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SUMMARY

The depths to the tops of the zones of intermediate-depth seismicity beneath arc volcanoes
are determined using the hypocentral locations of Engdahl et al. These depths are constant,
to within a few kilometres, within individual arc segments, but differ by tens of kilometres
from one arc segment to another. The range in depths is from 65 km to 130 km, inconsistent
with the common belief that the volcanoes directly overlie the places where the slabs reach a
critical depth that is roughly constant for all arcs. The depth to the top of the intermediate-depth
seismicity beneath volcanoes correlates neither with age of the descending ocean floor nor with
the thermal parameter of the slab. This depth does, however, exhibit an inverse correlation with
the descent speed of the subducting plate, which is the controlling factor both for the thermal
structure of the wedge of mantle above the slab and for the temperature at the top of the slab.
We interpret this result as indicating that the location of arc volcanoes is controlled by a process
that depends critically upon the temperature at the top of the slab, or in the wedge of mantle,

immediately below the volcanic arc.
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1 INTRODUCTION

It is generally accepted that the volcanic front at subduction zones
lies above the place where the slab has reached a critical depth that
does not vary much from arc to arc. Several studies have attempted
to determine this depth (e.g. Gill 1981; Bevis & Isacks 1984; Jarrard
1986; Tatsumi & Eggins 1995; Tatsumi 1986), yielding estimates
between about 110 km (108 4= 14 km and 112 + 19 km Tatsumi &
Eggins 1995; Tatsumi 1986) and 125 km (124 + 38 km Gill 1981).
This range of depths is quite small, indeed the different estimates are
statistically indistinguishable from one another, supporting the gen-
eral acceptance of a constant depth to the slab beneath the volcanic
front. This paper, however, is motivated by a simple question: is the
depth to the slab beneath the volcanic fronts indeed approximately
constant, or does the scatter of depths in the estimates quoted above
arise from systematic variation from one arc to another? We address
this question using the information contained in precise earthquake
hypocentral locations (Engdahl ef al. 1998) to determine the ver-
tical separation between the intermediate-depth seismicity and the
volcanic arcs, finding that this separation varies systematically with
the descent speed of the slab.

2 DEPTH OF THE SLAB BENEATH
ARC VOLCANOES

A definition sketch for the terms we use to describe the geome-
try of subduction zones is shown in Fig. 1. The depth to the slab

© 2003 RAS

is not usually directly measurable, especially beneath the arc vol-
canoes. We employ as a proxy the depth to the top of the zone
of intermediate-depth seismicity beneath the volcanoes, which we
determine from cross-sections of hypocentres perpendicular to the
arcs. In all the arcs studied, the focal mechanisms of earthquakes
occurring beneath the volcanoes exhibit the down-dip extension or
compression that is characteristic of internal deformation of the slab
(Isaacs & Molnar 1971), and not the shallow thrust-faulting mecha-
nisms that characterize the plate boundary. It appears, however, that
the top of the intermediate-depth seismicity beneath the volcanic
arcs is continuous with the surface defined by the plane of shallow
thrust-faulting on the plate boundary (e.g. Abers 1992; Igarishi et al.
2001) and it has been shown in some places that the intermediate-
depth earthquakes beneath volcanoes lie a few kilometres below a
sharp interface marking the top of the slab (e.g. Engdahl & Gub-
bins 1987; Helffrich & Abers 1997; Zhao et al. 1994, 1997). We
therefore assume, in what follows, that the offset between the top of
the intermediate-depth seismicity and the top of the slab is no more
than a few kilometres.

2.1 Identification of volcanic arcs

The locations of volcanoes are taken from the compilation of
Holocene volcanoes by the Smithsonian Institution Global Volcan-
ism Project (Siebert & Simkin 2002). Individual segments of arcs
were identified by visual inspection. The ends of segments are usu-
ally clearly defined by changes in the strike of the volcanic front.
Often, these changes in strike correspond to the locations of fracture
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Figure 1. Idealized sketch of a subduction zone, illustrating terminology
and parameters used in the paper. Two plates converge ata speed V', measured
perpendicular to the trend of the island arc. A slab, of thickness a, dips at an
angle, §, beneath the overriding plate. The relative motion between slab and
overriding plate generates circulation in the wedge of mantle between them,
which is here depicted as though it conformed to the flow of a Newtonian
fluid with velocity equal to zero on the top of the wedge, and equal to the
velocity of the slab on the base of the wedge (the ‘corner flow’ of M°Kenzie
(1969)). The base of the overriding plate, and thus the wedge corner, are at
depth z,,, and the boundary between the two plates lies on the top of the
slab, between the surface and the wedge corner at depth z,,. The material of
the wedge follows stream lines, shown as curved lines; illustrative arrows
show the relative magnitudes of the velocity in different parts of the wedge.
A volcano, depicted by the triangle, lies at a distance D above the top of the
slab. In this paper, the top of the intermediate-depth seismicity is taken as a
proxy for the top of the slab (see text).

zones or other prominent features in the subducting plate. In several
cases we have divided arcs that are commonly treated as units (most
notably the Aleutian and Kuriles arcs) into two or more segments;
as is shown in Table 1, these separate segments are characterized
by different subduction parameters, principally dip or convergence
rate.
Our aim is not only to determine as precisely as possible the depths
to the top of the zone of intermediate-depth seismicity, but also to
investigate whether there is any systematic variation in these depths
with parameters such as the speed of subduction, or the dip of the
slab. We therefore excluded some volcanic arcs from this study for
one or more of the following reasons. In some cases the volcanoes are
distributed over a broad region, rather than being confined to narrow
arcs (e.g. Ecuador, Central Andes). In other cases, there are too few
earthquakes to allow us to identify a clear seismic zone and thus
measure a depth to its upper surface beneath the volcanoes (western
North America, northernmost and southernmost South America).
Finally, there are several arc segments, such as those to the north of
the Australian plate and around the south of the Philippine plate, that
involve small plates whose relative motions are poorly constrained.
Because rates of plate motion are central to our analysis, we also
exclude those arcs.

