Sumatra Earthquake Dynamics and Expanding Earth theory

Abstract

Seismic tomographies under the Sunda Arc, retraced at the same borizonts! and vertical scale. ) S-wave tomography by Ritzwoller etal, {2005) along the line A-A' (sec insert
for location of the profile} has been redrawn. The resolving power has produced a tomographic image up to the depth of 250 km. The satrthquakes of the WM-H:mnff zone also do
not exceed 250 km in depth, A wedge-shaped high velocity zone (blue zone) extending deeper than F00 km is revealed. b) P-wave tomography by ank;mchmd et al, (2001) along the
section B-B’ (scc insert) has been recrawn, This technique allows a deeper testing of the mantle elastic properties. The wedge of anomalous high vu_-.lnmtjr mnntlf_: can be traccd upto a
depth of more than §000 km. The wedge appears more defined and mose vertical in the P.tomography. In this paper an idea is proposed — on the basis of several lines of evidence — that
the Great Sumatra carthquake was caused bv upward movements of this mantle wedge.
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Fig. 4. The ¢lastic model for the ocowrrence of the shallow
carthquakes cansed by subduction. The mechanism of accupulaion
and refease of potential egergy ig considered to be purely elastic
in a brittle environment, and is called the elastic rebound model.
The Sumatra earthqueke was a shallow event, so this model can
be adopted. a) Plunging lithosphere moves — at & rate of B few
centimetres pes year — from the surface toward the transition zone
and further on. b) Friction and asperities stick the backarc lithosphere
to the plunging oceanic lithosphere allowing them 1o travel fastened
together. ) Fracture starts in the Wadati-Benioff zoae allowing the
backarc lithosphere to rebound elastically toward the susface, and
the subducting lithasphere — free of braking —to suddenly accelerate.
d) Two lithospheric slabs have complesed their rehound and are
ready in case fora new cyele. It should be noted that the commoaly
accepled fault plane solution of the Sumatra earthquake assumes a
nearly horizontal slip surface; its horizontality making the above
drawn model] very difficult to work.
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subvertical fracture (Figure 6¢) is produced by a sudder uplift
of subcrustal or sublithospheric material being pushed wpward
by a phase change triggered by the tensional regime. The
uplifted face may have a downward rebound, which would
produce a tilt of the neighbouring plate (Figure 6c). This is
consisient with the observed aplift of the coralline barmer to
the west and the subsidence of the larger istands. Finally, a
large number of aftershocks would be produced on new favlis
{Figure 6d) and along the entire major fault, in a wide area.
Laterat spreading of the arc could also be tiggered by the
main rupture (Figure 6d).

This model should lead to a longer fault length, This
confirmed by an elongated as the P1 solution. This is because
an elongated distribution of epicentres of aftershocks Mw =
6.0 occurred within two hours and within two days after the
main shock {(see in Table 1 the very preliminary epicentres
of 26 and 27 December 2004; see afso the map in Figure 7)
— an elongation of =1200 km.

If the P1 horizontal solution were the fault plane we
would expect an immediate activation of the entire alleged
fault surface {rectangular boundary in Figure 7). However,
this fault surface has apparently not shown the expected
immediate high-magnitede aftershock activity, This might
represent an important clue favouring a vertical fault solution
such as P2, extending more than 1200 km from west Sumatra
to the northern tip of the Andaman Islands (see the bold dotted
]ineinﬁyuﬁﬂ.m“pmmdmﬂﬁnhﬁﬂ'shﬂcksmcunﬂd
in this long region. It should be noted that the first large
aftershock (M =6.2; T=1:21:18: Lat=56.37: Lon=93.36) was
more than 3° north of the epicentre of the main shock. The
second moajor aftershock (M =60, T=2:31:59; Lat=12.49;
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Fig. 5. Focal mechanism. a) Centroid moment tensor (CMT) solution
of Harvard is reproduced. Indeed, the CMT provides two possible
fault plane solutions for the Sumatra earthquake: F'L: {Strike=329%;
Dap=8; Slip=110} and P2: (Strike=I29, Dip=83; Slip= &7}. The
solition P1 is commonly adopted becaise of compatibility with
the plate tectonic model. b) Section of the focal sphere on a vertical
plane pespendicular to the strike direction, and the two conjugate
fault plames labelled P1 and P2. The PUs very low dip pngle
of 8° has led to assumption of a sub-horizoatal slip. However,
many clues are in favour of the pearly vertical fault solution P2,
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Table 1
M Day Time Lat Lon Depth
9.0 2641272004 0:58:50 3.244 95.825 10 off the west coast of northern Sumatra
6.2 267/12/2004 1;21:18 65.372 93.363 10 Nicobar islands, India region
6.0 26/12/2004 2:51:59 12494 92582 10 Andaman islands, India region
75 2641212004 4:21:25 6.891 02.89], 10 Nicobar islands, India region
6.5 26/12/3004 :20:01 B.867 092.382 10 Nicobar islands, India region
62 2671212004 10:19:30 13.455 o2, 791 10 Andaman isiands, India region
6.3 26/12/2004 11:05:01 13.542 92877 10 Andaman islands, India region
6.2 2641272004 19:19:53 2. 770 94,158 10 off the west coast of nonthem Sumatra
6.0 21272004 Q:32:13 5.502 o4 465 10 porthern Sumatra, Indonesia
6.} 1212004 (:49:27 12.978 02,449 10 Andaman islands, India region
6.1 2122004 0:394)3 5.379 94,706 10 porthern Sumairz, [ndonesia
6.0 271212004 1:05:00 4.762 95.11} 10 northern Sumaira, Indonesia

(USGS preliminary data; released on Dec. 29, 2004)

Loa=92.58) was more than 9° north of the main cvent. These
events occurred less than 2 hours apart. The elongated space
window and the narrow time window strongfy suggest that
these evenis were irue aftershocks on the same long structure,
The non petect plain-shape of the ruplure surface is not a
problem for a vertical fracture (also zigzag fracture could be
allowed) while grater mechanical problems arises for a>1000
ki length subborizoatal fault in developing along such long
arched thrast front.

