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1] Abstract: The subducting Nazca Plate shows a high degree of along-strike heterogeneity in terms
of intermediate-depth seismicity (~70—300 km), orientations of slab stress, and volcanism. We compile
the intermediate-depth earthquakes of South America from the Harvard Centroid Moment Tensor
(CMT) catalogue to determine along-strike dip variations, and we explore the variable level of
correlation between these observations. Primary results are three-fold: (1) Consistency among
orientation of tension axes, highest level seismicity, and occurrence of volcanism is associated with
steeply-dipping regions (20°—30°). (2) Volcanism and intermediate-depth seismicity exhibit no direct
correlation, suggesting that earthquake faulting is not a necessary condition for transport of dehydrated
fluids out to the mantle wedge for initiation of melting. (3) Comparison of slab thermal structures
between regions with and without volcanism suggests that for certain wedge widths, the maximum
temperature in the mantle wedge is higher for the former than for the latter.
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1. Introduction

21 Current models for mechanisms of sub-
duction-zone volcanism and intermediate-
depth seismicity hinge on dehydration reac-
tions of subducted hydrous minerals. For the
former, it is widely accepted that evolved
water reaches the hot mantle wedge to initiate
melting [Gill, 1981; Davies, 1999], despite

Copyright 2001 by the American Geophysical Union

debates about actual paths of transport [Davies
and Stevenson, 1992; Tatsumi and Eggins,
1995]. For the latter, a reduction in effective
normal stress by liberated fluids favors brittle
behavior of material in response to stresses
in the slab, potentially resulting in intermedi-
ate-depth earthquakes [Green and Houston,
1995; Kirby et al., 1996]. Consequently, the
observable spatial relationships between vol-
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canism and seismic features (such as hypo-
central locations and stress orientations) are
probably controlled by the thermal structures
of slabs, which, for a given composition,
govern dehydration reactions [Schmidt and
Poli, 1998; Ono, 1998], fluid transport mech-
anisms [Mibe et al., 1999] and slab stress
fields [Bina, 1996, 1997; Yoshioka et al.,
1997], all functions of pressure and temper-
ature. In this study, we investigate correlations
(or their absence) in such observations along
subduction zone segments of the Nazca Plate,
where parameters affecting slab thermal struc-
tures (trench age, convergence rate, and dip
angle) show significant variations along the
trench.

31 It has long been observed that the sub-
ducted Nazca Plate exhibits high variability in
terms of volcanism, intermediate-depth seis-
micity, and slab shape (Figure 1). Volcanism
in South America has been divided into north-
ern (2°S—5°N), central (16°S-28°S), and
southern (31°S-52°S) zones [Thorpe et al.,
1982], with gaps in activity between the
zones. In contrast to intense intermediate-
depth seismicity below the central zone, there
is no seismicity below significant parts of the
northern and southern zones. Under volcanic
gaps, the dip angles as defined by intermedi-
ate-depth seismicity are very shallow. Thus
volcanism and intermediate-depth seismicity
exhibit no direct spatial relationships, while
volcanism is strongly associated with more
steeply dipping regions [Cahill and Isacks,
1992].

4] Another property that varies with slab
thermal structures, albeit in a less straightfor-
ward fashion, is the state of slab stress. In
their original landmark study, Isacks and Mol-
nar [1971] treated the subducting Nazca Plate
as a single entity and concluded that inter-
mediate-depth earthquakes feature overall
downdip extension. This conclusion was later

confirmed by considering regional variations
in slab geometry [Apperson and Frohlich,
1987]. Given the much larger data sets of
reliable seismic sources now available, we
explore in the present paper variations in this
general stress pattern, such as the degree of
consistency of its geometric orientations, and
we seek to interpret them, as well as along-
strike discontinuities in volcanism, in the
framework of differences in thermal regime
resulting from slab geometry. We conclude
that discontinuities in the Andean volcanic
arc probably reflect the inability of dehydrated
fluids to melt the mantle wedge overriding
shallowly dipping segments of the subducting
Nazca plate, owing to a field of lower temper-
atures in the wedge.

