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The new experimental findings have
confirmed the previous estimate of
SBSL flash widths being in picoseconds
regime; however, they have now been
resolved and found to depend on ex-
perimental parameters. The most impor-
tant observation is that, the flash widths
and times of emission of SBSL are in-
dependent of wavelength of light, This
fact rules out simple adiabatic heating
as a mechanism for sonoluminescence
since adiabatic compression followed by
blackbody radiation would have resulted
in flash width being much larger in red
than ultraviolet. Further, since the SBSL
spectra is broadband and devoid of any
features which would suggest line or
band emissions, the only possible
mechanism for optical radiation is
thought to be thermal bremsstrahlung.
This, however, would require consid-
erably higher temperatures than theo-
retical predictions of about 10,000 K on

the basis of observed and also computed
collapse of a typical sonoluminescing
bubble from a maximum radius of about
40 um to submicron size. Much higher
temperatures are predicted if one in-
cludes the possibility of formation of a
shock wave inside the bubble, during
the bubble collapse phase. Then there is
a mechanism for secondary energy fo-
cusing in the form of shock strengthen-
ing as it converges to the centre of the
bubble and formation of high energy
state in the form of ‘cold’ plasma for a
very brief duration. Therefore, although
the mechanism of emission in SBSL is
still to be identified conclusively, the
‘plasma’ mode! of Moss et al.® which
includes the above feature, seems to
predict more aspects of SBSL than other
models.
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Drifting mantle plumes, mobile hot spots and island chains

A. V. Sankaran

An examination of the global pattern of
volcanisms shows that they are mostly
connected with tectonic plate bounda-
ries (divergent and convergent), while a
few are located far away from such
boundaries, as intra-plate or mid-plate
volcanoes. The magma for most of the
plate-boundary related volcanism arises
from the asthenosphere, a seismically
low velocity mushy or soft layer at the
bottom of lithosphere; they may also be
eruptions of refined fractions of basalt
differentiating in a magma chamber or
remelted continental rocks or oceanic
crust sinking into the asthenosphere,
The mid-plate volcanocs, on the other
hand, appear as elevated domes, far
from these plate boundaries and com-
positionally too, they do not scem to be
related to plate margin volcanism. These
intra-plate volcanocs, better known as
hot spots, have their source direct from
the mantle. Classic examples of intra-
plate volcanoes are the many island
chains dotting the Pacific plate, promi-
nent among which is the Hawaiian
group, streiching from Hawaii all the

way up to the Aleutian trench (Figure
I @). Most members of this chain appear
above the sea-surface as extinct, aseis-
mic volcanic islands, except for the
island of Hawaii, where the volcanism is
still active and associated with seis-
micity. A few in this chain, however,
remain as undersea mountains and
ridges of varying heights. Presently,
more than 120 hot spots have been re-
ported around the world, on both oce-
anic and continental plates (Figure 2).
With the advent of plate tectonic con-
cept during 1960s, geologists began to
recognize links between the plate mo-
tions and development of island chains.
Tuzo Wilson, the Canadian geophysi-
cist, explained that the intra-plate vol-
canic ridges or islands arc actually
upwellings of ascending plumes of
magma, as the plate moved over a man-
tle hot spot (sce insct, Figure 1 a), this
volcanism ceasing as the plate moved
away from the hot spot™?, Developing
these ideas in the 1970s, Dictz and
Holden? demonstrated, how the trend of
these ridges indicated the direction of
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plate motion, while Jason Morgan*?
introduced the notion of fixed hot spots
and showed that the island chains of
Hawaii-Emperor, Tuamota-Line and
Austral-Gilbert-Marshall are volcanic
products arising as the Pacific plate
rotated around a pole-axis over three
fixed hot spots. Such plate movements
result in progression of age of the is-
lands away from the hot spot, as seen
very well in the Hawaiian and Emperor
Seamount chains. Here, the oldest of the
islands, dated 80 m.y., is farthest from
the present day hot spot site and the
youngest one, just 800,000 years old, is
at the hot spot site, beneath the island of
Hawaii, Likewise, the Kerguclen Pla-
teau hot spot volcanism, in the far south
Indian Ocean, is supposed to have given
risc to the Kerguchen islands (oldest of
which is about 115 m.y. and youngest
38-0m.y.) and also the N-§ trending
Ninetycast Ridge, stretching from Bro-
Ken Ridge (30°8, 38 muy.) northwards to
the Andaman group (13°N, > 83 m.y)
in Bay of Bengal, the former associated
with separation of Fadia from Australio—
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Figure 1. Intra-plate volcanic activity, a, Hawaii-Emperor Seamount Chain in Central
Pacitic Ocean showing a sharp bend due to sudden shift in the direction of plate.
Inset: Standard hot spot theory of origin of mid-plale islands and seamounts, b,
Mid-plate ridges and islands generated by the Kerguelen hot spot voicanism in the
Indian QOcean; shaded regions shown in this figure indicate submarine plateaus.
{(Numbers in both a and b indicate age in m.y. of the volcanic island.)

