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ABSTRACT 

Nakamura, K., 1977. Volcanoes as possible indicators of tectonic stress orientation - -  
principle and proposal. J. Volcanol. Geotherm. Res., 2: 1--16. 

A method is proposed for determining the orientation of  average tectonic stress, using 
surface features indicating radial dike patterns of  volcanoes. The approximate pattern of  
radial dikes is revealed by the distribution of  sites of flank eruptions on the slope of poly- 
genetic volcanoes. This conclusion is deduced from the understanding that  flank eruptions 
are caused by the magma that  laterally offshoots from the main polygenetic pipe conduit  
and that  conduits of  flank volcanoes are most probably fissure-shaped because most of  
them are monogenetic volcanoes. Radial dikes are more likely to develop in a direction 
normal to the minimum horizontal  compression of  the regional stress. Thus, the distribution 
of flank craters will be elongate in the direction of the maximum horizontal  compression of  
the regional stress. 

The regional stress can sometimes be ascribed solely to the effect of  the gravity rather 
than tectonic stress. When a number of  independent polygenetic volcanoes dot ted  with 
more than several flank volcanoes, are distributed in a belt or over a broad area, it ispossible 
to distinguish the tectonic stress from the direct gravitational effect by the regional uni- 
formity in orientat ion of the zones of  flank volcanoes. When the maximum compression of  
tectonic stress is horizontal,  the trends of the zones of  flank eruptions on polygenetic vol- 
canoes are more or less linear and parallel, and at a high angle to the trend of  the main vol- 
canic belt. 

INTRODUCTION 

V o l c a n i c  p r o c e s s e s  w h i c h  c a u s e  e x t e n s i v e  f r a c t u r i n g  o f  r o c k s  m u s t  b e  r e l a t e d  
t o  r e g i o n a l  n o n - m a g m a t i c  s t r ess  a c t i n g  o n  t h e  v o l c a n i c  r e g i o n .  O n e  s u c h  p r o c e s s  
i n v o l v i n g  f r a c t u r i n g  is f l a n k  v o l c a n i c  e r u p t i o n s  w h i c h  a r e  r e a s o n a b l y  e x p l a i n e d  
as  s u r f a c e  m a n i f e s t a t i o n s  o f  t h e  f o r m a t i o n  o f  r a d i a l  d i k e s .  B e c a u s e  t h e  o f t en -  
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tation of  dikes is affected by the existing regional stress, the distribution of  
sites of  flank eruptions may reveal the orientation of regional stresses, in ad- 
dition to  the stress generated by magmatic forces. In other words, flank 
eruptions of polygenetic volcanoes may be regarded as large-scale repeated ex- 
periments of  hydraulic fracturing using magma instead of  water. 

This paper is concerned with such a feature of radial dikes, as indicated 
mainly by flank crater distribution, and proposes to make use of this distri- 
bution as an indicator for the average orientation of tectonic stress which has 
prevailed in the upper crust of the volcanic area. 

MONOGENETIC AND POLYGENETIC VOLCANOES 

Volcanoes may be classified as either monogenetic  or polygenetic,  based on 
the number  of  eruptions which formed the volcanic edifices (Thorarinsson, 
1960; Rit tmann, 1962}. 

A monogenetic  volcano erupts only once from a vent or a fissure and con- 
structs a relatively small volcanic edifice such as a maar, a scoria cone, a lava 
dome or a shield volcano of  Icelandic type. Most fissure volcanoes are mono- 
genetic. Some monogenetic  volcanoes are compound  volcanoes, such as a 
scoria cone in a maar or a lava dome in a pyroclastic cone. They are the result 
of a change of the external circumference during the course of the eruption. 
A monogenet ic  volcano erupts only once and, therefore,  its underground 
condui t  is newly formed every time it erupts. Common occurrence of xeno- 
liths in the eruptive products  of  monogenet ic  volcanoes may be related to this 
characteristics of their conduits. 