2. Regional Analyses

(57 Our approach is to compile the intermedi-
ate-depth earthquakes of South America from
the Harvard CMT catalogue (Dziewonski et al.
[1983] and subsequent quarterly updates) to
determine the strike and dip of the subducted
Nazca Plate on a regional scale. We then
investigate the slab geometry in terms of its
correlations with both slab stress, as revealed
by CMT solutions, and volcanism, as defined
by activity in the past 10,000 years [Simkin et
al., 1981]. Finally, in an attempt to explain the
absence of volcanism in shallowly dipping
regions, we examine regional differences in
slab thermal structures.

6] The spatial association between the pres-
ence of intermediate-depth seismicity, the ori-
entations of its principal stresses, and the
occurrence of volcanism must be explored in
the framework of slab geometry. In order to
retain some homogeneity in geometry, we
partition the study area into largely latitudinal
boxes in which the strike and dip of subduc-
tion are taken to be constant (Figure 1).
Within each box, we define the local slab
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Figure 1. Partition of the study area into regional boxes. Dots, color-keyed for depth, show intermediate
and deep earthquakes from the Harvard CMT catalogue. Open triangles indicate volcanoes active in the
past 10,000 years. Note that both seismicity and volcanism exhibit along-strike variations. Labels for each
box show slab strike and dip angles determined from this study and, in italics, the age of the oceanic
lithosphere at the trench as inferred from magnetic anomalies, themselves shown as red lines on the ocean
floor [Cande et al., 1989]. Green arrows indicate the motion of the Nazca plate relative to South America
[DeMets et al., 1990].
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Figure 2.

Seismic moment rate (normalized per unit area of subducting slab) as a function of dip angle,

keyed to regional box numbers (see Figure 1). Seismic moment rate is estimated over the depth range of
intermediate-depth seismicity for each box. An overall positive correlation is seen. For illustration of
subsequent results, we also identify shallowly dipping regions (red group) and steeply dipping regions (blue
group) and note their correlation with volcanism and stress patterns.

strike and dip angles by projecting the indi-
vidual earthquake foci onto cross-section
planes with different azimuths and dips and
retaining the geometry of least misfit as
obtained by a simple linear regression. To
avoid ambiguity, the direction of strike is
defined as being rotated 90° counterclockwise
from the azimuth of steepest descent along the
slab; this convention is consistent with the
notation of the Harvard CMT solutions.

(71 Once the regional slab geometry is derived,
regional volcanism is also projected onto the
same plane, thereby displaying its spatial asso-

ciations with the Wadati-Benioff zone. Finally,
we probe the issue of regional stress patterns by
projecting intermediate-depth earthquake
stresses in both geographic and regional slab
coordinates [Apperson and Frohlich, 1987].

2.1. Seismic Moment Rate Versus Dip
Angles

81 We first plot in Figure 2 the rate of
moment release, obtained from the compila-
tion of the CMT catalogue, versus dip angle,
as determined by least squares in each box.
The former is normalized to a unit area of
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subducting slab. Note the high correlation
(linear coefficient 0.88) between these two
parameters, which remains robust when seis-
micity is binned into various depth ranges or
when large events predating the digital era
are included [Chen et al., 2001]. We note,
however, the singular behavior of region 9,
which features a reduced level of seismicity.
The observed dip dependence of seismic
moment release suggests that an important
contribution to strain energy arises from cen-
trally directed forces, such as buoyancy, for
which slab-parallel components must vary
with dip angle.

2.2. Stress Patterns Versus Dip Angles
and Versus Intermediate-Depth Seismicity

91 Next we show in Figures 3—7 the geometry
of stress release in each individual box using
two projection systems, as illustrated in the
example of box 1 in Figure 3. (Note that,
eventually, we discard box 1 from the discus-
sion on two accounts: the small number and
concentrated distribution of earthquakes induce
a significant variance in dip angle and the
location of box 1 is near the boundary of a
third plate (Caribbean Plate) whose interactions
might complicate the observations.)

o The first projection system is geographic,
derived from a north (x), east (y), down (z)
Cartesian frame. We plot P and T principal
stress axes using a classic lower-hemisphere
equal-area projection. The second system uses
the geometry of the slab, as optimized, by
replacing the geographic frame with a Carte-
sian along-strike (““AS”’, €), slab-normal
(“SN”, 1), downdip (“DD”, () system. We
plot P and T axes using an equal-area projec-
tion of the positive-C hemisphere (Figure 3).
In this fashion, the center of the projection
represents the downdip direction, and the
polar angle along the circle gives a measure
of the angular distance from the strike of the

fault in a plane perpendicular to the downdip
direction.

