
6. R. E. Apfel, in Ultrasonics: Methods in Experimental 
Physics, P. D. Edmonds, Ed. (Academic Press, New 
York, 1981), vol. 19, pp. 356413; E. A. Neppiras, 
Phys. Rep. 61, 159 (1980). 

7. M. A. Margulis and A. F. Dmimeva, Z h .  F i z .  a i m .  
56, 323 (1982); R. I. Nigmatulin et at.,  Int. J .  Heat 
Mass Transfer 24, 1033 (1981). 

8. D. F. Gaitan and L. A. Crum, in Frontiers of 
Nonlinear Acoustics: 12th International Symposium on 
NonlinearAcoustics, M. Hamilton and D. Blackstock, 
Eds. (Elsevier, New York, 1990), pp. 459-463; A. 
Prosperetti et al.,  J. Acoust. Soc. A m .  83, 502 
(1988); A. Prosperetti and A. Lezzi, J. Fluid Mech. 
168,457 (1986); L. A. Crum and G. T. Reynolds, 
1. Acoust. Soc. A m .  78, 137 (1985). 

9. S. Fujikawa and T. Akamatsu, J. Fluid Mech. 97, 
481 (1980); Y. Matsumoto and F. Takemura, in 
Cavitation and Multiphase Flow Forum, 0. Fumya, 
Ed. (ASME, New York, 1990), pp. 29-34. 

10. Lord Rayleigh, Philos. Mag. 1917, 34 and 94 
119171. 

11. K. S.  usl lick et at.,  J. A m .  Chem. Soc. 108, 5641 
(1986); K. S. Suslick et at.,  IEEE Trans. Ultrason. 
Ferrwlectr. Freq. Control 33, 143 (1986); K. S. 
Suslick et al . ,  IEEE Ultrason. Symp. 1985, 1116 
(1985). 

12. K. S. Suslick and E. B. Flint, Nature 330, 553 
(1987); E. B. Flint and K. S. Suslick, J. Am.-Chem. 
Soc. 111,6987 (1989). 

13. G. Mar,  Plasma Spectroscopy (Elsevier, Amsterdam, 
1968). 

14. G. Herzberg, Molecular Spectra and Molecular Spec- 
tra: Spectra of  Diatomic Molecules (Van Nostrand, 
New York, 1950) vol. I; K. P. Huber and G. 
Herzbere. Molecular Saectra and Molecular Saectra: 
~ o n c t a n & f ~ i a t o m i c  hiolecules (Van ~ostrand,  New 
York, 1979), vol. IV. 

15. A. Schadee, Bull. Astron. Inst. Neth. 17, 311 
(1964). 

16. Attempts were made to record sonoluminescence 
spectra with a 2-m spectrograph equipped with a 
1200-groove-per-millimeter grating and a charge- 

coupled device detector; the ratio of signal to noise 
was insufficient to provide usable spectra. 

17. M. M. Smit-Migsen and J. L. Spier, Physica ( h w -  
dam) 9, 193 (1942); ibid., p. 442; J .  L. Spier and J. A. 
Smit, ibid., p. 587. In this appmch, specnal subsauc- 
ture from J-value splitting and variations in elecaonic 
transition moment with v" are neglected. 

18. J. C. McCallum et at.,  Spectroscopic Report No .  1 
(York University Centre for Research in Experimen- 
tal Space Science, York, U.K., 1970). 

19. G. Stark and S. P. Davis, 2. Phys. A 321, 75 
(1985). 

20. Attempts to model the CN violet (BZL - XZL) 
emission from the sonoluminescence of silicone oil 
under 20% N, in Ar were less successful. The 
experimental specuum appeared to originate from 
molecules that were not full\.. thermallv equilibrated. 
This is not unusual for CN formed. frdm the ex- 
tremely exothermic reaction of carbon atoms and 
nitrogen atoms [M. R. Gorbal and M. I. Savadatti, 
J. Quant. Spectrosc. Radiat. Transfer 26, 457 
(1981)1, 

21. Recent data indicate sonoluminescence lifetimes in 
water may be as short as 100 ps; given the high 
pressures during cavitation, thermal equilibration of 
C, is still likely (B. P. Barber and S. Putterman, 
Nature 352, 318 (1991). 