The initial channelway for the ascent of  the magma is expected to be a 
fissure and not  a cylinder. Therefore,  the condui t  of a monogenet ic  volcano 
may be fissured-shaped in its essential port ion,  but  no t  pipe-shaped. At a 
shallower depth,  however, the conduits  of  monogenet ic  volcanoes may con- 
verge to form pipes, e.g. kimberlite pipes, many of which grade downward into 
dikes (Dawson, 1967). Monogenetic volcanoes commonly  occur in groups, 
either as independent  swarms like Westeifel maars and scoria cones, or as a 
part of a polygenetic volcano where they form flank volcanoes and post- 
caldera cones. 

Polygenetic volcanoes, on the other  hand, erupt  repeatedly or roughly peri- 
odically from the same general vent or vents during a life-time of  up to about  
10 s years. Composite volcanoes and shield volcanoes of  the Hawaiian type  are 
the best known examples of  polygenetic volcanoes. They form large volcanic 
edifices of  the order of  102 km 3 (composite  volcanoes) and 104 km 3 (shield 
volcanoes of  the Hawaiian type) in volume, are more or less conical in shape 
with a summit  or central crater or craters. Repeated eruptions from the same 
vent may form a cone around the vent  as well as a pipe-shaped vertical condui t  
which is stable enough to be continually used as the channelway for the 
ascending magma. 



MECHANISM OF FLANK ERUPTIONS 

Most flank volcanoes are monogenetic (e.g. Nakamura, 1961). Not only 
flank-fissure eruptions but flank eruptions in general are regarded as surface 
manifestations of the formation of radial dikes around the vertical, central 
pipe-conduit of a polygenetic volcano. This interpretation appears well 
established for shield volcanoes of Hawaiian type (e.g. Macdonald, 1972). 
What is suggested here is that essentially the same interpretation may apply 
to composite volcanoes. 

Flank eruptions of composite volcanoes may be interpreted in the following 
way: prior to the eruption, magmatic pressure in the central conduit increases 
to the sum of both the tensile strength of the surrounding rocks and the mini- 
mum compressional stress of external origin. If the magrnatic pressure is not 
sufficiently relieved by an eruption from the summit, a radial vertical fracture 
develops laterally from the central pipe and is simultaneously filled with the 
source magma. Here the initiation of a radial dike resembles the opening of a 
hydraulic fracture (Haimson, 1975). Flank eruptions occur where the dike 
first reaches the surface. If the available magma is of sufficient quantity and 
its viscosity is low enough, then the dike arrives at the surface causing a 
flank-fissure eruption. 

This interpretation of the flank eruptions of composite volcanoes is sup- 
ported by the following examples and the conclusion that composite vol- 
canoes have stable central pipe conduits, while monogenetic volcanoes (there- 
fore most flank volcanoes) erupt from newly made fissures. 

(1) Flank eruptions are often accompanied or immediately preceded by 
summit eruptions. Explosive eruptions are more common from summit craters 
and effusive eruptions are more common from flank craters (Vesuvius, 1906, 
Perret, 1924; Miyake-sima, 1940, Tsuya, 1941; Etna, Rittmann, 1964). 

(2) In the case of flank-fissure eruptions, the eruptive fissure usually grows 
down-slope and the eruptive activity endures longer at the lower portion of 
the fissure, erupting lava flows (Vesuvius, 1906, Perret, 1924; Hekla, 1947-48, 
Thorarinsson, 1950). 

(3) Some flank eruptions occur simultaneously at two opposite sides on 
the slope, their location being symmetrical with respect to the summit (Saku- 
ra-jima, 1914, Omori, 1914--1916; Hekla, 1970, Thorarinsson and Sigvalda- 
son, 1972; Villarrica, 1971, Gonz~lez, 1972; Tiatia, 1973, Doubik, personal 
communication, 1974). 

(4) Flank volcanoes are more numerous when the magma has a low viscosity 
and the summit is higher (Etna volcano and Fuji volcano). 

