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Figure 1. Rupture generated by the 1985 Great Hanshin—Awaji (Kobe) earthquake.
About 150 m of this rupture with an elevation of ~1 m, which cut through the Hokudan
Town is now preserved and an earthquake memorial park is built around this feature.
What is shown in the foreground is the fault offset visible on a vertical section.

tion by Hisao Ito and others on dnlling
of the Nopma fault was particularly
interesting to understand the nature of
work being done as a part of post-
earthquake studies. The Geological Sur-
vey of Japan drilled a 747-m-deep bore-
hole penetrating the Nojima fault. Apart
from conventional logging, fault zone at
depth was studied for changes of the P
and S wave velocities, which were de-
termined by Dipole Shear Zone Images.
Permeability structure and width of the
fault zone were estimated from the sur-
face trapped wave observations. The
demonstration of a soil sample named
geoslicer developed by T. Nataka and K.
Shimazaki showed a new method to ex-
tract undisturbed slices of unconsolidated
Quaternary sediments. This is an impor-
tant development in sampling techniques
for active faulting research as it enables
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us to carry out high resolution analyses
of samples most effectively.

On the field trip, participants exam-
ined the effect of recent deformation
and evidences of palacoseismicity. On
23 January an open house was held
where some of the victims and those
who live in the neighbourhood of the
Nojima fault shared their experiences of
the Kobe earthquake with the seminar
participants. Many of the scientists,
especially those from California who
live near the active faults shared their
concerns with Awaji residents not as
scientists but as ordinary citizens who
too are compelled to deal with earth-
quakes in their daily life. We could
sense the strong bond that was built
between the people and the scientists
over the meeting that lasted for about
two hours. This is an excellent example

of an outreach programme to assure the
people of the efforts that are being ini-
tiated to understand the problems re-
garding the seismic hazard. The meeting
ended with field trip to Median Tectonic
Line (MTL). This structure which cuts
across Japan forms an important area of
tectonic studies in Japan.

The mmpression we carried from this
meeting 1s that carthquake science has
advanced much further and the Hokudan
Symposium has set the stage for major
advances in active faulting research.
One major development in the recent
years has been in the field of imaging
the fault structure at depth through to-
mographic studies. The second signifi-
cant advance is in the field of predicting
ground motions. The third is the rapid
growth of earthquake geology and its
application in characterizing the active
faults. Drilling into a fault that caused a
large earthquake provided data useful
for future studies as it helped validate
many assumptions. There was a general
consensus that some of the large earth-
quakes do not strike anywhere, but only
in anomalous areas that can be detected
with geophysical and geological meth-
ods. Even though we are quite far from
earthquake prediction per se, combining
seismological studies with geological,
geochemical and geophysical investiga-
tions would certainly provide us with
better understanding of the earthquake
process and contribute to the mitigation
of earthquake hazards.
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Some recent investigations about dynamics of mantle

upwelling

A. V. Sankaran

Ever since earth took shape 4.5 billion
years ago, its interior has been cooling
essentially through volcanic upwellings
and these have progressively led to
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changes in its physical and chemical
makeup’. According to the plate tec-
tonic concepts, fresh crust such as the
extensively studied mid-ocean ridge

basalts (MORB), developing at the
ocean bottoms along divergent plate
boundaries are products of thermal up-
welling while hotspots®™, superplumes
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and superswells’™ are examples of up-
welling away from plate (intra-plate)
boundaries. Studies by scientists of dif-
ferent disciplines on the internal dynam-
ics of such inter- and intra-plate
volcanic upwellings have so far yielded

a variety of interpretations. Some of
them, in fact, have even linked major

magma upwellings (superplume events,
flood basalts, etc.) in earth’s history to
recurring geomagnetic reversals®®, or to
continental break-up'’ or to the periodi-

cal transit of earth through clumps of

galactic dark-matter'' having immense
heat generating potential. Yet, the sub-
ject has still remained vaguely under-
stood, The spate of explanations

emerging from astrophysical, geophysi--

cal, geochemical and 1isotopic studies
have been so confusing that they have
activated earth scientists, in the last few
years, to have a fresh look through
newer investigative approaches into the
geodynamics of the mantle. These have
yielded new models about thermo-
chemical convection in the mantle, in-
termixing of mantle layers,
generation, influence of density, viscos-
ity and other physical parameters on
magma transport through the lithosphere
to the regions of volcanism.

