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Abstract

The RESTE Project was an integrated geophysical-geological study of the
Estremadura, southwestern Portugal. The core of the programme consisted of
the acquisition and analysis of rﬁicroearthquake data. This was complemented
by an investigation of the structural evolution of the sedimentary basins of the

Estremadura.

The geological evolution of the Lusitanian Basin was strongly marked by the
reactivation of Palaeozoic basement faults, in response to a sequence of tectonic
events: opening of the Central Atlantic, opening of the North Atlantic and Alpine
convergence between Africa and Eurasia. The current tectonics are regarded
as a subdued continuation of the Miocene deformation (Betic Orogeny), and
the “tectonic memory” revealed by the Lusitanian and Lower Tagus Basins is
explored to characterize the current tectonic processes. Strike-slip tectonics are
identified as a dominant feature of several stages of the evolution of the basins,

with particular relevance during the Miocene.

The technique of “backstripping” is applied to well data, to constrain the
history of vertical movement in the basins. This analysis highlighted the pre-
mature truncation, in the Late Jurassic, of a normal passive-margin evolution.
Tectonic unstability caused the structural inversion of arcas within the basins,
and seems to have inhibited the predictable thermal subsidence. The rifting
process, initially taking place at the Lusitanian Basin, jumped westwards in the
Late Jurassic. Crustal underplating and the activity of transfer faults are in-
voked as possible explanations for the subsequent deformation of the aborted
rift. An upper-plate margin configuration is in good agreement with several
observations. The tendency for structural inversion continued throughout the

Cretaceous, and with the onset of the Alpine convergence in the Turonian the
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control of the tectonic activity seems to have switched from the Atlantic to the
Mediterranean. This reinforced the tectonic unstability, marked by magmatic ac-
tivity and by a regional upwarp that was to last until the Eocene. Of particular
interest was the behaviour, during the Late Cretaceous, of the Setibal Peninsula
sub-basin, which seems to have tilted towards the NW as a block, with a hinge
line along the present Lower Tagus Valley. When sedimentation was resumed
in the Eocene, a pattern of differential vertical movement was established, with
some areas continuing to undergo inversion while nearby areas subsided. This
pattern characterized the Cainozoic evolution of the basins, and probably still ap-
plies to the neotectonic deformation. The activity of strike-slip basement faults,
reactivated under the compressive regime caused by the Afro-Eurasian conver-
gence, is proposed as the best explanation for the Miocene deformation, with

particular relevance for the Lower Tagus Valley.

The RESTE Microearthquake Survey is described, and the data acquired
with the RESTE network are analysed. The local earthquakes are accurately
located, and focal mechanism solutions are obtained for some of them. This
information is used to discuss a neotectonic model for the Lower Tagus Valley.
In view of their small magnitudes (1.1< M < 3.8), the focal mechanisms of
these events cannot be interpreted directly in terms of the current tectonics.
Such small events are usually local readjustments to previous episodes of defor-
mation. However, such features as the along-strike reversal of the polarity of
vertical motion or the coexistence at the same region of different types of source
mechanism are diagnostic of strike-slip deformation. This model was supported
by the occurrence of a macroearthquake (Mp=3.8) with an interpreted source
mechanism of sinistral strike-slip. The alignment of four hypocentres along the
direction of the Lower Tagus Valley, with a compatible orientation of the in-
terpreted nodal planes, supports the existence of a crustal fracture associated
with the Valley. The hypocentral depths of the recorded events reach 20 km,
showing that the basement faults responsible for the seismicity affect at least the
entire upper crust. Since the limited existing data suggest a high level of heat
flow in the Lusitanian Basin, the depths reached by the microearthquakes may
indicate an abnormally thick seismogenic layer. An investigation of the broad
velocity structure of the lithosphere underneath the RESTE Network using the

technique of teleseismic tomographic inversion suggested a correlation between
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Moho undulations and the inversion of areas of the Lusitanian Basin, and this

may indicate that the controlling faults cut the entire crust.

In order to provide a rationale for the intraplate seismicity of western Portu-
gal, the neotectonics of Iberia are discussed, and a new kinematic model, centred
on the idea of continental extrusion, is proposed. According to the model, a
continental block formed by Iberia and northern Morocco is being pushed west-
wards by the convergence between Africa and Eurasia. The resistance offered by
the oceanic parts of the plates varies across the East Azores Transform, leading
to dextral shear in the Betic Range. The regional stress field induced by the
continental convergence can explain the reactivation, in a simple-shear regime,
of basement faults of Hercynian orientation, in particular that proposed for the

Lower Tagus Valley.
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...1ls marchérent vers Lisbonne; ... A peine ont-ils
mis le pied dans la ville ... qu’ils sentent la terre trem-
bler sous leurs pas; la mer s’éléve en bouillonant duns
le port, et brise les vaisseauz qui sont & l'ancre. Des
tourbillons de flamme et de ceindres courent les rues et
les places publiques; les maisons s’écroulent, les toits
sont renversés sur les fondements, et les fondements se
dispersent; trinte mille habitants de tout dge et de tout
seze sont écrasés sous les ruines ...