(5) The vertical crustal deformation associated with a flank (fissure) erup- 
tion is fundamentally concentric around the summit but not around the erup- 
tion site. The residual horizontal deformation is dilatational across the eruptive 
fissure (Sakura-jima, 1914, Omori, 1914--1916; Miyake-sima, 1940, Earth- 
quake Research Institute, 1941; 1962, Geographical Survey Institute, 1976). 



(6) A central plutonic mass and radial dike swarm are a common association 
found in dissected volcanic fields {Spanish Peaks, Knopf, 1936: Summer Coon 
volcano, Lipman, 1968). 

(7) According to field observations on the lateral surface of the dikes, in- 
trusion of magma into radial dikes proceeds outward from the center and 
more or less obliquely upward (Oshima, 1968; Nakamura, 1972). 

From the foregoing facts and considerations, it is concluded that  the distri- 
bution of flank craters on the slopes of a polygenetic volcano reveals the 
underground pattern of radial dikes. 

RADIAL DIKES AND STRESS FIELDS 

Radial dikes which are ideally radial and uniform in azimuth (Fig.lA), 
may show either that  the magmatic pressure within the central conduit  was 
predominant over other stresses or that  they did not  differ in horizontal direc- 
tion. This kind of radial dike pattern seems to be more or less realized in near- 
vent areas, within a radius of a few kilometers, even though the overall pattern 
may not  be ideally radial. 

On the other hand, as shown in Fig.lB, at a sufficient distance from the 
central conduit,  radial dikes sometimes tend to curve and assume a single 
general trend. Radial dikes surrounding the Spanish Peaks (Knopf, 1936), for 
example, are a classic example. The pattern of radial dikes in this area was 
controlled, according to the interpretation by Od~ {1957), by the superposed 
stress systems of localized magmatic pressure around the West Spanish Peak 
and by a genetically independent regional stress. The plutonic mass of the 
West Spanish Peak is also elongated in the direction of the concentration of 
radial dikes. This implies that  the process responsible for formation of the 
central conduit  was also affected by the same regional stress that  distorted the 
radial dike pattern. 

The radial dike pattern indicated by the distribution of flank and post-cal- 
dera cones and craters (Fig.2) may well be the same as the case in Fig. lB in 
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Fig.1. Idealized horizontal cross-section of  a conduit of  a polygenetic volcano (central 
plutonic mass) and radial dikes (Nakamura, 1969). A. Perfectly radial dikes under uniform 
stress. B. Deformed radial dikes under a differential horizontal stress. 



that radial dikes are formed more frequently and extend longer in a certain 
preferred direction. Whatever the ultimate origin may be, the significant de- 
viation from the radiality of  the dike pattern implies that  the regional stress, 
which is independent  in origin of  the localized pressure of  the magma in the 
conduit,  may have influenced the pattern. In Fig.3, the structure of  a poly- 
genetic volcano with flank volcanoes under such a condition is shown in a 
simplified manner. 

DISTINCTION BETWEEN TECTONIC STRESS AND GRAVITATIONAL FORCE 

Because the stress in the horizontal plane due to gravity alone is expected 
to be the same in magnitude under normal conditions, the effect of gravity 
would usually not  be part of the present problem. Under certain conditions 
where volcanoes lie on a tilted surface, however, a differential stress in the 
horizontal plane could be produced by gravitational force. Therefore, regional 
stress independent  of  local magma pressure could be the direct effect of  gravi- 
tational force as well as tectonic force. Indeed, Fiske and Jackson (1972) 
showed that the stress caused by topographic response to gravitational force 
controlled the radial dike pattern of  Hawaiian volcanoes. They demonstrated 
that when a shield volcano grows on the slope of  an adjacent shield, gravity 
produces a tensional stress in the overlying volcanic structure in the direction 
of  the inclination of  the basal surface. This tensional stress controls the trend 
of  radial dikes or rift zones. 

