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ABSTRACT

Japan is well suited for re-evaluating the K-h relationship (Dickinson and  Hatherton, 
1967), which summarizes enrichment of K and other LILEs as a function of depth (h) 
to the Wadati-Benioff Zone (WBZ). We use a newly-developed forward model – the Arc 
Basalt Simulator, or ABS – to isolate the most important controls on the K-h relation-
ship for Neogene lavas from the Japan arc. Japan has endmember subduction zones, one 
subducting cold Cretaceous lithosphere rapidly (NE Japan or NEJ), the other subducting 
warm Neogene lithosphere slowly (SW Japan or SWJ). Modern geochemical data indi-
cates different but nearly parallel K-h relationships. The NEJ K-h relationship follows 
the global curve of Dickinson and Hatherton (1967) but K-h for SWJ defines greater K 
for given h. Other incompatible trace element concentrations reflect this as well. The 
basalts erupted along the SWJ magmatic front are similar to those from the NEJ rear arc, 
reflecting a fundamental difference between the two subduction zones as is also indicated 
by the presence of adakites (slab melts) in SWJ and their absence in NEJ. The subducted 
slab beneath SWJ is much hotter than that beneath NEJ, resulting in an order of mag-
nitude less melt generation. ABS modeling suggests that these differences are controlled 
by different extents of slab hydration, with the colder oceanic crust and perhaps mantle 
peridotite carrying much more water deep into the NEJ subduction zone than does the 
hot, relatively dry SWJ subducted slab. The greater water flux beneath NEJ results in 
a greater degree of mantle melting beneath the magmatic front of NEJ (20% melting) 
compared to SWJ (3-5% melting). Because the lithosphere subducted beneath SWJ slab 
is younger and hotter, it carries less water to depths in the mantle where it can trigger 
melting, because it is less hydrated and/or loses its water shallower.   We conclude that the 
K-h relationship for NEJ, SWJ, and perhaps global arcs is controlled by the thermal state 
of the subducted slab, which controls fluid flux to and extent of melting of asthenosphere 
in the mantle wedge, and thus K (and other incompatible element) contents.

INTRODUCTION

Even before the K-h relationship was first proposed in 
1967 (Dickinson and Hatherton, 1967), controls on the com-
position of arc magmas have been the center of petrologic 

and geochemical interest (Coats, 1962; Kuno, 1966). The K-h 
relationship is the positive correlation between the geophysi-
cally-inferred depth (h, in kilometers of the subducted slab 
surface (Wadati-Benioff Zone; WBZ) with K (K2O wt.%) of 
lavas normalized at SiO2 = 55 or 57.5 wt.% (K55 or K57.5). 
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Such  spatial variations in lava chemistry appear a fundamen-
tal feature of convergent margin magmatism, observed for 
both Andean-type (continental) as well as truly intra-oceanic 
arcs (Aramaki and Ui, 1982; Dickinson, 1975; Hatherton and 
 Dickinson, 1969; Hutchison, 1982). These and other stud-
ies hint that a fundamental tectonomagmatic process in the 
subduction zone is responsible the K-h relationship. For this 
reason, a better understanding of what controls the K-h rela-
tionship opens a door to understanding subduction zone pro-
cesses.

In this paper we investigate controls on the K-h rela-
tionship, using late Neogene lavas from the Japan island 
arc. The Japan arc is a natural focus of such studies, because 
numerous studies by especially Japanese scientists results in 
a detailed understanding of its tectonic setting, subduction 
zone geometry, and magmatic compositions. Japan is actually 
the site of three arc segments: NE Japan (NEJ), SW Japan 
(SWJ), and Izu-Bonin-Mariana (IBM), which meet at Earth’s 
only T-T-T triple junction (Fig. 1). We focus on NEJ and SWJ 
arcs because their very different magmatic systems are asso-
ciated with very different convergence rates and subduction 
zone thermal regimes. NEJ subducts old, cold lithosphere 
rapidly, whereas SWJ subducts young, hot lithosphere slowly  
(Kimura et al., 2005; Kimura and Yoshida, 2006; Nakajima 
and Hasegawa, 2007; Peacock, 1996). The two contrasting 
arcs are also well suited to this treatment because they are so 
different and so well known (Nakajima and Hasegawa, 2007; 
Nakajima et al., 2005). Thermal structure and fluid transfer in 
the subducting slab and wedge mantle are well-constrained 
by both geodynamic (Furukawa, 1993; Peacock et al., 2005; 
van Keken et al., 2002) and petrological/geophysical mod-
els (Hacker and Abers, 2004; Hacker et al., 2003; Iwamori, 
1998; Poli and Schmidt, 1995). We build on this knowledge 
to understand the K-h relationship by applying the simple Arc 
Basalt Simulator (ABS) model (Kimura and Yoshida, 2006; 
Sendjaja et al., in press). ABS presents a simplified, realistic 
magma genetic model that incorporates intensive and exten-
sive parameters during slab dehydration, fluid-mantle reac-
tion, and peridotite partial melting processes (Sendjaja et al., 
in press). A geochemical database for Japanese lavas (Kimura 
et al., 2005; Kimura and Yoshida, 2006) allows us to apply 
the ABS model. Here we present the results of our analysis, 
which allow us to conclude that the K-h relationship reflects 
temperature-dependent slab dehydration and subsequent man-
tle melting controlled by the amount of slab fluid added to 
the mantle wedge. These affects are most strongly controlled 
by the thermal structure of the subducted slab and to a lesser 
extent by the mantle wedge. 

SUBDUCTION ZONES AND MAGMATIC ARCS OF 
JAPAN

The Japanese islands form a complex arc system 
with five volcanic arcs on three different plates developed 
in response to subduction of the Pacific plate beneath the 

Eurasian plate to form the Kurile and Northeast Japan (NEJ) 
arcs, the Pacific plate beneath the Philippine Sea plate to pro-
duce the Izu-Bonin-Mariana (IBM) arcs, and the Philippine 
Sea plate beneath the Eurasia plate to produce the Southwest 
Japan (SWJ) and Ryukyu arcs (Fig. 1a; Nakajima and 
Hasegawa, 2007). The Pacific plate is the oldest plate in the 
world (> 160 Ma), with a WBZ that can be traced to > 500 
km deep (Nakanishi et al., 1992). The WBZ of the Philippine 
Sea plate is inserted between the subducted Pacific plate and 
the surface Eurasian plate to form the SWJ arc. Most of the 
Philippine Sea plate subducting beneath SWJ is lithosphere of 
the Shikoku Basin, which formed 27-15 Ma ago by back arc 
basin spreading of the IBM arc (Okino et al., 1994). Earth’s 
only T-T-T triple junction lies where the NEJ-SWJ-IBM arcs 
meet; here the IBM arc collides end-on with the Eurasia plate 
(Fig. 1a). The NEJ volcanic arc thus reflects the subduction of 
the old and cold Pacific plate, whereas the SWJ arc reflects the 
subduction of the young and hot Philippine Sea plate. 