Quelques éclats de pierre avaient blessé Candide;
il était étendu dans la rue et couvert de débris. Il di-
sait @ Pangloss: "Hélas! procure-moti un peu de vin et
d’huile; je me meurs. - Ce tremblement de terre n'est
pas une chose nouvelle, répondit Pangloss; la ville de
Lima éprouva les mémes secousses en Amerigue l'année
passée; mémes causes, mémes effects; il y a certaine-
ment une trainée de souphre sous terre depuis Lima
jusqu’d Lisbonne. - Rien n’est plus probable, dit Can-
dide; mais pour Dieu, un peu d’hutle et de vin.

In Voltaire's Candide ou I’Optimisme.

To my Family,
and to the Memory of my Father,
I dedicate this work.

J.F.
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Preface

The RESTE Project (Rede de Estagoes Sismicas Tempordrias da Estremadurae
/ Temporary Seismic Network of Estremadura) was initiated in April 1987, when
the Department of Geological Sciences of the University of Durham and the In-
stituto Nacional de Meteorologia e Geofisica, Lisbon, decided to join efforts to
collect accurate seismographic data in the Portuguese Estremadura, the area
surrounding Lisbon. For a period of eleven months, starting in June 1987, a mi-
croearthquake network was used to provide data for hypocentral locations and
focal mechanism estimates, in an area where moderate to strong seismicity has

been responsible for extensive losses of human lives in the past.

The study of the seismicity (chapter 4) is but a part of the RESTE pro-
gramme. After a critical overview of the bibliography on the geological evolution
of Iberia through the major tectonic events that shaped its present characteris-
tics (Hercynian Orogeny, openning of the Central Atlantic, openning of the North
Atlantic, Alpine Orogeny; chapter 1), the structural style and evolution of the
Estremadura are investigated (chapters 2 and 3), with the help of commercial
geophysical data (seismic maps and sections, well data and gravity map). A new
geodynamic model to explain the neotectonics of Iberia is derived through the
integration of seismological and geological data (ché,pter 5). Finally, teleseismic
data recorded at the RESTE stations are used to explore what can be learned
about the deep structure of the lithosphere underneath the network, using tomo-

graphic inversion (chapter 6).

The approach followed throughout this thesis stems from the fundamental
assumption that intraplate neotectonics cannot be understood with seismologi-
cal data alone (Blenkinsop et al.,1986; Long, 1988). The intrinsic scarsity and
the diffuse nature of earthquake data in the plate interiors create a challenge for
the geophysicist, which can only be met through an effort to bring toghether the
contributions of seismology, structural geology, sedimentology and basin analysis,
side by side with the methods of geophysical exploration. From this interdisci-
plinary standpoint, and with a criterial application of the ideas developed during
the plate tectonics revolution (and more recently during the continental defor-

mation revolution), some light may be shed on the grey area of the processes
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taking place away from the boundaries of the plates.

It is widely accepted today, eleven years after the classic work of L. Sykes, that
the active tectonics of most intraplate regions under compression are controlled
by the distribution of crustal weaknesses inherited from the youngest orogenic
event in which the area was directly involved. Although the deformation of the
interior of the continents can still be seen, like its interplate conterpart, as the
search for a minimum-energy stable crustal configuration compatible with a par-
ticular set of boundary conditions, the "energy budget” involved is not adequate
to provide the disruption of homogeneous crust. Relatively fresh fault zones, not
welded by extensive volcanism or metamorphic processes, can nevertheless be
reactivated and used as strain guides, allowing the continental crust to adjust to

the ever changing (in a geological time scale) conditions at the plate margins.

The western margin of the Iberian Peninsula provides a prime example of
the type of "tectonic memory” described above. It is therefore adequate to start
the discussion of the current tectonic activity back in the times of the Hercynian
Orogeny, when most of the structural background that can be observed today
had its origins. This will be covered in the first chapter, which starts with a
discription of the main structural divisions that are usually considered in the

western Peninsula; detailed accounts may be found in Julivert et al.(1974) and
Ribeiro et al.(1980).

13



Chapter 1

Geology and Tectonic Setting of Portugal

1.1 Structural provinces of Iberia.

The regional geology of Iberia (Figure 1.1) is dominated by a large block of
granitic basement of Hercynian age, the Hesperic Massif. To the W lie two Meso-
Cainozoic depressions to which particular attention will be devoted throughout
this thesis: the Lusitanian Basin and the Lower Tagus and Sado Basin. To
the S the Algarve Basin, formed during the Mesozoic, gives way westwards to
the Guadalquivir Basin, blanketed by Tertiary sediments, which separates the
Hesperic Massif from the Betic Cordillera. Three other important basins cover
a considerable part of the eastern half of Iberia: the Douro Basin and the Tagus
Basin, occupying symmetrical positions around the Central Cordillera, a major
structural feature of the basement, and the Ebro Basin to the NE, separated
from the previous two by the Iberian Cordillera. The Pyrenees and the Cantabric

Chain occupy the NE extreme of the Peninsula.