22. E. B. Flint and K. S. Suslick, J. Phys. Chem. 95, 
1485 (1991). 

23. Information about Silicone Fluids and Vapor Pressure 
Data o f D o w  Coming 200 Fluids, available from C. 
Kovarik (Dow Corning, Midland, MI). 

24. P. Kmus, M. O'NeiU, D. Robertson, Ultrasonics 28, 
304 (1990): K. S. Suslick. I. W. Gawienowski. P. F. 
~ c h u k r t ,  H. H. wang,'ibid. 22, 33 (1984); J. 
Phys. Chem. 87, 2299 (1983). 

25. W; thank A. Scheeline, J. M. Lisy, and S. W. 
Rynders for useful discussions on the calculation of 
synthetic spectra. Supported by the NSF. 

29 April 1991; accepted 29 July 1991 

The Role of Magma Overpressure in Suppressing 
Earthquakes and Topography: Worldwide Examples 

In an extending terrane basaltic magma supplied at a pressure greater than the least 
principal stress (overpressure) may be capable of suppressing normal faulting and the 
earthquakes and topographic relief that commonly accompany normal faulting. As 
vertical dikes intrude, they press against their walls in the direction opposite the least 
principal stress and increase its magnitude. The emplacement of tabular intrusions 
causes the internal magma pressure to  act selectively in opposition to tectonic stresses. 
This process tends to equalize the stresses and thus diminishes the deviatoric stress 
(difference between maximum and minimum stresses).that creates f d t s  and causes 
earthquakes. Observations of the pattern of seismicity and magmatism worldwide 
indicate that magmatism commonly supplants large earthquakes as the primary 
mechanism for accommodating tectonic extension. Recognizing the extent of magmat- 
ic stress accommodation is important in assessing seismic and volcanic risks. 

GENERAL, BUT VARIABLY EX- heat flow or thermally elevated lithosphere. 
pressed, association between mag- We suggest that in the seismogenic upper A matic activity and tectonic extension crust, -two end-member processes, normal 

is recognized worldwide. The association is faulting and magmatic intrusion, work to- 
not uniform. In some rifts, igneous rocks are gether to accommodate extension in varying 
scarce or absent at the surface, but their proportion depending upon magma supply. 
presence at depth is suggested by the high Below the seismogenic zone, extension is 

accommodated primarily bv ductile flow in 

Department of Geophysics, Stanford University, Stan- 9 lower crus' ( I ) '  T' 'peed that 
ford, CA 94305. dlkes propagate reIative to the ductile flow 

rate allows them to penetrate the lower 
crust. which acts elast&llv over the short 
duration of intrusion. 

Basaltic magmatism is of particular tectonic 
importance because it results fiom partial melt- 
ing in the Earth's mantle at depths where the 
density differences between solid and fluid can 
produce a large buoyant driving pressure. The 
low viscosity of basaltic relative to more silicic 
melts (2) causes the melts to be intruded as 
tabular vemcal dikes or horizontal sills (3). , , 
Tabular innusions are by their geometry able 
to affect primarily a single component of the 
stress field, whereas the radially symmetric in- 
trusions produced bv more viscous silicic melts 
tend to iave a more h f o r m  effect on the stress 
field. 

In the brittle upper crust tectonic extension 
in one horizontal direction can be accornrno- 
dated by normal faulting, in which vemcal 
thmnq occurs at constant volume, or by 
vemcal dike injection perpendicular to the ex- 
tension direction, which increases the rock vol- 
ume. Complementaty extension in one hori- 
zontal &&on and contraction in another can 
take place by strike-slip faulting, in which both 
a constant surface area and constant volume are 
maintained. Oblique normal faulting repre- 
sents hybrid behavior between these end mem- 
bers. 

We suggest that basaltic magma supplied 
at a pressure greater than the least principal 
stress is capable of suppressing normal fault- 
ing- and the earthquakes and topography 
that commonly accompany normal faulting. 
Such magma pressure would also tend to 
suppress strike-slip faulting. 