If the regional stress that  caused deviation to the radiality of  dikes is ex- 
erted mainly by  gravitational force, as it is in clustered Hawaiian shields, the 
following two features may be expected. First, the trend of  the whole zone of  
flank eruptions could be curved following the underlying relief. This is the case 
for Hawaiian clustered volcanoes, but  not  for examples shown in Fig.2, in 
which the zones of  flank-eruption sites are more or less linear. Secondly, when 
the trend of  the zone of  flank eruptions is linear, it could be variable without  
any common trend in neighboring volcanoes. This also is the case for Hawaiian 
clustered volcanoes. Therefore, when a volcano or a group of  volcanoes does 
not  bear the above two features, an interpretation, other than the gravitational 
effect, should be sought for the distribution of  the flank-eruption site. 

If the sites of  flank eruptions form a linear zone passing through the summit 
and the trends of  the zones are common or change gradually among adjacent 
volcanoes, then the fundamental origin of  the stress which governs the trend 
of the zones would most probably be ascribed to a tectonic stress that  domi- 
nates the entire area. Volcanoes of  the southern part of  the central Chilean 
Andes (Fig.4), those in Japan (Fig.5), Central America, and the Aleutians may 
be examples. In Central America and in the Aleutians, more than fifteen com- 
posite volcanoes, distributed in volcanic belts extending some 1100 km and 
2000 km, respectively, have more or less linear flank volcano zones trending 
approximately in a north-south direction in Central America (Williams et al., 
1964; McBirney and Williams, 1965; Ui, 1972a; Stoiber and Cart, 1973) and 
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Fig.3. Diagram showing the radial dikes and flank volcanoes of a polygenetic volcano under 
a differential horizontal stress. The zone of flank volcanoes corresponds to the trend of 
radial dike concentration; hence to the trend of maximum compression of the horizontal 
component of the ambient stress. (After Nakamura, 1976.) 

in a n o r t h w e s t  d i rec t ion  in the  Aleut ians  ( N a k a m u r a  e t  al., 1977) .  The re fo re ,  
the  eas t -no r theas t  d i rec t ion  in Chile, the  general  wes t -no r thea s t  d i rec t ion  in 
J apan ,  the  n o r t h w e s t  d i rec t ion  in the  Aleu t ian  arc and  Alaska  Peninsula,  and  
n o r t h - s o u t h  d i rec t ion  in Centra l  A m e r i c a  are regarded  as d i rec t ions  o f  the  
m a x i m u m  hor i zon ta l  c o m p r e s s i o n  o f  the  t ec ton i c  stress in the  respec t ive  
regions.  

The  above  conc lus ion  is f u r t he r  s u p p o r t e d  when  the  t r ends  o f  zones  o f  
f l ank -e rup t ion  sites co inc ide  wi th  t he  m a x i m u m  compres s iona l  axis  o f  t e c ton i c  
stress in the  s ame  general  area  as der ived f r o m  s tudies  o f  act ive faul ts  a n d  
focal  m e c h a n i s m  so lu t ions  o f  very  sha l low ea r thquakes .  This  is also the  case 
fo r  J a p a n  ( Ich ikawa,  1971;  Ma t suda  e t  ah, 1976) .  

CONTRACTIONAL OR EXTENSIONAL TECTONIC STRESS FIELD 

Dikes are charac ter i s t ica l ly  vert ical  in cross-sect ion and  deve lop  m o r e  or  
less paral lel  t o  a p lane  de f ined  b y  the  m a x i m u m  and  the  i n t e r m e d i a t e  pr incipal  
stress axes. On the  o t h e r  hand ,  a t  the  ea r th ' s  sur face  one  o f  the  pr inc ipa l  stress 
axes should  be  vert ical ,  s ince the  air is incapable  o f  sus ta in ing a shear ing stress 

Fig. 2. Distribution of flank and post-caldera volcanoes on the slope and inside the caldera 
of composite volcanoes. Larger dots: summit or central craters. Smaller dots: eruption sites 
on the flank and inside the caldera. Broken lines: eruption fissures. Stippled area: lake. 
Height in meters unless otherwise indicated. Mt. Veniaminof, Alaska (56 ° 10'N, 159 ° 23'W) 
(Burk, 1965). Mt. Gareloi, Aleutian Islands (51°48'N, 178°48'W) (Coats, 1959). Chokal 
volcano, Japan (39 ° 05'N, 140°02'E) (Ui, 1972b). Fuji volcano, Japan (35°21'N, 138°44'E) 
(Tsuya, 1943).Hekone volcano, Japan (35°13'N, 139°01 'E). Ruled areas ere the zones of 
exposed radial dike swarm (Kuno, 1950; Nakamura, 1969). Hekla volcano, Iceland 
(64 ° N, 19°41 'W) (Thorarinsson, 1967; Thorarinsson and Sigvaldason, 1972). 