According to the way in which they were affected by the Hercynian Orogeny
several zones may be considered, forming a pattern characterized by a tightly
arcuate shape, the Ibero-Armorican Arc (Figure 1.2). The axis of the Orogen
corresponds to the Centro-Iberian Zone, dominated by syn-orogenic granites,
which give place to the SW, accross the Coimbra-Cordoba Shear Zone, to the
metamorphic rocks of the Ossa-Morena Zone, characterized by abundant Precam-
brian outcrops. The northwestern part of the contact is a first order structural
discontinuity, the Porto- Abrantes Fault, whereas to the SE the Ferreira Thrust,
dipping towards the SW, puts the deformed Precambrian rocks on top of the
Hercynian granites. The next structural unit to be found to the SW and S is the
South Portuguese Zone, which comes into contact with the Ossa Morena Zone

at the Iicalho Thrust, in this case dipping towards the NE.
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:

Whilst the basement geology of SW Iberia may have been affected by the
Carboniferous scenario of subduction at the southern margin of Laurasia, it was
however the subsequent continent-continent collision that determined the struc-
tural grain of the Peninsula as we see it today. The fundamentals of the dias-
trophism that affected most of Europe and Northern Africa in the Late Palaeozoic
will now be described, as it had a bearing on the subsequent evolution of Iberia

throughout the Mesozoic and Cainozoic times.

The Hercynian heritage.

After the final closure of the Iapetus Ocean in the Mid Devonian, the tectonic
setting of western Europe was dominated by the northerly subduction of the
Proto- Tethys Ocean under the southern border of the Laurasian Megacontinerit
(Ziegler, 1982)." Several microcontinents (Austro-Alpine, Avalon, Iberia), were
sequentially accreted at the plate boundary, causing a step by step southward
migration of the subduction zone. Iberia collided with Laurasia during the late
Early Carboniferous, and a zone of N-S sinistral shear (NNW-SSE in present
coordinates) probably linked two offset zones of subduction during the latest
stages of the northward displacement (Figure 1.3). This led to the complex
shape of the Iberian part of the Hercynian fold belt. Carboniferous troughs
(Douro-Beira, Santa Suzana, Bugaco) ranging in age from Late Westphalian to
Late Stephanian (Teixeira, 1981) developed along major strike-slip basement
faults (Ribeiro et al., 1980). In cross section, the reverse faults of the Ossa
Morena Zone diverge upwards across a belt some 100km wide (Julivert et al.,
1974, their Figure 6), in a pattern that is possibly evocative of the importance

of transpression during the Hercynian Orogeny.

The consolidation of the Hercynian fold belt was not synchronous along its
length; by the end of the Carboniferous the mountain building process was al-
ready dormant in western and central Europe, but crustal shortening continued
to the W (Apalachians) and to the E (Urals) until the end of Early Permian times
(Ziegler, 1982). This was achieved by the development of a dextral “Megashear”
zone, 10000 km long and 1000 km wide, connecting the two active belts through
most of the recently consolidated section of the orogen (Arthaud and Matte,

1977). The main strike-slip faults had an E-W orientation, forming angles of 20
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1.3

to 30 degrees with the strike of the shear zone. They measure several hundred
kilometres in length and show tens of kilometres of offset. The best preserved
examples are the South Atlas Fault of Morocco and the Biscay-North Pyre-
nean Fault (Figure 1.4a). The Chedabucto Fault to the S of Newfoundland may
have had a continuation through Gibraltar, although no positive evidence can be
found due to the Alpine tectonic overprint. In western Iberia, a set of left lateral
strike-slip faults were particularly well developed (Figure 1.4b), with dominant
directions of 030° and 015°. Several dextral faults with directions close to 310°

also originated in this period.

When the transpressional setting of the Late Carboniferous-Early Permian
gave way to the tensional regime that was to dominate during the Mesozoic, a
vast network of strike-slip faults criss-crossed the Hercynian basement of western
Europe. These structures were to dominate the mechanical behaviour of the

crust throughout the next 250 million years (Le Pichon et al., 1977).

Early Mesozoic evolution.

Extension and rifting were the dominant processes taking place in western
Europe during the Early Mesozoic, and the weak lithosphere inherited from the
Hercynian Orogeny was probably instrumental in allocating to the western mar-.

gin of Iberia part of the future passive margin of the North Atlantic.

At the bottom of the sedimentary fill of the Lusitanian and Algarve Basins,
the Upper Triassic siliciclastic formation “Gres de Silves” rests unconformably
on top of Palaeozoic and Precambrian basement (?ala.in, 1979; Ribeiro et al.,
1980). This gap (the Permian and Early Triassic being almost entirely absent in
Portugal) marks a stage of erosion of the Hercynian mountains, and corresponds
to the transition from the compressive tectonics of the Late Palaeozoic to the

Mesozoic desintegration of Pangea (Dewey et al., 1973; Manspeizer, 1981).

