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Stress Fields of the Overriding Plate at 
Convergent Margins and ~ e n & t h  Active 

Volcanic Arcs 

Tectonic stress fields in the overriding plate at convergent 
plate margins are complex and vary on local to regional 
scales. Volcanic arcs are a common element of overriding 
plates. Stress fields in the volcanic arc region are related to 
deformation generated by subduction and to magma gen- 
eration and ascent processes. Analysis of moment tensors 

C ONVERGENT PLATE MARGINS PRODUCE THE WIDEST VARIA- 

tion in deformation styles of any tectonic environment. Principal 
tectonic features at convergent margins indude the subducting 

plate and associated sediments, the interplate shear zone, and the 
overriding plate. The overridmg plate may possess a forearc with a large 
deforming accretionary wedge ( I ) ,  forearc basins and highs, a strong 
backstop beneath the forearc (4, a volcanic arc, and a backarc (3) (Fig. 
1). Tectonic stress fields within the heterogenous convergent margin 
system are complicated as a result of local to regional variations in 
material propemes, geometry of the plate boundary, and plate motions. 
Knowledge of regional stress fields is important for understanding how 
subduction and collision affect deformation of the overriding plate. In 
particular, characterization of stress fields in the volcanic arc region 
provides a link between forearc and backarc deformation and can help us 
understand magma generation and ascent processes. 

A volcanic arc is a primary product of plate subduction and is a feature 
common to all margins where convergence is faster than a few centime- 
ters per year and the dip of the subducting plate is not horizontal at 
depths of about 100 km. One of the most notable features of volcani arcs 
is their location, on average, 125 km above the Wadati-Benioff zone c 

The author is in the Depamnent of Geological Sciences, University of Texas at Austin, 
Austin, TX 78713. 

of shallow and intermediate depth earthquakes in volcanic 
arcs indicates that the seismic strain field in the arc region 
of many convergent margins is subhorizontal extension 
oriented nearly perpendicular to the arc. A process capable 
of generating such a globally consistent strain field is 
induced asthenospheric corner flow below the arc region. 

of seismicity in the subducting plate (4, 5).  The spacing of volcanic 
centers varies considerably from arc to arc and along strike of a single arc, 
although through millions of years of activity many volcanic arcs exhibit 
a relatively regular and surprkingly narrow width of about 50 km (4). 

Earthquakes beneath active volcanic arcs can occur in arc crust and 
lithosphere, possibly in the underlying asthenospheric wedge, and in the 
upper parts of the Wadati-Benioff zone (at depths around 100 to 200 
km). In this article, I use strain information contained in summed 
earthquake moment tensors to characterize the seismic strain field of the 
volcanic arc region of overriding plates at active convergent margins. If 
we assume that the seismic strain fields are simply related to-tectonic 
stress fields, we can examine the effects that subduction and magma 
generation processes have upon overriding plate deformation. As a 
context for interpretation of the data, I first review the general nature 
and controls of stresses in the overridmg plate. 

Tectonic Stress Fields and Deformation of 
Overriding Plates 

In the 1970s, the conventidnal view was that subhoriwntal 
compressive tectonic stresses were transmitted throughout the over- 
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riding plate as a result of plate convergence and that the principal 
mode of deformation of the overriding plate was shortening parallel 
to the convergence direction. It is now thought that shortening 
directly due to convergence is localized at the front of the forearc 
region in the toe of the accretionary wedge (see Fig. 1) [for example, 
(6)]. In some cases the width of this active fold and thrust belt is 
only a few kilometers, as at Mariana, and in others it can be as wide 
as several tens of kilometers, as at Lesser Antilles. 

Stress fields are often inferred from correlation between variables 
such as slab dip at depths of 100 !a, age of the subducting slab, 
numbers of large interplate thrust earthquakes, direction and rate of 
convergence, absolute plate motions, and the presence or absence of 
physical features such as a large accretionary wedge or an actively 
spreading backarc (7-9) (Table 1). For example, large interplate 
shear wne earthquakes appear to  be most abundant in areas where 
young, warm, buoyant plates are being rapidly subducted (7). 

Numerical models of stress fields have been used to evaluate the 
processes responsible for the observed spectrum of deformation 
(10). Asthenospheric convection, changes in dip of the subducting 
slab, gravity and isostasy, and different rheological behaviors can be 
considered in such models. Most models indicate that the stress field 
in the forearc of the overriding plate is likely to be compressional 
and subhorizontal, in agreement with observation. However, both 
the results of numerical models and observations suggest that stress 
fields in other parts of: the overriding plate are variable and 
complicated [for example, (1 I)]. 