In normal faulting, the least principal 
stress is horizontal and in the direction of 
extension (Fig. 1A). The vertical principal 
stress, consisting of the lithostatic load, is 
maximum (4). We follow the convention of 
giving compressional stress in the earth a 
positive sign. Normal faults fail by shear in 
response to this maximum principal stress 
(5, 6). Conversely dikes intrude along verti- 
cal planes of tension fracturing perpendicu- 
lar to the least principal stress. In the upper 
crust (-15 krn thick), elastic strain can be 
stored during slow tectonic extension and 
episodically released when shqr strength is 
exceeded, a fault slips suddenly, -and an 
earthquake is produced. During this cycle, 
which generally has a period of hundreds to 
thousands of years at any given locality, the 
least principal stress decreases and then sud- 
denly increases at the moment of rupture. 
The vertical principal stress, governed by the 
lithostatic load, remains constant. In other 
words, the deviatoric stress reaches a maxi- 
mum value and then decreases toward zero 
during rupture. 

Rapid, episodic dike injections cause a 
similar cycling of stress. When a vertical dike 
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intrudes into extending brittle crust, it pushes 
against its walls, in opposition to the least 
principal stress. For a sufKcient magma pres- 
sure, inflation of vertical dikes can sigtllficantly 
increase the least principal stress and cause a net 
reduction of the deviatoric stress (Fig. 1B). The 
rapidity with which dikes are emplaced causes a 
nearly instantaneous change to the local stress 
field, and a single dike can accommodate hun- 
dreds to thousands of years of accumulated 
tectonic stress. As the least principal stress is 
increased, the intermediate stress (horizontal 
and orthogonal to the least principal stress) is 
also increased by a factor of Poisson's ratio 
(Poisson's ratio averages about 0.25 in crustal 
rocks). Rapid dike injection then has the effxt 
of not only suppressing faulting (7) but also 

increasing both the horizontal stresses, and if 
the increase is large, reorienting the principal 
stresses. Stress reorientation is possible because 
the upper bound is a free surface, and thus the 
vertical stress is unaffected by dike injection. If 
the least principal stress is increased to equal the 
value of the intermediate stress, then an orthog- 
onal set of vertical dikes can form. In the 
aggregate, generation of orthogonal dike sets 
should be of minor si@cance in the usual 
case of tectonic extension in one horizontal 
direction (uniaxial strain). The case of horizon- 
tal sheet emplacement (Fig. 1C) arises where a 
large supply of high-pressured magma would 
increase both horizontal stresses faster than can 
be accommodated by tectonic strain. 

Sigtllficantly, in the case of a magma supply 

Fig. 1. Mohr-Coulomb representation of the re- 
lation between magmatism, faulting, and the 

A oz> oy> ox 
stress field. The vertical axis is shear stress (T), and 
the horizontal axis is confining pressure or stress 
(u). The diameter of the circle is the deviatoric 
stress, which is the difference between the maxi- +& CX ou @ 
mum and minimum principal stresses [(u, - u,) 
in the case of an extending tectonic regime]. The 
plotted curve is the approximate Mohr failure B oZ> oy> ox 
envelope (positive quadrant plotted), which di- 
vides the zone of stability below it from the zone 
of failure or instability above; the break in the 
stability envelope represents conceptually a tran- 
sition to more ductile rocks deep in the crust. (A) 
In this case the deviatoric stress is large enough 

* 
for the Mohr circle to touch the failure envelope, c 0,. 0,' g 
and normal faulting ensues. (B) Dikes intrude on 
vertical planes, exploiting the weak tensile 
strength of the rock. As the dikes intrude, they 
press against their walls in the direction of exten- 
sion and opposite the least principal stress. The 
net effect is an increase in the least principal stress, 

+* 
which in turn decreases the deviatoric stress; a smaller Mohr circle is generated that no longer touches 
the failure envelope, and normal faulting ceases. (C) Continued dike intrusion increases the stress in the 
x direction such that it is no longer the least principal stress, and the intermediate stress (u  ) also 
increases by a factor of Poisson's ratio. Given a sufficient magma supply, the vertical stress courd then 
become the least principal stress, and horizontal intrusions would be favored. 