Antarctica while the latter with the
northward drift of Indian plate® (Figure
1 b). Other examples of mantle plume
islands are Samoa, Bikini, Tahiti,
Easter, and Galapagos in the Pacific,
Reunion and Mauritius in the Indian
Ocean, and in fact, many of the large
islands, like Iceland, in mid-oceans are
thought to owe their existence to mantle
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plumes. Apart from these, thousands
remain as submerged peaks of varying
heights called seamounts. These are
particularly abundant in the Pacific
Ocean floor, and they are believed to be
products of dozen or more hot spots.
Interest about mantle plumes, hot spots
and seamounts has been gathering mo-
mentum with the explosion of data gen-

erated by ocean-bottom surveys using
side-scan sonar imaging and satellite
mounted radars having extraordinary
sensitivity and precision. These have
brought to light many new undersea
rifts, submarine plateaus, ridges, frac-
tures, and in particular, existence of
thousands of hitherto  undetected
seamounts, many just about a kilometer
high. In the Pacific region alone, a maze
of seamounts, 8000 or more, generated
probably by a group of hot spots, is
known to occur. Mid-Cretaceous (about
100 m.y. ago), was a notable period in
earth’s past for enormous mantle plume
activity, called superplumes, ascending
from deep below the mantle. They were
responsible for the piling up of such
vast expanses of oceanic crust, particu-
larly in the Pacific, Indian, S. Atlantic,
Caribbean cceans, as to raise the world
wide sea-level by 250 meters’* causing
the well documented world-wide Creta-
ceous marine transgression.

The concept of plate movement across
fixed hot spots' had enabled earlier
geologists to reconstruct by backtrack-
ing (a) direction of the plate motion, (b)
changes in its direction, (¢) its velocity
or rate, and (d) derive the site of the hot
spot. For example, reconstruction of the
Hawaiian and the Emperor Seamounts
Chain by backtracking had revealed that
the Pacific plate initially moved north-
ward since 80 m.y. ago and abruptly
changed its direction about 43 m.y. back
and shifted to a westerly movement.
This abrupt shift is reflected in the bend
or kink seen midway in this island chain
(Figure 1 a), which according to Jason
Morgan, is the result of a shift of the
existing pole of rotation to a new one.
Backtracking technique has also enabled
location of the present site of hot spot in
this chain beneath the island of Hawaii,
Needless to point out, this is a simple
way of tracing the past movements of
the plates, provided hot spots had re-
mained stationary and had not ceased to
erupt. But such a belief was found to be
unsound in the light of findings that the
hot spats also moved slowly along with
the mantle current. It was also noticed
that where muitiple hot spots were pres-
ent beneath a plate, they were stationary
relatively between themselves, but
moved together, independent of the
movements of the plate above them or
elsewhere. Besides, their motion when
compared to those of the iithospheric
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Figure 2. Map of the world showing some of the major hot spots (unshaded circles).
Shaded zone around some of the hot spots are seismically-inferred ultra low velocity
zones (ULVZ) in the lower mantle considered as the magma source for the hot spots.

plates above them, was slower and dif-
ferent in direction.