T o l g u a c a ~  

Lonquimay . ~ ~  
2822 m 

Liaima 
312~* 

Picos de 

Villa r r ica/.1"---.._..._.~ _ 

Lanin 
3~07 m 

E, 

Osorno ~ ) . . . .  
Zc~O m N 

t 

20 KM 
Fig.4. F l ank  c ra te r  d i s t r i b u t i o n  of  vo lcanoes  of  the  Chi lean  Andes  b e t w e e n  37 .5°S  ~ 41.5°S 
mapped from vertical aerial photographs, 1 : 40,000 in scale. Outlines of individual vol- 
canoes are represented by snow-lines. Symbols same as in Fig.2, except that outlines of 
calderas are drawn instead of summit craters for Picos de Llallicupe, Quetrupillan and Lanin. 
For most of the volcanoes, flank eruption sites are apparently concentrated in a zone 
trending N65°E to $65°W ± 10 °. This suggests that the trend is that of the maximum 
horizontal compression of the tectonic stress. 

(Hafner ,  1951) .  T w o  o t h e r  axes  shou ld  be  hor izon ta l .  This c o n d i t i o n  appears  
to  be  m a i n t a i n e d  in t he  u p p e r  crust .  Fo r  examp le ,  in J a p a n  where  the  stress 
field is e x p e c t e d  to  suf fe r  m u c h  t ec ton i c  d i s tu rbance ,  ver t ical  null axes o f  the  
focal  m e c h a n i s m  so lu t ions  were  o b t a i n e d  fo r  98 .2% (331 o u t  o f  337)  o f  the  
e a r t h q u a k e s  t h a t  occu r r ed  a t  o r  less t h a n  20 k m  for  t he  pe r iod  1 9 2 6 - - 1 9 6 8  
( Ich ikawa,  1971) .  

Assuming  the re fo re ,  t h a t  one  o f  t he  pr incipal  axes  is vert ical ,  t h e n  the  t r end  
o f  the  zone  o f  f l ank  e rup t ion ,  t h a t  is the  t r end  o f  the  radial  d ike  concen t r a t i on ,  
m a y  be  e i ther  the  d i rec t ion  o f  the  m a x i m u m  compres s iona l  or  i n t e r m e d i a t e  
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Fig. 5. Possible trend of concentration of radial dikes of Japanese volcanoes. Bar on a circle 
shows trend of the longer axis of the distribution of monogenetic volcanoes, post-caldera 
cones and independent clusters of monogenetic volcanoes. Smaller circles: Quaternary poly- 
genetic volcanoes (Isshiki et al., 1968), which have neither more than a few flank volcanoes 
nor show linear or elongate patterns in the distribution of monogenetic volcanoes. Broken 
line: trench axis. (Nakamura, 1975.) 

pr incipal  stress axes. These  t w o  cases would  c o r r e s p o n d  to  con t r ac t i ona l  and  
ex tens iona l  t ec ton ics ,  respect ively .  