Northeast Japan (NEJ) arc

The old, cold Pacific plate dips beneath the Eurasia plate 
at 20-30° and the NEJ trench-magmatic front gap is about 
300-km wide (Hasegawa et al., 1991). NEJ is classified as an 
erosive margin (Clift and Vannucchi, 2004; von Huene and 
Scholl, 1991). Subducted sediment and oceanic crust thick-
nesses are estimated from seismic profiles to be 0.5-1 km 
(Tsuru et al., 2002) and 7-8 km (Miura et al., 2005) respec-
tively. The Pacific plate subducts at  ~10 cm/y (Seno et al., 
1993). The NEJ volcanic arc lies ~120 to ~220 km above the 
WBZ (Fig. 1b). The great density of seismic stations in Japan 
and abundant seismicity in the down-going Pacific plate com-
bine to allow excellent tomographic imaging of the mantle 
wedge. A sheet-like zone with low-Vp and -Vs is developed 
in the mantle wedge parallel to the subducted slab, and the 
shallow part of the zone rises to the Moho beneath the vol-
canic front. This is interpreted to be a partially molten zone 
in the mantle wedge (Hasegawa et al., 1991; Nakajima et al., 
2005). 

The NEJ volcanic arc is about 200-km wide with more 
than 48 volcanoes that have been active during the Quaternary 
(Fig. 1b). Two rows of volcanoes define volcanic front and 
rear arc arrays, which erupt low- to medium-K and high-K 
(Gill, 1981) suite lavas, respectively (Kimura and Yoshida, 
2006). This geochemical variation was established at about 
0.8 Ma by addition of the rear arc high-K suite to a medium- 
to low-K volcanic front suite, which was active since 2 Ma 
(Kimura and Yoshida, 2006). Magma eruption rate over the 
past 2 million years is 2.11 km3/Myr/km (cubic kilometer per 
million years for each kilometer arc length), with 1.94 km3/
Myr/km for the volcanic front and 0.17 km3/Myr/km for the 
rear arc  (Kimura and  Yoshida, 2005). Greater magma produc-
tion beneath the volcanic front is common for arcs (Tatsumi 
and  Eggins, 1995). 
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Figure 1. Tectonic setting and distribution of volcanoes in arcs in and around Japan.  Green lines indicate depth to the top of Wadati-
Benioff zone.  Dashed line indicates position of magmatic front. Numbered stars indicate ODP drillsites in Sea of Japan.  (a) Tectonic 
configurations of the Japanese arc system. (b) Distribution of Quaternary volcanoes and depth of the Wadati-Benioff Zone for NE Japan 
arc. (c) Distribution of the Quaternary volcanoes and depth of the Philippine Sea plate slab surface for SW Japan.

Southwest Japan (SWJ) arc

The SWJ volcanic arc formed by subduction of the 
Philippine Sea plate (PSP) (Okino et al., 1994; Fig. 1c). The 
shape of the PSP beneath SWJ is complex. To the east, the Izu 
arc crust collides with Japan and the Shikoku Basin subducts 

at various angles. The subduction angle varies from almost 
vertical through 40° to about 25°. The shallowest dipping slab 
underlies Shikoku and the Setouchi Inland Sea (Kimura et al., 
2005; Nakajima and Hasegawa, 2007; Fig. 1c). The subduc-
tion angle steepens again, > 60° to vertical, to the west beneath 
Kyushu and farther SW beneath the Ryukyu arc (Fig. 1a). This 
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variation in subduction zone dip reflects different ages of the 
PSP seafloor, younger (15-27 Ma) in the Shikoku Basin, older 
(> 27 Ma up to 60 Ma) west of the Kyushu-Palau remnant arc. 
Shikoku Basin  lithosphere began to subduct beneath SWJ at 
15 Ma (Kimura et al., 2005; Kimura and Yoshida, 2006; Seno 
et al., 1993). Therefore, subducted PSP  slab would have been 
quite hot and buoyant beneath the central segment of SWJ, 
leading to shallow angle subduction (Stern, 2002). 

Subduction of the youngest part of the Shikoku Basin 
occurs at the Nankai Trough at a rate of ~4 cm/y (Seno et al., 
1993). Sediments approaching the trench are 1.8 to 3.2 km 
thick, whereas oceanic crust is  5.0-6.3 km thick (Kodaira et 
al., 2002). The sediment thickness is much greater than for 
the Pacific plate subducting beneath NEJ, whereas the oceanic 
crust is somewhat thinner than that for NEJ or the global aver-
age (7.1±0.8 km (White et al., 1992)). A thick accretionary 
prism is developed in the Nankai subduction zone, and this 
prism consists of terrigeneous sediments and accreted oceanic 
crust materials (Kodaira et al., 2002; Taira, 2001). Structure 
of the SWJ mantle wedge has been examined using seismic 
tomography (Nakajima and Hasegawa, 2007; Ochi et al., 
2001). The aseismic Shikoku Basin segment of the Philippine 
Sea plate is shallower beneath the volcanic arc in the central 
part of SWJ where its depth is about 70-100 km as revealed 
by seismic tomography (Nakajima and Hasegawa, 2007). 
However, the leading edge of the slab is not well constrained 
(Nakajima and Hasegawa, 2007; Ochi et al., 2001). 

The present Southwest Japan volcanic arc was established 
at ~3 Ma.  The magmatic arc is narrow, usually less than 50 km 
wide (Kimura et al., 2003). The Plio-Pleistocene lavas consist 
of intra plate-type alkali basalt and adakitic dacite with trace 
amounts of alkali to sub-alkali basalt having arc signatures 
(Kimura et al., 2003; Kimura et al., 2005). These geochemi-
cal features indicates that melting of hot and young  Shikoku 
Basin slab occurs beneath the central SWJ arc ( Kimura et al., 
2003; Kimura et al., 2005; Morris, 1995;  Peacock and Wang, 
1999). The young Shikoku Basin plate subducts only beneath 
the central SWJ arc, but older Philippine Sea plate slab sub-
ducts beneath Kyushu although the transition between the two 
is not clearly defined beneath SWJ (Fig. 1). Distribution of the 
adakitic dacite is limited within this central segment including 
the transition region to Kyushu around Aono-Abu volcanoes 
(Fig. 1). Therefore, we take this segment as a typical young 
subduction zone. Quaternary lavas mostly define medium-K to 
high-K suites.  Shoshonitic lavas occur in the Abu region. Low-
K Quaternary lavas are not present in the SWJ arc  (Kimura et 
al., 2005). 

K-h relationship for the NEJ and SWJ arcs

The K-h relationship (Dickinson, 1975; Dickinson and 
Hatherton, 1967) for the NEJ and SWJ arcs was examined by 
calculating K57.5 (regressed K2O wt.% at SiO2 = 57.5 wt.%) 
for each Quaternary volcano. Linear regressions were applied 
to calculate K57.5 whenever the lavas contained at least 57.5 

Figure 2. K-h relationship for NE Japan and SW Japan arc lavas. 
Grey shaded area: K-h global trend (Dickinson, 1975).

wt.% SiO2 ; if not, regression lines formed by lava composi-
tions were extrapolated to 57.5% SiO2 by examining the par-
allelism to the general fractionation trend (Gill, 1981). K57.5 
for the Setouchi high-magnesium andesite (HMA) of middle 
Miocene age (~12 Ma) (Tatsumi et al., 2001) in the SWJ arc 
were also calculated using the present WBZ depth of 60 km 
(Fig. 2; HMA are not discussed further below).