We fit small circles to the locations of volcanoes in individual arc
segments by minimizing the quantity

—A2
e n
Leo(5)
where A, is offset of volcano n from the small circle, and o is
a small distance, chosen empirically to be 30 km. In most cases,
this procedure yields small circles very similar to those obtained
using routines provided with the GMT package (Wessel & Smith

1995). Where there is a difference, we prefer our solutions because
tests suggested that our procedure is less sensitive to leverage from
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Figure 2. Cross-sections through the seismicity beneath three volcanoes in
the Japanese arc, whose locations are given by the longitudes and latitudes
beneath each plot. Dots show the locations of earthquake hypocentres from
the catalogue of Engdahl ez al. (1998), with the horizontal position expressed
as an offset from the best-fitting small circle to the volcanic arc (see text).
The solid triangles shows the offset of the individual volcanoes from that
small circle. The labels A, B, and C correspond to qualities of cross-section,
as discussed in the text. Picks of the depth to the top of the intermediate-
depth seismicity beneath individual volcanoes, read from plots of quality A
or B, are depicted on the composite cross-sections of Figs 3 to 27.
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Table 1. Parameters of volcanic arcs.

Name Depth! Dip 82 v,3 y4 V sin 8° Age® Misfit” Slab Length
E. Aleutians 65+5 61° 67+ 1 65+ 1 5741 60 6 370
C. Aleutians 80£5 61° 70 £ 1 61+2 54+2 55 4 370
N. Kuriles 80 +7 49° 79+ 1 79+ 1 60 £ 1 120 14 890
E. Alaska Pen. 85+5 57° 58+2 56 +2 47 +2 46 8 650
W. Alaska Pen. 95+5 50° 63+ 2 63+2 49 +2 46 6 530
Kamchatka 95+5 54° 77+£2 76 +2 62+3 90 7 860
Kermadec 95+5 65° 61 +2 5447 49 +7 110 10 640
Guatemala 100+ 5 55° 67 +2 67+3 55+3 25 6 280
N. Japan 100 £ 5 34° 9242 88 £3 49+3 124 10 1480
S. Kuriles 100 + 10 48° 81+ 1 71+4 52+3 120 9 890
S. Sumatra 100 + 8 56° 69+ 1 61 +6 51+5 80 8 380
Java 100 £+ 12 40° 73+1 72+1 46 + 1 130 17 870
W. Aleutians 105+6 61° 7241 44+ 6 39+6 60 2 225
Ryukyus 105£5 55° 52 £ 4¢ 49+£6 40£2 47 5 440
Tonga 110 £ 6 47° 78+5 74+ 6 54+ 4 120 5 940
C. Chile 110£5 30° 80+ 1 67+ 1 33+1 34 9 730
New Zealand 110£5 50° 46 £3 36 +3 27+2 100 6 540
Marianas 115+ 10 75° 37+ 44 27+5 26+ 8 140 2 860
S. Peru/N. Chile 115+5 35° 78 + 1 68 + 10 305 50 7 1040
N. Sumatra 115+5 37° 66 + 1 47+ 6 28+5 50 7 380
West Indies 115£5 47° 20417 19+2 14+1 70 2 410
Bonin 120 + 8 42° 44 + 29 30+ 13 20+9 140 5 860
Aegean 125+3 43° 55 +£7¢ 43 £ 16 30+ 11 120 2 340
Izu 130 £ 6 47° 55+ 44 51+4 37+4 140 8 860

! Average depth to top of intermediate earthquakes below volcanoes of the arc, in kilometres, read from Figs 3 to 27. The
uncertainties listed reflect ranges of adjusted picks of depth shown by the histograms in those figures, not the uncertainties
discussed in Section 2.2.

2 Average dip of the seismic zone between depth of 80 km, and 400 km or the termination of intermediate-depth seismicity,
whichever is the more shallow. The uncertainty in these dips is taken to be 2.5°, throughout.

3 Average rate of relative motion between the two plates bordering the arc, from the angular velocities of DeMets et al.
(1994), in millimetres per year. Uncertainties represent the range in / along the arc segment. See text for rates of backarc
spreading (Section 3.1) and the explanation for not using them to calculate 7 (Section 3.2). Rates for arcs bordering the
Philippine plate (“) are calculated from the angular velocities of Seno ez al. (1993) for the Philippine plate. The rate for the
Lesser Antilles (°) is calculated from the angular velocity of DeMets et al. (2000). The rate for the Aegean (°) is calculated
from the Aegean-Eurasia angular velocity of Le Pichon ez al. (1995) and the Africa-Eurasia angular velocity of DeMets et
al. (1994).

4 Average rate of convergence, in millimetres per year; the plate relative velocity is resolved perpendicular to the best-fitting
small circle through the volcanic arc. Uncertainties represent the range in rate along the arc segment.

3 Average of the vertical component of the subduction velocity in millimetres per year; the convergence rate is multiplied by
sin §. Uncertainties represent the range in rate along the arc segment.

© Average of the age of ocean floor entering the trench (Mueller ez al. 1997).

7 rms misfit of volcano locations to small circle (Section 2.1), in kilometres.

8 Down-dip length of slab in kilometres (Jarrard 1986).
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outliers. Table 1 shows that the greatest rms deviation of volcano
location from the best-fitting small circle is 17 km and that, in all
but two cases, the rms deviation is 10 km or less.