1] For the remaining eight boxes, we define as
steeply dipping those regions with dip angles
no less than 20° (boxes 2, 5, and 6) and as
shallowly dipping those regions with dips no
greater than 10° (box 3, 7, and 8). This differ-
ence is genuine because the magnitudes of
standard deviation for dip angles are small
(Figures 4, 5, 6, and 7).

21 Overall, downdip extension prevails in the
study area despite the variation in dip angles.
However, upon more detailed examination, the
level of consistency of this pattern is found to
vary systematically with dip: while steeply
dipping regions (boxes 2, 5, and 6) exhibit
consistent downdip extension, shallowly dip-
ping ones (boxes 3, 7, and 8) display a
significant scatter about the mean orientation
of stress. This suggests a substantial contribu-
tion of buoyancy forces to the stress field in
the former (steeply dipping) regions. In the
case of stress patterns and intermediate-depth
seismicity, the observation that boxes 5 and 6,
where stress patterns are the most consistent,
also have the highest density of seismicity
illustrates the importance of down-dip stresses
for seismogenesis [Bina, 1996, 1997; Yoshioka
et al., 1997].

2.3. Occurrence of Volcanism Versus
Intermediate-Depth Seismicity and Versus
Dip Angles

131 As mentioned above, no simple correlation
can be drawn between volcanism and inter-
mediate-depth seismicity. Although Davies
[1999] proposed that faulting during intermedi-
ate-depth earthquakes facilitates the transport
of water into the mantle wedge, thereby gen-
erating subduction-zone volcanism, the fact
that the northern and southern volcanic zones
overlay aseismic slab segments (between boxes
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Figure 3. (top) Key to common format for display of seismicity and stress axes in each of the nine regions
for Figures 3, 4, 5, 6, and 7. (bottom) Distribution of seismicity and stress release in region 1. In the upper left
portion of the bottom box, quality of fit of the cross section as a function of the strike of the downdip
direction on the slab is shown. The minimum of the standard deviation is used to define the strike of the best-
fitting plane (rotated 90° counterclockwise from the direction of down dip). In the bottom left portion of the
bottom box, the cross section of seismicity for the best-fitting geometry is shown. The dashed line is the
inferred dip of the slab; the two dotted lines delimit the 1-o errors. The top circular diagrams show P and T
axes of individual CMT solutions, represented in lower hemisphere equal-area projection using the
geographic frame. The bottom circular diagrams show P and T axes in regional frame. The orientation of the
regional frame is explained in the key, where the slab is shown as the yellow plane and its horizontal
projection in gray. Individual events are color-keyed to depth, according to the scale bar at right, with the size
of the symbol related to the published moment of the earthquake.
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Figure 4. Results for regional boxes 2 and 9. For each box, we focus on dip angle, occurrence of
volcanism, and consistency of tension axes, using the display format of Figure 3.

1 and 2, and in the southern part of box 9)
suggests that this is not a necessary condition.
As for correlation of volcanism with dip angles,
we infer dip angles below the northern and
southern zones of volcanism by extrapolating
nearby intermediate-depth seismicity (boxes 2
and 9) and then investigate the correlations
throughout our study area. We conclude that
there is little or no volcanism at the surface

above shallowly dipping regions, thus confirm-
ing the results of Cahill and Isacks [1992].

3. Interpretation in the Context of
Volcanism

41 The lack of consistency in the occurrence
of volcanism within the same subducting



T . o)
ejﬁ 838;';‘,‘;’3?;” »J CHEN ET AL.. VARIATIONS IN SLAB DIP 2001GC000153

_ Geosystems {_7J

Std. Dev. (km)
&

T T T T T
45 50 55 60 65 70
Strike of Cross Section ('E of N)

0 Il Il Il Il Il Il Il Il Il
100 { TR e

e,  SSNS

300

I

=]

S
I

Depth (km)
o a
8 8
L L

~
=}
S

| correlation coefiicient: 0.94 |

©

S 9

S o
I

Slab Strike: 331°; Dip: 8 + 0.6
1000 T T T T T T T T T

400 200 0 200 400
Distance (km)