Primary controls on tectonic stress fields of the overriding plate 
are intraplate stresses, such as due to trench suction, and boundary 
tractions generated by asthenopheric flow (Fig. 1). Viscous drag 
associated with the subducting plate induces asthenospheric convec- 
tion in the corner between the plates (12, 13). In turn, this 
convection induces drag on the base of the overriding plate; the drag 
is enhanced as the dip of the subducting plate increases (14). The dip 
of the subducting slab can in turn be influenced by regional 
asthenospheric flow exerting pressure on both sides of the slab. Slab 
pull on the subducting plate, a result of the plate sinking under its 
own weight, causes rollback of the subduaing plate from the trench 
(15) and results in an intraplate force that couples the forearc to the 
descending plate (16). Intraplate forces are also provided by isostatic 
effects associated with uplift and downwarping of the plates near the 
trench region (1 1). 

The balance of intraplate forces and boundary shear forces is 

r-- Backarc I Forearc ------, 
T Trench 

suction 

Fig. 1. Principal tectonic features of the convergent margin system. A large 
accretionary prism may or may not be present because the rates of sediment 
accumulation, erosion, and subduction will vary through time. The shape 
and composition of the backstop is not well known (2). Tectonic stress fields 
in the overriding plate result from a balance between intraplate stresses such 
as trench suction and boundary tractions caused by asthenospheric flow. 
Corner flow is induced in the asthenosphere wedge above the subducting 
plate by viscous drag on the subducting slab (12, 13). The seismic extension 
in the volcanic arc discussed in this paper is denoted by the two black arrows. 

critical. Backarc extension may result when the force balance on the 
forearc region is such that it moves oceanward faster than the rest of 
the overriding plate. In contrast, shortening may occur in the 
backarc or forearc when the forearc region moves more slowly than 
the rest of the overriding plate. Absolute plate motions of the 
subducting and overriding plates will also affect this force balance 
(1 7). Deformation within the arc will also play an important role in 
the force balance of the overriding plate. 

Seismicity and Volcanic Arcs 
Directly beneath volcanic arcs, earthquakes occur from near the 

surface to depths of more than 200 !a. Shallow crustal events ( ~ 5 0  
!a) may be associated with magma migration and intrusion by the 
mechanism of magma-driven elastic fracture propagation (18). Most 
of the largest events occur at intermediate depths between about 50 
and 170 to 200 km. The location of the deeper events is problemat- 
ic. Velocity anomalies associated with cold subducting slabs can 
result in mislocation of earthquakes in the vicinity of a convergent 
margin (19, 20). Thus, these events could be located in lower arc 
lithosphere, in the asthenosphere wedge above the subducting slab, 
or in the Wadati-Benioff zone. Workers who have examined seis- 
micity within several areas have noted that the astherospheric wedge 
beneath the arc may be aseismic (20-25). 

The mechanisms of the intermediate-depth volcanic arc events are 

Table 1. Selected physical characteristics of convergent margin 
subregions. Two convergent margin classifications that are related to 
tectonic stress fields in the overriding plate are shown for comparison. The 
first is based on the size of the largest interplate shear zone thrust 
earthquake (7). Margins with many large interplate thrust events are 
thought to have strongly coupled overriding and subducting plates. The 
second classification is based on combined strain and stress fields of the 
overriding plate (8). The orientation of the volcanic line (VL) is 
determined by a least squares best fit line through active volcanoesin each 
subregion. The azimuth of the normal to the volcanic line is shown 
(VLN). Also listed is the minimum distance between the volcanic line and 
the plate boundary as determined from cross sections (Fig. 5). The 
obliquity of convergence is based on the NUVEL-1 plate motion model 
(38). The obliquity is detined to be the angle between the direction of 
convergence of the subducting plate and the normal direction to the 
volcanic line. N, north; C, central; S, south. 

Region OP crust* Couplingt VLN VLdist. obliquity 
(km) 

1 E. Aleutians 
2 C. Aleutians 
3 Kamchatka 
4 N. Kuriles 
5 S. Kuriles 
6 Japan 
7 Bonin 
8 N. Marianas 
9 C. Marianas 
10 C. Tonga 
11 S. Tonga 
12 Kermadec 
13 Sumatra 
14 Java 
15 N. Chile 
16 C. Chile 
17 S. Chile 
----  - -  

*Crust type of overriding plate (OP): 0 = oceanic, C = condnental, O/C = transitional 
or both (4, 8 ) .  +Convergent margin classifications. S = strong coupling, I = 
intermediate, W = weak (7). 1 = strongly tensional (active backarc spreading), 2 = 
tensional (slow backarc spreadin ), 3 = mildly tensional, 4 = neutral, 5 = mildly 
comprasional, 6 = moderate c o m ~ i o n a l ,  7 = strongly compressional 
(8). SKermadec and C. Chile subregions do not have substantial recent volcanic 
activity. 