Fig. 2. Calculated magma overpressure of an example aver- 
age basaltic melt composition from the Eastern Snake River 
Plain, Idaho (a, is magma pressure; a, is the greatest 
principal stress, which is vertical in an extending terrane; a, 
is the horizontal least principal stress; melt temperature is 
fixed at 1200 K; melt density is allowed to vary according to 
confining pressure). If the melt generation is assumed to 
occur at the lithostatic pressure (a, = u,) at the base of the 
crust, and the melt column is connected from the melt source 
to its final emplacement, then the internal magma pressure 
will exceed a, during its entire ascent [if viscous losses (4, 
10j are neglected]. As long as the magma pressure exceeds 
u,, it will be overpressured, driven by the relative difference 
between the low-density magma and the surrounding higher 
density rock deep in the Earth's crust or in the mantle. Melt 
density changes little during its ascent, but upper crustal 
rocks are commonly less dense than basaltic melt. Melt is able 
to climb in a dike through these rocks because it is not able 
to penetrate the rigid walls of the dike and interact with the 
rocks; ascent thus continues to be driven by the density 
instability below. The observation that basaltic melts reach 
the surface in extending terranes suggests that the melt 
pressure exceeds lithostatic pressure and thus must exceed 
a,: This condition enables the melt to afect the stress 
orientations. 

Pressure (GPa) 
0 0.2 0.4 0.8 0.8 1.0 1.2 1.4 

0 

- 
melt source - - 

- - 

I I I I I I I  

at a pressure exceeding the least principal stress, 
deformation occurs without the shear strength 
of the rock being exceeded. Extension takes 
place by dike injection instead of normal fault- 
ing. Magma pressure and dike injection would 
similarly inhibit strike-slip faulting by increas- 
ing the least principal stress and reducing the 
elastic strain. 

We assume that during incipient inter- 
granular melting of mantle peridotite the 
basaltic melt is subjected to the same pres- 
sure as the enclosing rock. As melt gathers 
into discrete bodies, the vertical gradient of 
pressure in the melt is less than that in the 
rock because of the lower density of the melt 
at depth (8, 9) (Fig. 2). In an extending 
terrane, basaltic melt that was less dense 
than the surrounding rock at depth can 
climb up through upper crustal rock that is 
exceeded in density by the melt, as is com- 
monly observed. The chilling viscous mag- 
ma does not ordinarily penetrate the pores 
in the wall rock of the dike. The effect is 
analogous to dense mercury climbing up a 
glass barometer tube, pushed up by air 
pressure on the pool at its base. More pre- 
cisely, for a vertical dike to form, the rock 
must be subjected to differential stress, the 
least principal stress must be horizontal, and 
the melt must have an overpressure relative 
to the least principal stress (10). Eruptions 
from high volcanoes and large-scale flood 
basalts provide ample evidence that magma 
overpressure is common. 

The discovery of widespread diabase sheets 
intruded subhorizontally in the crust indicates 
that the magma in those localities achieved a 
pressure that was high enough to fracture the 
rock and to lift the overburden and that the 
least principal stress was oriented vertically at 
the time of emplacement. The sheets are 
known from drilling (11), seismic reflections 
(12-14) (Fig. 3) and geologic studies (15, 16) 
throughout a wide range of depths from 1 km 
to at least 12 km. The least principal stress must 
have been oriented horizontally before the for- 
mation of the sheets to allow a feeder dike to 
form. The occurrence of intruded sheets at 
different levels in the crust implies not only that 
the magma was overpressured but that the 
principal stresses were cyclini-between hori- 
zontal and vertical. 

A fill spectrum in the relations between 
magmatic activity and extension is seen ranging 
from so-called '=dry rifts" with little or no 
surface expression of magmatism, to extended 
regions covered with abundant volcanic rocks. 
Dry rifts tend to be more seismically active and 
develop higher topography than those with 
considerable basaltic magmatism. 