Box 4
40 Il Il Il

E 35

s

= 30+

& 25

a

- 20
B
%) 15
10 T T T T T
70 75 80 8 90 95 100
Strike of Cross Section ('E of N)
0 — Il | alasia sl Il Il Il
100 | .o
*"%...\- o
200 ", -
L 2
300 | -]
§, 400 |

£ 500

‘% 600 | .

o b L
700 . .. -
o00 Correlation Coefficient: 0.92
900 { Slab Strike: 354°; Dip: 16 + 1.3°

1000 T T T T T T T T T

400 200 0 200 400
Distance (km)

Figure 5. Same as Figure 4 for regional boxes (top) 3 (dip angle & < 10°) and (bottom) 4 (10 < § < 20°).
Note the absence of volcanism in the former and its presence in the latter. Note also the scattered pattern of

tension axes in both regions.

plate is particularly intriguing. In the general
framework of current models for the origin of
arc volcanism (as mentioned in the introduc-
tion), we propose three potential scenarios to
explain the volcanic gaps observed at lati-

tudes 3°—15°S and 28°-33°S. (1) The angle
of subduction is nearly horizontal, so that
almost no wedge of mantle peridotite exists,
meaning that there is no material to be
melted. (2) P-T paths along the surface of
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Figure 6. Same as Figure 4 for regional boxes (top) 5 and (bottom) 6; both exhibit a steep dip angle
(6 > 20°), volcanism, and a high consistency of the pattern of downdip T axes. Also note the high

level of seismicity.

shallowly dipping slabs differ significantly
from those in steeply dipping slabs, so that
dehydration reactions for given compositions
occur at different depths. The water liberated
from shallowly dipping slabs may then fail to

reach the portion of mantle wedge where the
temperature is suitable for melt generation
from wet peridotite. (3) The P-T paths are
similar for steeply and shallowly dipping
slabs, and the water is liberated at the same
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Figure 7. Same as Figure 4 for regional boxes (top) 7 and (bottom) 8; both exhibit a shallow dip (6 < 10°),

no volcanism, and scattered tension axes.

depths. However, the mantle wedge just
above water liberation is colder for a shal-
lowly dipping slab than for a steeply dipping
one. In this framework, there are two ways to
explain the lack of volcanism in shallowly
dipping slabs. The first is that the temperature

in the wedge of a shallowly dipping slab is
too cold to melt wet peridotite. The second is
that the lower wedge temperatures induce
incomplete wetting of mineral grain bounda-
ries, by increasing the dihedral angle between
forsterite (Mg,Si0,4) grains in shallowly dip-
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Table 1. Parameters Used in Thermal Modeling
Parameter Value
Thickness of lithosphere 95 km
in plate model
Density of lithosphere 3330 kg/m®
Basal temperature of the 1450°C

lithosphere
Specific heat
Thermal conductivity
Coefficient of thermal
expansion (volumetric)

1.1715 x 10° J/(kg K)
3.138 W/(m K)
3.1 x 107 K™!

ping slabs, thereby hampering development of
interconnected networks for supplying aque-
ous fluids to the wedge [Mibe et al., 1999].

151 Scenario 1 is commonly invoked to
explain such volcanic gaps [Gutscher et al.,
2000]. While such flat subduction may occur
locally, some amount of mantle wedge mate-
rial should still be present in areas of slab
“sag” [Gutscher et al., 2000] within these
regions. Moreover, the observed persistence
of seismicity to nearly 200 km depth, coupled
with the presumed concentration of seismicity
within the upper surfaces of slabs [Kirby et al.,
1996], together suggest that mantle wedge
material is not wholly excluded above the
subducting slab. As resolution of this issue
awaits more detailed tomographic imaging,
modeling of thermal structures within such
wedge material is worthwhile.

6] In order to test the feasibility of scenarios
(2) and (3), we investigate the thermal struc-
ture in each individual region with the aim of
resolving differences between regions with and
without volcanism. We compute slab thermal
structures using the finite difference algorithm
of Toksoz et al. [1973]. For each box, the grid
size is 5 km vertically, but the horizontal
length varies with dip angle, in order to avoid
interference with side boundaries. Given initial
conditions from the GDHI1 plate thermal
model [Stein and Stein, 1992], the final tem-

perature fields are controlled by the conduc-
tion process, the mantle geotherm being
adiabatic with additional heat exchanged at
phase transitions; we neglect radioactive sour-
ces and contributions from viscous dissipation
[Tokséz et al., 1973]. Physical parameters for
all boxes are the same (Table 1). Temperature
differences between individual boxes stem
from variations in the following three inputs:
convergence rates [DeMets et al., 1990], litho-
spheric ages at the trenches, and dip angles.
Among them, the variations in the last two are
dominant for our study area.