- 
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also problematic because of the uncertainties in location. It has been 
proposed that the intermediate-depth events are due to stress 
concentrations in colder stronger material in contact with weak melt 
zones beneath active volcanoes (21, 26). The intermediate-depth 
events might be evidence of continuity in the magma system from 
depths of about 150 km to the surface if pressure fluctuations 
transmitted throughout the system by a volcanic eruption triggered 
the earthquakes (23). Although epicenters are generally within 50 
km of active volcanoes (27), association of large intermediate-depth 
earthquakes with individual volcanic eruptions is usually ambigu- 
ous, in part because of the short length of time sampled ,by 
earthquake catalogs compared to the repeat time of large eruptions 
(21, 23). 

Analysis of Earthquake-Related Deformation 
The earthquake moment tensor is related to a seismic strain 

tensor, which represents deformation due to seismic activity. In this 
paper, "seismic strain" refers to deformation resulting froh earth- 
quake activity. My method of analysis consists of summing the 
moment tensors of earthquakes in a specsc region to obtain 
information on the distributed seismic deformation (28). Discussion 

\ ,  

of "summed" sources below refers to various characteristics of the 
average moment tensor obtained by summing the tensors of a group 
of earthquakes. The primary data source for this study is the 
Harvard centroid moment tensor (CMT) catalog which contains 
8118 events that occurred between 1978 and September 1989 (29, 
30). 

The seismic moment tensor M can be related to a seismic strain 
tensor because it relates amplitudes and directions of seismic waves 
leaving the earthquake source to their displacement. Like a strain 
tensor, the three-by-three symmetric earthqualie moment tensor is 
completely described by the values of its three principal moments 
m,, m,, and m,, and the orientations of its three principal axes, the 
T, B, and P axes [for more information, see (31, 32)]. The seismic 
moment Mo, a scalar quantity with units of dyne centimeters, can be 
used as a measure of the size of an event and is expressed in terms of 
the three principal moments by 

In a double-cou~le model of an earthauake source. it is assumed 
that mateiial deformation near the source can be represented by slip 
on a planar fault. For a pure double-couple earthquake, m, = 1.0, 
m, = -1.0, and m, = 0.0. Traditional first-motion "beachball" 
plots are focal mechanisms of double-couple events. Focal mecha- 
nisms can be determined from the moment tensor by the orienta- 
tions of the three principal axes. Although the double-couple source 
model is successful in explaining the general displ$cement patterns 
of most earthquakes, many earthquakes contain non-double couple 
components that represent more complex patterns of seismic strain 
(33,34). When analyzing regional strain these components 
should also be considered. 

The parameter fndc measures the deviation of an earthquake. 
source from a pure double-couple event and is defined in terms of 
the principal moments by 

It is the ratio of the absolute value of the intermediate principal 
moment to the absolute value of the largest of the remaining two 
moments; fndC equals 0.0 for a pure double-couple event (because 

m, = 0.0) and 0.5 for one particular type of event with no double- 
couple component (Fig. 2). The value of fndc for a typical earth- 
quake in the CMT catalog is 0.1, indicating that the typical source 
contains about 20% non-double couple components (30, 35). 

The sum of the moment tensors Mi of a group of N earthquakes 
occurring in a volume V is related to an average seismic strain tensor 
E according to 

where k is the rigidity of the material (36). Accordingly, there is a 
correspondence between the directions of principal strain and the P, 
T, and B axes. 

The seismic consistency C, is a statistic that measures how similar 
earthquakes iri a group are to one another (32). It is &fined by 

where Mo, and Mo,, are the scalar moments of the ith moment 
tensor Mi and the summed moment tensor &, = M, + M, + . . . 