Now, bypassing some of the above
constraints, Paul Wessel and Loren
Kroenke (University of Hawaii) pro-
posed a new age-independent method to
locate hot spots. They found a geomet-
ric relationship between seamounts and
their parént hot spots and have used
undated seamounts to refine the motion
of tectonic plates, and assess the hot
spot mobility, locate extinct ones and
define status of one hot spot relative to
others in the region’. From a few reli-
able seamount dates available around
Line Islands in the Pacific, where five
hot spots were proposed by researchers
to explain hundreds of seamounts
crowding the arca, they could derive the
plate motion. Computer plotting of the
probable paths of the seamounts here
revealed two trends, one tracing their
paths before shift of plate direction and
the other, after the shift. The two trends
intersected to form an X indicating the
one position crossed by every scamount,
which represented the site of the hot
spot. Using this technique, the authors
were able to fix the positions of some of
the hot spots around this region, on the
assumption that the positions of the
scamounts on the occanic crust were
precisely mapped. They could thus lo-
cate Hawaiian, Louisville (far S. Pa-
cificy and Rarotunga hot spots and
could even hint presence of more such
hot spots in the region.

Though the fixed hot spot concept
was useful initially as a frame of refer-
ence to measure absolute plate motions,
global studies of their movements in

duced by mantle circulation led to
doubts about hot spots remaining sta-
tionary in a convecting mantle. Also,
studies have shown that the movements
of different tectonic plates do not
match, either in their rate or in their
direction, with those of the mantle be-
low them. For example, hot spots in the
Atlantic or the Indian plates are found
to move quite differently from those in
the Pacific. Hence, calculation of plate
motion can no longer be based on a
stationary hot spot concept. Steinberger
and O’Connell'®'! have used a kine-
matic model to show that the plumes,
while retaining their connection with
mantle below and earth’s surface above,
also drifted and shifted, induced by the
mantle flow. To establish this, the
authors first derived the pattern of man-
tle circulation using data obtained by
scismic tomography and plate motions
for past 68 million years and dcscribed
how the plume conduits were also car-
ried horizontally with the ‘mantle
wind’ - just as fog or smoke drifted
horizontally by advection. As a result,
the plumes twisted and tilted, but buoy-
ancy straightencd them out ultimately;
however, when the tilt exceeded 609,
the conduit snapped from the hot spot
and magma upwelling ceased. Plume
advection is sensitive lo variaions in
the mantle viscosity, a parpmeter influ-
enced, apart from mantle depth and
prevailing P-T conditions, also by sub-
ducting plates, as they plunged into the
tower mantle gradually. In their model,
all Pacific hot spots moved toward
southcast, about 1 ¢m yr"' relutive to
zcro mean plate shift. The plunmie drift js
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calculated for low viscosity prevailing
at 100-400 km depths of the mantle
which shows higher viscosity below
1500 km. Such drifts under low viscos-
ity conditions, they say, are also re-
sponsible for the sharp bend in
Hawaiian-Emperor chain, though ac-
cording to Ulrich Christensen (Institut
fiir Geophysik, Géttingen), this kink can
also be explained by sudden drift in the
hot spot rather than due to shift in the
plate motion'".

Another approach to determine plate
and hot spot motions, avoiding uncer-
tainties involved in mantle-related ref-
erence frames, has come from Torduno
and Cotrell'? who feel that the plotting
of palaeco-latitudes of the plates, based
on the palacomagnetism of minerals, is
a reliable technique to trace their abso-
lute motions. They feel that true polar
wander''® resulting from movement of
entire carth relative to the rotation axis
on long time scales (10°-10° years) can
cause latitude shifts. This is made out
by examination of the orientation of
iron-bearing magnetic minerals in the
lavas of progressively later eruptions,
which align themselves to the N-S di-
rection prevailing at the time of erup-
tion, in effect, a palacomagnctic record
of latitude shifts in time and space. Us-
ing such records, the authors detected
9° southward latitude shift (36°N to
27°N) between two secamount erup-
tions~an 81 my. old onc and an
younger 16 m.y. one in the northern end
of Emperor Seamount chain. Since polar
wander involves motion of entire earth
refative to the rotation axis, it does not,
howcver, explain the hot spot’s move-
ment during the interval between for-
mation of thesc two scamounts, The
palacomagnetic data also agreed with
the southward drift of hot spot in the
Emperor-Hawaii chain at a rate of at
lcast 3 cm yr ! before 43 muy. and very
little drift subsequently, a feature that
challenges  conventional
regarding mantle circulation and plate
motions'!,