The NEJ Quaternary lavas show a linear K-h relation-
ship with K57.5 = 0.5 wt.% at h = 120 km and K57.5 = 2.5 wt.% 
at h = 200 km. This overlaps the global K-h trend (Dickinson, 
1975; Fig. 2). However, the K-h slope of the NEJ lavas define 
slightly steeper slope than that formed by the global trend. 
This may be due to improvement of seismological observa-
tions and growth of geochemical database since the first com-
pilation was made, or due to characteristics of the NEJ arc 
(Gill, 1981). 

In contrast to NEJ lavas, SWJ lavas have extremely high 
K for a given slab depth. Due to poor definition of the WBZ 
beneath SWJ, slab depth is estimated by extrapolating the top 
surface of the high-Vp, high-Vs tomographic regions in the 
mantle wedge (Nakajima and Hasegawa, 2007). Although the 
slab depth is poorly defied, the elevated K-h relation in the 
SWJ should be real because of the existence of geochemical 
arc signatures in the Quaternary adakites (Tottori (< 1.7 Ma), 
Daisen (< 1 Ma), Sambe (< 1.5 Ma), Ooe-Takayama (< 1.8 
Ma), and Aono (< 1.2 Ma) volcanoes; see Fig. 1c) and sub-
alkali (Yokota (< 2.4 Ma) and Abu (< 1.7 Ma) volcanoes; Fig. 
1c) and some alkali basalt (Yokota and Abu) lavas with arc 
signatures erupted above where aseismic slab is believed to 
exist, which suggests input of slab component into the magma 
source (Kimura et al., 2003; Kimura et al., 2005). The results 
show a broad positive correlation in K-h, K57.5 = 1 wt.% at h = 
60 km and K57.5 = 2.5 wt.% at h = 120 km, with considerable 
scatter (Fig. 2). A shoshonite suite with K57.5 = 5 wt.% occurs 
at 120 km above the slab, emphasizing the scatter. Compared 
to the “normal” NEJ arc lavas, the slab depth that correlates 
with medium-K lavas in the SWJ arc is about half that for NEJ 



Neogene volcanism of the Japan island arc 191

(120 km in NEJ vs. 60 km in SWJ). The high-K suite in the 
SWJ occurs at h = 120 km, contrasting with its occurrence at 
h = 200 km for NEJ (Fig. 2). The high K content of SWJ arc 
lavas is further emphasized by the fact that K57.5 in some of 
analyzed samples from the SWJ magmatic front are similar 
that for NEJ rear arc lavas. 

A similar compilation for the southern Washington 
Cascade lavas (GEOROC, 2007; Fig. 2) overlaps with the 
SWJ arc lavas. Cascade arc volcanism is the result of slow 
(< 4 cm/y) subduction of the young (< 10 Ma) Juan de Fuca 
oceanic plate (Leeman et al., 2005), and thus, has a similar 
tectonic setting to that of SWJ. This supports the interpreta-
tion that the unusually high K57.5 of SWJ is not just anomalous 
but is found for other arcs subducting young crust.

Covariation of fluid mobile elements with K

High quality incompatible trace element data has 
become available (GEOROC, 2007) since the original K-h 
relationship was articulated 40 years ago. There is consider-
able covariation between K and other incompatible trace ele-
ments. Extended trace element plots of representative NEJ 
rear arc basalts indicate systematic enrichment of all incom-
patible trace elements relative to NEJ volcanic front basalt. 
Enrichment is greater with increasing incompatibility of the 
elements (Fig. 3). Contents of Th, U, and light rare earth ele-
ment (LREE) smoothly decrease from 10 times contents in 
volcanic front basalt to about the same for heavy (H)REE 
(Fig. 3). Exceptions are Ba, Nb, Ta, Pb, and Sr, which all show 
negative spikes relative to neighboring elements. Rb and K 
are enriched relative to neighboring elements (Fig. 3). If the 
smoothly inclined slope is attributed to different degrees of 

partial melting in the mantle source (Sakuyama and Nesbitt, 
1983), then the deficits in Ba, Nb, Ta, Pb, and Sr, and excess 
Rb and K in rear arc basalts may be due to different slab fluid 
(or melt) compositions (Pearce, 2005; Pearce and Parkinson, 
1993). If the behavior of incompatible trace elements is any 
guide, the K-h relationship appears to be controlled both by 
degree of partial melting and by different fluids (melt) sup-
plied beneath the regions (Kimura and Yoshida, 2006). 

It is very interesting that sub-alkali high-K basalts from 
SWJ (Yokota volcano) erupted at h = 80-120 km are chemi-
cally indistinguishable from NEJ rear arc basalts erupted at h 
= 160-200 km (Fig. 3). This implies that the slab fluid (melt) 
composition and melting degree of the source mantle perido-
tite was similar beneath the SWJ magmatic front and the NEJ 
rear arc in spite of very different slab depths. Although ada-
kite, HMA, and intra plate-type alkali basalt are major compo-
nents of SWJ lavas they are not suitable for broad comparison 
because of their different genetic mechanisms; e.g., slab melt-
ing and subsequent reaction of the melt with mantle perido-
tite (adakite and HMA) or mantle melting without slab fluxes 
(intra plate-type alkali basalt) (Kimura et al., 2005; Morris, 
1995; Shimoda et al., 1998; Tatsumi and Hanyu, 2003). These 
are not discussed further below.

Arc Basalt Simulator model

The Arc Basalt Simulator (ABS) is a model which simu-
lates; 1) slab fluid dehydration; 2) fluid-mantle reaction; and 
3) fluid-fluxed mantle melting (Sendjaja et al., in press). This 
model uses experimentally-determined temperature-pressure 
dependent distribution coefficients between slab and fluid 
(Kessel et al., 2005a) to calculate the composition of fluid 

Figure 3. Primary basalt compositions for NEJ 
rear arc and SWJ magmatic front volcanoes nor-
malized against typical NEJ volcanic front basalt. 
Estimated Funagata primary basalt composition 
(Kimura and Yoshida, 2005) is used for normal-
ization (denominator of the vertical axis). Flat, 
thick, shaded lines: NEJ volcanic front basalt; 
inclined shaded line: approximate melt composi-
tion generated by lower degree of melting (F =  3 
%) from the volcanic front basalt source.
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released by the subducted crust and sediments, zone refining 
reaction between slab-generated fluid and mantle peridotite 
(Ayers, 1998), and open system, fluid-fluxed dynamic melt-
ing (Ozawa and Shimizu, 1995; Zou, 1998, 1999) for generat-
ing the trace element and isotopic composition of arc basalt 
magma (Sendjaja et al., in press). All the parameters that 
define the three reactions are intensive or extensive variables, 
including; 1) temperature (Tslab) and pressure (Pslab) where slab 
 dehydration occurs; 2) mass of mantle peridotite that reacts 
with fluid at (n) times fluid mass in zone refining reaction; and 
3) fluid fluxed rate against melt mass (β), pressure (P   melt) and 
degree of melting (F) where mantle melting occurs. Iterative 
fitting using AOC (XAOC), SED (XSED), and PERID (XPERID) 
source compositions and target basalt composition (XBAS) is 
available for 24 incompatible trace elements and K, and Sr-
Nd-Pb isotopic compositions (Sendjaja et al., in press). The 
ABS model is particularly useful because, when a reasonable 
fit is obtained between real and modeled basalt compositions, 
ABS results yield information about slab and mantle wedge 
conditions that are otherwise very difficult to obtain. This pro-
gram file is Microsoft™ EXCEL®-based and is available by 
contacting JIK.