Flg. 2. A demonstration 
of moment tensor summa- 
tion. Lower hemisphere 
equal area focal mecha- 
nism projections (beach- 
balls) are determined from 
the T, B, and P principal 
axes of the earthauake mo- 
ment tensor. Focal mecha- 
nisms can also be deter- P@ + 0 = nothing 
mined for earthauakes 
with non-double ;ouple cs Indc 
components. The orienta- 
tions of the T, B, and P r O J + C O - j  = r o o 3  0.0 - 
principal axes of the non- Mo = 1 Mo = 1 Mo = 0 
double couple focal mech- T T T 
anism are the same as if a - 
focal mechanism was plot- - C 
ted with the assumption 
that m, = 0.0, but the Cs Indc 
nodal planes of double p l - j  + rlo] = r2] o.M 0.5 
couple beachballs become 
curved nodal surfaces for MO = 1 MO = 1 Mo = 3 
the non-double couple 
mechanism. Focal mechanism quadrants that represent compressional mo- 
tion at the earthquake source are shaded. The B axis lies at the intersection 
of the nodal planes, which are surfaces of no compressional wave motion at 
the earthquake source. Only the values of the principal moments are shown 
in the moment tensors below the focal mechanisms. Off-diagonal terms in 
these examples are zero. The P axis is associated with the smallest principal 
moment, the T axis with the largest principal moment, and the B axis with 
the intermediate valued moment. The seismic moment @q. 1) is shown- 
below each tensor. The value of the seismic consistency C, (Eq. 4 and the 
non-double couple ratio fndc (Eq. 2) are calculated for each summe !!i source. 
(A) If all earthquakes in a group have identically oriented moment tensors, 
C, will be equal to 1.0; f,, is zero because pure double couple sources have 
been used in the example. (B) If the tensors of a normal-type and a 
thrust-type earthquake with parallel B axes and perpendicular P or T axes are 
summed, the sources cancel each other and the seismic consistency is zero. 
(C) It is possible to produce an event containing no double couple 
components by adding two appropriately oriented pure double couple 
events. In this case the result is a pure compensated linear vector ,&pole 
(CLVD) source [for example (30, 34)]. There is evidence that complexity of 
the earthquake source in time and space causes many of the known events 
with a large component of CLVD (33). In this example, fndc has a maximum 
value of 0.5. Although the total seismic deformation is more complex than 
simple slip on a planar fault, the value of C, is relatively high. 
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Fig. 3. Map of the circum-Pacific region with plate boundaries. Convergent 
margins analyzed are keyed to numbered subregions in Table 1. 

M,, respectively. C, ranges from 0.0 to 1.0, and is close to 1.0 if the 
earthquakes in a group are similar (Fig. 2). Including in a sum even 
a few events whose sources are very different from the rest of a group 
will degrade the consistency. If one event in a group.is much larger 
than the others, it is helpful to normalize the moment tensors, 
MJMo,. In this way, C, for the normalized tensors is similar to a 
visual estimate of whether several plotted mechanisms are alike or 
different (32). 

The active convergent margins included in this study represent 
about 60% of the total length of the world's convergent margin 
plate boundaries (Fig. 3) (37). The convergent margins chosen 
possess a range of physical and geometrical characteristics such as 
convergence rate, convergence direction (38), and age and dip of the 
slab. All of these factors have been linked to tectonic stress fields of 
the overriding plate. 

Out of 8118 total events in the CMT catalog, 326 events with 
focal depths less than 200 km can be associated with the active 
volcanic arcs selected for study (Fig. 3 and Table 1). I used both 

Fig. 4. Regional earth- 
quake location maps. Be- 
cause some convergent 
margins are thousands of 
kilometers long, the azi- 
muth of the plate bound- 
ary and volcanic line 
change significantly. I sub- 
divided many of the long- 
er margins such as Kam- 
chatka-Kuriles to take this 
into account. (A) Tectonic 
map of the Mariana con- 
vergent margin. Circles are 
earthquakes with focal 
depths less than 200 km; 
larger symbols indicate 
events with seismic mo- 
ments r loz6 dyne cm. - 
Selected recentlf active 0 ,  t 8 0 I ] 1 0 " ~  
volcanoes are marked by 152"E 
black triangles. The 
toothed line marks the plate boundary. The location of cross sections, 
oriented normal to the volcanic line, are shown by the heavy lines. The boxes 
outlined by dotted lines enclose all events included on each cross section. (B) 
Tectonic map of the Sumatra and Java convergent margins. (C) Tectonic 
map of the Kamchatka and Kuriles convergent margin. The margin is 
divided because of small changes in the azimuth of the volcanic line and to 
spread the large number of events out between several sections for conve- 
nience. 

source characteristics and location to identify these events (39). For 
each convergent margin, I plotted on cross sections all earthquakes 
with focal depths less than 200 km that were located about 400 to 
500 km arcward of the plate boundary (40, 41) (Fig. 4). Interplate 
shear zone thrust earthquakes, events in the Wadati-B 2 nioff zone, as 
well as events in the overriding plate, were included in the initial 
analysis. I then summed the moment tensors of various groups of 
earthquakes in each cross section, and separated groups of events 
with similar source characteristics, measured in part by the seismic 
consistency C,. Boundaries of subgroups, defined b i  depth and 
distance from the plate boundary, were chosen to maximize the 
number of earthquakes in each group. The term "volcanic arc 
events" refers to those groups of similar earthquakes, located 
beneath volcanic arcs at a rdge  of depths, that possess source 
characteristics that are different from events such as thdse in the 
interplate shear zone. Although moment tensor sums were per- 
formed for all earthquakes and all reasonable subgroups in every 
cross section, this paper focuses on the analysis of the volcanic arc 
events. 