In the Central and North Atlantic, the breakup of Pangea was not syn-
chronous, the onset of sea floor spreading ranging from Middle Jurassic between
North America and Africa to Early Palaeocene in the Nbrwegian Sea and Baf-
fin Bay (Bally, 1981). When the northward propagating rift reached the zone
between the Canary Islands and southern Iberia, it interfered with the tectonic
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activity in the Tethys Ocean (Dewey et al., 1973; Stetz and Wurster, 1982). In
fact, to the N of the South Atlas Fault the African continent was no longer a
stable craton, having been dissected by the Late Hercynian Megashear Zone.
This provided a zone of crustal weakness that was reactivated under the new ex-
tensional regime, creating seaways for the westward transgression of the Tethys
Ocean. The South Atlas Trough separated Africa from the small continental
fragments of the Oran and Moroccan Mesetas, themselves separated by the Mid-
dle Atlas Trough (Dewey et al., 1973). Faunal evidence for this Atlantic-Tethys
connection is clear in Morocco (Manspeizer et al., 1978) and Portugal (Mouterde
et al., 1979). At the same time (Early Jurassic), deep water sediments were
deposited and alkaline volcanics were erupted along the troughs of northwestern
Africa (Dewey et al., 1973). In Portugal, the Algarve Basin was sharing the vol-
canic activity and sediment facies of the Moroccan province (Aires-Barros, 1979;
Ribeiro et al., 1980). In Spain, clastic deposition and alkaline volcanism were
taking place in the Betic and Iberian Cordilleras. Along the Pyrenees-Biscay
Trough, another seaway connected the Tethys Ocean to the basins of northwest-
ern Europe (Ziegler, 1982; Gaeley, 1988).

The Lusitanian Basin, whose first stages of subsidence date from Late Tri-
assic to Middle Jurassic, has a clear genetic relation with the early episodes
of rifting described above. However, it is different from most Early Jurassic
troughs of Iberia and NW Africa in that it does not show significant volcanic
activity associated with its early evolution. In Portugal only the Algarve Basin
shows important basic magmatism during this period (Aires-Barros, 1979). It is
therefore difficult to relate in a direct marnner the origin of the Lusitanian Basin
to a thermal event of the type invoked by Wilson (1974) to explain rifting fur-
ther north offshore Northwest Iberia and by Manspeizer (1978,1981) to explain
the Morrocan rifts. This illustrates the more general difficulty of assessing the
dominance of either thermal or mechanical factors as the origin of the complex
and somewhat obscure process by which continents split to give birth to oceans
(Burke, 1976, 1980; Bott, 1980; Keen and de Voogt, 1988). Such variations on
rifting style along the same margin may be indicative of the validity of the model
of detachment-controlled assymetric rifting (Wernicke and Burchfield, 1982; Lis-
ter et al., 1986), which accounts for the development of several different tectonic

provinces separated by first order transfer faults (Gibbs, 1984). This model has
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been proposed for the Portuguese margin by Wilson et al. (in press), and will be

further discussed in section 3.4.
Late Mesozoic evolution.

The opening of the North Atlantic.

One of the challenges of studying the tectonic evolution of Iberia is the de-
termination of the boundary between continental and oceanic crust, i.e., the line
along which the successful onset of sea floor spreading took place. All pre-split
reconstructions of the North Atlantic are dependent on some ad-hoc assumption
regarding this boundary (Dewey et al., 1973; Le Pichon et al., 1977; Kristof-
ferson, 1978; Masson and Miles, 1984; Srivastara and Tapscott, 1986). This
uncertainty notwithstanding, it is clear that the location of the Lusitanian Basin
has little connection with the inception of the ocean. Several reasons support the
assumption that the successful rifting between Iberia and the Grand Banks of
Newfoundland was accomplished after a jump of the rifting axis towards the W,
to the place where the true ocean-continent boundary is presently located. The
main argument is the existence offshore Portugal and W of the Lusitanian Basin
of a block of shallow granitic basement, presently outcroping at two small islands,
Berlengas and Farilhdes. This positive block is not due to the later Alpine evolu-
tion of the area, as can be established by the analysis of the stratigraphic record:
Vanney and Mougenot (1981) and Guery (1984) recognize this basement block
as a westerly source of clasts to the Lusitanian Basin throughout the Jurassic
and Cretaceous and during the Oligocene, and considered it a permanent feature

of the Mesozoic palaeogeography.