The East Pacific Rise is a fast spreadmg ridge 
with low topographic relief in the spreadmg 
center and is relatively aseismic compared to 
the Mid-Atlantic Ridge (17-19). Most of the 
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Flg. 3. Seismic reflections 
from diabase sheets in- 
truded subhorizontally 
into crystalline cocks of 
(A) central h n a  (14, 
and (8) Siljan, Sweden 
(11). The sheets at Siljan 
werc drilled and their 
composition conhned. 
The presence of horizon- 
tallyintrudedsheetscanbe 
wetid in determining the 
mess field at the time of 
their emplacement and in 
cxpw ~ . t a n p o . y  
seismicity. Vemcal axls IS 
travel time, which com- 
sponds with depth. 

Fig. 4. A comparison of two oceanic spceadq centers, the East Paci6c Rise (left) and the Mid-Atlantic 
Ridgc (right) [black d m  are earthquake epicenters of magnitude 24.0 (19)l. The East P A C  Rise is 
spceadmg Easter than the Mid-Atlantic Ridge, has lower topographic relief, is seismicaUy less active, and 
is supplied by a larger magma chamber. The magma supply to the East Pacific Rise is probably d c i e n t  
to accommodate most ofthe extension, and thus normal faults lilrc those observed on the Mid-Atlantic 
Ridge ace unnecessary. VE, vertical exaggeration. 

Fig. 5 (I*). Seismicity 
and volcanic activitv 

quake epiixnters (mag- 
nitudes 24.0) plotad as 

the East African Rift 
(dearly outlined by in- 

higher magmi& and 
lower seismicitv than the 

the t o e p h y  (32) of 
the E a s m  Snake River 

Fig. 5 (I*). Seismicity 
and volcanic activity 
map of the African con- 
tinent (19) with &- 
quake epicenters (mag- 
nitudes 24.0) plotad as 
black dots and volcanic 
events as red triangles. 
The eastem branch of 
the East African Rift 
(dearly outlined by in- 
arased activity) shows 
higher magmatism and 
lower seismicity than the 
WeSam branch. 
Fig. 6 (right). Seismici- 
ty (earthquake magni- 
tudes 23.0) overlain on 
the topognphy (32) of 
the E a s m  Snake River 
Plain. Earthquake epi- 
Centers are ~ 1 0 d  aS 

seismicity on the East Pacific Rise occurs on 
trarrrfbrm faults rather than on normal faults as 
on the Mid-Adantic Ridge (Fig. 4) (19, 20). 
This obsemrion suggesrs that increased mag- 
rnatismisaammmdatingtht~oninthe 
Pacific and is suppressing normal faulting and - topagraphy. 

A comparison of the eastern and western 
branches of the East Mcan rift system 
reveals that magmatism has been much more 
extensive in the eastern branch than in the 
western branch. The western branch is es- 
sentially a dry rift and is more seismically 
active than the eastern branch (Fig. 5), 
although both branches are actively extend- 
ing. Thus it appears that extension is accom- 
modated substantially by magmatism on the 
eastern branch and by brittle thinning on 
normal faults on the western branch. 
The Basin and Range Provim of the west- 

em United Statcs is a broad, block-faultcd, 
regionally extended an;me with associated 
magpath1 of locally miable rates and cam- 
positions. - with magnitudes as 
high as 7.0 are common on n o d  faults. 
Eastem Snake River Plain, situated near the 
northem edge of the Basin and Range Prov- 
ince ,~thetrackoftheYehwtonehot  
spo~whichcadmass ive~cmagmat ism 
(21-23). The eastem Snake River Plain cuts an 
esemdly aseismic (24, 25) (Fig. 6) swath of 
low topography aaoss tht -c block- 
fadtedmounrainsoftheadjacent Basin and 
Range Pravince, although the plain continues 
t o e x t e n d k m g i ~ a t c o m p a r a b k ~ t o  
the adjacent +om (26). Feeder vents fix the 
lxsalts d northwest-southeast across the 
eastem Snake River Plain, this direction is 
perpendicular to the extension direction and 
inclicatesthatdikcsatdeptharracconunodat- 
ing extension and suppressing n o d  faulting 
and associated topogqhy (27). Similar amlo- 