In general, volcanic arc events can be broken into two groups, one 
containing events at depths less than 50 km (shallow) and the other 
containing events located at depths 100 km and greater (intermedi- 
ate) (Table 2). Nine out of 17 convergent margin subregions had 
events in the shallow group (Table 2). k o s t  allmargins had events 
in the intermediate-depth group. The depth region between about 
50 and 100 krn is notably aseismic in many regions, although this 
may be an artifact of mislocations (19). I discuss results from three 
margins, Mariana, Sumatra-Java, and Kamchatka-Kuriles, as exam- 
ples (Fig. 4). 

In the north and central Mariana subregions (Fig. 5A), summed 
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Fig. 5. Cross sections of seismicity. Locations of sections shown in Fig. 4. 
The coordinate axes of each cross section are oriented normal to the volcanic 
line, parallel to the volcanic line (into the page), and vertical. The location of 
the trench is indicated by TR. The earthquakes (circles) and volcanoes (black 
triangles) have been projected into the plane of section. The trend of 
interplate shear zone (ISZ) seismicity can be easily identified. The non- 
double couple focal mechanisms were calculated from the events in the 
indicated boxed regions and have also been rotated into the plane of section. 
Quadrants of compressional motion at the source are shaded. Symbols for 
the principal axes of the summed focal mechanisms are: T axes, triangles; P 
axes, circles; B axes, crosses. VA, volcanic arc; imed, intermediate. Cross 
sections are shown for (A) the Mariana, (B) the Sumatra and Java, and (C) 
the Kamchatka, north Kuriles, and south Kuriles subregions. 

focal mechanisms for the ISZ (interplate shear mne) have P axes 
(circles) that are roughly parallel to the dipping shear zone and that 
lie in the plane of section. The T axes (triangles) are vertical. 
Although there are few shallow volcanic arc events in these two 
subregions, their summed sources have vertical P axes and horizontal 
T axes that are normal to the volcanic line. The seismic consistency of 
the shallow volcanic arc events is high (C, r 0.76), and the fndc of the 
summed sources of 0.16 and 0.22 indicates that the summed sources 
have 32 and 42% non-double couple components (Table 2). The 
intermediate-depth volcanic arc events show more variability. The 
north Marianas kunmed mechanism possesses a substantial amount of 
non-double couple component Cfndc = 0.36), and this particular 
group has a low value of C, of 0.64 (Table 2). 

The Sumatra and Java cross sections are shown in Fig. 5B. The 
trace of the ISZ in Java is more diffuse than for the Sumatra section. 
The intermediate-depth volcanic arc events in the Java section 
produce a near ve&al T axis (triangle) in the plane of section. 
Although these events produce a sum with substantial non-double 
couple components ( fndc = 0.28), the seismic consistency is fairly 
high (0.71, Table 2). The six shallow volcanic arc events in Java have 
widely varying sources and produce such a low seismic consistency 
that summing the moment tensors is not warranted. The summed 
source for ISZ events in Sumatra has a subhorizontal P axis that is 
in the plane of section. The shallow volcanic arc events produce a 
summed mechanism with horizontal P and T axes both going into 
the plane of section at roughly 30°, and a vertical B axis (cross). This 
summed source has a high seismic consistency (0.94) and is close to 
being double couple (Table 2). 

The Kamchatka and north and south Kuriles subregions have 
similar summed mechanisms for ISZ events (Fig. 5C). The P axes 
are horizontal roughly parallel to the ISZ, and the T axes are vertical. 
All three of these subregions had intermediate-depth volcanic arc 
earthquakes whose summed mechanisms have substantial amounts 
of non-double couple components (f,, r 0.28, Table 2). The low 

North Kuriles 

I I I 

South KuriIm 

consistency C, of these three groups (50.62) indicates that the 
earthquakes included in the sums have diverse source types and 
orientations. Rearranging the boundaries of the earthquake sub- 
groups in these cross sections did not improve the consistency. 