The age progression attributed o the
drift ol plates over hot spots. while
working well in the Hawaiian chain, is
found to break down in the case Cook-
Austra! chain in south Pacitic ovean and
lying within the same Pacific plate,
further  south  of  the  Emperor
Seamounts-Hawaii chain. Sindar in-
consistent age  sequences amoeng hot

assumptions
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spot volcanic island lavas have also
becn noticed elsewhere in other tectonic
plates also. Marcia McNutt
(Massachusetts Institute of Technology)
and co-warkers'®, who studied the Aus-
tral chain of volcanic islands and inci-
dentally  located a few hitherto
undctected undersea volcanic chains
(Ngatemato and Taukina chains) in this
region, have pointed out how radiomet-
ric dates of many of the island samples
from this chain departed from the ex-
pected age progression; this departure is
also paralleled by variations in their
geochemical make up - features that,
undoubtedly, weaken the assumed view
that a ‘single plume currently located at
the volcanically active MacDonald
seamount’ was the source for all these
islands. The authors have now shown
them to be products of ‘three distinct
volcanic chains with a range of ages
spanning 34 million years and with in-
consistent age progression’ and that
these volcanic islands probably mate-
rialized when magma erupted as a result
of stresses in the lithosphere rather than
through conventional plate drift over
hot spots. They have arrived at this view
after analysis of gravity anomaly data
and radiometric dates of ocean floor

around the volcanoes. They explain the .

observed mix-up of younger and older
age as due to eruptions arising from a
broad spread of the buoyant plume ma-
terial that was dragged laterally, as the
plate moved, along the base of litho-
sphere up to the relatively thinner re-
gions of the lithosphere, close to the
mid-ocean ridge axis. This had resulted
in a broad region of plume material,
which subsequently vented out through
fissures or cracks that developed in
course of time in the plate under enor-
mous load stresses from the maze of
seamounts on the ocean floor. In an
alternate mechanism proposed for the
origin of these islands, they assume that
the upper mantle is ‘enriched in differ-
ent easily melted components that have
been injected by earlier subduction of
oceanic crust, continental crust and
sediments’. These, they say, are also
clearly indicated in the seismic tomo-
graphic imaging of the upper mantle in
the south Pacific. Such exotic melts
pervade beneath the plate on account of
diffuse upwelling mantle currents and
are ‘preferentially channeled to the
surface by pre-existing cracks or older
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volcanic conduits’. These views are
supported geochemically by ‘totally
different isotopic signatures’ of the in-
dividual islands in the chain, a feature
pointing to different mantle source re-
gions'®, not matching with the lower
mantle material composition.

Scientists have also, long debated
whether the mantle plumes rise from the
top few hundred kilometers of the upper
mantle or whether they are tappings
from farther deep in the lower mantle,
some 2900 km down. If the upper man-
tle were the source, it would mean that
the lower mantle material is forever
sealed and hence would represent
primitive mantle composition of early
earth., However, geochemical and iso-
topic studies carried out on the rocks
derived from the lower mantle have
shown that its composition has departed
from the pristine state and some mixing
between the two mantles appeared cer-
tain'’. Recent geophysical investiga-
tions also tend to consider that the two-
layered concept held by many is unten-
able and that whole mantle convection
is prevalent (a) in the light of seismic
tomographic pictures of subducting
slabs plunging into the Jower man-
tle'>'®% and (b) although earth’s man-
tle, to begin with, 4.5 b.y. ago, was two
layered with the lower mantle retaining
its pristine composition for considerable
geological span, this had changed dur-
ing the past 500 million years, and far
from being layered, the intermixing
between the two mantle regions ap-
peared inevitable leading to a state of
whole mantle convection®,

In late 1996, some interesting findings
were presented during the annual Ameri-
can Geophysical Union meeting about the
source of the mantle plumes’"?,
Quentin Williams and Edward Garnero
(University of California, Santa Cruz)
as well as Donald Helmberger
(California Institute of Technology,
Pasadena) reported that both compres-
sional and shear seismic waves passing
through lowermost ~ 5 to 40 km of the
mantle (core—-mantle boundary, CMB)
slowed down, the former by about 10%
and the latter shear or S-waves by 30%,
when passing beneath central Pacific,
This, according to them, indicated
prevalence of hotter rock or a partially
molten zone, a suspicion also expressed
earlier by Stephen Grand (University of
Texas, Austin), while studying South