A d i s t inc t ion  b e t w e e n  the  t w o  cases is poss ib le  f r o m  the  sense o f  displace- 
m e n t  o f  act ive faul ts  in the  s ame  general  area. (The  t e r m  act ive  faul ts  is de f ined  
h e r e  as the  fau l t s  t h a t  have  m o v e d  r e p e a t e d l y  in r e cen t  geologic t ime ,  so t h a t  
e i ther  t hey  are r ecogn ized  b y  having  fau l t  scarps or  t h e y  have  d isp laced  Quate r -  
na ry  f o r m a t i o n s . )  In areas o f  a c o n t r a c t i o n  t ec ton i c  regime,  act ive  faul ts  are 
e i ther  str ike-sl ip a n d / o r  t h ru s t  faul ts  and  the  t r end  o f  the  f l ank  c ra te r  zones  
should  be  ob l ique  a t  a r o u n d  45 ° t o  the  str ike-sl ip or  p e r p e n d i c u l a r  to  the  t h ru s t  
faults.  This is the  case fo r  m o s t  o f  Japan ,  as m e n t i o n e d  earlier.  The  A n d e a n  
case is also e x p e c t e d  to  be  the  same,  cons ider ing  the  long  nor th - sou th - t r end ing ,  
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dextral Atacama fault and associated conjugate faults in northern Chile 
(St. Amand and Allen, 1960; Okada, 1971), and a large-scale en echelon tectom~' 
relief that  suggest northeast contraction of the southern Andes (Kaizuka, 1975)~ 
In the extensional area, on the other hand, normal faults with a trend parallel 
to the zone of flank craters will develop as, for example, in Iceland. 

There is a possibility that the two cases can be distinguished, in other words, 
three principal axes of tectonic stress can be determined by a certain simple 
geographical relation without  the help of active faults or earthquake mecha- 
nism solutions. Composite volcanoes commonly define linear or curvilinear 
volcanic belts. From the synthesis of available data for Japan (Fig.5), south 
central Andes (Fig.4), the Aleutians and Central America, the angular relation 
between the trends of the volcanic belt and zones of flank craters appears to 
be different for different tectonic stress conditions. This relation is shown dia- 
grammatically in Fig.6. In a contractional tectonic area where the maximum 
compressional stress is horizontal, the two trends tend to form an angle, typi- 
cally a high angle, with each other (Fig.6B). In an extensional tectonic area 
where the maximum compressional stress is vertical, the two tend to be more 
or less parallel (Fig.6A). 

The above angular relation would be explained as follows. Contemporary 
volcanic belts are mostly classified into two major categories: (1) volcanic belts 
of accreting plate boundaries, and (2) those associated with the converging 
boundaries of lithospheric plates. These correspond to volcanic belts under ex- 
tensional and contractional tectonics, respectively. The trends of the ex- 
tensional volcanic belts tend to become perpendicular to the separating plate 
motions, which exert tensional stress on the volcanic belts. Zones of flank 
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Fig.6. The angular relationship between the trends of a volcanic belt and zones of flank 
craters. A and B are idealized s i tuat ions under extens ional  and contract ional  tectonic  stress 
fields. A pair o f  solid arrows indicates the  tensional  stress (A)  and the compress ional  stress 
(B) exerted on  the  volcanic  belt.  1 = a normal fault; 2 = a fissure o f  regional fissure eruption;  
3 = a strike-slip fault;  4 = a po lygenet ic  volcano wi th  a s ummit  crater (dot )  and a linear 
zone  of  f lank eruptions  (ruled area). (After  Nakamura,  1974 .  ) 
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craters also develop perpendicular to the tensional stress, and thus parallel to 
the volcanic belt. The volcanic belts in contractional tectonic areas extend 
parallel to the converging plate boundaries making an angle with the direction 
of relative convergence. Because the converging direction would be nearly 
parallel to the axis of the maximum compressional stress in the volcanic belt, 
and because the zone of flank eruptions develops in this compressional direc- 
tion, an angular relationship results between the volcanic belt and zones of 
flank craters of individual composite volcanoes. 

DISCUSSION 

Weak zones vs. tectonic stress 

When flank volcanoes on the slopes of polygenetic volcanoes are concen- 
trated in a linear zone, this has been explained traditionally as indicative of 
the existence of "weak zones". Even if this is true, there still remains a 
question of  why the weak zones of particular direction served as channelways 
for magma intrusion. Considering that  the dikes were once filled with liquid 
magma, the magma pressure would have been equal to or larger than the 
ambient stress normal to the dikes, regardless of  their origin whether they are 
new fissures or old ones. Because the tensile strength of the surrounding rocks, 
which must be very small due to high temperature, was effective only at the 
time of  initial opening of  the dike space, the ambient stress normal to the 
overall trend of  the dike would be expected very close to the direction of  the 
minimum compressional stress. Thus, I ascribe the linear distribution of mono- 
genetic volcanoes to the presence of a regional stress. 