2.2 Earthquake hypocentres

We use the hypocentral catalogue of Engdahl et al. (1998) which,
through the systematic incorporation of depth phases in hypocentral
estimation, provides a significant improvement in depth resolution
over previous global catalogues. Nevertheless, doubts still remain
about the reliability of the locations, principally for two reasons
(Engdahl ef al. 1998). First, the depth phases are handled automat-
ically by an algorithm that assigns reported arrivals, usually read
from short-period seismograms, to phases on the basis of probabil-
ity density functions. Second, strong lateral heterogeneity in wave
speeds associated with subduction may introduce biases into epi-
central locations.

© 2003 RAS, GJI, 156, 377-408

Engdahl ez al. (1998) (EHB) compared the focal depths obtained
by their procedures against the depths obtained by the National
Earthquake Information Centre through reading individual pP-P and
sP-P delays from broad-band seismograms (BBD), and inverting for
depth from the time differences between these phases observed at
several stations. Engdahl et al. (1998) found a small positive bias in
depth (EHB-BBD 4-5 km, range 0—10 km) between the two methods
(Engdahl et al. 1998, Fig 10a).

There undoubtedly are systematic differences between teleseis-
mically determined epicentres of earthquakes in subduction zones
and epicentres determined from local networks, with the teleseismic
locations generally being shifted arc-ward, relative to their locally-
determined positions (e.g. Fujita & Sleep 1981; Engdahl e al. 1982;
Abers 1992). These differences can be attributed to the influence
of strong lateral variation in wave speed associated with the slabs.
However, hypocentres determined from local networks are also sub-
jectto error, both from lateral heterogeneity in wave speed, and from
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Figure 3. Map and composite cross-section of the distribution of earthquakes and volcanoes in the eastern Aleutian arc. In the upper panel, epicentres of
earthquakes from the catalogue of Engdahl e al. (1998) are shown by open circles, and the locations of volcanoes from the Smithsonian Institution Global
Volcanism Project catalogue (Siebert & Simkin 2002) by triangles. Filled triangles show volcanoes taken to belong to this segment of arc, and open dots within
filled triangles denote volcanoes for which an individual pick of the depth to the top of the slab has been possible from cross-sections of quality A or B (Fig. 2,
and see text). The black line shows the best-fitting small circle through the locations of the volcanoes shown by filled triangles. Double line shows the location of
the trench, taken from the compilation of Mueller et al. (1997). In the lower panel, the hypocentres of the earthquakes shown in the upper panel are plotted with
the horizontal coordinate being the offset from the small circle. Histogram on the top of this panel (scale to right) indicates the numbers of volcanoes located
within 5-km bins of distance from the small circle. Vertical line indicates chosen location of the volcanic front. Larger, darker, dots indicate the locations of
individual picks of the depth to the intermediate-depth seismicity. Histogram to right of panel indicates the distribution of these individual picks when corrected
for the offset of individual volcanoes from the small circle (see text). The estimate of depth of the top of the intermediate-depth seismicity used in Table 1 is
shown in the box at the bottom left of this panel.
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Figure 4. As Fig. 3, for the central Aleutian arc.
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Figure 5. As Fig. 3, for the northern Kuriles arc.

unfavourable network geometry, so it is impossible to be certain
of the absolute mislocation of the epicentres. Although the differ-
ence between local and teleseismic epicentres may be as great as
40-50 km for earthquakes shallower than about 50 km, this paper
is concerned with the relative location of intermediate-depth seis-
micity and the volcanoes. At intermediate depths, the difference
between local and teleseismic epicentres is usually smaller than 20
km (e.g. Engdahl ez al. 1982, 1998). We take 20 km as a reasonable
estimate of the magnitude of the systematic bias that may exist in
the epicentres. Epicentral bias converts into bias in the depth of the
intermediate-depth seismicity at any location through multiplication
by the tangent of the dip of the slab (30-70°, Table 1). We conclude

that the combined influences of mislocations in depth and epicentre
may produce errors of up to 20 km in our estimates of the depth to
the top of the intermediate-depth seismicity.

2.3 Depths to top of the intermediate-depth seismicity

Using hypocentral locations from the catalogue of Engdahl et al.
(1998), we plotted cross-sections of seismicity perpendicular to the
small circles fit to the volcanic arcs, and through the active volcanoes
in each of the arcs investigated. The cross-sections varied in quality,
as illustrated in Fig. 2 for three cross-sections through the Japanese
arc. In cross-sections of the highest quality (class A, Fig. 2a), there is
a well-defined and planar upper boundary to the intermediate-depth
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Figure 6. As Fig. 3, for the eastern Alaskan peninsula.

seismicity; at a lower level of quality (class B, Fig. 2b), the upper For each volcano, we initially included in the cross-section all
boundary is still discernible, but gaps in the data make its location hypocentres within 100 km of the profile. If the quality of the cross-
less certain than in class A. In class C (Fig. 2¢), there are too few section was not at level B or better, then earthquakes within 200 km
earthquakes to identify the boundary with confidence. of'the profile were included. Any cross-section that did not thenreach
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Figure 7. As Fig. 3, for the western Alaskan peninsula.
level B was not used to make an individual pick of depth. From cross- from cross-sections through individual volcanoes shown as bolder
sections of quality A or B, the first and third authors independently symbols. The upper boundaries to the intermediate-depth seismicity
formed estimates of the depths to the top of intermediate-depth in these whole-arc cross-sections mostly show cut-offs as sharp as
seismicity beneath the volcanoes. These estimates agreed to within those of the individual cross-sections of quality A, and the others
+4 km. are comparable with individual sections of quality B. This obser-
It is impossible to illustrate cross-sections like Fig. 2 for each vation confirms the observations of many others that the zones of
volcano, so our results are shown in summary form in Figs 3-27. intermediate-depth seismicity conform closely to dipping curved
These figures show cross-sections of the seismicity along the whole surfaces whose centres of curvature match the centres of curvature

of each arc segment studied, with the picks of the top of seismicity of the volcanic arcs.
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Figure 8. As Fig. 3, for the Kamchatka arc.