The elon@wdshapeufmefaultalsuagrmwitha
quick calculation of the length of the high frequency P-
wave record on seismograms (Lomax, 2005; Lomax and
Michelini, 2005). The P-wave radiation was compatible in
duration with a faxlt rupture propagation of at least 1100 km.
The NNW directivity of initial propagation is assured by the
characteristic different length and frequency — Doppler effect
-of the P wave irain recorded at different azimuths (Bilham,
2005a; Ishii et al., 2005).

It is truc that the inconsistency of the plate tectonics bias
in adopting the P1 fanlt-plane solution was not recognized in
papers devoted to the great Sumatma earthquake. However,
the need for a steeper slip plane was mentioned in a normal-
mode analysis by Park et al. (2005).

THE USGS PRELIMINARY HYPOCENTRAL DATA
AND THE HARVARD CMT CATALOGUE

| have extracted seismic data from the USGS global
catalogue with the further aim of amalyzing the 3-D
distribution of preliminary hypocenters. The data were
partitioned in a two-hours time-window from the origin time
of the main shock, then in two days window from the origin

time and up to the end of February 2005. [ consider especially
the: first two shorter ime windows, as I believe that a seismic
evenl {sensu lato) is better characterized by what happens
immediately after the main shock.

The data from December 26, 00h 00 00s, to December
27, 24h 00m D0s, arc listed im'Table 2, and the selected events
are chronologically numbered. Events that have a CMT fault
solution in the Harvard catalogie are shown with an asterisk.
Double aswrisks indicate the presence of CMT solutions
plotted in Figure 9¢,

All the extracted sets of data contain subsets of a Jarge
pumber of earthquakes whose depths were fixed at 30 km.
Because of inadequate focal depth control, | removed them
from the figures.

In Figure 8a a complete set of 20 events (M = 5.5)
which occurred in the first two hours from (he main event is
shown as red circles. The projection of the hypocentcrs on
the XZ plane (grey circle} shows more clearly the presence
of events with fixed 30 km depths. These events are not just
of unknown depth but due to computational effects the same
uncertainty is reflected in latitude and longitude errors. The
main shock (large red dot in Figure 8a) is a member of this
subset. The same computational difficulty made it impossible
to determine the focal mechanisms for aearly all aftershocks
np to the evening of December 26. In Figure 8b the same tine
and magnitude window is shown without the 30km-depth
data — but including the main shock. Then the total number
is decreased to seven events.

The distribution of these hypocenters, numbered from 1
{main shock) to 7, is crustal and undercrustal, covering from
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Fig. 6. Alternative model of the shaliow arc-zone eanhquake
occurrence. a) Initially a process of decoupling of oceanic and
continental lithosphere stowly occurs ander the arc. b) The
effect of this ensional regime is the subsidence of the bumping
arc as witnessed by the coral reef subsidence. c) Nearly vertical
fracture is eventually produced by a sikbden uplift of undercrustal
or ugderlithospheric material pushed upward by a sudden phase
change triggered by the tensional regime. The lifted side can
have, possibly, a downward rebound, producing a filting of the
arighbouring plate. This can be in agreement with the observed
uplift of the corallioe barrier to the west and the subsidence of the
coasts (o the east. d) Finally a plethora of settling new faulting,
producing a high number of aftershocks, should be widely expected
along the entire major fault in a wide area. Lateral spreading of
the arc can also be triggered by the main fractore. This spreading
can produce subborizontal faule mechanisms.

a minimum depth of 15 km to a maximuwm depth of 51 bm
The depth scale is exaggerated more than 10 times. While
plate tectonics would expect a focal distnbution dipping (o the
northeast, if we observe the seismicity from a high zenithal
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point displaced a little toward north (Figure 8c) it actually
dips dlightly to the southwest — consider the gond alignment
of the hypoceaters 7, 5, 2, 3, and 1. The events do not occur
on the alleped subduction interface.

| repeated the same system of plotting with a time
window lasting for two days (26 and 27 December). in
Figure 9a the total number of events. 56 hypocentets, is
shown with their projection on the XZ plane. The 56 events
are listed in Table 2. After elimination of the events with a
pre-assigned depth of 30 km, the remaining 29 hypocenters
are shown in Figure 9b and 9¢. No well-defined NNE dipping
subduction trend can be detected. In Figure %a-<¢ a small
group of hypocenters at a depth of nearly 50 km is spoited
ncar event ourmnber 3 in Figure 8b and ¢. In Fipure 9d, in
order (o facilitate the understanding of the spatial-femporal
patiern, chronological numbers are shown for the 29 selected
events.

The focal mechanisms of aftershocks have been
published after the second half of 26 December. Many of them
are inconsistent with sub-horizontal subduction. Harvard
CMT focal mechanisms are shown in Figure 9¢ and numbered
following the event numbers of Figure 9d.