Seismic Strain in Volcanic Arcs 
The systematic source patterns of the volcanic arc earthquakes 

indicate that the strain field in the volcanic arc region is coherent. 
This seismic strain field is systematically related to the orientation of 
the volcanic line. The highly consistent orientation of the T axes of 
summed volcanic arc earthquakes in two-thirds of the margins 
studied indicates that the seismic strain field to depths of about 150 
km in the volcanic arc region of the overriding plate is subhorizontal 
extension oriented nearly perpendicular to the arc (Fig. 6) (42). I 
have interpreted the dominant seismic strain field as extension 
normal to the arc rather than shear parallel to the arc. Although the 
summed sources include both strike-slip type with nearly vertical B 
axes and oblique-normal type with nearly vertical P axes, only 7 out 
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of 23 subregions (counting both shallow and intermediate) pro- 
duced strike-slip summed sources. 

A second, less coherent strain field is present in about one-third of 
the convergent margin subregions studied in which T axes of the 
summed sources are closer to being parallel to the volcanic line 
rather than perpendicular. However, the low values of seismic 
consistency in these subregions (Table 2) and scattered orientations 
of the summed sources (Fig. 6) suggest that there is a large amount 
of individual source variability. 

The relation between the summed sources and the orientation of 
the volcanic line can best be seen by rotation of the summed 

Table 2. Results of moment tensor analysis of volcanic arc earthquakes. 
The subregions are grouped as in Fig. 7. 

Moment* 
Region NEQ* (10.26 

(km) dyne cm) 
Cs fndc 

2 C. Aleutians 
7 Bonin 
8 N. Marianas 
9 C. Marianas 
10 C. Tonga 
11 S. Tonga 
12 Kermadec 

6 Japan 
13 Sumatra 

3 Kamchatka 
7 Bonin 
8 N. Marianas 
10 C. Tonga 
11 S. Tonga 
14 Java 
17 S. Chile 

2 C. Aleutians 
4 N. Kuriles 
5 S. Kuriles 
9 C. Marianas 
12 Kermadec 
15 N. Chile 
16 C. Chile 

Shallow I 
0 to 50 
0 to 50 
0 to 50 
0 to 50 
0 to 50 
0 to 50 
0 to 75 

Shallow 2 
0 to 50 
0 to 75 

Intermediate I 
100 to 200 
50 to 200 
100 to 200 
100 to 200 
50 to 200 
100 to 200 
50 to 200 

Intermediate 2 
50 to 200 
100 to 200 
100 to 200 
50 to 200 
100 to 200 
100 to 200 
50 to 200 

*Number of events in specified subregion, +Depth range of events in subregion 
(kilometers). *Total seismic moment of group. 

Fig. 6. (A) The T, B, and P principal axes of 
summed moment tensors from each convergent 
margin subregion in Table 2 rotated into a coor- 
dinate system that is relative to the volcanic line. 
Nhnbers next to each principal axis symbol cor- 
respond to numbered subregions to left (symbols 
as in Fig. 5). Subregions in Shallow 1 group have 
summed T axes within 25" of the normal to the 
volcanic line. Subregions in Shallow 2 group have 
summed T axes lying farther than 38" from the 
volcanic line normal. (B) Same as (A), but for 
intermediate-depth volcanic arc events. Subre- 
gions in Intermediate 1 group have summed T 
axes within 28" of normal to volcanic line. Sub- 
regions in Intermediate 2 group have summed T 
axes lying farther than 33" from the normal to the 
volcanic line. 

A 
shallow 1 

2. Central Aleutians 
7. Bonin 
8. North Marianas 

12. Kermadec- 

shallow 2 

6. Japan 
13. Sumatra 

Baxls + 

moment tensors into a coordinate system that is relative to the 
volcanic line so that one coordinate axis is parallel to it, one axis is 
normal, and the third axis is vertical (Fig. 6). In seven out of nine 
convergent margin subregions with shallow volcanic arc events, the 
summed moment tensors have T axes oriented within 25" of the 
normal to the volcanic line (Shallow 1, Fig. 6A). Five of these seven 
subregions have T axes with dips less than 10", that is, nearly 
horizontal. Three regions (Kermadec, south Tonga, and Bonin) 
have strike-slip type summed sources, determined by their nearly 
vertical B axes. The nearly vertical average P axes indicate that three 
other regions (central Mariana, north Mariana, and central Tonga) 
have normal type sources. The remaining two convergent margin 
subregions with shallow volcanic arc events (Japan and Sumatra) 
have summed moment tensors with T axes oriented more than 48" 
from the normal to the volcanic line (Shallow 2, Fig. 6A). The 
near-vertical dips of the B axes of these summed tensors i~dicate that 
the summed sources are of strike-slip type. All subregions with 
shallow volcanic arc events have high values of seismic consistency 
(C, r 0.70). The values off,,, for shallow events range from 0.04 
for Sumatra to 0.42 for south Tonga (Table 2), and show no 
consistent relation to orientation of the seismic strain. 