Other features suggesting the trend o f  dike concentration 

The channelway used by magma would have a range of  azimuthal distri- 
bution around the summit crater. This is due to the effect of  the mechanical 
heterogeneity of  the surrounding rocks and possibly the temporal change of 
the regional stress. Thus, the actual azimuthal distribution of flank craters 
(i.e. radial dikes) would scatter around the average trend of  the maximum 
horizontal compression of the regional stress. Hence, more than a few flank 
craters are needed to obtain a reliable direction for this stress component.  This 
means that  volcanoes of  fluid magma are more suitable for this kind of  study, 
as flank eruptions are more likely to occur when the viscosity of  the magma is 
lower. 

In this context,  a significant feature would be the bending of  radial fissures, 
an example of which is shown in Fig.2. At Mt. Gareloi the fissure starts radially 
southward from the summit area and bends with increasing distance from the 
summit. This new direction which is assumed to be asymptotic to the fissure, 
would be best explained as the direction of the maximum horizontal com- 
pression of  the regional stress, as suggested by Coats (1959). This specific 
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example becomes more convincing, since the zones of flank craters on adjacent 
volcanoes assume similar trends {Nakamura et al., 1977). A similar bending 
phenomenon is also observed on Etna volcano. Here, lateral eruptive centers 
and eruptive radial fissures (Rittmann, 1964) bend and converge asymptoti- 
cally in a NNE-SSW direction. The NNE trend may be the direction of the 
intermediate principal stress axis, but not  of the maximum of the regional 
stress, if one takes into account the long normal fault that  may extend in the 
same direction along the northeast coast of Sicily (W. Alvarez, personal 
communication, 1976 ). 

Contour lines of the main volcanic edifices themselves may be elongate in 
the same direction, provided the volume of the material erupted from the 
flank craters is large. All of the volcanoes in Fig.2 possess this feature. This 
feature of polygenetic volcanoes may also be used as an auxiliary means in 
ascertaining the direction of radial dike concentration. 

Active normal faults sometimes develop almost exclusively within the vol- 
canic structure or field, in the form of a parallel swarm. Examples of these are: 
Chokai volcano (Fig.2), Buldir volcano, Aleutian Islands (Coates, 1953) and 
Cerro Panalvia, southeast Guatemala {Williams et al., 1964). These kinds of 
normal faults would be best explained either as the surface expression of the 
dikes that  did not  reach the surface, or as the result of a local concentration of 
the regional stress. These normal faults could also be used as an auxiliary 
method for obtaining the trend of the radial dikes. 

Volcanoes  under  contract ional  vs. ex tens ional  tec tonics  

Certain features of volcanoes are different under different tectonic con- 
ditions. Using their synthesis of  chemical and age data of Cenozoic volcanic 
rocks of  the western United States, Christiansen and Lipman (1972) and Lip- 
man et al. (1972) showed that  "fundamental ly  andesitic" and "fundamental ly  
basaltic" volcanisms correlated both in time and space with the contractional 
and extensional tectonic styles, respectively. As they suggested, this general 
correlation between the chemistry of  magma and tectonic styles appears to 
hold true for other volcanic regions of the world. This petrographic charac- 
teristic may be used as an additional key to the distinction between tectonic 
styles, but not  as a conclusive one. This is because: (1) a physical under- 
standing of the correlation has not  been fully established, {2) there are 
problems concerning the recognition of  magma types, and {3) the correlation 
applies for a group of volcanoes as a whole and not  for individual volcanoes. 