American earthquakes'®, Williams and
Garnero recognized this as an ultra low
velocity zone (ULVZ) (Figure 3), and
ruled out, on basis of observations and
theoretical calculations, discontinuity or
phase transition at the CMB for the
anomalous zone. Instead, they consid-
ered partial melting at the CMB as the
cause for the ULVZ, and this partial
melt resulting from ‘vigorous small-
scale convection or the instability of a
thermal boundary layer at the base of the
mantle’®'. Such ULVZ or partially molten
zones, far below in the lower mantle, were
also identified in several other places
around the globe, particularly where the
molten rocks had reached earth’s surface
to form volcanic hot spots, e.g. beneath
southwest Pacific, Pitcairn, Hawaii, lce-
land, central America, south Africa, Tas-
mania, southern Alaska (Figure 2). These
were considered as proofs of links be-
tween surface hot spots and deepest
parts of lower mantle — the ULVZ. Far
from being solid, the mantle at places at
the bottom is semi-molten and serves as
a faster escape route for confined heat
and this will trigger motion in the solid
portion of the mantle above ULVZ to
start rising upwards, generating a plume
of superheated rock to create hot spots.
Even though the various hot spot-
plume theories explain the age-
progression among several of world’'s
island and seamount chains, the relative
motions of hot spots, plumes and plates,
the mechanism of plume’s ascent from
the core-mantle boundary aided by the
magma’s buoyancy (controlled by tem-
perature and viscosity relative to the
surrounding mantle), and the probable
source of the plume material in the
lower mantle, some anomalous occur-
rences crop up somewhere on the globe
that do not fit into these notions, Fur-
ther, views about mantle convection are
getting more refined in the light of fresh
geophysical and chemical data; as a
result, parameters that come up for its
evaluation in relation to hot spot vol-
canism include depth-dependent viscos-
ity of the mantle, movements of mantle
influencing the plate motions, effects
due to true polar wander (TPW), heat
from core, mineral phase changes within
mantle and the much debated seismic
wave slowing at the CMB?'**? whether
due to a chemical phase change or a
thermal anomaly®*. With the current
increased tempo of ocean bottom sur-
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Figure 3. Diagrammatic representation of earth’s core-mantle boundary (CMB)
showing partial melt at the base of the mantle — ultra low velocity zone (ULVZ), giving

rise to hot spots and mantle plumes.

veys, satellite mapping of submarine
topography, seismic, tomographic and
palacomagnetic studies, and above all
availability of hitherto scarce and inac-
cessible oceanic-crust samples, obtained
by drilling programmes, for isotopic and
other and geochemical investigations,
firm answers to the evolution of hot
spot volcanism can be expected. Con-
sidcrable earlier geochemical (trace
element) and isotopic CHe to “He)
studies at spreading ridges (Azores and
Iceland hot spot volcanisms) have en-
abled recognition of compositional dif-
ferences in the magma generated and
linked these to the mechanism of deriv-
ing basalt through partial melting of the
mantle periodotite under ‘wet’ or ‘dry’
environments as well as to their loca-
tions, either in upwelling (hot) or
downwelling (cold) currents of mantle
convection cycle?*?®, Recent contribu-
tions on the Kergulean Plateau hot spot
volcanism in the Indian Ocean using
rhenium-osmium isotopic ratios have
also indicated diverse mantle prove-
nances for the region’s volcanism. Yet
another aspect that affccts the mantle
convection, rclated magmatism, plume
structure and composition, is the influ-
ence exerted by truc polar wander
(TPW). This is a phenomenon linked to

plate drifts and arising out of mass im-
balance caused by drifting plates, den-
sity inhomogeneity and viscosity in the
mantle (attributed to the sinking cold
slabs). Also, some recent data coming
out of joint studies by a 16-member
team — the MELT experiment (Mantle
Electromagnetic and Tomography Ex-
periment)®® about magma production
and formation of new oceanic crust at
inter-plate boundaries (spreading
ridges) are bound to shape the thinking,
at least about some of the intra-plate
volcanism connected with upwelling
mantle. However, inasmuch as there can
be more than one way of generating the
magma for this volcanism, including the
recently-proposed cosmogenic magma
gencration through annihilation of dark
matter earth accreted in its core during
its passage through their clusters in our
galaxy”, and so long as the mantle’s
dynamic processes and its fine struc-
ture — physical and chemical, below the
various plates are not identical globally,
many aspects of hot spots and mantle
plumes are bound to be much debated.
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