The situation for intermediate-depth volfanic arc events is quite 
similar. In the first group, containing 7 out of 14 subregions, the 
summed tensors have T axes oriented within 28" of the normal to 
the volcanic line (Intermediate 1, Fig. 6B). These summed sources 
are interpreted to be an oblique-normal type of seismic strain on the 
basis of the near horizontal B axes and the gently dipping (about 
35") P axes. The T axes of these summed tensors dip between 22" 
and 45", greater than for the related shallow group. The remaining 
seven convergent margin subregions with intermediate-depth vol- 
canic arc events have summed tensors with loosely clustered T axes 
oriented more than 30" from the normal to the volcanic line 
(Intermediate 2, Fig. 6B). Three regions out of these seven (Ker- 
madec, central Marianas, and central Chile) have T axes within 15" 
of parallel to the volcanic line. The P axes of the summed sources of 
the Intermediate 2 group lie on a girdle oriented roughly normal to 
the volcanic line, whereas the T axes are loosely clustered on a girdle 
oriented more parallel to the volcanic line. Two regions (central 
Marianas and Kermadec) produce strike-slip type summed sources 
as determined by the more vertical B axes, and the rest have more 
oblique-normal type sources with steeper P axes. The dips of the T 
axes of the Intermediate 2 group are greater than 29". The seismic 
consistency of the Intermediate 1 group is generally high, but values 
of C, for the Intermediate 2 group vary widely (Table 2). Although 

paallei to 
volcsnk llne 

volavlio line (-J normalm 

3. Kamchatka 
7. Bonin 
8. North Marianas 

10. Central Tonga 
11. South Tonga 
14. Java 
17. South Chile 

2. Central Aleutians 
4. North Kuriles 
5. South Kuriles 
9. Central Marianas 

12. Kermadec 
15. North Chile 
16. Central Chile 
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More oblique convergence Fig. 7. Principal stresses in 
overriding plate predicted 
from decoupling models of 
oblique convergence. The 
models predict that the ori- 
entation of the stress field in 
the overriding plate will 
change as convergence 
obliquity changes. The con- 
vergence vector (conv) is de- 
coupled into components 
normal and parallel to the 
plate boundary. The compo- 
nent parallel to the bound- 
ary is larger when the obliq- 

Less oblique convergence uity of convergence is 
greater. The maximum hor- 
izontal stress uH,, would 
in this case be oriented at a 
smaller angle to the plate 
boundary and volcanic line 
(VL), resulting in strike slip 
deformation in the arc re- 
gion [for example (46)l .  

the low values of seismic consistency in these convergent margin 
subregions indicates that source type and orientation are variable, 
the girdle patterns indicate that there is a systematic organization to 
the seismic strain. Just as for the shallow subregions, f,, for both 
intermediate-depth groups varies widely from 0.01 in central Tonga 
to 0.33 in south Kuriles, and there is no consistent relation to 
orientation of seismic strain (43). 

Seismic Strain and Obliquity of Convergence 
Knowledge of strain fields in the arc region can help us under- 

stand how subduction affects deformation in this part of the 
overriding plate. In particular, oblique convergence is frequently 
cited as a possible mechanism for variations in observed deformation 
styles and inferred stress fields at active convergent margins [for 
example (44)l. However, on the basis of the results of this study, the 
obliquity of convergence does not appear. to have a consistent 
relation to the orientation of seismic strain in volcanic arcs. 

It is generally assumed that-oblique convergence of the subduct- 
ing plate is decoupled into an underthrusting component that is 
normal to the plate boundary and a strike-slip component that is 
parallel to the plate boundary (45) (Fig. 7). The weak, long-lived 
volcanic arc is thought to be the locus of the strike-slip faults (46), 
although the parallel component could be taken up by oblique shear 
in the interplate shear zone or by deformation in the forearc. The 

Sumatra convergent margin is often cited as an example of the 
decoupling process [for example (47)]. 

Decoupling models of oblique convergence predict that at mar- 
gins with more oblique convergence, the maximum horizontal 
tectonic stress u,,, is at a small angle to the volcanic line and will 
produce strike-slip motion on an arc-parallel fault (48) (Fig. 7). If 
we assume a relation between seismic strain and tectonic stress, we 
can use the orientation of the summed earthquake moment tensors 
to test the decoupling hypothesis (Fig. 8). Variations in conver- 
gence obliquity appear to have no systematic influence on the 
orientation of seismic strain in the volcanic arc region. The preferred 
interpretation of the seismic strain field in the volcanic arc region is 
subhorizontal extension normal to the arc rather than shear parallel 
to the arc; this interpretation suggests that if strike-slip faults are 
commonly produced in the volcanic arc region by oblique conver- 
gence, they may either be aseismic or small. 