blue squarus, k d  the mangle shows the location ofthe 1983 magnitude 7.3 Bonh Peak earthquake. Thc axis ofthe plain, whm vertical dikcs have fed young 
basalt flows on the d c e ,  shows a dramatic lack of seismicity and topography when compared to the surrounding Basin and Range Province. 
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Flg. 7. Air photo of the Yucca Mountain area of 
southern Nevada and small-scale interaction be- 
tween normal faulting and magmatic activity. Thc 
scalps of active n o d  fiults strike toward the 
basaltic cones in the Iowa right ma, where the 
fiults die out. I n d  local magmatic input to 
the crust is absorbing the extension that odmwise 
w o u l d b c ~ b y t h e s e m t s .  

gous regions that have holes, or low& 
zonesinthcpamanofsehicityarescattacd 
amund the Basin and Range Provina. 'Ik 
YwxaMounEain aceaofsoudkemNev;lda (Fig. 
7), &Mono Craten ofeastem Gbhmia (28), 
and the Vaks Caldera ofNew Morico (29) all 
show a rclatioa between young rnagmatisn 
and low seismicity. Venical intdom are ob- 
servedtobeacrmmnodating&dstrain 
in the Gxo M d  ofCaEmh (30,31). 
when asses sing volcanic and^ 

hazardsitisimportanttorecognizethatk 
phemmemoknoccurascoupledproccsses 
andthatmagmatismplaysanimportantrolein 
n l i c v l n g ~ c s t r c s s c s , ~ ~ i n e x -  
r m d i n g r c g i m c s . G a o p l n F i c a l ~ ~  
methods capable ofdaechg hommd mag- 
makintNsions,aswellasinsitustrssmca- 
sunmen@ a&r a means ofconhmion whae 
m a g m a t i c ~ ~ ( x 1 i s s u s ~  
An u m h m d q  of dike and shea a n p b  
ment may also be important for amtmlling 
m a s s i v r a r t i f i c i a l h ~ w h i $ l i s o f -  
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Soil Carbon Isotope Evidence for Holocene Habitat 
Change in the Kenya Rift Valley 

In eastern M c a  the altitude of the boundary between montane forest and lowland 
savanna grassland changed substantidy in response to climate change during the 
later Holocene, but this is not clearly r d d  in regional pollen records. The 
carbon-13 to carbon-12 ratios oftropical grasses arc bigha than those of most other 
plants, and this di&rtncc is presend in soil organic carbon stable isotope ratios. 
Soil organic matter 1aC/12C ratios in pro6les along an altitude trvlstct in the central 
Rift Vdcy of Kenya suggest that the forcst-savanna boundary advanced more than 
300 meters in altitude. This could have implications for understanding the cffcrrs of 
dimate changc on the configuration of floral zones, prchismric hunter-gatherer 
land-use patterns, and the timing of the advent of Neolithic food production. 

C HANGES IN FLORAL ZONES IN 
East Africa during the late Quater- 
nary have been shown by analyses 

of pollen &om cores in swamps and lakes 
(1). Pollen provides taxonomic identifica- 
tions of the composition of plant commu- 
nities, but the precise location of the 
boundaries between major floral zones can- 
not be determined bccausc of the size and 
altitudinal range of pollen site catchment 

arcas. Direct identification of the past po- 
sition of the boundary (ecotone) between 
forest and savanna in the central Rift Val- 
ley of Kenya would pennit a test of argu- 
ments that the boundary was at higher 
altitudes during a middle Holocene arid 
phase; it would allow us to test a model of 
prehistoric human forager ecotonal scttk- 
ment prcfercnces (2, 3). The stable &n 
isotope ratios of soil and paleosol organic 
matter are lower in forests than in tropical 

, , grasslands. Past changes in the position of 
=t6&l. the forest-savanna ecotone can thus be doc- 
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