Figure 1.5 shows the configuration of the set of Early Jurassic rift basins on
both sides of the Atlantic. In the Grand Banks, a large number of small elongated
rift basins can be found which to the S of Flemish Cap are oriented NE-SW
and are offset by NW-SE transform faults (Figure 1.5) ; to the N of that point
the pattern is reversed: the basins now trend NW-SE, and the transform faults
strike NE-SW. Although the geometry of the offshore extension of the Lusitanian
Basin is not well known, it seems to reproduce a similar pattern: to the S of

latitude 40°N, the basin cuts the shoreline at an oblique angle, striking NNE-
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SSW; it reaches inland as far as the Porto-Abrantes Fault and then (probably)
swings to the W, crossing the shoreline again and defining, with the offshore
Porto and Inner Galicia Basins, a NNW-SSE trend. There was an interval of 40
million years between the end of the Early Jurassic rifting pulse that shaped the
Lusitanian Basin and the rifting episode that was to evolve successfully into the
opening of the ocean (Tankard and Welsink, 1987; Hubbard, 1988). This was
a period of major tectonic modifications taking place in the vicinity of Iberia.
With the northward propagation of sea floor spreading in the Central Atlantic,
the Moroccan block to the N of the South Atlas Fault started to move to the E
even faster than the African craton, reversing the polarity of strike-slip in that
fracture and partially closing the High Atlas Trough (Dewey et al., 1973). The
changes in stress regime at the latitude of the Lusitanian Basin were probably
important énough for its geometry to become obsolete. This may have favoured
the westward jump of the rifting axis to its final position, now striking N-S and

offset by NW-SE transforms only (Figure 1.6).

Once sea floor spreading started to the N of the Azores-Gibraltar Transform
in the Barremian (Masson and Miles, 1984), a new element was introduced which
recorded the tectonic evolution of Iberia: sea floor magnetic lineations. Unfor-
tunately, most of the initial stages of drifting took place during the Cretaceous
Magnetic Quiet Period, and only at anomaly 33 time (80 Ma) did a clear pattern
start to be imprinted. Between the inception of sea floor immediately to the N
of the Azores-Gibraltar Transform and the Late Aptian (118 Ma; anomaly M0)
when drifting started offshore Galicia and in the Iéay of B{scéy (G‘ro.upe Galice,
1979; Montadert et al., 1979; Boillot et al., 1987), an additional complication
was introduced by the fact that the rift-drift transition was diachronous along
the western Iberian Margin (Masson and Miles, 1984). Also, the Alpine defor-
mation was important offshore SW Iberia, making the identification of magnetic
lineations even more problematic. Nevertheless, the wavelength character of the
anomalies can be considered even when particular lineations cannot be identi-
fied, and this will be done for the interval between the Barremian and anomaly
34. Figure 1.6 shows the magnetic anomaly chart of Verhoef et al. (1983) as

background to the following discussion.
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The Deep Sea Drilling Project showed that the Gorringe Bank, 110 km off
the SW corner of Portugal (Cape Sao Vicente), is a slab of uplifted oceanic crust
(Ryan and Hsu, 1973). To the N, offshore Galicia, the ocean-continent boundary
is further W, surrounding the seaward protuberance of the Galicia Bank (Groupe
Galice, 1978). In between lies an area of deep water, with the Iberian Abyssal
Plain to the N and the Tagus Abyssal Plain to the S, where the boundary cannot
be located in a conclusive manner. The first strong magnetic anomaly borders
the western margin of the Tagus Abyssal Plain, in clear association with the
structural high of the Madeira-Tore Rise, and was identified by Masson and
Miles (1984) and Srivastara and Tapscott (1986) as anomaly M0. This anomaly
corresponds to the continent-ocean boundary W of the Galicia Bank and in the
Bay of Biscay (Verhoef et al.,1985), but considerable amounts of older oceanic
crust (Valangian-Aptian) are likely to exist to the S. In fact, the transition from
magnetically quiet to magnetically noisy crust, trending N-S between 37°N and
41°N, steps towards the W with increasing latitude, indicating the existence of
NW-SE transform faults that were active during the early stages of sea floor
formation (Figure 1.6). These transforms allowed for the differential spreading
rates implied by a northward propagating rift, and the control they imposed
on the sedimentation in marginal basins is documented offshore Newfoundland
(Tankard and Welsink, 1987) and in the European continental shelf (Masson and
Miles, 1986). As a consequence of their role, oceanic crust of increasingly older

age should be found with decreasing latitude, offshore Portugal.

The nature and age of the crust underlying the Tagus Abyssal Plain, which is
key to the issue under discussion, has been the subject of different interpretations.
Le Pichon et al. (1977) pointed out that a large gap would result in the fit of
the continents if the area were floored by Mesozoic oceanic crust, and suggested
that a Palaeozoic oceanic or continental crustal character for this area would
overcome the difficulty. Mason and Miles (1984) also rule out, on geometric
grounds, Mcsozoic sea floor spreading in the abyssal plain, and propose that it
is floored by Palaeozoic continental crust. Mauffret et al. (in press) prefer a
continent-ocean boundary much closer to the shoreline, and introduce a Late
Jurassic spreading episode, abandoned in the Early Cretaceous by a westward

jump of the spreading axis, to justify the presence of oceanic crust in the area.
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1.4.2

The nature of the crust underneath the Tagus Abyssal Plain is the object of
research currently underway (L.M. Pinheiro, pers. comm.), and with the evidence
available to date it is not possible to exclude a possible continental character,
nor is it possible to confirm it. This hypothesis, leading to a 250 km wide zone
of continental crust offshore Portugal, is consistent with recent results of deep
seismic reflection studies that indicate less extension of continental crust than

usually assumed offshore Newfoundland (Keen and deVoogd, 1988).