THE SEISMIC MOMENT
The definition of seismic moment is:
M=p-5-4 {3

with p the shear modulos of the material, 5 the mutoal
dislocation of the two sides of the fault, and A the area of the
fracture surface. The moment magnitude is defined in terms
of the seismic moment:

i
M, =~ log, M, ~107. @

The longest-period normal modes of the earth, S, and
,5, were analyzed by Stein and Okal (2005). They yield a
moment M = 1.3 *1(F° dyncm, three times larger than Af =
4.0 - 107 dyn-cm evaluated from tong-period surface waves.
From (4) an ultra-long period magnitude, M = 9.3, results,
which is significantly larger than the previously reported
M =90

The fact that the vltra-long period moment is higher
than that from 300-s surface waves used by the Harvand
CMT project reflects a significant physics process we may
misunderstand. The interpretation of Stein and Okal (2005)
is that & fast slip of several meters occurred on the southern
third {around 400 km) of the sub-bonzontal fault. Only this
part of the total length of the fault would be responsible for
the long-period surface wave excitation. A slower shp would
have occurred on the northern two thinds of the frachire
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which would have mostly excited the normal modes of the
Earth. However, because the envisaged subhorizontal slip,
this interpretation cannot account for the 10 cm displacerment
of the polhody path in a non-donble-couple treatment.
[ndeed, borizontal displacements, referring to Figure 2, are
in 2 plane perpendicular to the page and near parallel to the
Earth's figure axis, and then producing negligible variation
of inertial moment,

Lomnitz and Nilden-Hofseth (2005) proposed that
the tsunami may have been generated by in-phase action of
the .S, and S, spheroidal normal modes. Althongh S, and

Sumaira earthquake dynamics and the expanding earth theory

Fig. 5. 1} A complete set of hypocenters {20 events; M = 5.5) which
occurved in the first two hours from the main event is shown in red
spheres. If the hypocenters are projecied on the XZ plane (grey
circle}, il becomes evident the existence of 4 number of depths fixed
af 30 km. The events of this subset are of uncertain depth and atso
of large upcertainty in latinude and longitede epicentral coondinates.
Also the main shock {greater sphere) is a member of this subset. h)
The same time and magnitude window i3 shown afier discarding the
subset of the 30km-depth data — except the main shock. The tolal
number—is decressed 7 evens. The disiribution of the hypocenters
~ numbesed chronologicatly from 1 (main shock) 10 7— is crustal and
undencrustal . covering from & mipimam of 15 km to a maximum of
51 km. ¢) While the plate tectonics expects 8 distribwtion dipping
nonheastward, if we observe nearly vertically the distribution
(Figure 8¢), it can be scen that it dips slightly to the southwest, rather
than along the alleged subduction slab. The vertical scale in a), by and
c) iscxaggerated by mon: than 10 times, conseqoently great attention
must be paid in judging the dipping angles.
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o, Erequencies are present in the spectra of the tide-gavge
records, the conclusions of the authors are not incompatible
with a bulging of the sea Aoor and with the gereration of the
first tsunami wave by this bulge. Only a protrusion of material
can explain both the normal mode excitation and the rotation
pole displacement.

I submit that the discrepancy between surface wave
M_ and normal mode M should be considered an important
anomaly — in the Kubn (1969) sense — whose clarification
could lead to a substantial transformation of owr view,
recognizing the inadequacy of the pure elastic rebound model,
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Fig. 9. a) The total number of events in the time window of two days (26 and 27 December) is 56 hypocentres (green and red spheres),

which are also projected on the XZ plane as grey spheres. Grean spheres are the seven events plotted in Figure 8. b) Residual distribution

of 29 hypoecenters is shown, after the elimipation of the events with an assigmed depth a1 30 km. A small group of hypocenters having depth

nearly 30 km is present near the eveni number 3. ¢) Observing vertically, no definite struciure showing a NNE direction of sabduction

dipping can be seen. Focal mechanisms are also inconsisteat with the subborzontal subduction interpretation. The available Harvard

CMT focal mechanisms are numbered folfowing the event pumbers in Figure 9 and Table 2. d) In order 1o Eacilitate the updecstanding
of the spacetemporal hypocentral paitern, the progressive chronological numbers are shown for the 29 selected events.

and moresver, of the subduction hypothesiz, Here I search
for a solution by adopling the nearly vertical slip plane of
the conjugate P2 fault solution instead of following plate
tectonics prescriptions.

Indeed, assuming an average rigidity of 5.0 <10" dyn/
em?® (see Table A.3 in Bullen and Bole, 1985), with 15 m of

slip on a near-vertical fault 1200 Jam long and 50 km deep (the
maximum depth of a britile fracture) we obtain a moment

M =wsA=50-1" dynfom?s 1.510° cm * 1.2410° cm +
0.5:107 cm= 4.5 107,

which agrees with the A measured using long period surface
waves. With the adoption of the P2 fault parameters, thene
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Table 3

The en Jargest earthquakes since 1900

Location Date Mapnitude
(M)
1. Chile May 22, 1960 Q.5
2. Prince William Sound, Alaska March 28, 1964 0.2
3. Andreanof [slands, Aleutian 1sdands March 9, 1957 9.1
4, Kamchatka Nov. 4, 1952 9.0
5. Off westem coast of Sumaira, Indonesia Dec. 26, 2004 9.0
6. Off the coast of Ecuador Jan. 31, 1906 8.8
7. Rat Islands, Aleutian Islands Feb. 4, 1965 8.7
8. Northemn Sumatra, Indonesia March 28, 20035 8.7
9. India-China border Aug. 15, 1950 8.6
1{. Kamchatka Feh. 3, 1923 8.5

Source: National Eartiguake Information Center, U.5. Geological Survey.

is ne need to limit the slip zone to the soonthem third of
the aftershock zone. The apparent excess seismic moment
derived from the S, and S, modes (Sicin and Okal, 2005)
might be linked (o & large amount of energy release, not by an
‘elastic rebound’ process but as a non-elastic displacement of
matetials — presumably a vertical flow — that has caused the
strong S, and S, excifation, and the Earth’s instantancous
rotational pole displacement. This vertical displacement
should have bulged the belt zone beiween the Sunda Trench
and the proposed ripture line (Figure 7, bold dotted line).