Each arc shows a sharp onset of volcanism at a location that can be
identified to within a few kilometres (Figs 3 to 27). With the caveats
discussed in Section 2, the depth of the slab beneath the volcanic
front can be estimated from the upper limit of the intermediate-depth
seismicity beneath the volcanic front. A second, related, estimate
comes from the picks of depth to the top of the intermediate-depth
seismicity made from cross-sections through the locations of indi-

© 2003 RAS, GJI, 156, 377-408

vidual volcanoes (discussed with reference to Fig. 2). The volca-
noes lie at different distances from the volcanic front, so each pick
of depth is corrected for the offset from the volcanic front by sub-
tracting from the depth the product of the horizontal offset with the
tangent of the local dip of the top of the intermediate-depth seismic-
ity. These two estimates of the depth of the top of the intermediate-
depth seismicity beneath the volcanic front agree to within a few
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Figure 9. As Fig. 3, for the Kermadec arc.

kilometres, and are summarized in Table 1; where there is disagree-
ment, the depth read from the whole-arc cross-sections illustrated
in Figs 3 to 27 is preferred.

The distribution of depths to the tops of the intermediate-depth
seismicity beneath individual volcanoes is shown in Fig. 28. The
mean depth is 101 km, with a standard deviation of 16 km; these
quantities are consistent with previous studies (108 + 14 km

(Tatsumi & Eggins 1995), 112 £ 19 km (Tatsumi 1986), 124 +
38 km (Gill 1981)). Closer inspection of Figs 3 to 27 reveals, how-
ever, that this summary statistic is misleading. The depth to the top
of the intermediate-depth seismicity beneath the volcanic front is
uncertain by only a few kilometres for an individual arc segment,
but differs by more than 60 km between arc segments. Thus the sum-
mary statistic disguises the essential feature of this distribution: the
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Figure 10. As Fig. 3, for Guatemala and El Salvador.

variation of depth between arcs is much greater than the uncertainty
in this depth for any individual arc.

3 ANALYSIS

The observations that the volcanic arcs conform, within a few kilo-
metres, to small circles (Table 1), and that the depth to the top of the
intermediate-depth seismicity beneath the volcanic front varies little
along individual arc segments (Figs 3 to 27) strongly suggest that the
locations of volcanoes in island arcs are determined by processes in
the subduction zone and are not greatly influenced by near-surface
processes. It is therefore desirable to analyse the variation of depths

© 2003 RAS, GJI, 156, 377-408

to the top of the intermediate-depth seismicity in terms of parame-
ters that are thought to govern the thermal state of the slab and upper
mantle in subduction zones. We first discuss the principal parameters
that have been proposed to govern the thermal structure of subduc-
tion zones and then analyse the relationship between the depth to
the top of the intermediate-depth seismicity and these parameters.
Finally, arguing that the temperature structure should depend only
on two non-dimensional parameters (a dimensionless depth and the
dip of the slab), we determine the combination of those parameters
that best correlates with depth to the top of the intermediate-depth
seismicity.
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Figure 11. As Fig. 3, for the Japanese arc.
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Figure 12. As Fig. 3, for the southern Kuriles arc.

3.1 Choice of parameters

We expect that any systematic variation in the vertical separation
between volcanoes and slab should depend solely upon the kine-
matics of the subduction and upon the thermal structure of the slab,
that is, upon the speed and angle of subduction and upon the age of
subducting lithosphere. Table 1 lists, for each arc studied, the dip of
the zone of intermediate-depth seismicity, the rate of plate relative
motion, the rate of convergence (total plate relative velocity resolved
perpendicular to the arc), the descent rate of the slab (convergence
rate multiplied by the sine of the dip), the age of its ocean floor, and
the length of the slab.

© 2003 RAS, GJI, 156, 377-408

We take the age of the ocean floor beneath the volcanic front to
be the same as that close to the oceanic trench, which we deter-
mined from the digital database of magnetic isochrons (Mueller et
al. 1997). We neglect differences between the age of the slab at the
surface and its age at depths around 100 km. In Fig. 29(a) we plot
the depth to the top of the intermediate-depth seismicity, D (Fig. 1),
against the the age of the slab, 4.

The dips of the slabs are estimated by eye from the top of the
intermediate-depth seismicity in each subduction zone, between a
depth of 80 km, and 400 km or the maximum depth of seismicity,
whichever is smaller. We choose to measure the dip over this range
of depth because we expect temperatures in the wedge of mantle
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Figure 13. As Fig. 3, for the southern Sumatra arc.

between the slab and the overriding plate, and at the top of the
slab, to be governed by the general circulation in the wedge and
not by the detailed local configuration of the slab. For this reason
we exclude the top of the slab (shallower than 80 km, where the
dip often varies considerably) and depths below 400 km, where the
intermediate-depth seismicity is sometimes deflected as the slab
reaches the bottom of the upper mantle. Fig. 29(b) plots D against
the dip, 8, of the slab.

Except for arcs involving the Caribbean and Philippine plates,
relative velocities between plates are calculated from the angu-
lar velocities of DeMets et al. (1994). For the Caribbean-North

America plate boundary, we use the angular velocity of DeMets
et al. (2000), and for the Philippine plate, we use that of Seno
et al. (1993). The convergence rate is taken to be the compo-
nent of relative velocity perpendicular to the small circle through
the arc.

