
et al. 2011b). Our results suggest that the formation and 
eruption of high-Mg, incompatible element-poor shallow-
source decompression melts may have started at this time 
within the early IBM, and was gradual, with intermittent 
periods of decompression melting related to arc extension 
and typical arc magmatism. Figure 13 shows the temporal 
or stratigraphic changes at Site 296 in terms of mineral com-
positions present and geochemical characteristics observed. 
Considering the lowermost cores of Unit 1 (core 47) and 
cores of Unit 2 at Site 296 together, there is a gradual change 
upward in La/SmN and Nb/Yb in magma from depleted to 
slightly enriched (cores 59–65) to highly enriched (cores 
54–57) and then again to depleted at the top (cores 47–50) 
(Fig. 13). The abrupt change from highly enriched, high 
Nb/Yb, to depleted characteristics at the base of Site 296 
Unit 1 (around core 47) might mark the final shift to rift-
ing and related decompression melting. Brandl et al. (2017) 
also interpreted, based on melt inclusions within cpx from 
IODP Site U1438 Unit III, that there was an increase in 
the Nb/Yb in melt compositions prior to rifting. The subse-
quent decrease was not apparent in the Site U1438 section, 
although a small subset of MIs at 30 Ma was identified as 
low-P melts by Hamada et al. (2020).

The highly LREE-enriched and high Nb/Yb late-stage 
mafic magmas at Site 296 are inferred from amphiboles in 
and above core 57 in Unit 2. The enriched characteristics 
of these magmas and presence of amphiboles reflect high 
water pressure conditions that may have developed as the arc 
crust thickened and matured, and magma became enriched 
in water and fluid mobile elements from the subducted slab. 
As noted above, depleted magma (La/SmN 0.5–1, Nb/Yb 
close to 0.1) compositions occur in the same stratigraphic 
intervals as the enriched amphibole bearing magmas dis-
cussed above. Melts inferred from the high-Mg# cpx have 
characteristics implying shallow crystallization pressures 
(0–3 kbar at 1100 °C), both calc-alkaline and tholeiitic 
types (Fig. 6c). The presence of such enriched and depleted 
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magmas together implies that diverse magmas may have 
formed from different depths and by different processes 
over the period represented by the Site 296 cored section. 
Therefore, it is highly likely that there were multiple stages 
of arc rifting, with accompanying decompression melting, 
and eruption of high-Mg, incompatible element poor melts 
from a depleted mantle source, alternating with eruption 
of incompatible element-enriched, hydrous, amphibole-
bearing arc magmas from deep seated in the arc. Towards 
the top of Unit 2 (core 50), and base of Unit 1 (core 47), 
the change from enriched sources to more depleted sources 
having lower La/SmN and Nb/Yb in Fig. 13 together with 
lower Th/Yb (4 to~0) may reflect the decreasing subduc-
tion component to form arc magmas and increasing BABB 
(back arc basin basalt) component as extension and rifting 
became dominant.

Studies of sediments from IODP Site 1438 delineate 
the older Eocene to late Oligocene variation in early IBM 
magmas. Hamada et al. (2020 identified three major magma 
types between 30 and 40 Ma, enriched medium K tholei-
itic magmas (30–38 Ma), enriched medium K calc-alkaline 
magmas (30–39  Ma) and depleted low K calc-alkaline 
magma (35–40 Ma). Brandl et al. (2017) interpreted, based 
on melt inclusions within cpx from IODP Site U1438 Unit 
III, that the arc changed from more calc-alkaline dominated 
primary melts within the > 37 Ma section to tholeiitic island 
arc differentiates within the < 37 Ma sections. At Site 296, 
melt compositions, whether inferred from minerals or from 
glass shards or MIs (Samajpati and Vargas 2020; this study), 
are of medium K (from glass shards and MIs) and both arc 
tholeiite and calc-alkaline series character. Since Site 296 
section is largely late Oligocene, these findings are consist-
ent with those from IODP Site U1438 (Brandl et al. 2017; 
Hamada et al. 2020).

Conclusions

Late Oligocene tuffs, lapilli tuffs and volcanic sandstones 
drilled at DSDP Site 296 on the Kyushu Palau Ridge contain 
abundant fresh pyroxene and amphibole grains, but fresh 
scarce glass shards and no unaltered volcanic clasts. This 
study utilizes studies of mineral-melt equilibrium to calcu-
late melt compositions and conditions of magma crystalliza-
tion, an approach that is useful where whole rocks are not 
preserved. At Site 296, the range of magma major and trace 
element compositions inferred from minerals exceeds that 
represented by the glass shards in the sediment and probably 
gives a more complete understanding of represented magma 
compositions and the sequence of magmatic evolution.

Using new data for melt inclusions in cpx, we esti-
mate a new set of trace element partition coefficients for 
mafic cpx/melt and these are consistent with the trends of 

experimental studies. For amphibole, mineral/melt parti-
tion coefficients from Nandedkar et al. (2016) (experimen-
tal) and Humphreys et al. (2019) (empirical) were used. 
Calculated trace element abundances define three main 
magma types:

(1) slightly depleted to enriched (La/SmN 0.5–4) tholei-
itic to calc-alkaline arc magmas similar to magmas rep-
resented by Site 296 glass shards; (2) late stage high-Mg 
magmas with MORB or BABB-like trace element signa-
tures, and (3) also late stage highly LREE enriched (La/
SmN > 6) and water-rich arc melts from a fertile mantle 
source.

Using mineral geothermobarometry, we infer that the 
crystallization conditions for cpx in magmas at Site 296 
ranged from low pressure (0–3 kbar) for the low alumina, 
intermediate to highest Mg# cpx, in contrast to higher 
pressure (up to 8 kbar), water-rich and plagioclase-poor 
magmatic evolution for moderate alumina and intermedi-
ate and low Mg# (< 80) cpx.

Based on inferred magma chemistry and crystallization 
conditions, and stratigraphic considerations some unique 
findings for the early magmatic history of the IBM arc not 
well recorded in other sites are:

(1)	 During the late Oligocene, primary magmas with 
diverse incompatible element patterns formed and 
differentiated at different depths (0–30 km) Based on 
clinopyroxene compositions both calc-alkaline magmas 
and tholeiitic magmas were present, and these results 
are comparable and similar to Brandl et al. (2017) and 
Hamada et al. (2020) for the contemporaneous parts of 
the drilled section at IODP Site U1438.

(2)	 Shortly before arc rifting and opening of the Shikoku 
basin, highly incompatible element-enriched magmas 
formed from a fertile mantle source and crystallized 
as mafic amphibole-bearing arc lavas. These may have 
been derived from local point source like that produc-
ing the enriched magmas from nearby Nichinan Sea-
mount (Haraguchi et al. 2012), or they may reflect a 
temporal change related to subduction conditions.

(3)	 Arc extension and production of BABB-like decom-
pression melts occurred in multiple events before 
complete arc rifting and opening of the Shikoku basin. 
Magma formed during these events produced high-Mg# 
cpx from a depleted, MORB-like mantle sources.

(4)	 The time scale for these events is uncertain because 
both mafic amphiboles (late stage enriched arc mag-
mas) and high-Mg# cpx (MORB-like magmas) are 
present in some of the same sampled intervals. This 
implies that both arc (IAB) and back-arc (BABB) types 
of magma coexist in arcs undergoing rifting and back-
arc basin formation.
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