Another possible correlation seems to exist between the tectonic styles and 
types of volcanoes, i.e. monogenetic and polygenetic volcanoes. To cite rather 
well documented facts, {1) volcanic belts associated with converging plate 
boundaries, therefore supposedly under contractional tectonics, are charac- 
terized by isolated andesitic polygenetic volcanoes, especially composite ones, 
and (2) volcanic fields of alkali basalts and bimodal magmatism, which belong 
to the category "fundamental ly  basaltic" of Christiansen and Lipman (1972), 
consist commonly of clusters of monogenetic volcanoes, occurring mainly in 
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back-arc and in continental regions. They are generally thought  to have been 
erupted under extensional tectonics, as indicated by their f requent  association 
with normal faulting. This correlation may partly be explained in the following 
way. For extensional tectonics, making a new channel for the  eruption of  a 
monogenetic volcano is mechanically much easier. For contractional tectonics, 
however, magma is able to rise only through an already established conduit.  
This correlation, however, applies to a volcanic zone or field as a whole. Com- 
posite volcanoes like Hekla occur in the Icelandic volcanic zone where active 
tensional tectonics are taking place. Clusters of  monogenetic volcanoes, which 
are independent  of  polygenetic volcanoes, do occur in Japan, although on a 
smaller scale, where thrust and strike-slip faulting predominate.  Therefore, 
this correlation could also be used as an assistance but  not  for distinguishing 
tectonic styles. 

Stress orientation averaged in time 

There are other well-known methods to estimate the orientation of  the 
crustal stress. Among them are earthquake mechanism studies and in-situ stress 
measurements for current conditions, and studies of  faults, folds, and stylolites 
for the past. The dike method proposed in the present paper relies on the 
mechanism of  large-scale, deep-reaching hydraulic fracturing repeated over a 
long period. Hence, the orientation obtained is an averaged one for the period, 
say some 10,000 years, which is an important  part of  the life-time of  a poly- 
genetic volcano. 

In this respect, the dike method is similar to the one using active faults 
which have been displaced repeatedly. In the older ages, however, dating of  
the stress field is much easier with the dike method than with that  of  the fault 
method,  at least in principle. Large-scale folds could also be used to reconstruct  
the direction of  past tectonic stress. This is, however, less reliable because 
gravity as well as tectonic stress can form the fold structure, at least in some 
cases. 

It is obvious, that  all available methods should be used complimentarily to 
obtain a comprehensive picture of  the tectonic stress orientation in space and 
in time. 

CONCLUSION 

(1) Volcanoes are classified as either monogenetic or polygenetic. The 
feeders of  monogenetic volcanoes, which include most  flank and post-caldera 
volcanoes, are essentially dikes, while those of  polygenetic volcanoes are pipes. 

(2) Flank eruptions are a manifestation of  formation of  radial dikes under- 
ground, as indicated by  the observations of  actual flank eruptions and inter- 
pretation of  volcanic structures. It is possible, therefore, to depict  radial dike 
patterns from the distribution of  vents on the slope of  polygenetic volcanoes. 

(3) The pattern of  radial dikes reflects the effect  of  regional non-magmatic 
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stress system superposed on the magmatic pressure. The trends of dikes (i.e. 
the trend of  the flank crater distribution) may concentrate in a direction of 
either the maximum compressional or the intermediate stress axis of the 
regional stress field, or collectively, in a direction normal to the minimum 
compressional axis. 

(4) Some features other than flank craters may be used as an auxiliary 
means to reveal the trend of  the concentration of radial dikes. These features 
are the bending of radial fissures, elongation of the main volcanic edifices and 
the swarm of parallel normal faults within the edifices. 

(5) The regional stress could be considered a tectonic stress when the trends 
of dike concentration are linear in individual volcanoes and are, at the same 
time, common or change gradually among adjacent volcanoes. 

(6) Whether the trend of  radial dike concentration indicates maximum com- 
pressional or intermediate stress axis could be determined by the angular re- 
lation between the trends of volcanic belts and of  the concentration of  dikes, 
as well as by the sense of displacement of contemporaneous faults. Character- 
istics of  the chemistry of magma and type of volcanoes in the volcanic belt or 
field may be used as auxiliary means for the same discrimination. 
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