Although slab fluid (or melt) compositions and degree 
of partial melting of mantle peridotite appear to be similar 
for the NEJ rear arc and SWJ magmatic front, the subduct-
ing sediment composition between the arcs are different. 
Thinner sediments with a higher pelagic component is sub-
ducted beneath NEJ, whereas a thicker section of more ter-
rigeneous sediments at least partly subducted beneath SWJ 
(Plank and Langmuir, 1998; Shimoda et al., 1998). Altered 
oceanic crust subducted beneath the two arcs is also different 
isotopically. Subducted Pacific plate oceanic crust was gener-
ated from Pacific domain mantle, whereas that of the Shikoku 
Basin (PSP) was generated from the Indian Ocean mantle 
domain (Hauff et al., 2003; Hickey-Vargas, 1991; Kelley et 
al., 2003). Mantle wedge peridotite compositions should also 
be different in terms of isotopic compositions, more depleted 
beneath NEJ (Kimura et al., 2005; Kimura and Yoshida, 2006; 
Shibata and Nakamura, 1997) and relatively fertile beneath 
SWJ (Hoang and Uto, 2003; Kimura et al., 2001; Shimoda 
et al., 1998; Tatsumi and Hanyu, 2003). Without taking these 
differences into account, comparison of the intensive (degree 
of melting) and extensive (slab fluid composition) parameters 
may lead to misleading conclusions regarding the origin of 
the K-h relationship for the two Japanese arcs. 

Controlling factors of fluid mobile element enrichment

We applied the ABS model to NEJ magmatic front and 
rear arc basalts and to SWJ sub-alkali (Yokota) and shoshon-
ite (Abu) basalts. The model used ODP 579 sediment for the 
Pacific Plate (Plank and Langmuir, 1998) and ODP 801/1149 
AOC composition (Hauff et al., 2003; Kelley et al., 2003) for 
NEJ subducted inputs and ODP 808 Nankai Trough sediment 
(Plank and Langmuir, 1998) and combined ODP 801/1149 

trace element composition and typical Shikoku Basin MORB 
isotopic compositions (Hickey-Vargas, 1998; Hickey-Vargas 
et al., 1995) for AOC of the SWJ subducted slab. Mantle 
peridotite trace element compositions were estimated by melt 
depletion at various degrees from primitive mantle (Sun and 
McDonough, 1989) calculated by ABS (Sendjaja et al., in 
press). Isotopic composition of the mantle sources were esti-
mated from Japan Sea basalts for NEJ (Kimura and Yoshida, 
2006) and from the intra plate-type alkali basalts for SWJ 
(Hoang and Uto, 2003; Shimoda et al., 1998; Tatsumi and 
Hanyu, 2003). These trace element and isotope compositions 
are listed in Table 1 and shown in Figs. 4 and 5. Partition coef-
ficients and other melting parameters are based on the ABS 
model (Sendjaja et al., in press). 

The ABS results reasonably reproduce the trace element 
and Sr-Nd-Pb isotope compositions of NEJ volcanic front and 
rear arc basalts except for elevated Rb and K contents and a 
slight deficit in Sr for volcanic front basalt (Fig. 4). Modeled 
SWJ sub-alkali basalt also has elevated K and Rb relative to 
natural lavas (Fig. 4). Using the same source materials, mod-
eled SWJ shoshonite lava fit with K and Rb contents, although 
with slightly low Pb, Ba, and Th contents (Fig. 4). The large 
discrepancies in K and Rb between the ABS model results 
and natural basalts are largely attributable to the lack of con-
sideration of sheet silicates in residual slab or mantle (bio-
tite, phengite, and phlogopite) in the model (Sendjaja et al., in 
press). Isotopic compositions of NEJ and SWJ basalts are also 
reasonably reproduced, although source XAOC, XSED, XPERID 
differ greatly between the arcs (Fig. 5). Mantle source compo-
sitions used are 4% depleted (NEJ) and 0.5% depleted mantle 
(SWJ) (Fig. 4). The greater trace-element depletion for the 
NEJ arc rocks is reasonable because of depleted isotopic com-
positions in Sr and Pb with enriched Nd isotope composition 
(Fig. 5). 

Origin of the K-h relationship: Examination with ABS 
model

The origin of the K-h relationship has been extensively 
discussed, using the higher quality and more comprehensive 
trace element and isotopic datasets that now exist, but no con-
sensus on what is the most important control has been reached. 
There are a wide range of explanations, which include: 1) 
Greater fluid addition to the mantle beneath the magmatic 
front than beneath the rear arc (Ishikawa and Nakamura, 1994; 
Ishikawa and Tera, 1999; Moriguti et al., 2004; Shibata and 
Nakamura, 1997). Lower fluid flux would result in lower 
degrees of mantle melting beneath the rear arc, so causing the 
K-h relationship (Sakuyama and Nesbitt, 1983); 2) Different 
mineral stabilities at different slab pressure may yield different 
slab-derived fluid compositions and thus control across-arc geo-
chemical variations (Pearce and Parkinson, 1993; Pearce and 
Peate, 1995; Pearce et al., 2005); 3) Differential hydrous fluids 
progressively squeezed and sweated from altered oceanic crust 
or sediments added to the region of melting in mantle wedge 
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Figure 4. Primitive mantle-normalized incompatible element compositions for ABS model inputs and outputs and typical NEJ and SWJ 
lavas. Left panels: sediment (SED), altered oceanic crust (AOC), and peridotite (PERID) sources for the NEJ (upper) and SWJ (lower) arc 
basalts. Right panels: comparison between natural primitive basalts (NEJ VF, NEJ RA, SWJ SAB, SWJ SHO) and ABS model (BAS1, 
BAS2) for NEJ (upper) and SWJ (lower) lavas. VF: volcanic front, RA: rear arc, SAB: sub-alkali basalt, SHO: shoshonite. Note that 
chemical composition for ODP 801/1149 AOC is used for both NEJ and SWJ subduction AOC input, whereas different isotopic composi-
tions are used for AOC in Figure 5.