On the other hand, if the assumption of a sub-horizontal
fault is adopted, using a single couple model (Julian ef al.
1998 Miller &7 al., 1998), we may account for the observed
seismic moment but aot for the displacement of the Earth's
rotation axis. A near-vertical fault couid agree with beth the
seismic moment and the polbody shift. Some scientists have
attributed the observed displacement of the polhody to chance
or to atmospheric forcing (Gambis, 2005; MacMillan, 2005),
because the precise azimethal relation between pothody
displacement and epicenire position — shown in Figure ]
— has not been generally recognized by the geocscientists
COMUILY.

An analogy can be envisaged between the mass
movement that ocowred during the Sumatra event and some
typical volcanic earthquakes, The spectra of some volcanic
earthquakes tend to be displaced toward the fow frequencies.
Muost of these volcanic earthquakes cannot be described by a
double couple (Julian e af., 1998; Miller et ai., 1998). They
are more destructive than might be expected from their low
M, value, as compuied from | sec period waves. However, M,
as compuied from lower frequencies, at 20-30 sec, provides
a more realistic estimate of energy and damage. A possible

origin of such volcanic events could involve laccolite or dike
emplacement, or coseismic volcano flank gravitative sliding.
Large earthquakes with ap excess of low frequency energy
can similarly be ascribed to slow phase changes invelving
expansion of a suitable volurne of deep materials. To be
mwore specific, one might suppose that these exiremely large
earthquakes might involve ¢lastic rebound plus upwelling
of mantle material constituting a substantial non-¢lastic
additional portion of the mass movemenL

SEA-LEVEL VARIATION AND SATELLITE PATA IN
SUMATRA

Published preliminary results of the Geographic Survey
Institate of Japan show post-scismic level variations of the
coast over the cotire region. Data are provided by satelhites
Radarsat-1, Envisat, ERS-1/2, Aster, Spot-5, spdated to March
10, 2005. The coralline barrier to the west has been uplifted
by the earthquake, and the Andaman Islands and parts of the
north-west coast of Sumatra subsided (Searle, 2005). This is
in agreement with the framework of this paper.

Bilkam (2004) reports further geodetic resulis in good
agreement with the posiseismic level vanation revealed by
the satellites.

A pew interpretation of emergence and submergence of
coral micro-atolls (Sieh ef al., 1999; Zachanasen «t al., 1999;
Zachariasen et al., 2000; and others) suggests a possible cyclic
uplift and subsidence of the coral rings. The authors propose
the applicability of a plate tectonic moded as in Figure 4. In
this case, the atolls should slowly subside due to the push or
pull of the subducting slab until the earthquake altows them
jump back and rise. However, the evidence suggests a sudden

subsidence in the geological past.



(. Scalera

In Figore 7 the uplifted and subsided zones reparied by
the Japanese GSI are shown in red and in yellow, respectively.
The proposed vertical rupture (bold dotted line) is the divide
between the uplifted and subsided areas. Large ofiolite
formations in the Nicobar and Andaman islands (Coleman,
1977) represent femther evidence of a pear-sieady uplift of
the atc in geologic time, and of a different rate of emergence
along the Sunda Arc. The sudden subsidence might be
explained as a part of the process of vertical fracture of the

crust (Figure 6).

The GRACE satellites (Han 1 al., 2006) observed
variations of surface gravity of -15 pGal east of the Sunda
trench, and a symmetrical anomaly of +15 p(al west of
the trench. This pattern of anomalies does not fit a fault
dislocation without a substantial Iateral and verfical expansion
of the occanic crust to be added to the model. Han et ol
(2006) adopt initially a subhorizontal slip in agreement with
the focal mechanism, but the fit to the gravity data is poor.
Their suggestion of local expansion supports the class of
meodels proposed in this paper in Figure 6.

CASE-HISTORIES OF GREAT EARTHQUAKES.
CHARACTERISTICS AND ANALOGIES

Common charsctenstics among large earthquakes of
the past can help clarify the processes at the seismic soutce.
The greatest moment magnitude (M) seismic events of the
past century are listed in Table 3.

Event 8 is probably an aftershock of the earthquake of
December 26, 2004. The more recent events an: numbered
1. 2, and 7. The first two have been extensively studied by
the scientific community.

Chile earthquake

A large seismic event struck the Chilean coast at
19.10:40 UT on May 22, 1960 (Plafker and Savage, 1970;
Cifuentes, 1989 Cifuentes and Silver, 1989). The hypocenter
was af 38,05°5 —72.34°W and the focal depth was estimated
aronnd 35 km, similar to the Sumaira carthquake. A recent
relocation (Krawczyk and the SPOC Team, 2003) provides
a more western and slighdy deeper hypocenter > 73° 05" W,
38° 15§, H = 33.5 k). This new hypocenter was based on
3D seismic imaging of the crust from the SPOC expenment
which shows the hypothetical subduction slab in a more
westerly position. The relocation by more than 75 km may
be considened a further anomaly from the point of view of the
currently accepted geodynamic picture. The carlicr epicentre
is closer ko the volcanic range.