Besides the location of the ocean-continent transition, another outstanding
problem of the tectonic evolution of Iberia is its time-varying links with either
Africa or Eurasia. After the Late Hercynian fracturing of the Hercynian Belt
and the extensional tectonics of the Early Mesozoic, Iberia was a fragment of
continental crust with little continuity towards the N (Biscay-Pyrenees Trough)
or S (Algarve-Guadalquivir Trough and High Atlas Trough). Based on sea floor
spreading data, Klitgord and Shouten (1986) conclude that Iberia was part of
the African Plate from the beginning of drifting to anomaly 10 time (30 Ma),
well into the Cainozoic. The reconstruction of Masson and Miles (1984), in an
attempt to solve the pre-drift overlap of the Galicia Bank and the Flemish Cap,
implies some degree of relative motion between Iberia and Africa during the early

stages of spreading (Srivastara and Tapscott, 1986).

The discussion of the geodynamics of Iberia (chapter 5) will show that the
ambiguity of its movements was to persist throughout the Cainozoic and into
the present. But before proceeding to this, the evidence and discussions on the

rotation of the Iberian Peninsula will now be reviewed.

The rotation of Iberia.

The classic works of Van der Voo (1969) and Van der Voo and Zijderweld
(1971) established from palacomagnetic evidence that Iberia rotated 35 degrees
conterclockwise between the Triassic and the Late Cretaceous. This framework
was taken into account in all the later continental reconstructions. The mecha-
nism of rotation, however, remains a focus of controversy. Bullard et al. (1965)
“closed” the Bay of Biscay by rotating Iberia around an eulerian pole located on
the axis of the Pyrenees, and thereby improved the geometrical fit of the conti-

nents. Le Pichon and Sibuet (1971 a,b), based on onshore structural data, ar-
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gued in favour of a pole of rotation near Paris, implying large amounts of dextral
strike-slip along the Pyrenees during the opening of the Bay of Biscay. Masson
and Miles (1984) claim that the pre-anomaly 34 evolution is best explained as a
single rotation, and exclude major transcurrent movement in the Pyrenees dur-
ing the Early Cretaceous. Schott and Peres (1988) argue again in favour of the

transcurrent model, based on palaeomagnetic data from the Pyrenees.

Galdeano et al. (1989), based on palaeomagnetic data collected to the W
of Lisbon, propose that the post-Aptian opening of the Bay of Biscay was due
to transcurrent movement of Iberia without rotation, and introduce an earlier
Late Jurassic simple rotation as a radical solution to the problem of the rotation
of Iberia. In view of the tectonic setting of Western Iberia during the Late
Jurassic, discussed in the previous section, palacomagnetic data pertinent to
this stage of evolution ought to be considered with great caution, since localized
block rotations associated with the northward propagation of the rift may have
occurred, and these would produce results undistinguishable from those of a rigid-
body rotation of the Peninsula. The more conservative view that the rotation
of Iberia and the opening of the Bay of Biscay took place at the same time and

after the Late Aptian (as indicated by sea floor spreading) is therefore prefered.

Late Cretaceous reorganization.

Simultaneously with the rotation of Iberia, the first stages of continental
collision were taking place in the Eastern Mediterranean, following the consump-
tion of the Tethys Ocean (e.g., Gealey, 1988). On the Canadian margin, the
stratigraphy indicates a steady period of post-rift thermal subsidence outpacing
sediment supply and leading to the deposition of a thick transgressive megase-
quence between the Cenomanian and the Mid Oligocene (Tankard and Welsink,
1986; Hubbard, 1988). This is in sharp contrast with the evolution of the Lusita-
nian Basin, were a Cenomanian transgression was followed by a period of uplift
and erosion starting at the Turonian and lasting through the remaining Creta-
ceous and Early Palaeogene (Berthou and Lauverjat, 1979). The Nazaré Fault
had an important role in this phase of tectonic instability, marking the northern
limit of the uplifted area, and was the locus of basaltic extrusions (Figure 1.7)

during the Late Cretaceous (Aires-Barros, 1979).
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It seems that the end of the Cenomanian transgression marks a turning point
when most of the control on the tectonics of the Portuguese margin shifted from
the Atlantic to the Mediterranean, thereby truncating prematurely a passive
margin type of evolution. To the S, the High Atlas Trough of Morocco was also
evolving from transgressive deposition in the Cenomanian (Wurster and Stetz,
1982) to structural inversion from the Turonian onwards (Stetz and Wurster,
1982). In the Alps, Dewey et al. (in press) assign to the Cenomanian-Turonian
boundary the onset of northeasterly directed convergence between Africa and
Europe. With the “tightening of the grip” between the two plates, tectonism
was likely to propagate well into the continents. In southwestern Portugal, the
emplacement of alkaline intrusives in Sintra, Sines and Monchique (Figure 1.7)
during the Late Cretaceous (Aires-Barros, 1979) may indicate the switch to the
new tectonic regime, which was to reach its greatest intensity during the Eocene

and during the Miocene.
Cainozoic eveolution of Iberia.