Among the volcanic upwellings,
‘superswells’, a type of buoyant mantle

melt or mantle *aneurysm’ as it were, of
massive size have come 1n for extensive
studies by geophysicists™'*'>. Some of

the hot spot upwellings {(cylindrical
column of mantle magma rising to plate
surface) are characterized at its surface

end by existence of a shallow sea-floor

or a ‘swell’, extending for a few hun-
dred kilometers, caused by the uplifted
mantle. When this uplift extends later-
ally to several thousand kilometers, the
term ‘superswell’ is applied’. The man-
tle below such superswell areas is hotter
than regions of downwelling that take
place at convergent plate boundaries,
where the sinking cold  slabs
(subduction) of lithosphere reduces the
mantle temperature, This scenario
would i1mply that superswell regions
tnvariably should occur away from the
subducting plate edges and such areas
being hotter exhibit more volcanism as
hot spots and seamounts (isolated un-
dersea volcanic mountain}, compared (o
normal lithospheric regions,

Three superswells around the globe
are well recognized (Figure 1). One of

magma

them lies below South Africa uplifting
the ancient craton here. The second
superswell occurs beneath French Poly-
nesia, in the South Pacific region. The
third, the Darwin Rise, lies in the north
Pacific and this one is considered, on
the basis of plate reconstruction, as the
Cretaceous predecessor (palaco-
superswell) of present French Polyne-
sian superswell”. Within the perimeter
of the latter, are the hot spot volcanic
island chains like Society, Cook, Aus-
tral, Tuamotu, Marquesas and Easter.
Seismic tomography and other geo-
physical studies have shown that up-
welling 1n the south Pacific region
arises from the mantle either in its upper
zone or 1n the transition zone around
670 kilometer depth’. Likewise, the
anomalous elevation of the African
craton to more than 1 kilometer above
the sea-level 1s explained, on the
basis of global seismic tomographic
studies’*" as largely due to the pres-
ence of superswell beneath 1ts eastern
and southern portions. Actually, this
superswell 1s described as the continen-
tal equivalent of the Polynesian super-
swell®! beneath south Pacific Ocean
floor. Studies on this superswell indi-
cate magma initiation at the core-mantle
boundary (CMB) through active small-
scale convection or due to the
‘instability of a thermal boundary layer
at the base of the mantle’, It is now in-
ferred that the buoyant mantle melt ris-
ing from this depth at a rate of few
centimeters per year has been a signifi-
cant force pushing up the African litho-
sphere along with the sea floor around
and extruding hotspot volcanism at a
number of places (17 sites)'?2!,

':Boufh Pacific
L. Rise

Three possible modes of mantle dynam-
ics have been advanceg®?19:22:23 ¢4 ex-

plain  the topographic elevation
associated with superswell: (a) pure
lithospheric  thinning through the
stretching of plate; (b) chemical buoy-
ancy through spreading of a layer of
mantle depleted by plumes; (¢) dynamic
support through upwelling in con-
vecting mantle. However, observations
on the basis of heat flow, gravimetric,
bathymetric and seismic studies strongly
favour the last one for the occurrence of
uplifted seafloor and excess volcanism
in such regions.

In a recent laboratory study** to un-
derstand the mechanisms behind hot
spot and superswell upwellings, Anne
Davaille (Laboratoire de Dynamique des
Systemes Geologiques, Paris) observed
different patterns of thermal convection
developing in her experiments. In a
large tank she filled two layers of vis-
cous fluids (varying mixture of water,
salt and cellulose to obtain initial den-
sity and viscosity differences), one on
top of the other, which at the beginning

were kept isothermal, but suddenly
cooled from above and heated from
below. The heat and mass transfer

across the interface of the fluid layers
i.e. thermochemical modes of convec-
tion were monitored during systematic
variation of composition, density and
viscosity of the fluids. It was found that
the buoyancy forces generated within
the flutd layers dictated the patterns of
convection that developed. Thus when
the ratio of density difterences between
the layers to the density generated by
thermal expansion of fluids when heated
exceeded 1, the buoyancy effects had

Figure 1. Locations of major superswells (oceanic and continental). Inset shows
cross section of superswell beneath a piate.
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little impact on the chemical layering
cxcept to give off plumes f(rom the
density interfaces, but, when the ratio
fell below 1 (0.3 or 0.5), the interface
deformed and gently domed up. In ef-
fect, it was found that even small
chemical heterogeneity altered the con-
vection modes. Thus, in her expen-
ments, two types of convection regimes
developed ~a strongly ‘stratified re-
gime', which tended to ‘heat and stabi-

lize features compared to classical
thermal convection’, and a ‘doming
regime’, which occurred when the

density at the base of lower layer,
heated from below, was smaller com-
pared to the cooled upper layer. De-
pending upon the stabilizing or the
homogenizing tendencies across the two
layers, the interface between them de-
formed or domed and slowly ascended
to the top only to get cooled and be-
come chemically denser and sink back
to the bottom. This up and down motion
or oscillation was repetitive and she
found that five such cyclic oscillations
produced sufficient intermixing of the
fluid layers. Hot cylindrical plume ex-
trusions were also observed to rise from
the top surfaces in both types of regimes
and this further tended to eliminate het-
erogeneities in the fluids and eventually
led to homogeneity.