(Ishizuka et al., 2003; Ishizuka et al., 2006); 4) Pressure depen-
dent breakdown of phlogopite in mantle peridotite may yield 
K-rich (shoshonitic) lava in the rear arc (Edwards et al., 1991; 
Tamura et al., 2007; Tatsumi and Eggins, 1995); and 5) More 
complex models, including multiple enrichment-metasoma-
tism-melt extraction events in the wedge mantle (Hochstaedter 
et al., 2001) or pre-conditioning of the mantle source by melt 
interaction (Pearce, 2005). Such models may explain lateral K 
variations in arc lava compositions, but have greater difficul-
ties explaining K-h. 

Modeling of NEJ and SWJ arc lavas using ABS allows 
a new perspective on the K-h relationship. The intensive and 
extensive parameters for the ABS model are summarized in 
Table 2. Pressures (4-6 GPa = ~120-180 km depth) estimated 
for slab dehydration are generally consistent with the depth of 

the WBZ beneath the volcanoes examined. Pressure of 4 GPa 
(~120 km) is estimated for NEJ VF basalt and SWJ-SAB on 
the volcanic front, whereas 6 GPa (~180 km) is estimated for 
NEJ RA and 5 GPa (~150 km) for Abu shoshonite. As shown 
in Fig. 1b, the NEJ VF and NEJ RA volcanoes lie above ~120 
km and 160-180 km depth contours of the WBZ, respectively. 
The SWJ-SAB (Yokota) lies above ~100 km and SWJ-SAB 
(Abu) is on ~130 km, whereas SWJ-SHO lies at ~140 km, 
respectively (Fig. 1c), generally consistent with the pressure 
estimates used by the ABS model. Other parameters, includ-
ing degree of melting, fluid flux rate (~H2O in primary basalt), 
and depths of mantle fluxed melting, are within reasonable 
range for arc basalt genesis (Kimura and Yoshida, 2006). 

At high temperatures expected for the slab interface 
beneath the NEJ RA (Tslab = 1020 °C) and SWJ-SAB (Tslab = 
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1050 °C), and SWJ shoshonite (Tslab = 1050 °C), partial melt-
ing of the slab should occur. This is confirmed by experiments 
(Kessel et al., 2005a; Kessel et al., 2005b). However, slab 
melting generates felsic melts which may not be able to reach 
the surface without extensive reaction with the mantle wedge 
due to high dihedral angle against mantle olivine (Maumus et 
al., 2004). Co-existing adakite and HMA suggest slab melts 
are involved in magma genesis beneath SWJ; however, the 
examination given here is limited to basalts. In fact, SWJ 
basalt volcanism did not coincide temporally or spatially with 
adakite or HMA volcanism (Kimura et al., 2003; Kimura et 
al., 2005). Furthermore fluid-solid partition coefficients used 
in ABS were originally determined by a diamond trap method, 
although partial melts coexisted in high temperature experi-
ments (Kessel et al., 2005a; Kessel et al., 2005b). Therefore, 
the approach below is supported by the reasonable assump-
tion that the basalts in the two arcs were generated by mantle 
peridotite melting due to slab-fluid fluxing. 

Here we examine various causes of the K-h relationship 
for SWJ and NEJ, using the ABS results. Conditions exam-
ined are 1) mineralogy, 2) slab source composition, 3) slab 
dehydration parameters, 4) fluid flux rate, and 5) degree of 
mantle melting.

Figure 5. Isotopic compositions of natural and ABS modeled basalt and source compositions. SED: sediment, AOC: altered oceanic 
crust, MP: mantle peridotite. VF: volcanic front basalt, RA: rear arc basalt, SAB: sub-alkali basalt, SHO: shoshonite natural lava 
compositions. Upper panels: NEJ arc, lower panels: SWJ arc.

DO SPECIFIC MINERALS CONTROL K-h? – YES, 
TO A LIMITED EXTENT

Specific sheet silicates in the fluid source regions, such 
as biotite, phlogopite or phengite, can control K contents in 
basalt (Tamura et al., 2007). However, these minerals do not 
control other incompatible elements due to low partition coef-
ficients (Green and Adam, 2003). Therefore, 1) the overall fit 
of the 24 trace elements and Sr, Nd, and Pb isotope composi-
tions by the ABS model and 2) the co-variation of K with 
other incompatible elements negates the possibility that sheet 
silicate equilibria alone is responsible for the K-h relation-
ship. Amphiboles can control K along with HREE due to 
high partition coefficients for these elements (Green, 1994; 
Tiepolo et al., 2000). However, very low partition coefficients 
for LREEs results in an absence of covariation between K and 
LREE, which negates the possibility that amphibole equilibria 
alone is responsible for the K-h relationship.

The ABS model does not consider minor phases as noted 
above (Kimura and Yoshida, 2006; Sendjaja et al., in press). 
Significant discrepancies exist in highly fluid-mobile Rb and 
K between the ABS results and natural basalts (Fig. 4). Partial 
control by micas and amphiboles may occur as these minerals 
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have high distribution coefficients for Rb and K (Green and 
Adam, 2003). If these are retained in the slab or mantle, excess 
Rb and K in the calculated basalt can be eliminated. If these 
minerals break down, increased K and Rb contents in basalt 
lava can result (Edwards et al., 1991) as exemplified by SWJ 
shoshonite. We think that these minerals affect K abundances 
in Japanese arc basalt to some extent but do not exert the most 
important controls on the compositions of basalts. 

DO BULK DISTRIBUTION COEFFICIENTS BE-
TWEEN SLAB AND FLUID AT DIFFERENT PRES-
SURE–TEMPERATURE CONTROL K-h? – NO 

Slab dehydration temperature (Tslab) and pressure (Pslab) 
are the major controls of basalt chemistry in the ABS model 
because distribution coefficients between slab and fluid are 
sensitive to dehydration P-T conditions, due mainly to com-
bination between difference in residual slab mineralogy and 
temperature dependent element partitioning. These are due 
to greater modal garnet content with increasing pressure in 

residual eclogite and increased distribution coefficients for 
some elements in fluid with increasing temperature. Such 
changes occur in slab eclogite consisting of simple quartz-gar-
net-clinopyroxene-rutile assemblages, and  strongly affect ele-
ment mobilization from the slab to fluids (Kessel et al., 2005a; 
Sendjaja et al., in press). The lower temperature and pressure 
expected for the slab beneath the NEJ volcanic front (Tslab = 
750°C at 5 GPa), greater fractionation of fluid mobile/immo-
bile pairs such as Ba/Th, Pb/LREE, and Sr/LREE occurs in the 
fluid and these elevated ratios are inherited in the basalt (Fig. 
4). Such fractionation is less important for the NEJ rear arc and 
SWJ magmatic front basalts due to the higher temperatures 
of dehydration (Tslab = 1020-1050°C at P = 4-6 GPa; Figs. 3 
and 4). Shallow and deep slab fluids are recognized to have 
different geochemical and isotopic compositions (Ishizuka 
et al., 2006; Pearce et al., 1995; Pearce et al., 2005). These 
differences can be explained by slab dehydration tempera-
ture according to the ABS model (Kimura and Yoshida, 2006; 
Sendjaja et al., in press), and this also explains differences in 
trace element behavior for arcs subducting hot vs. cold slabs.