Collision with Europe.

The Early Cainozoic collision between Iberia and Europe is well recorded
in the Pyrenean Chain. However, no agreement has been reached about the
direction of the convergence leading to the collision. Le Pichon and Sibuet (1971)
assumed that the continental collision was caused by the movement of Iberia
towards the NE at the end of the Cretaceous. But Grimaud et al. (1982),
using the vast amounts of seismic reflection and magnetic data acquired during
the 1970’s, identified an E-W Early Cainozoic active margin to the N of Iberia
offset by NW-SE transform faults (Figure 1.7), and favoured therefore a NW-
SE direction of convergence. Schott and Peres (1988) described palaeomagnetic
evidence for clockwise block rotations of up to 102° in the Pyrenees which they
attributed to Early Cainozoic compression and dextral shear along the Pyrenean

fold belt, which is in good agreement with the model of Grimaud et al. (1982).

Whether Iberia is considered a promontory of Africa or an independent mi-
croplate during the Early Cainozoic, the outstanding problem that remains to be

solved is the westward continuation of its northern boundary, i.e., the offshore
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accommodation of the relative movements. Le Pichon and Sibuet (1971) first
addressed this problem, extrapolating the Pyrenees-Biscay trend into the ocean
along the Azores-Biscay Rise and the King’s Trough (Figure 1.7). As a result
of their assumed SW-NE motion of Iberia, a compressive origin was attributed
to the King’s Trough. Grimaud et al. (1982) proposed a model with similar
geometry but different motions, the King’s Trough now being predominantly
transcurrent. However, the clear evidence put forward by Kidd et al. (1982)
for the extensional origin of that structure sheds doubt on the validity of both
interpretations, as does the continuation of the Azores-Biscay Rise towards the
SW past the King’s Trough. Also, the chart of magnetic anomalies of Verhoef
et al. (1986) shows clearly that the Mesozoic anomalies 34 to 31 cut obliquely
across the Azores-Biscay Rise without distortion, weighing therefore against an

Early Cainozoic plate boundary in the area.

By the end of the Eocene the plate tectonic setting changed drastically (e.g.,
Rona and Richardson, 1978): the movement of Africa with respect to Eurasia
was re-oriented to a northwesterly direction, with a pole of rotation near the
Canary Islands (Dewey et al., in press). An E-W plate boundary was established
to the E of the Azores Triple Junction, showing extension at its eastern end and
pure dextral strike-slip along the 700 km long Gloria Fault, passing into a zone
of NW-SE convergence near the 16°E meridian. This is essentially the situation
that prevails today (Figure 1.8), as indicated by the seismic activity (Purdy,
1975; Moreira, 1985; Grimison and Chen, 1986; Buforn et al., 1988). For this

reason the Miocene deformation of Iberia will be discussed in some detail.

Collision with Africa.

With the new direction of convergence between Africa and Eurasia, charac-
terized by an E-W component of movement of the former relative to the latter,
the tectonic setting of Iberia changed from continental collision to the NE to
continental collision to the SE. The peak of tectonic activity that caused the
uplift of the Pyrences in the Eocene was followed in the Mid Miocene by the
tectonism recorded in the Betic Chain of Southeast Spain and in the Rif Chain
of Northern Morocco (Julivert et al., 1974; de Smet, 1984).
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Contrasting with the Pyrenean Orogeny, the Miocene continental collision
caused widespread deformation throughout Iberia. From this period dates one
of the main structural features of Spain, the Central Cordillera (Figure 1.1), the
origin and structure of which are poorly understood. It is composed of several
mountain ranges striking NE-SW (Somosierra, Guadarrama, Gredos, Gata, Pefia
de Francia), and can also be traced across Portugal along the Estrela, Aire,
Candeeiros and Montejunto Ranges, totalling more then 500 km in length. It
consists of uplifted and tilted basement blocks, in places vertically offset as much
as 3000 meters with respect to the basement underneath the flanking basins
(Julivert et al., 1974). Another important structure of Miocene age is the Iberian
Cordillera, this time striking in a NW-SE direction.

In Portugal, the Montejunto and Candeeiros Ranges (Figure 2.1), correspond-
ing to the western termination of the Central Cordillera, were the scope of a
preliminary structural investigation under the aegis of the RESTE Project (Hut-
ton and Gawthorpe, 1988). Here, a wealth of diagnostic features indicate the
dominance of sinistral strike-slip during the Miocene deformation, and the offset,
but probably linked, Arrdbida Range (Figure 2.1) was also interpreted as a sinis-
tral transpressive structure (Fonseca et al., 1988; Hutton and Gawthorpe, 1988;
and also Montenat et al., 1988). The more localized study of Guery (1984) also
identified sinistral strike-slip as the origin of the deformation of the Montejunto

Range.