The Chilean carthquake was preceded by 2 sequence
of foreshocks that began 33 hours before the main shock
{(USGS, 2006). It ruptured 150 ki of the northern segment

of the fault. The records suggest that a targe slow and silent
foreshock took place on the decpest portioa of the fault 15
minutes before the main shock, with a seismic momeat
coraparable to that of the main event (Plafker and Savage,
1970; Kanamwori and Cipar, 1974; Lund, 1982; Cifuentes,
1989; Cifuentes and Silver, 1989). Lund {1982) assumed that
a solitary wave (soliton) was generated by this foreshock of
7.9 M_. This precursor was detected oa the strainmeter at
Pasadena, It was modelled tentatively — using the observed
surface deformation {(Figure 10a) — by Linde and Silver
(1989). The moderate uplift of the coastline was explained as
a double slope fault that started to ship slowly at the deepest
cdge (Linde and Silver, 1989)_In this case, the rapture would
have to nucleate in the subcrustal ductile lithosphere where
the siress produced by the subducting stab would dissipate.
Barrientos and Ward (1990) propose a fanlt of variable slip
to fit the surface displacements. The deeper portion of their
displacement field was atiributed to postseismic crecp, but
the precitrsor remains unaccounted for. The zero-slip line
divides the two zopes into more superiicial and deeper slip,
thus posing some severe mechanical probiems.

Ancther problem is the amonnt of skip on the alleged
20° dipping fault. A compuied slip of nearly 20 m is at odds
with the Nazca-Sonth America convergence rate of nearly 8
cn/yr, as it suggests 250 years of earfier strain accumulation.
This problem is also found among other great earthquakes.,

The associabion of voleanic phenomena with strong
earthquakes was documented by Charles Darwan (1809-
1882) in the 18335 Concepcion earthquake (Darwin, 1897,
page 236):

“Ihave [in other papers] given an account of the remarkable
volcanic phenomena, which accompanied this earthguoke.
These phenomena appear to me lo prove that the action, by
which large tracts of land are uplifted, and by which volcanic
eruplions are produced, is it every respect identical”.

And in the more detailed description {Darwin, 1840):

“We see, thergfore, that, in 1833, —the earthquake of Chiloe,
—the activity of the train of the neighbouring volcanoes, — the
elevation of the land around Conception, —and the submarine
eruption at Juan Fernandez, took place simulianeously, and
were paris of one and the same great phenomenon.”

In the 1960 Chile earthquake, 17 of 38 active Andean,
volcanoes (Casertano, 1963) had eruptions or other minor
volcanic activities within a few months of the carthquake.
The fellowing erupted in ¢lose coincidence with the seismic
event: Copahue, Liaima, Villarrica, Cordon, Calbuco,
Lantaro, There were also emuptions of volcanoes to the
north: Planchon-Peteroa, San José, Tupungatito, Lascar, San
Pedro, Guallatini (Casertano, 1963; Smithsonian Institution,
2006).
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Similar correlations occurred along all the Condillera
on the occasion of the 1906 Ecuador earthguake (Mw=8.8),
including eruptions of Puracé and Reventador in the north,
Ubinas io the central section and Cerro Azul, Nevados,
Villarrica, Calbuco, Hueqgui ia the South (Smithsonian
Institution, 2006). The history of correlation between
carthquake and volcanic phenomena on the South American
Cordillera can be traced back in ihe tine, finding descniptions
of them also in seventeenth century European books (d' Avity,
1643; Placet, 1666, sce pages 74-78 of first edition).

In Figure 11 the data from the Smithsonian catalogue
are shown for South American eruptions from 1800 fo 1999,
There arc some interesting peaks which coincide with major
earthquakes. Whether the correlation is real or coincidental is
still a matter of debate. However, the data suggest a possible
link between Wadati-Benioff earthquakes and volcanic
phenomena, due 1o a rise of deep material (Scalera 1997,
2006b, 2006c).

Except for iransform fault earthquakes and shallow
teciomics events, all problems and paradoxes may thus be
resolved in a more patural way. A sudden aseismic change
of phase can produce an increase of volume at preal depth
~in a tensional regime —with elastic fracture of the overlying
britfle material and continued anefastic flow.

Alaska ecrthquake

In the late afternoon of March 27, 1964, the second
largest earthquake (but eventually the largest on recent
reassessment of magnitmde by Okal — seminar at INGY
headquarters) ever experienced by mankind struck the gulf
of Alaska, with epicentre (61.0°N, 147.7°W)} about 150 km
cast of Anchorage, near College Fiord {Anonymous, 1964).
In the map aittached to the first available report {Anonymous,
1964) a delineagon of the uplifted and subsided zones is
drawn {Figure 10b).

As in the Sumatra earthquake, in the Alaska seismic
event a long belt —at least 500 km — of subsided crustfollowed
an inner zone from near Anchorage to Kenai Peninsula and
Kodiak Island. A subsidence of up to 2.0 m was recorded.
An emergence zone with a peak uplifi of 8 m was recognizad
on the external region facing the Pacific. [¢ was probably of
the same length as the sobsided oae. The absence of islands
far from Prince William Sound made impossible a precise
estimate of the uplifted beft length (Anonymous, 1964;
Landen. 1964; Plafker, 1965). The focal mechanism of the
event was determined by various authors (Press and Jackson,
1964; Savage and Hastie, [966; Stander and Bollinger, 1966)
and a discussion developed about the true slip surface, i.e.
the main or conjugate fault solutton. The hypothesis of a
sub-horizontal thrust fault was favoured from comparison
between observations of vertical displacements and roodelled

ones (Plafker, 1965; Savage and Hastie, 1966; Stander and
Rollinger, 1966,

The early focal mechanism determination by Press
and Jackson {1964) was definitely a vertical blind fault
of 200 x 800 km at 15-20 km depth. However, Plafker
{1965) suggested the possibility of both main and conjugate
fault solutions. Savage and Hastie (1965) and Stauder and
Bollinger {1966) followed Plafker's suggestion of a sub-
honzoatal rupture but remained undecided between the two
altemative fauft-plane solutions. Shortly after, the advent of
plate tectonics wag decisive in the steering of the choices of
the geasciences community, but the question is sall open.