Element NEJ VF NEJ RA Xn(AOC) Xn(SED) Xn(PERID) SWJ SAB SWJ SHO Xs(AOC) Xs(SED) Xs(PERID)
Rb 0.294 11.500 13.700 59.900 0.100 25.113 86.800 13.700 140.865 0.228
Ba 50.100 170.000 15.600 627.404 1.111 82.406 1172.07 15.600 540.093 2.525
Th 0.150 1.710 0.173 6.217 0.012 6.113 5.363 0.173 14.200 0.027
U 0.035 0.585 0.390 1.389 0.003 1.358 1.503 0.390 0.985 0.007
Nb 0.737 2.520 2.890 7.670 0.123 23.150 7.460 2.890 14.315 0.273
Ta 0.038 0.207 0.210 0.319 0.008 0.981 0.428 0.210 1.008 0.016
K 1003.0 9835.0 5146.9 14073.8 41.5 11725.8 28749.7 5146.9 26882.8 95.2
La 1.950 11.500 3.400 21.938 0.142 44.925 32.952 3.400 34.700 0.310
Ce 4.630 23.800 11.400 50.108 0.494 81.288 66.864 11.400 74.850 0.979
Pb 2.770 3.200 0.437 23.682 0.025 7.770 11.704 0.437 33.370 0.048
Pr 0.731 3.230 2.060 6.141 0.097 9.650 8.232 2.060 8.967 0.176
Sr 172.000 386.000 109.000 86.615 8.266 1423.53 1149.87 109.000 164.557 14.246
Nd 3.760 14.200 11.300 22.033 0.596 35.788 31.568 11.300 30.885 0.973
Sm 1.200 3.570 3.950 5.502 0.227 6.333 7.570 3.950 5.615 0.343
Zr 22.800 85.900 112.000 82.653 6.743 108.038 206.960 112.000 150.059 9.295
Hf 0.719 2.180 3.070 2.103 0.201 3.095 7.414 3.070 4.287 0.265
Eu 0.524 1.110 1.340 1.245 0.098 2.014 2.234 1.340 1.228 0.138
Gd 1.640 3.900 5.550 5.029 0.368 5.274 6.782 5.550 5.130 0.501
Tb 0.310 0.636 1.010 0.789 0.069 0.722 0.998 1.010 0.743 0.092
Dy 2.080 3.980 6.560 4.549 0.503 4.160 4.977 6.560 3.800 0.644
Li 10.000 10.000 14.100 0.000 0.508 12.073 6.730 14.100 0.000 0.653
Y 12.200 23.800 40.700 28.893 3.057 19.975 22.400 40.700 36.769 3.950
Ho 0.461 0.841 1.430 0.988 0.112 0.780 0.766 1.430 0.722 0.143
Er 1.260 2.530 4.090 2.818 0.334 2.025 2.069 4.090 1.750 0.422
Tm 0.195 0.359 0.617 0.429 0.054 0.297 0.261 0.617 0.255 0.066
Yb 1.340 2.470 4.020 2.818 0.373 1.941 1.409 4.020 1.600 0.448
Lu 0.199 0.370 0.636 0.432 0.055 0.283 0.210 0.636 0.250 0.067
87Sr/86Sr 0.70350 0.70295 0.70320 0.71121 0.70292 0.70360 0.70354 0.70330 0.70800 0.70500
143Nd/144Nd 0.51300 0.51300 0.51302 0.51234 0.51304 0.51280 0.51291 0.51320 0.51240 0.51270
206Pb/204Pb 18.5100 18.4200 18.4000 18.8163 17.6000 18.2379 18.0310 17.9000 18.3700 18.4000
207Pb/204Pb 15.5800 15.5000 15.4300 15.6941 15.4500 15.5495 15.5090 15.4500 15.5700 15.5700
208Pb/204Pb 38.4500 38.2300 37.6000 38.8862 37.5000 38.3790 38.0386 37.6000 38.8000 38.4000

COMPOSITIONS USED FOR THE ABS MODEL CALCULATIONS

NEJ VF: NE Japan volcanic front, NEJ RA: NE Japan rear arc, SWJ SAB: SW Japan subalkali basalt, SWJ SHO: SW Japan shoshonite, 
Xn(AOC): NEJ altered oceanic crust, Xn(SED): NEJ sediment, Xn(PERID): NEJ peridotite, Xs(AOC): SWJ altered oceanic crust, Xs(SED):
SWJ sediment, Xs(PERID): SWJ peridotite, Note: all trace element compositions are in ppm.

TABLE 1: SOURCE COMPOSITIONS AND PRIMITIVE BASALT 
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Tslab exponentially affects Dfluid/solid (Kessel et al., 2005a; 
Sendjaja et al., in press); therefore, slab dehydration tempera-
ture is one of the prime controls of incompatible element 
abundances in fluids, and via this mechanism, in basalts gen-
erated by flux melting. Exceptions are seen for highly fluid-
mobile elements (Pearce and Peate, 1995) such as Rb and Pb, 
which do not have temperature-pressure dependences (Kessel 
et al., 2005a; Sendjaja et al., in press). Kessel et al. (2005) did 
not determine Dflud/melt(K); however, K predictably behaves 
 similar to Rb. Thus, Tslab and Pslab parameters do not affect K 
concentrations in basalts and thus is not the most important 
control of the K-h relationship; nevertheless it is a very impor-
tant control. 

DO SUBDUCTED SEDIMENTS CONTROL K-h? 
– YES, SLIGHTLY

The composition of subducted oceanic crust and sedi-
ments can significantly affect basalt compositions because K 
is mobile in fluid and silicate melt during slab dehydration and 
mantle melting (Aizawa et al., 1999; Green, 1994; Green and 
Adam, 2003; Johnson and Plank, 1999; Kessel et al., 2005a). 
The SWJ and NEJ subduction zones have different sediment/
igneous crust thickness according to the seismic profiles, 0.5-1 
km/ 7-8 km in the NEJ (Miura et al., 2005; Tsuru et al., 2002) 
and 1.8-3.2 km/ 5.0-6.3 km in SWJ (Kodaira et al., 2002), 
respectively. Moreover, sediment compositions differ between 
the two arcs (Table 1). However, estimated XSED components 
in the slab sources are similar (3-7%, except for shoshonite; 
Table 2). Slightly elevated K contents in sediments subducted 
beneath SWJ relative to those subducted beneath NEJ leads to 

greater K enrichment in calculated SWJ basalt (Table 1, Fig. 
4). However, this does not greatly affect the abundances of 
REE or other trace elements. Such insensitivity is due to the 
broad similarity of sediment compositions. XSED-XAOC source 
mass fractions in the ABS model are constrained mainly by 
Sr-Nd-Pb isotopic compositions. The K contents in the XSED 
are as much as twice that of XAOC (Fig. 4). A few percent 
increase in sediment component do not significantly increase 
K or other incompatible element abundances in the generated 
basalts. The observed order of magnitude increase in K and 
incompatible trace elements in the NEJ rear arc basalt relative 
to that in the volcanic front (Fig. 4) should be attributable to 
other factors. 