Extension of Arcs and Magma Differentiation 
Deformation and stress fields in the arc region affect magma 

generation and ascent. In particular, betause magma ascent is 
controlled by buoyancy and thermal effects, extension of arc litho- 
sphere has a direct effect on the height to which a magma body can 
ascend, and thus the amount and type of differentiation, such as 
crystal fractionation and crustal contamination, that operates (49- 
51). For example, in the central Aleutian arc, basaltic lavas from 
volcanoes located on highly extended crust show evidence of 
crystallization at shallow depths and did not undergo the crystal 
fractionation processes of basaltic lavas located on unextended crust 
(52). Magmas will also be moddied during ascent through the 
lithosphere of the overriding plate [for example (53-55)]. 

The linear segmentation of many active arcs has also been related 
to extension of the arc lithosphere and results in variations in 
chemistry and volume of volcanic products (49, 51, 52, 56). For 
example, lavas produced from volcanoes located on extended litho- 
sphere in the Nicaraguan graben are less silicic compared to those 
lavas produced on less extended lithosphere, and volcanoes located 
within the segments of extended lithosphere are larger than those 
located at segment boundaries (51 ) . 

There is structural evidence from several active and ancient arcs that 
volcanism is contemporaneous with normal faulting and subsidence. 
Many active volcanoes sit in depressions or fault-bounded grabew and 
are cut by steeply dipping faults that trend both parallel and transverse 
to the arc (49, 57). Syndepositional normal faulting and the dismbu- 
tion of sedimentary and volcanic units have also been interpreted as 
evidence for subsidence and deformation while the arc was active (58). 
Intrusion of magma into the crust can also produce extension on a 
local scale (59). However, the seismic data indicate that extension 
perpendicular to the arc is a regional scale phenomena, and is not 
simply related to the emplacement of magma bodies. 

Taxis 

Fig. 8. Angle between the volcanic line and T axes A shallow 1 N shallow 2 + B intermediate 1 @ intermediate 2 I, 

of summed volcanic arc moment tensors versus 3 2 
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mean obliquity of convergence. The four popula- fii " {  tions of volcanic arc earthquakes defined in Fig. 6 70 - 
are schematically illustrated by the small map view 1 60 

insets that illustrate the orientation of the T axes 8 : 
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ate 2 group has a wide range of values (Table 1). Mean obllqulty of convergence 



Seismic Strain and Asthenospheric 
Corner Flow 

The highly consistent orientation of seismic strain in the volcanic 
arc regions of many convergent margins suggests that an organized 
driving stress field is operating that is relatively independent of many 
of the- geometrical parameters used to determind stress fields df 
convergent margins (60). In particular, the data imply that in-plate 
stresses generated as a result of coupling between the overriding and 
subducting plates may not be transmitted to the volcanic arc. A 
possible source of such a coherent strain field that is likely to operate 
at all active convergent margins is induced asthenospheric corner 
flow concentrated in the asthenosphere wedge under the volcanic 
arc region (Fig. 1) (61). Asthenosphere corner flow may also drive 
back arc extention (12, 13), although appropriately oriented abso- 
lute plate motions may be necessary to initiate spreading (17). 

The magnitude of drag stresses generated on the base of overrid- 
ing plate lithosphere by convecting asthenosphere are estimated to 
be about 3 to 5 MPa 112). If intermediate-depth volcanic arc 
earthquakes are indeed caused by stress concentrations where colder, 
stronger material is in contact with the edges of weak partially 
melted zones, these material discontinuities could be quite sensitive 
to small changes in tectonic stress. The consistent source orientation 
of these events would then be a result of the .constrained flow 
patterns of the asthenosphere material in the corner above the slab. 
The interaction of the corner flow with the base of the arc 
lithosphere could also provide a source of tectonic stress that 
systematically orients the shallow crustal events relative to the arc as 
well. However, as mentioned above, magma fracturing, particularly 
at near-surface depths, could also play a role. 

Some of the intermediate-depth volcanic arc events are located in 
the Wadati-Benioff zone of the subducting plate. In-plate stresses 
transmitted within the subducting slab, such as rhose generated by 
bending, could be responsible for some of the variations in source 
orientation observed for the events in the Intermediate 2 convergent 
margins. However, there is a suggestion of organization in the 
summed sources of Intermediate 2 margins because the P and T axes 
form girdles on the equal area projection (Fig. 6B). Although little 
work has been done on this problem, it is possible that intgrference 
of regional asthenospheric flow systems with local corner flow 
patterns could reorient the stress fields and cause scatter in the 
earthquake source orientations. 
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