Three of the arcs we analyse have significant rates of backarc
spreading (Kermadec, Marianas, and Tonga). We assume full
spreading rates of 54, 43, and 50 mm yr~!, respectively, for these
backarcs, following the arguments of Jarrard (1986), which are
based on marine magnetic anomalies spanning the past 2—7 Myr;
Bevis et al. (1995) measured rates of 160—220 mm yr~' at the Tonga
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Figure 14. As Fig. 3, for Java.

arc, with a 2-yr GPS network, but we presume that the rate of spread-
ing averaged over some millions of years is more relevant to the
present thermal state of the arc. The rates of backarc spreading (and
their along-arc variations) are less precisely known than plate rela-
tive velocities. Furthermore, as we discuss below (Section 3.2), the
influence of backarc spreading on the thermal structure of subduc-
tion zones is poorly known, so it is unclear how to compare arcs
with and without spreading. Accordingly, when a convergence rate
is used in the plots below (Figs 29c—f ) we represent these three
arcs by two symbols: one calculated from the convergence rate be-
tween the major plates, and one with the rate of backarc spreading
added in.

Fig. 29 also plots the depths against three combinations of pa-
rameters that are suggested by theoretical arguments. Temperatures
beneath island arcs reflect the balance between advection of heat, by

© 2003 RAS, GJI, 156, 377-408

the subducting slab and the mantle circulation above it, and diffu-
sion of heat across the steep temperature gradients induced between
cold slab and hot upper mantle. Theoretical studies of the thermal
structure of subduction zones therefore generally emphasize the de-
pendence of temperature on a dimensionless distance of the form:
=Y (1)
K

where L is a characteristic length, U is a characteristic speed and
K is thermal diffusivity. L’ represents the ratio of the time required
to diffuse heat over a distance L, L?/k, to the time L/U, required to
carry heat the same distance at a speed U.

M¢Kenzie (1969) investigated a problem in which the slab sinks
into an upper mantle that applies a constant temperature to the sur-
faces of the slab and showed that the maximum down-dip distance,
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Figure 15. As Fig. 3, for the western Aleutian arc.
X, that an isotherm is advected by the slab is given by & Sclater 1978), so we may write
Va?
Xmax = CT’ ) Zmax ~ CV Asiné. )
where C is a constant. Thus, for a slab of constant dip, 8, the maxi- The depth to which an isotherm is advected in the interior of the
mum depth, z,,, to which an isotherm is advected is slab ought, therefore, to depend upon the parameter
Va®sin§ = V Asiné 5
Zmax = Xmax SINS = Cﬂ. 3) ¢ ®)
K (M®Kenzie 1969; Molnar et al. 1979). This parameter is sometimes
The thickness of the slab, a, is not directly measurable, but the simply called the thermal parameter of the slab (Kirby ez al. 1991).
distributions of depth of the ocean floor and of oceanic heat flux We investigate whether the distribution of depths to the top of the
suggestthata ~ +/k A, where 4 is the age of the ocean floor (Parsons intermediate-depth seismicity beneath volcanoes, D, may reflect the
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Figure 16. As Fig. 3, for the Ryukyu arc.

internal temperature structure of the slabs by plotting D against ¢
in Fig. 29(d).

The parameter ¢ measures the thermal state of the interior of
the slab, but it is probable that the critical processes leading to arc
volcanism are less dependent upon the internal temperature of the
slab than upon temperatures at the interface between the slab and
the overriding plate or between the slab and the wedge of mantle
above it. Molnar & England (1990) show that, in the absence of
dissipative or radioactive heating, the temperature on the interface
between the two plates is given by:

© 2003 RAS, GJI, 156, 377-408

_ 0z
T = K o /vzsmoe)

where Q is heat flux to the base of the plate entering the trench,
z is depth on the plate boundary, K is thermal conductivity and
b is a constant, close to one. For the ranges of /' and z consid-
ered here, the denominator is much greater than one, and we may
write:

(©6)

Oz

T~ —rrr——.
K\/Vzsind/k

(N
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Figure 17. As Fig. 3, for Tonga.

Thus, if the trigger for arc volcanism were the attainment of a critical

temperature, 7., at the interface between the two plates, then the

depth at which that temperature is reached would be given by:

_ KT Vsing ®
K 0

Substituting Q = KT ,/a, where T, is the temperature at the base of

the plate, and a ~ +/k A, where 4 is the age of the ocean floor, gives
the condition

z

RN
" VAsing ¢ T

/
z

©)

Thus, in the absence of dissipative heating, the depth of attainment
of a given temperature on the plate boundary should depend on the
same combination of quantities contained in the thermal parame-
ter, ¢.

If, however, there is dissipative heating on the plate boundary, a
different parameter describes the depth at which a given temperature
is attained. This problem has been addressed by Turcotte & Schubert
(1973) and Molnar & England (1990) for the case of two rigid plates
sliding past each other, and by Peacock et al. (1994) with the added
complexity of flow in the mantle wedge. Molnar & England (1990)
show that if the shear stress, o, on the plate boundary were constant
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Figure 18. As Fig. 3, for central Chile.

the temperature on the boundary would be given by:
T (Q+aV)z
K(1+/Vzsms/x)
To clarify the dependence, assume that shear heating dominates over
the basal heat flux, O, and that V' is large, then
oVz
K\/Vzsind/k

If the trigger for arc volcanism were a critical temperature on the

(10)

T~ (11)

© 2003 RAS, GJI, 156, 377-408

plate boundary, 7', then (11) shows that the depth z. at which that
temperature is reached would be given by:

sind (KT,\*
Ze ™ s
Vi o
and (assuming constancy of K, 7., o, and x) D would then be
expected to depend upon (siné/V). If, however, the stress were

to depend on depth as 0 = w z where u is a constant, D would
. 1 . . .
be expected to depend upon (siné/ V)3 [this result is obtained by

(12)
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Figure 19. As Fig. 3, for the north of New Zealand.

replacing o with pz in (10) to (12)]. In Fig. 29(e) we plot D against
sin 8/V; apart from a distortion of the horizontal scale, this figure
also illustrates the relation between D and (sind/ V)% .