Based on the laboratory experiments,
Anne Davaille modeled that the mid-
mantle interface will lead to doming,
1000-6000 km in lateral extent, oscillat-
ing up and down on a time scale of
100 Myr to 1 Gyr with several magma
plumes rising from their top surface.
According to her, the two present day
supersweils may represent two difterent
stages of the same process. The African
superswell may be in the early stage of
dome formation and ascent while the
Polynesian superswell would corre-
spond to a more advanced state, which
had already gone through the whole
cycle. She has concluded that the classic
single style of mantle dynamics through
time should be abandoned as the mantle
s hkely to have evolved from strictly
stratified convection early in earth’s
history, more than 4 b.y. ago, to doming
and hot spot regimes today. Applying
scaling laws for the mixing rate, she has
found that the quast-periodical oscilla-
tion of superswell should have ho-
mogenized the mantie layering and
spread within 0.3 Gyr (for this CMB
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layer) to 4 Gyr (for stratification at mid-
mantle). Such a model of mantle dynam-
ics and evolution can also account for
many of the unanswered geochemical
anomalies poscd by layered mantle con-
cepts. The experiments ot Anne
Davaille put present day earth as weakly
stratificd, a view that parallels similar
conclusions arrived earlier through geo-
chemical and seismic tomographic in-
vcstigationsl'm‘ﬁ.

While above upwellings of intraplate
doming and hot spot volcanism dwell on
thermochemical convection modes, a
series of geophysical experiments re-
cently completed in the south Pacific
Ocean have discussed at length another
aspect of mantle dynamics operating
beneath divergent plate boundaries,
sites where mid-ocean ridge basalts
(MORB) evolve. The topography of
these mid-ocean ridges, the manner of
their lateral spread as new oceanic litho-
sphere is created, the tectonic features
associated with such magma upwelling
all came to be better understood as a
result of extensive undersea mapping
undertaken during the 1970s. These
pioneering oceanographic studies were
carried out along two classic spreading
centres, viz. Mid Atlantic Ridge,
stretching between the South American
and African plates, right in the middle
of the Atlantic Ocean and along the East
Pacific Rise (EPR), running roughly N-
S on the eastern part of the Pacific
Ocean, between the Pacific and Nazca
Plates. The studies here have revealed
some asymmetry in the behaviour of the
plates lying on either side of the EPR
ridge axis. For example, plate movement
on the EPR, which i1s a broader plate, is
faster (about 145 km/million years) than
on the Nazca plate (45 km/m.y). Also,
the sea floor beneath the EPR side sub-
sides more slowly and exhibits greater
volcanic activity than on the Nazca
Plate to its east. Explanations for this
asymmetry and presence of a wide
shallow seafloor in this region formed
the subjects for the series of recent geo-
physical investigations.

The formation of new oceanic crust at
the spreading plate boundaries requires
immense volume of magma to ascend
from the mantle. It 1s estimated that
roughly three cubic kilometers of oce-
anic crustal rock are added to earth’s
surface each year along the mid-ocean
ridges around the globe. Though the
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classic view visualizes that the astheno-
sphere, lying below the lithosphere,
rises fo fill the gap produced by the
spreading plates, the exact source of the
melt, its extent, both laterally and in
depth, and its transport to the ridge zone
have baftled earth scientists all along,.
Views have been varying about the
melting depth which is considered to be
within 60 km or deeper at the garnet
stability zone or at around 200 km in
presence of water’® as well as about
magma temperature, buoyancy, presence
of volatiles and its transport either
towards a narrow (1-2 km) or a broad
zone (several hundred kilometers ex-
tent) at the ridge. A series of collabora-
tive experiments®®™* involving seismic
and electromagnetic observations
(Mantle Electromagnetic and Tomogra-
phy or MELT) were initiated in Novem-
ber 1995 and completed recently in
1999 (ref. 26) with the aim to resolve
many of these uncertainties about the
upwelling dynamics. The investigators
selected for these studies a straight por-
tion of mid-ocean ridge at 15°-18°S on
the EPR (Figure 2) where the plates
were separating tastest and where they
had detected existence of a magma
chamber about 2 km below the Pacific
sea floor. They had placed arrays of 15
ocean bottom seismometers, electrome-
ters and magnetometers along two paral-
tel stretches 800 km long cutting across
the axis of EPR, to record earthquake
waves and coupled variations 1n the
electric and magnetic fields. The
seismometers were in place for six
months and the other instruments, num-
bering 47, for longer period of 12
months.