DOES FLUID FLUX RATE CONTROL K-h? – YES, 
BECAUSE IT CONTROLS DEGREE OF MELTING

As indicated by its order of magnitude greater eruption 
rate (1.94 km3/Myr/km), the mantle beneath the NEJ volca-
nic front melts more extensively than does the mantle beneath 
the rear arc (0.17 km3/Myr/km) or beneath the SWJ magmatic 
front (< 0.2 km3/Myr/km). Although medium-scale (few 
hundred km) variations in mantle potential temperature are 
inferred to form “hot fingers” in the mantle wedge (Tamura et 
al., 2002), there is no indication of significantly hotter mantle 
beneath NEJ relative to SWJ. Because asthenospheric mantle 
circulates beneath these different arc segments, it is unlikely 
that large-scale differences in mantle potential temperature are 
responsible.  Height of the melting column is another possible 
control (Plank and Langmuir, 1988), but crustal thicknesses 
everywhere beneath Japan are similar, so this is not likely to 

Model parameters
Source peridotite composition PM PM PM PM
Peridotite depletion (%) 4 4 1 1
Basalts NEJ VF NEJ RA SWJ SAB SWJ SHO

Slab hybrid AOC/SED fractions
SED 0.070 0.030 0.030 0.007
AOC 0.930 0.970 0.970 0.993

Slab dehydration temperature/ pressure
Temperature (°C) 750 1020 1050 1050
Pressure (GPa) 4 6 4 5

Fluid-mantle reaction (zone refining model)
n 0 1 0.1 0.5

Mantle melting parameter
Pressure (GPa) 1.0 2.3 2.4 2.4
Melting degree (%) 20 3 5 6
Porosity (%) 1.00 1.00 1.00 1.00
Flux rate (%) 3.00 0.20 0.70 1.20

TABLE 2. INTENSIVE-EXTENSIVE PARAMETERS ESTIMATED 

PM: Primitive mantle of Sun and McDonough (1988); NEJ VF: NE Japan volcanic front; NEJ RA: NE 
Japan rear arc; SWJ SAB: SW Japan subalkali basalt; SWJ SHO: SW Japan shoshonite; AOC: altered 
oceacin crust; SED: sediment.

NE Japan arc SW Japan arc
BY THE ABS MODEL CALCULATONS
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Figure 6. Predicted correlation between fluid flux rate/H2O in basalt 
melt and degree of elting of mantle peridotite. Solid cross: experi-
mental results at 1200 °C- 1 GPa (Hirose and Kawamoto, 1995), Red 
solid circle: ABS model for the NEJ volcanic front (VF) basalt, blue 
solid circle: ABS model for the NEJ rear arc (RA) basalt, open red 
squares: SWJ sub-alkali basalt (SAB) and shoshonite (SHO). H2O in 
basalt is expressed by fluid flux rate for the ABS model. Fluid flux 
rate (β) is similar to H2O in melt (%) in the case of low porosity in the 
open system melting which we used in our calculations.

ing calculation (Ozawa and Shimizu, 1995)). Using estimated 
slab dehydration temperatures of Tslab = 750 °C beneath the 
volcanic front and Tslab = 1020 °C beneath the rear arc, then 
ABS estimates F = 20% beneath the volcanic front and ~3% 
beneath the rear arc (Table 2). The effect of mantle melting 
pressure should also be considered, as different melting depths 
are estimated between the NEJ volcanic front and rear arc (1 
GPa beneath the volcanic front vs. 2.3 GPa beneath the rear 
arc; Table 2; Fig. 6; see also Kimura and Yoshida, 2006). The 
estimated depths of melting in the mantle wedge, triggered by 
slab-derived fluids, occur at 2.3-2.4 GPa in both NEJ rear arc 
and SWJ magmatic front (reference needed). However, a gross 
positive correlation between flux rate and degree of melting, 
such as β = 0.2%; F = 3% and β = 1.2%; F = 6% is observed 
irrespective of the difference in depths of fluid-fluxed melting 
in the mantle wedge (Table 2, Fig. 6). This again indicates that 
a greater flux rate leads to increased melting. Although we 
need to consider mantle P-T conditions, the broad correlation 
between fluid (H2O) flux rate and extent of melting holds for 
both ABS and experimental results. The ABS model results 
are consistent with an experimentally- determined quasi-lin-
ear H2O-F relationship (Hirose and Kawamoto, 1995) (Fig. 
6). 

We conclude that high fluid flux leads to greater melt-
ing, diluting and reducing K and other incompatible elements 
in arc basalts. Incompatible trace-element abundances are 
inversely related to the degree of melting (F), which is directly 
related to fluid flux. Higher flux rate linearly increases F (see 
Fig. 2 of Hirose and Kawamoto, 1995), in turn, decreasing the 
incompatible element abundances (see Fig. 14 in Kimura and 
Yoshida, 2005 for K). 

Note that we here use lower Tslab (= 750 °C) with greater 
β (= 3%) to model the NEJ volcanic front, which differs from 
our previous model Tslab = 900 °C with β = 0.7% (Kimura 
and Yoshida, 2006). We found that Tslab and β are compensat-
ing parameters that can be adjusted quite a bit and still yield 
the same model basalt composition. Therefore, fluid flux rate 
cannot be uniquely constrained by ABS. The 2006 model was 
constrained using H2O contents in the primary basalt esti-
mated from olivine melt inclusions (Kimura and Yoshida, 
2006) determined to 0.5-1 wt.% elsewhere (Elliott et al., 
1997; Kelley et al., 2006). Here we use a 3% H2O in the pri-
mary basalt using the constraint from Hirose and Kawamoto 
(1995). 

Origin of the K-h relationship: Distribution of temper-
ature and fluid in the slab and the mantle wedge

The ABS model explains the K-h relationship for arc 
lavas. We finally examine 1) the origin of the across-arc varia-
tion in the NEJ arc, 2) the origin of the unusual K-h relation-
ship shown by the SWJ arc, and 3) the general control of the 
K-h relationship globally.

be an important control. The last possibility is fluid fluxing. 
Addition of H2O is known to increase the degree of mantle 
peridotite melting beneath arcs (Hirose and Kawamoto, 1995; 
Kelley et al., 2006). Therefore, we explore below the likeli-
hood that the extent of melting (F) beneath the arc is princi-
pally controlled by the fluid flux rate from the slab into the 
mantle.

The rate of fluid fluxing into the mantle melting region 
also affects magma composition, because slab-derived fluids 
have much higher abundances of fluid-mobile incompatible 
elements than does mantle peridotite (Kimura and Yoshida, 
2006; Sendjaja et al., in press; Fig. 4). The range of F inferred 
for the Japanese arcs varies from 3% to 20% (Kimura and 
Yoshida, 2006; Kimura et al., 2005). Higher F is accompanied 
by decreased abundances of highly incompatible elements in 
resultant basalts, by as much as an order of magnitude (Fig. 
4 and Table 2). Therefore, the effects of increased fluid flux 
should be examined by total mass balance including β and F 
parameters. 