n71 To determine the spatial relationship of
seismicity and volcanism to slab thermal
structures, we adopt the following reasoning:
Tomographic imaging suggests that most
intermediate-depth earthquakes (except in
double-seismic zones) are located near the
top surface of the slab [Engdahl et al.,
1995; Kirby et al., 1996], and thermal models
suggest that the coldest part of the slab lies
just below the top surface at the relevant
depths. Since low temperature favors brittle
behavior of material, we define as the zone of
seismic (or potentially seismic) activity the
locus of lowest temperature in progressively
deeper cross sections of the slab. Accord-
ingly, the spatial relationship of seismicity
to the slab thermal structures is determined
by overlaying the line which best fits seis-
micity onto the line of lowest temperature
within the slab (Figure 8). Finally, we project
volcanism vertically down to the slab surface
and plot the relevant P-T path for all boxes
(Figure 9).

ns] Regarding the likelihood of scenario (2)
above, we first note that there is no clear
difference in P-T paths between those regions
with volcanism and those without (boxes 3, 7,
and 8). Furthermore, and with the possible
exception of region 2, the P-T paths in all
regions essentially sample domains of stability
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Figure 8. Portion of the thermal structure of the slab, as computed in the geometry of regional box,
showing a segment extending ~1000 km in the downdip direction. Temperature contours are shown in °C.
The plane of Figure 8 is the best-fitting cross section, as determined in Figure 6. The locus of minimum
temperature at each depth is shown as the red dashed line, projected seismicity as red dots, and projected
volcanism as yellow triangles. The inferred top surface of the subducting slab is shown as the green line and
is the locus of our computation of the P-T path in Figure 9.

for the same assemblages. This is to say that in
all regions, slab segments located under the
volcanic arc (or at comparable depths in the
absence thereof) undergo similar dehydration
reactions. Thus we discount scenario (2) as a
possible explanation.

(199 We approach scenario (3) by examining
the evolution of the temperature of the

mantle wedge as one moves away from the
trench inside a given box. We focus on the
vertical segment through the wedge that
would be the potential path of buoyant
H,O liberated in the slab. The wedge thick-
ness, H, is simply the vertical length of that
segment inside the mantle, and we character-
ize the thermal state of the mantle wedge by
the maximum temperature 7,, reached along
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Figure 9. P-T paths along slab surface for different regions. (top) Regional boxes featuring older oceanic
lithosphere at the trench (>45 Ma); (bottom) Regional boxes with younger lithosphere. Triangles are the
relative positions of volcanic sites, vertically projected onto the surface of the slab. Dotted and dashed lines
are phase diagrams of hydrous minerals present in MORB, peridotite [Schmidt and Poli, 1998], and sediment
[Ono, 1998], as labeled. Note that, in both age groups, no clear distinction can be resolved in P-T paths for

regions with and without volcanism.
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Figure 10. Maximum temperature in the overlying mantle wedge as a function of wedge width for all
regional boxes. Note that the three most shallowly dipping regions (Boxes 3, 7, and 8) feature the lowest
temperatures and exhibit almost no volcanism.

the vertical wedge segment. Figure 10 shows  scenario (3), in the sense that even though
T, versus H. water is liberated at similar depths, the absence

of volcanism above shallowly dipping slabs
o] This algorithm clearly separates regions  can be attributed to lower temperatures within
with and without volcanism and thus favors  the overlying mantle wedge. Such low temper-
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atures may be below the solidus for wet peri-
dotite, and/or may hinder fluid transport.

4. Discussion

211 We discuss here a number of possible
limitations on the methodology used for the
present study. First we note that the assump-
tion of a homogeneous slab geometry within
each box might fail if the slab distorts dra-
matically, in which case the best planar
approximation will provide only a poor fit to
its geometry. Slab distortion can be decom-
posed into two components: trench parallel
and trench normal. For the former, the use
of smaller regional boxes may alleviate the
extent of distortion within boxes but at the
cost of reducing the number of events in each
region. For the latter, we may need more
parameters to describe the geometry of the
slab, depending upon the extent of distortion.
To see if linear fitting is appropriate, we
calculate the probability that the observed data
could have come from an uncorrelated parent
population [Bevington, 1969]. It is expressed
through correlation coefficients between geo-
metrical variables (horizontal distances and
vertical depths of projected seismicity). The
coefficients are consistently large (average
0.90; standard deviation 0.06), and even in
the worst region (box 1) the probability that
the data come from an uncorrelated parent
population is less than 0.001. This justifies
the use of linear fitting at the intermediate-
depth range.