As Charles Darwin noted { 1897) for South America, the
movement of eplift and subsidence of the coastlines is very
complicated, and sometime linked with volcanic and seismic
evenis. My idea is that these vertical movements are the result
of decp anclastic displacements of visco-plastic material,
which can precede, go along, as well as follow, the elastic
fracture. These displacements can interact in a complicated
way with the inhomogeneities of the crustal cover, producing
zm irregular pattern superimposed on a more extended regudar
trend {j.e. the elongated trends of subsidence and emergence
in the great earthqualkes of arcs).

Chi-Chi, Tarwan, earthquake

On September 21 19992, a magnitude Mw=7.6
carthquake {not listed in Table 1) ozcumred near the town
of Chi-Chi, Taiwan (23.85°N, 120.81°E). causing more
than 2400 dead. The earthguake was a “subducton-related’
crustal event {depth=7_0-10.0 km) (Abrahamson ez al., 1999;
Shin et al., 1999; Cattin et al., 2004). 1t ruptured 85 km of
the N-S Chelungpu Thrust Fault. Acconling to the current
interpretation, Taiwan is a result of collision between the
Eurasian continent and an island arc. The Eurasian plate is
envisaged as subducting towards east, under the Luzon arc.

The interpretation was judged problematic because,
albeit a subduction event, the surface deformation (Lin
ef al., 2001; Johnson and Segall, 2004} was siccper than
the expected sub-horizontal fault in the initial superficial
segment of a sitbducting slab (Seno, 2000; Seno ef al., 2000).

A propagation of the rupture was hypothesized along a sub-
horizontal decollement, but the western edge of the fault

became progressively steeper up to its final surface vertical
EMETsICn.

Some difficulies anse of the hypocenter distributon of
the aftershock sequence (Kao and Chen, 2006, Johnson and
Segall, 2004). It is uneven and presents at least three groups
of hypocenters at different locations and depths, A group
(labelled B10, B12, B24, B25 m Kao and Chen, 2000} s
ncarly 50 km east from the pain shock, on the eastern side
of the oropen. This gronp may correspond to a wide and



complex mass-movement involving the entire orogen. The
decper greup of aftershocks (depth 25-37 km) bears witness
to the plutonic origin of the mass movement.

While in the western side of the crogen the Fliocene
and Miocene strata (1.8-23.8 Ma) are comectly located,
the Oligocene facies (23.8-33.7 Ma) are unconformally
superimposed on the younger opes (Figure lc in Johason
anvd Segall, 2004). The Oligocene represents the rrore central
axes of the Taiwan orogen and this inverted age pattern of
the geclogic facies is typical of a promouaced uplift of the
orogen core followed or accompanied by a lateral spreading
anvd thrusting on the younger low-land (Ollier, 2002, 2003,
Ollier and Pain, 2000).

Similar phenomena of lateral spreading are well
documented by geologic and geodetic surveys on young
orogens (Coltorti and Ollier, 2000; Ollier, 2002, 2003; Ollier
and Pain, 2000; Saroli ef al., 2005; Serpelloni f al. 2006).

This is a further case of vague or unfavourable
evidence of sub-horizonial underthrust, and many efforts
are aciually dedicated in Taiwan to made more clear both
the geological setting of the region and the fault geometry
(by deep drilling).

The historical Calabrian earthquake sequence of 1783

Cn 5 Febrvary 1783 a seismic sequence ocewred in
Calabria, southern lialy, along the superficial part of the
Sicilian-Calabrian arc and the Wadati-Benioff zone, The main
shocks of the sequence occurred in two months and the data
were (INGV-Catalogue of the Strong Ttalian Earthquakes,
Boschi et al., 2000 hitp:Fstoning ingv.itefuy:

5 Feb. {lat. 38.30 - lon. 15.97} XI degree MCS,

& Feb, (lat. 38.22 - lon. 15.63) VIII-1X MCS,

7 Feb. (lat 38.38 - lon. 16.200 X-X1 MCS,

1 Mar. {lat. 38.77 - lon. 16.30) LX MCS,

28 Mar. (lat. 38.78 - lon. 16.47) X1 MCS.

(lafitude and longitude are in degrees and cents of degrees)

The five epicentres — which was determined by
macroseismic effects and isoseismal maps — occurred
progressively more N-NE on an clongated path of neary 100
km length (Tiberti ef al., 2006). The cumulative effects of
this five main shocks of the sequence and of their three years
iong series of aftershocks produced damages so impressive
and wide that would deserve to be classified by the statcmenis
which define the XTI MCS degree (Total damage - Almost
everything is destroved. Lines of sight and level distorted.
Objects thrown into the aiv. The ground moves in waves or
ripples. Large amounts of rock may move).