An interesting correlation exists between NEJ volcanic 
front and rear arc basalts. ABS suggests that the slab-fluid 
flux rate (β) in the mantle melting region beneath the volcanic 
front is ~3% but only ~0.2% beneath the rear arc (note that 
fluid flux rate expressed by wt.% is almost identical with H2O 
wt.% in generated basalt when porosity of the melting system 
is small enough by the definition of the open system melt-
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ORIGIN OF THE K-h RELATIONSHIP IN THE NE 
JAPAN ARC 

Based on the previous arguments, we conclude that 
K concentrations in arc basalts are controlled by both fluid 
flux rate (β) and melting degree (F). Greater flux rate (3%) is 
needed to cause more melting (F= 20%) beneath the NEJ vol-
canic front. Greater fluid flux is suggested not only by the ABS 
model but also from isotopic studies, such as B, Li, Sr and 
Pb (Ishikawa and Nakamura, 1994; Ishikawa and Tera, 1999; 
Moriguti et al., 2004). Therefore, greater fluid flux appears 
to be the reason that low-K basalts erupt in volcanic arcs that 
lie above the shallowest parts of most subduction zones, such 
as the NEJ volcanic front. In contrast, lesser fluid flux in the 
deep mantle beneath the NEJ rear arc leads to lower degrees 
of partial melting, resulting in much higher concentrations of 
highly incompatible elements including K (Fig. 4). 

The slab dehydration temperature is expected to be low 
(750 °C) beneath the NEJ volcanic front and high beneath the 
NEJ rear arc (1020°C). Such temperature variations control 
important element ratios, such as Ba/Th and Sr/REE, which 
also are likely to differ systematically as a function of “h”. 
Such chemical variations are caused by increasing slab dehy-
dration temperature with depth, which in turn indicates that 
the slab is progressively heated as the slab subducts deeper 
into the mantle (Hacker and Abers, 2004; Hacker et al., 2003; 
Peacock et al., 2005; Peacock and Wang, 1999; van Keken 
et al., 2002). We note that slab temperatures estimated by 
ABS are high compared to some geodynamic models for 
NEJ (Furukawa, 1993; Peacock, 1996), but are consistent 
with recent models that incorporate T-dependent viscosity in 
the mantle wedge or slab fluid distribution and that indicate 
higher slab temperature (Kelemen et al., 2003; Peacock et al., 
2005; van Keken et al., 2002). 

Slab dehydration occurs in response to increased tem-
perature and pressure as the slab subducts. Most slab fluid is 
released very shallow by increasing pore pressure, allowing 
escape of water through the porous media. Water contents of 
slab AOC or sediment can be as much as 20 wt.% (Plank and 
Langmuir, 1998; Staudigel et al., 1996) but this reduces to ~5 
wt.% by ~0.5 GPa (about 15 km depth) by this mechanism 
(Hacker et al., 2003). Further slab dehydration occurs by pro-
grade-metamorphism due to changing stability of water-bear-
ing minerals. The slab water content gradually decreases to 
less than 0.5 wt.% by ~3-4 GPa depending on slab tempera-
ture (Hacker et al., 2003; Poli and Schmidt, 1995). The slab 
temperature at these depths is estimated to be between 650 °C 
and 800 °C for old-cold slab subduction (Peacock et al., 2005; 
van Keken et al., 2002). This further suggests that intensive 
slab dehydration beneath magmatic arc is significant beneath 
the magmatic front area where the Wadati-Benioff Zone lies 
~125 km depth (~3 GPa). 

WHY UNUSUAL K-h RELATIONSHIP FOR HOT 
SLAB SUBDUCTION?

SWJ sub-alkali basalt and NEJ rear arc basalt appear to 
be derived from similar slab temperature (Tslab = 1020-1050 
°C), fluid flux rate (β = 2-1.2%), mantle melting degree (F 
= 3-6%), and melting depth (Pmelt = 2.3-2.4 GPa). These arc 
segments also are similar in generating an order-of-magnitude 
less melt than the NEJ volcanic front and in being relatively 
enriched in K and other incompatible elements. We relate the 
observed lesser melt in the mantle caused by less fluid flux to 
the presence of a high temperature subducted slab. Beneath 
SWJ, the young and hot slab may be less hydrated than old, 
cold Pacific slab and would reach dehydration temperatures 
at shallower depths. The fluid budget left in the slab when it 
reaches a depth where fluids released into the mantle wedge 
can cause melting is reduced relative to that retained by a cold 
slab at similar depth. The NEJ RA shows similar behavior, but 
in this case the fluid flux is reduced because this has largely 
been lost beneath the volcanic front. Effective dehydration of 
the slab occurs deeper in the subduction zone for the cold slab, 
due to the slow increase in slab temperature during subduction 
(Hacker and Abers, 2004; Hacker et al., 2003; Iwamori, 1998; 
Peacock et al., 2005; Peacock and Wang, 1999; van Keken et 
al., 2002). The ABS model indicates that similar slab dehydra-
tion temperatures for dehydration beneath the NEJ rear arc 
and SWJ magmatic front (Tslab = 1020-1050 °C) occurs rela-
tively shallow (4 GPa) for SWJ, and deeper (6 GPa) for NEJ 
(Table 2). 

Another reason that the SWJ arc does not have a low-K 
magmatic front is that mantle convection in the mantle wedge 
is poorly established due to the shallow angle subduction and 
recent re-initiation of subduction. Wedge mantle tempera-
tures beneath the Quaternary magmatic front may be similar 
between NEJ and SWJ even though subducted slab temper-
atures are different (Peacock and Wang, 1999). The mantle 
wedge temperature beneath the SWJ forearc is not high enough 
to melt peridotite even though fluid flux is greater here than 
beneath the SWJ magmatic arc. Several hot springs with high 
3He/4He are present in the non-magmatic forearc of SWJ, sug-
gesting that slab-derived fluids pass through the mantle wedge 
without generating melts (Matsumoto et al., 2003; Sano and 
Wakita, 1985). 

FINAL COMMENTS ON THE ORIGIN OF THE K-h 
RELATIONSHIP

The K-h relationship for most arcs is illuminated by our 
results for the NEJ arc. The relationship fundamentally reflects 
different degrees of melting, which in turn are controlled by 
different rates of fluid flux from the subducting slab beneath 
the magmatic arc. The maximum fluid flux is achieved by old, 
cold slabs that retain large amounts of fluid until it is released 
beneath the volcanic front (e.g., at Tslab = 750 °C). Fluids 
are continuously released from the slab as it subducts and is 
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studied further, along with the considerations of geophysics 
and geochemistry of the mantle wedge beneath arcs.

We conclude that temperature and fluid distributions in 
the subducting slab and mantle wedge primarily control both 
the chemistry of slab-derived fluids and melting of the mantle 
and explains the most important part of the K-h relationship. 
We also conclude that  the elegant K-h relationship proposed 
by Dickinson and co-workers (Dickinson, 1975; Dickinson 
and Hatherton, 1967) still provides important insights into 
how arc magmas are generated.
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