When the top of the slab is in contact with the wedge of mantle,
circulation in the wedge advects heat towards the top of the slab
(e.g. MKenzie 1969; Davies & Stevenson 1992 and see Fig. 1).
England & Wilkins (2003) give approximate analytical solutions to

the advection and diffusion of heat in slab and overlying wedge,
assuming circulation in the wedge approximates to a Newtonian
corner flow (e.g. M°Kenzie 1969). They show that temperatures
both near the top of the slab and in the wedge are determined by the
balance between the advection and diffusion of heat in the direction
perpendicular to the slab. Under these conditions, the characteristic
length scale in (1) is the width, 7§, of the wedge at a radial distance

© 2003 RAS, GJI, 156, 377-408
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Figure 20. As Fig. 3, for the Marianas arc.
from the wedge corner, and the characteristic speed is the maximum Butr = (z — z,,)/ sin (8) where z is depth, and z,, is the depth to
of the velocity component perpendicular to the slab, which scales the corner of the wedge (Fig. 1), so we may write:
as V4§, and temperatures depend upon a dimensionless distance of V(z—z2,)8
the form z'~ - . (14)
Vst Thus, if the trigger for arc volcanism were a critical temperature on
z = P (13) the interface between slab and wedge, or within the wedge itself,
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Figure 21. As Fig. 3, for the southern Peru and northern Chile.

we should expect D to vary inversely with V' sin §; this relation is
investigated in Fig. 29(f).

In Section 3.3 we analyse the correlations displayed in Fig. 29,
but first we return to the question of how backarc spreading rates
influence those correlations.

3.2 Influence of backarc spreading rates

Figs 29(c)—(f) plot the depth D against various combinations of
subduction parameters that all depend on the plate convergence rate,

V. In these plots, the arcs of Tonga, Kermadec, and the Marianas, all
of which have significant rates of backarc spreading, are represented
by grey symbols when V' is calculated from the convergence rates of
the major plates alone, and by open symbols when } includes the rate
of backarc spreading. It is, at first sight, surprising to note that the
grey symbols (for which the rate of backarc spreading is excluded)
plot within the trends followed by the other arcs whereas, if the
rate of backarc spreading is included, these arcs plot significantly to
the right of the trends (open symbols). This observation is, however,
explicable if we consider how the increased convergence rate caused

© 2003 RAS, GJI, 156, 377-408
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Figure 22. As Fig. 3, for northern Sumatra.

by backarc spreading is related to the transport of heat in the wedge
of mantle between slab and overriding plate.

It seems probable that temperature in the upper mantle beneath
the volcanoes is strongly influenced by the advection of heat by
circulation in the wedge (e.g. Davies & Stevenson 1992; England &
Wilkins 2003). In the subduction zones without backarc spreading,
all the circulation is directed to and from the wedge corner (Fig. 1),
thus carrying heat beneath the arcs. Backarc spreading increases
the total intensity of circulation in the wedge, but only a portion of

© 2003 RAS, GJI, 156, 377-408

this circulation is directed towards the wedge corner, with the rest
being diverted towards the spreading centre (see Ribe 1989). Ribe’s
study addresses only the form of the circulation in the wedge; we
know of no systematic analysis of the attendant heat transfer, but
it is plausible to suppose that most of the extra heat advected as a
result of backarc spreading is diverted to the spreading centre, rather
than contributing extra heat to the arc. If this suggestion is correct,
then we might expect the amount of heat advected towards the arc
in a subduction zone with backarc spreading to be comparable to
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Figure 23. As Fig. 3, for the northern Lesser Antilles.

the amount that would be carried in the absence of spreading. If
this were so, then temperatures would scale with the convergence
rate excluding the rate of backarc spreading. Our conclusions do not
depend on the correctness of this suggestion; the statistical analyses
we carry out below exclude the Kermadec, Tonga, and Marianas
subduction zones.

3.3 Dependence of depth to top of intermediate-depth
seismicity on parameters of subduction

If the process that governs the position of arc volcanoes is described
by any of the parameters discussed in Section 3.1, then we might

50 100 150 200
km

expect to see a correlation between D and that parameter. D need not
depend linearly upon the parameter, so we investigate the relations
shown in Fig. 29 using the non-parametric Spearman rank-order
correlation coefficient (e.g. Press et al. 1992). Our conclusions are
not sensitive to the measure of correlation employed, and, apart from
small quantitative differences, the same results are obtained by using
Kendall’s 7 statistic or, indeed, the linear correlation coefficient. We
exclude from our analysis the arcs with significant backarc spreading
(Kermadec, Marianas and Tonga) for the reasons discussed in the
previous subsection.

The weakest correlation in Fig. 29 is between the depth to the top
of'the intermediate-depth seismicity, D, and the age of the subducted
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Figure 24. As Fig. 3, for southern Lesser Antilles.

lithosphere (Fig. 29a). The correlation coefficient for these two vari-
ables is —0.26 and, for the sample size of 21, this correlation has a
26 per cent probability of having arisen by chance. The dependence
of D upon thermal parameter, ¢ [(5), Fig. 29(d)] is also weak; the
correlation coefficient is —0.31, with a 16 per cent probability of
having arisen by chance. The dependence of D on sin(8)/V [(12),
Fig. 29(e)] has a correlation coefficient of 0.33, with a 14 per cent
probability of having arisen by chance. Because the rank-order of a
set of numbers is not changed by raising them all to the same power,
the correlation coefficient between D and (sind/ V)% [discussion
following (12)] is also 0.33.