The MELT studies evaluating seismic
wave velocity’®™?, which is influenced
by melt volume and tnterconnected melt
inclusions, have indicated that melt
generation takes place at depths of
100-130 km and, as per electromagnetic
data, even f{urther down at 170 km
depth. Further, the transport of this melt
is thought to extend over a wide region
of the mantle and not confined to any
narrow column just beneath the ndge
axis. Their data have also revealed une-
qual extension of melt (Figure 3), which
happens to be 300-400 km to the west
of the ridge but only up to 150 km to its
east’®™*. The investigators ascribe this
feature as the cause ftor the observed
asymmetry in volcanic activity, subsi-
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Figure 2. Map showing location of MELT study area between 15
and 18°S latitude. Arrows at plate boundaries indicate the direction
of movement of the plates. Dotted line along the coast of South
America represents the subducting Nazca plate beneath the South

American Plate.
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» and spreading rates and also the
al thickness and density variations
v the ridge*™™. The clectromag-
studics™® i
qcal  resistivity  structure  of  the
lc below  the ridge have also
ht oul an asymmetric resistivity
re — a lower resistivity to the west
cuting a broad spread of Jow mell
on extending down to 150 km,
1 resistivily 1o the cast indicating a

involving mcasurement ol

mantle of depleted melt and volatiles,
Further, the studics showed a sharp
transition at the ridge axas between the
low melt region on the west to the dry
region on the cast, quite unlike the
gradual  transition  over a  distance
of more than 100 km to the cast, ob-
served  through studies, The
disstmilar reststivity data, however, are
in consonance with asymmetry obscreved
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here,
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The comprehensive MELT experi-
ments do not support earlier view> of
narrow focussing of upwelling magma
along ridge axis. Upwelling here is
considered mostly ‘passive’ or driven by
plate motion and buoyancy controlled
mobility of flow is thought to be very
small which may even be hindered by
the viscosity of shallow mantle, Un-
doubtedly, understanding of the various
factors operating behind magma upwel-
ling right from its generation deep down
the mantle to its transport to divergent
or convergent plate boundary surfaces,
has benefited from these studies. How-
ever, some earth scientists have ex-
pressed that they would like to await
results from further studies presently
being carried out by a few groups, be-
fore applying the recent models derived
from laboratory experiments®® or field
observations from a narrow zone?* 3 to
the other regions of earth. Geologists
depend heavily on seismic wave propa-
gation characteristics to detect mantle
heterogeneities, phase changes and
density difterences within earth’s inte-
rior zones and hence their hesitation to
accept immediately some of the new
findings appear justifiable inasmuch as
seismic waves lack adequate sensitivity
to discern small mantle heterogeneities,
non-horizontal mantle interfaces and are
affected by anisotropy arising from
preferrcd  onentation  of minerals’.
However, one aspect on which there
appears better consensus among them is
about the urgent necd to revicw con-
cepts on earth’s internal dynamics and
resultant external mantfestations  with
the changing physics and chemistry ol
its interior over the last 4.5 bilhon
years. That recent contribulions to man-
tle dynamics have prompted revision of
carlier views about high topography of
lands appcars cvident in the current
speculations linking some ol the up-
lifted terrains 1n western United States
and northwest Himalayas to behaviour
ol mantic bencath them™,
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The Fiftyfive-Year Rule

The fundamental rules relating to the
age of retirement of public servants are
obviously empirical and operate un-
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branch of service. In the case of the
higher posts in the judicial department
and cabinet, the fiftyfive-year rule is
relaxed, while it is more or less
rigidly applied to the appointments in
other branches of the administration.
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The age limit imposes practically
no bar to the assumption of elective
offices by retired government servants,
and posts in the gift of the Crown
are equally exempt from age restric-
tions. In all business concerns and in-
dustrial organizations, the directing
authorities hold their offices virtually
for life.

It is commonly argued that the age
rule, though a purely arbitrary one, must
be upheld in order to maintain in the
services a uniformly high standard of
efficiency which, it is feared, advancing
age is apt to sterilize; and to secure for
administrative problems that freshness
and optimism of outlook which a com-
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relief to unemployment seems 1o be its
chief  recommendation. Generally
speaking, it is true that the efficiency of
a person depends not only on his pro-
tein metabolism but to a large extent
also on the climatic conditions of the
country in which he lives; and the influ-
ence of adverse environmental factors 1s
likely to be more acute in the case of
those who, born in more favourable
situations, suddenly find themselves 1n
different and more exacting circums-
stances, than in the case of races who
through centuries have become perfectly
inured to them. But this is not all. Of
still more fundamental importance is the
fact that the treatment accorded to the
public servant has a direct intluence on
his official efficiency. It must be within
the experience of all officials that it
their career is not embittered by disap-
pointments, and on the other hand, their
hopes and ambitions are systematically
and periodically fulfilled, their capacity
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