221 Next we address the problem of uneven
seismic distributions, which might also cause
errors in strike, although slab geometry is
largely homogeneous in the intermediate-
depth range. In such a case we would be
measuring a biased apparent dip instead of
the true dip. Figure 11 simulates evenly
distributed seismicity on both shallowly and

steeply dipping planes. Assume that strike
errors are the same for both, and further
project seismicity onto planes of the same
azimuth relative to the true strike. We find
that the standard deviation, o, characterizing
the quality of fit of the cross section is sig-
nificantly less for a shallowly dipping slab
than for a steeply dipping one. In other words,
the misfit for a shallowly dipping slab is less
sensitive to errors in strike, and thus the best-
fit strike is more apt to be biased when the true
seismicity is not evenly distributed or, worse,
exhibits curvature. This might explain the
broad minima of standard deviation versus
strike in shallowly dipping regions (boxes 3,
7, and 8) and in box 4, meaning the strikes for
these regions are less well constrained. Despite
that, we argue that the division between shal-
lowly dipping (<10°) and steeply dipping
(>20°) slabs still holds for the following
reason. In the geometry of Figure 11, the
relation between true dip (0;), apparent dip
(8,), and strike error (o) is given by:

tan 0, = cos o X tan 0, (1)

Thus it would require a strike error of more
than 60° to misidentify a steeply dipping slab
as shallowly dipping; this is unlikely, given the
generally good fit of our strikes with trench
trends at the surface. Therefore our results
concerning stress patterns versus dip angle
remain valid despite the possible uncertainty in
strikes.

231 Finally, there remains some uncertainty,
which is difficult to estimate, in the absolute
slab thermal structures. However, our argu-
ments are drawn from relative differences
between slabs of various thermal structures
and thus are less vulnerable to uncertainties
regarding the absolute values of slab temper-
ature. Another possible systematic error may
arise from the influence of viscous coupling as
an additional heat source, which we did not
include in our calculations. Future work might
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Figure 11. (top) Simulations of perfectly planar seismicity, evenly distributed on both a shallowly dipping
plane (left) and a steeply dipping one (right). In both cases, seismicity is projected onto a cross-section plane
(ABCD or WXYZ; shown by the thicker lines) with an azimuth error (o = 20°) with respect to the direction
of true downdip. (middle) Projection of seismicity onto the best-fitting planes and corresponding best linear
fits. Note that the recovered dips are slightly less than the true dips; more importantly, the shallowly dipping
plane features a smaller misfit (o) than the steeply dipping one. (bottom) Derivation of the relationship
between true dip (0,), apparent dip (6,), and strike error ().
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investigate whether the trend with dip angles
predicted by Figure 10 holds for thermal mod-
els incorporating viscous coupling effects.

5. Conclusions

241 1. Although the subducting Nazca Plate
displays along-strike heterogeneity in geome-
try, it can still be considered locally planar in
the depth range of intermediate-depth earth-
quakes, and the parameters of the planes can
be determined by linear regression.

1251 2. Such regressions lead to a largely bimo-
dal distribution of slab dips, which defines
shallow dips (<10°) as opposed to steep ones
(>20°). We find that slab strikes are better
constrained in more steeply dipping regions,
and we observe that the latter also displays a
higher rate of seismic moment release, as well
as a more consistent orientation of tension axes
in the downdip direction.

26 3. There is no direct correlation between
volcanism and intermediate-depth seismicity,
and the faulting involved in the latter is not a
necessary condition for the former. However,
volcanism is systematically absent from sub-
duction segments with shallowly dipping
slabs.

271 4. Modeling of thermal structures inside
the various slab segments suggests that the lack
of volcanism above shallowly dipping sections
of slab may be the result of relatively low
temperatures inside the associated mantle
wedges, which are thus insufficient to melt or
wet peridotite.
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