The correlations of depth to the top of the intermediate-depth
seismicity beneath the volcanoes with slab dip (Fig. 29b) and con-
vergence rate (Fig. 29¢) are significant at the 99 per cent level,

© 2003 RAS, GJI, 156, 377-408

with correlation coefficients, respectively, of —0.56 and —0.59. The
strongest correlation in Fig. 29, however, is between D and V sin §
[(14), see Fig. 29f]. The correlation coefficient is —0.85, which has
a probability of ~10~° of having arisen by chance.

None of the correlations in Figs 29(b), (c) and (f), is likely
to have arisen by chance, yet the parameters in these different
plots relate to distinctly different aspects of the subduction process.
Thus the question arises as to whether there may be other correla-
tions (representing different physical models from those described
above) that are equally valid. As with all geological problems, it
is possible to invoke enough complexity to preclude analysis, but
if we adhere to the simple physical model sketched in Fig. 1, in
which heat is advected by the corner flow in the wedge, and dif-
fuses through the wedge and surrounding plates, then there are six
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Figure 25. As Fig. 3, for the Bonin arc.

parameters that might influence the thermal structure of subduc-
tion zones: the slab thickness, a, its down-dip length, the thickness,
zy, of the overriding plate, the convergence rate, V, and dip, §, of
the slab, and the thermal diffusivity, «. The temperature structure
must be expressible in terms of dimensionless combinations of these
parameters.

The parameters /' and « can form a dimensionless combina-
tion only when V' is multiplied by a length scale and divided by
k (see eq. 1); the remaining possible combinations are ratios of
the parameters that have dimensions of length. The dip, being di-

mensionless, can multiply any of these combinations either as itself
or, as we have seen above [e.g. (5), (6), (13)], in a trigonometric
function.

The depth, D, to the top of the intermediate-depth seismicity be-
neath the arcs must be one of the parameters that influence temper-
ature. We now argue that the remaining length parameters appear
not to influence the temperature structure in any systematic way.
One might expect, if the thickness of the overriding plate influ-
enced the location of the volcanoes, that there would be a clear con-
trast in D, the depth to the top of the intermediate-depth seismicity,
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Figure 26. As Fig. 3, for the Aegean.
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Figure 27. As Fig. 3, for the Izu arc.

between arcs on continental crust and those on oceanic crust; yet
arcs on crust of each type are distributed throughout the depth range
shown in Table 1. We have already shown that the slab thickness
(or, equivalently, its age) is unrelated to D (Fig. 29a). The rank-
order correlation coefficient between down-dip length of the slab
(Table 1) and D is 0.08 (not illustrated), and thus insignificant.

Because there is no systematic relation between D and any of the
other length parameters, we conclude that D is the only length param-
eter that influences temperatures in subduction zones. We therefore
need consider only the single dimensionless parameter:

’

DV sin" 8
=

K

(15)

The powers of D, V, and « are fixed in this expression, on dimen-
sional grounds; however the dip, or functions of the dip, may appear
with any power. Because the dip enters into many of the expressions
above as its sine (e.g. 5, 12, 14), we use this quantity rather than § it-
self. Over the observed dip range of 30-75°, the difference between
8 and sin § is unimportant in this context.

We calculated the rank-order correlation coefficient between D
and ¥ sin” § using the data of Table 1, excluding arcs with backarc
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Figure 28. Distribution of depths to the top of the intermediate-depth seis-
micity beneath individual volcanoes, adjusted to the location of their volcanic
fronts (see Figs 3 to 27).

Table 2. Notation.

Thickness of the slab
Age of slab
Coefficient of thermal conductivity
Characteristic length
Dimensionless distance UL/k
Heat flux at the base of the oceanic lithosphere
Radial distance from wedge corner (Fig. 1)
Temperature
Characteristic speed
Convergence rate between plates
(plate relative velocity resolved perpendicular to the arc;
see Sections 3.1, 3.2 for discussion of backarc spreading)
Depth below Earth’s surface
Zy Depth of wedge corner beneath
Earth’s surface (Fig. 1)
s Dip of the zone of
intermediate-depth seismicity
K Thermal diffusivity
¢ Thermal parameter = V4 sin §

SSNYTONS xRS

N

spreading. The most significant correlations are found where 7 is
between about 1 and 2 (Fig. 30). All correlations illustrated have
negative correlation coefficients. When n > 0.4, the correlations
have smaller than 1073 probability of arising by chance, and in
the range 1 < n < 3 the probability is smaller than 107°. We
take this result to indicate that it is highly likely that the depth,
D of the top of the intermediate-depth seismicity beneath volca-
noes depends upon both the rate of convergence between the plates,
V, and the dip, § of the slab, and that other dependences — not
only those illustrated in Fig. 29, but any dependence that could
be suggested within the simple framework of thermal diffusion
and advection in the slab and mantle wedge (Fig. 1) — are less
likely.
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4 CONCLUSION

The analysis given in the previous sections establishes four impor-
tant conclusions about the relationship between arc volcanoes and
their underlying slabs. First, the locations of volcanoes forming the
frontal arcs lie within a few kilometres of small circles (Table 1,
see also Tovish & Schubert (1978)). Secondly, the depth to the top
of the intermediate-depth seismicity beneath these small circles is
also constant to within a few kilometres along individual arc seg-
ments (Figs 3 to 27). Thirdly, these depths vary, from arc to arc,
between about 65 km and 130 km. Finally, the depths increase sys-
tematically with a quantity that is closely related to the descent
speed of the slab (Figs 29f and 30). These conclusions make it rea-
sonable to infer that, among all the processes that occur beneath
island arcs, there is a single process that dictates the location of the
volcanoes.