Indeed, typical in this seismic event was the shiding of
whale hills towards the valley Hoors, in some cases dmgging
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complete wowns for bundreds of meters. Many nivers were
obstructed and lakes were created. Om the Tyrrhenian site,
near Scilta, a huge landslide with a front of near 3 km made
a portion of Mount Campzlli falled and disappeared in the
sea (Tiberti er al., 2006). I cite this sequence as example of
slow propagation of stress along an arc, of documented sparse
punctuated episodes of surface masses sliding triggered
by earthquakes — which contribute to the spreading of an
orogen ino geological time —, and of all these occurrence
of phenomena just on an crogen in a documented present
state of uplifting {e.g. see Calabrian coastal terrace analysis
in Valensise and Pantosti, 1992; Cuccd, 2004; Cucei and
Tertulliani, 2006). Further possibly coseismic uplift occurred
during the Calabrian earthquake of 1905 (Sept. 8, lat. 38.67,
lon. 16,07, [ =X MCS), as documented by terraces creation
along Calabsian Tyrrhenian coasts (Cucci and Tenwiliani,
2006). Hypothesis on possible vertical stip along vertical
faultz has been made by Galli and Bosi (2003} reanalysing
the catastrophic 1638 Calabrian earthquake. Again I see
— this time in the Recent — the action of the earthquakes in
contriboting — as part of along causal chaia — o the mountain
building and spreading, as already hipghlighted analysis of
mine (Scalera, 1997, 1006c, 2007) and of others (Moretti
and Guerra, 1997) and in satellite imaging results (Saroli er
al., 2005).

Transform feult earthguakes

All the preceding considerations are about contradictions
on the subject of Wadati-Benioff zone earthquakes, as
revealed by near-surface ‘subduction’ earthquakes. But
as concerns strike-slip earthquakes m transform zones,
coanpazable problems exist. The Parkficld experiment im
California was set up with the aim to confirm the recumence
of strong earthquakes in the Parkfield scgment of the San
Andreas fanlt (in 1857, 1881, 1901, 1922, 1934, 1966) and
the mechanical model of earthquake occurence, proposed
by Reid in 1906. According to this model, an earthquake
occurs when an increasing siress overcomes the frictional
stafic stress of a pre-existing fracture, or the strength of the
brittle material. The event did not occur before 1993, as
forecasted, apd the geophysical arrays of strainmeters and
other instrumenits did not recorded a significant accumulation
of strain or other geophysical precursors arotnd 1993 nor
before 2004, when the event at iast happened (Lindh, 2005;
Langbein er al., 2005), Certainly this result, if confirmed,
is a refutation of the alleged mechanism of stress-strain
accumulation cumently accepted by global tectonics.

WADATI-BENIOFF ZONES

In this section a brief review of a number of “subduction’
zones at active margins will be made. Some common
characieristics are highlighted, and the incompatibility of
these peculiaritics with platc tectonics is stressed (Scalera,
2006b, 2006c). The new features of the Wadati-Benioff



zopes are made visible (Figure 12abodef) using the relocated
hypocentral data by Engdahl et al. (1998).

Mediterranean

The Mediterranean is characterised by two well-defined
regions of deep carthquakes (Berckhemer and Hesii, 1982,
Cadet an! Funiciello, 2004; Scalera, 2004, 2005c; Vannuce
et al., 2004}, The focal depth does pot exceed 200 km in
the Acgean region, while it reaches more than 400 km in
the southern Tymhenian region (Figure 12a). Minor spots
of intermediate depth earthquakes are present under the
northern Apennines (depth up to 60 km), around the Gibraltar
region (two noa relocated hypocenter show a depth greater
than 500 km, while arc absent it the Engdahl et af., 1998,
cainlogue) and under the narrow, lubc-like, near-vertical focal
volume in Vrancea, Romania (depths 6(0-200 km). There is
an opinion that the cause of deep seismicity is a subductive
process, but there is some doubt in the case of Vrancea,
currently interpreted as a relic of a former wide Carpatian
Wadati- Benioff zone.

Carcful reconstructions of Fangea (Butlard et al., 1965;
Owen, 1983: other references in Scalera and Jacob, 2003)
suggest linde deformation of plates in geclogic Ame. Thus
a non-snifonn patern of decp hypoceniers is unlikely to be
generated by Africa-Enrasia interaction by a uniform motion
of two plates. Moreover, in this region the consistent amount
of evidence of cxicnsional processes is at odds with the
glleged Africa-Enrope convergence (Michard, 2006; among
others). Especially impressive in Figure 12a, and at odd with
plate kectonics is the presence of namow pipe-like distribution
of hypocenter under Vrancea andd South Tyrrhenian region,
which both are located under zomes of maximum curvature
of the relative ares (Calabrian arc and southern “‘syntaxial”
zone of Carpatian arc). Similar simation is valid for Indian
Himalayan arc (see next section). New interpretations
in a framework of a progressively enlarging Tethys and
Mediterranean region are needed (Scalera, 2005b).

Indin

The Indiz-Asia collision generates deep hypocenters
only under the two syntaxial Zones of the Himalaya (Figure
121). Due o the small extension of the India fragment, the
SaMme of greater reservations may be raised as in the case of
the Africa-Europe collision. The expected distribution of deep
foci should be mor uniformy and the two syntaxial zones
should be oonnected by a well developed Wadati-Benioff
zonc. But in addition to the absence of deep foci, a slope
that js opposite to the expected is found under the western
deep foci zope, and bere some fitaments of hypocentres ane
discernible (Figure 12b).

Most Himalayan crustal scismicity (depth range 0-
40 ¥m, not plotted in Figure 12b) has compressional focal
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mechanisms on the Indian wmargin and tensional ones on
the Tibet one. This agrees with an orogen in a gravitational
spreading phase, without need 1o made recourse to continertal
collision. Moreover the Himalaya is caractenized by a clear
zome of extrusion of deep material — verging toward south
—in clear contradiction with the aleged subductive process
{Beaumont #f af., 2001; Hodges et al. 2001; Emst, 2005;
among others). A confitation that this extrasion is totally duc
to the combined action of atmospheric erasion and isostasy
has been proposed by Ollier (2006b). The decumented
extrision front of Himalaya fits with the general meaning
of this paper and is probably linked to plutonic phenomena
leading to material expansion and uprising.

Sunda

In its segment from Sumatra to the Andaman islands,
the Sunda arc has hypocenters not deeper than 250-300 km,
Decpest scismicity is present under Java up to New Guinea,
with focal depths up to 700 km. Here the hypocenters have
the tendency o cluster in Large columnar zones of which the
great islands and groups of islands are Like (architectonic)
capitals (Figure 12c). The alleged uaiform northward motion
of the Indian plate sea-fAoor under Sunda arc {Puspito and
Shimazaki, 1995 Hafkenscheid er al., 2001) — besides a
pear tangential motion on the Andaman arc segmeat, which
poses severe mechanical problems —should produce & similar
uniform downgoing motion of the subducted slab, without
prefercnces of earthquakes to occur under the islands. Many
evidences of prevailing extensional and vertical tcctonics
regimes has been collected by Lindley (2006) on the
New Guinea boundary between the Australian and Pacific
plates, that are ad odds with the current alleged convergent
movements of the two plates. Then “subduction’ is unlikely
as source of this the non-uniform columnarc-filamentous
hypocentral pattern observed under that bovndary.

East Asia arcs

Most classical iconography of the Wadan-Benioff zone
in the “subduction regions’ is taken from nammow verlical
sections perpendicutar to the Fast Asia arcs {Figare 13a).
The guite good alignment of hypocentets along z slope
dipping =45° io the Hoashu region (Figure 13a) is part of
a set of possible cases (smaller slope, higher stope, curved.
two slope, broken, etc} described in the current theory for
a number of diffcrent Wadati-Benioff regions, but ever in a
two-dimensiona] representafion.

If observed in a different way — and taking advantage
of the recently availablc higher quality relocated hypocentral
data (Engdahl er ai., 1998) — the reality appears somewhat
more complicated. Plotting all East Asian Wadati-Benioff
zones in 3D, using & larger scale, from Kamchatka Peninsula
to the Chipna Sea and the Marianas, the imegular and
filamentous structure of the subduction zoaes is highlighted
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jon of Wadati-Beniodl’ zones, with hypoceniral depth grealer or equal to 40

km. a) A section-box under the Japanese arc. b) A section under the central part of the Scuth American Condillers.

(Figure 12d), No direct link between this kind of uneven
pattern and the subductive process can be easily invoked.
Also the alleged spoon-like structure of the Wadati-Benioff
w0 is not clearly recognizable, Considering that the alleged
displacement of the Pacific piate follows the WINW direction
of the Hawaii islands chain, and that the major fracture zones
in the Jurassic seafloor of Western Pacific aligns near parallel
to the Asian arcs, also in this casc a pear uniform rate of
subduction should be expected and a consequent greather
nniformity of the deep hypoceniral distribution.

South America

Classical two-dimensional plotiings of vertical seclions
the hypocenters under the Central Andes mountain belt (see
an exampie in Figure 13b) show a regular dipping pattern of
hypocenters up to 300 km depih, with a tendency towards a
lower slope in the lithosphere (0-100 km, Figure 13b) and
a long zonc of absence of seismic foci between 350 ki and
500 km. Insiead, in the three-dimensional views shown in
Eigue 12¢f, all the Scuth American Wadati-Bewioff zone
— from Catombia to Cape Hom — is characterised by strong
inhomogeneities in the hypocentral spatial distribution, with
focal zones lapering toward deep points.

In Figure 12ef, the venical scale has been greatly
enhanced to highlight the unexpecied paticrn of these
seismofocal zones. The brown circles represent the seventy-
iwo volcanoes along the Andes Condillera, which has been
active in historical time (data from Smithsonian Institution,
2006). The volcanic provinces arc grossly divided in relation
to the seismofocal zone feamres. Some North-South gaps
in the decp hypocentra) pattern are in relation to gaps and
lower density of the volcanoes distribution, adding further

elements to the possible stronger-than-supposed link
between seismic and volcanic phenomena (Scalera, 1997).
Geomrorphic and tectonic field studies of the Andes points
toward a rapid uplift of the Cordillera from Miocene, and the
creation of the Interandean Depression as result of a lateral
spreading (Coltort) and Ollicr, 2000), which is at odd with a
compressional origin of the oroger. Very problematic, io a
region in which subduction is credited to be in a steady-state
activity at least from Cretaceous, is the young age of the
uplifting and the tectonic stand-still that allowed a recognized
planation phase of the Cordillera (Coltorti and Ollier, 2000).
A different font of energy for mountain building should then
be searched for, in agreement with the requireteents of this
pepeT.

In conclusien of this brief and incotplete review; using
a more gencral, wider scale, ad three-dimensional view,
together with higher quality data (Engdahl er al., 1998), it
is possible 10 recognize that Wadati-Benioff zones do pot
commespond to what is prescribed by plaie tectonic theory,
and to whal we expecl to see having in mnd the nammow
hypoceaters vertical sections of the classical scismological
iconography (e.g. Figure 13ab). Filaments of hypocentres
characterize the large scale 3-D plots of the catalogue of
the refocated events (Figure 12abedef). These filaments
are real characteristics of hypocenter distribotion because
their separation can easily reack an order of magnitude of
degrees. The filaments have the tendency to taper in depih,
leading to the idea of a namow origin of the distnrhance,
which propagates and becomes progressively wider wward
the smface. Instead of a downpeing subduction they evoke
the image of trees, or smoke coming out of chimneys,