We may go further, and rule out some of the models that are com-
monly believed to explain the location of arc volcanism. For exam-
ple, it might seem reasonable to expect that the younger the ocean
floor entering the subduction zone, the higher would be the geother-
mal gradients, and therefore the conditions necessary to promote
melting would be achieved at shallower depths. The observations
rule out any strong dependence of the location of arc volcanism
with the age of the oceanic lithosphere (Figs 29a and d). We there-
fore conclude that, although the thermal structure of the oceanic
lithosphere may be important in particular cases (perhaps when slab
of close to zero age is being subducted (e.g. Defant & Drummond
1990)), slab age is not generally an important factor in controlling
the locus of arc volcanism.

As another example, a common view is that the arc volcanoes
all lie above places where the slabs attain a roughly constant depth
of about 110 km, and this relation is explained by proposing that
volcanism is triggered by the release of H,O by the dehydration
of amphibole or chlorite at roughly constant pressures around 3.5
GPa (see, e.g. review by Tatsumi & Eggins 1995, and references
therein). Figs 3 to 27 show that the depth to the slab beneath the
volcanoes varies, from place to place, by almost a factor of two; this
observation cannot be reconciled in a simple way with a trigger that
is pulled when the top of the slab reaches a constant depth.

Recognizing that there is variation in the depths of the slab be-
neath arc volcanoes, Davies & Stevenson (1992) proposed a mech-
anism of fluid release followed by steps of upward percolation, and
lateral transport within the flow of the wedge. This mechanism now
seems implausible in view of the evidence that fluid from the slab
reaches the arc volcanoes within a few tens of thousands of years
(e.g. Hawkesworth ez al. 1997; Turner et al. 2000), whereas lateral
transport within the wedge would require time-scales of order a mil-
lion years [the range in depths to the slab is ~60 km and rates of
vertical motion of the slab and overlying wedge are tens of kilo-
metres per million years (Table 1)]. Furthermore, the relationship
predicted by Davies & Stevenson (1992) between dip of the slab
and its depth beneath the volcanoes is not observed (Fig. 29b). We
therefore conclude that, although it is inescapable that fluid released
from the slab must be involved in the melting of the wedge beneath
arc volcanoes, the locations of the volcanoes cannot be explained
simply by the release of that fluid in a single pressure-dependent
dehydration reaction (see, e.g. Schmidt & Poli 1998).

The strongest correlation between depth, D, to the top of the
intermediate-depth seismicity and subduction zone parameters is
with the descent speed, V' sin g, of the slab (Figs 29f and 30). If the
wedge is mechanically coupled to the slab, then we should expect
that increasing convergence rate should raise the rate at which hot
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Figure 29. The depth, D, to the top of the intermediate-depth seismicity beneath volcanic arcs plotted against different subduction parameters; data from Table
1. In each plot, the arcs with significant backarc spreading are distinguished by grey symbols; in (c—f), where convergence rate, //, is contained in the parameter,
these arcs are also shown by an open symbol, representing the value of the parameter calculated by including the backarc spreading rate in V. The Spearman
rank-order correlation coefficient, R, between D and the relevant parameter is shown at the bottom right of each panel. (a) D against age of the ocean floor
entering the trench; (b) D against dip, §, of the zone of intermediate-depth seismicity; the solid line shows the relation between D and § predicted by Davies &
Stevenson (1992). (c) D against plate convergence rate, V; (d) D against the thermal parameter, ¢ (5); (¢) D against sin(8)/V; (f) D against the descent speed
of the slab (¥ sin §). Error bars in panels (a) to (c) indicate ranges in the observed quantities; the dip is taken to be uncertain by 2.5°, and ages are assigned an
uncertainty of 5 Myr. These ranges in observation are propagated, as though they were statistical uncertainties, to yield the error bars in panels (d) to (f).

mantle is drawn towards the wedge corner (e.g. Davies & Stevenson
1992; Peacock et al. 1994). Approximate analytical solutions to this
problem, given by England & Wilkins (2003), suggest that tem-
peratures in the wedge scale with the descent rate of the slab (see
eq. 14). Thus calculations of the thermal structure of subduction
zones imply that the depth at which a given isotherm is found will
vary inversely with the descent rate of the slab.

The observations of Fig. 29(f) show that the depth to the slab
beneath arc volcanoes correlates strongly and negatively with the
descent speed of the slab, and the discussion surrounding Fig. 30
shows that no stronger correlation exists within the simple frame-
work analysed here. We therefore conclude that the locations of
the arc volcanoes are governed by a process occurring at a critical
temperature rather than at a critical pressure. Without a review of
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Figure 30. Values (R) and significance (p(R)) of the Spearman rank-order
correlation coefficient between D and sin”$ for the subduction parameters
listed in Table 1, plotted against n. Right-hand axis gives values of the corre-
lation coefficient; left-hand axis shows (logarithmically) the probability that
a correlation coefficient of that magnitude could have arisen by chance from
a sample of the size of Table 1 (21, excluding arcs with backarc spreading).
Symbols in circles refer to the correlations illustrated in Fig. 29. A: age
(Fig. 29a); V: convergence rate; the correlation for é (dip, Fig. 29b) plots off
the right of the figure (Fig. 29¢); ¢: thermal parameter (Fig. 29d); o indicates
correlation of D with sin(8)/V, suggested by (12) (Fig. 29¢); V'(=V siné):
descent speed of the slab (Fig. 29f).

petrological data and ideas, which is beyond the scope of this pa-
per, it is not possible to determine what this process is. Any petro-
logical model of the genesis of arc volcanism should, however, be
constrained by the simple relation displayed in the observations pre-
sented here.
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