Regarding the offshore, the multichannel seismic reflection data of Mauf-
fret et al. (in press) shed unprecedented light on the tectonic structure of the
Portuguese continental margin. The authors discribe with particular detail the
Miocene tectonic event and reveal the presence of important NNE-SSW strike-slip
faults with transpressive structures and probable sinistral movement, particularly
important to the S of latitude 38 °N. The westernmost and most important of
such faults runs along the strike of the Montejunto-Candeeiros lineament. “Pull-
apart” basins and compressive ridges associated with the strike-slip faults are

also described.

1.5.3 Active tectonics.

The structural and seismotectonic complexity of the Euro-African plate bound-
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ary between longitude 16° W and the Strait of Gibraltar have been the subject
of numerous studies. Minster and Jordan’s (1978) RM2 model of relative plate
motions positioned the African pole of rotation at latitude 25.23+4.23 N and
longitude 21.194+0.98 W, with a rate of anticlockwise rotation of 0.104+0.036
°/Ma. Searle (1980) mapped the tectonic elements of the Azores triple junction,
and concluded that they are in good agreement with this pole position. Buforn
et al. (1988) used a selection of the source mechanisms between the Azores and
Gibraltar to propose a slightly different position of the pole, at 28.2° N and 21.1°
W. Whatever result is prefered, it will still explain the main characteristics of the
contact between the plates along its 4500 km of length, namely crustal accretion
at the Azores triple junction (Terceira Rift) passing into pure dextral strike-
slip along the Gloria Fault or East Azores Transform and then into ocean-ocean

oblique convergence and continental collision.

Purdy (1975) conducted what was probably the first detailed and integrated
geological-geophysical investigation of the eastern end of the “Azores-Gibraltar
Transform”. He concluded that the mechanical behaviour of the lithosphere was
atypical of areas of lithospheric consumption, in view of the absence of a clear
Benniof Zone; perhaps for the first time, the inadequacy of Plate Tectonics to

explain small-scale complexities in convergent boundaries was clearly stated.

Udias et al. (1976) argued in favour of the continuation of the linear plate
boundary towards the E as far as Gibraltar, and supported an earlier sugges-
tion that the Alboran Basin (westernmost Mediterranean) might correspond to
an independent microplate, explaining in this manner the more diffuse seismic-
ity to the east of the Strait of Gibraltar. The existence of very deep (~650 km)
earthquakes showing E-W compression in the Granada region (SE Spain) was at-
tributed by these authors to a detached piece of lithosphere subducted eastwards

at a palaeo-subduction zone at the Gibraltar Arc.

More recently, Grimison and Chen (1986) revised some earlier hypocentre
parametres for events E of longitude 18” W, and concluded in favour of a wide
(100 to 300 km) zone of distributed deformation, rather than any particular
linear trend identifiable as a plate boundary. Although the authors recognized

the consistency of the orientation of the P-axes of the source mechanisms, giv-
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ing NNW-SSE horizontal compression, they observed that the slip vectors were
widely scattered around the directions predicted by the broadly accepted African
pole of rotation (Minster and Jordan, 1978). The absence of a single plate bound-
ary in the region was partly attributed to limited lateral offset of the two plates,
causing two pieces of mechanically and thermally similar oceanic lithosphere to
collide (Karner et al., 1985). The seismicity of the zone of continental collision

west of Gibraltar was very poorly reported in this study.

Buforn et al. (1988a, b) also revised previous results regarding focal mecha-
nisms, including the area to the S of Portugal and Spain, and contended that the
observations are better explained in terms of a subduction zone between Africa
and Iberia, with lithospheric material being pushed under Iberia in a northwest-
erly direction. The deeper (650 km) earthquakes were still attributed to a relic

slab, its subduction being independent of the current tectonic processes.

In the interior of Iberia, the active tectonics become more intense towards
the Mediterranean, and are particularly significant in the Betic Chain, in the
Catalan Chain and in the Pyrenees (Julivert et al., 1974). In the hinterland,
most of the fracture tectonics of the Miocene (Central Cordillera, Iberian Chain)
seem to have terminated at the end of that period, although some isolated places
(Montes de Toledo, Campo de Calatrava) display clear neotectonic deformation,

sometimes accompanied by alkaline volcanism (ibid.).

Close to the western margin of Iberia the neotectonics have clear expression
again. From the extreme N (Galicia) to the extreme S (Algarve), the coastal
region shows a dense network of faults with signs of activity during the Quater-
nary, extending farther inland in the northern region of Portugal (Julivert et al.,
1974; Cabral, 1986). According to the indications of the seismicity, the current
faulting in the Portuguese territory is more intense in the region between the
Nazaré Fault and the Arrdbida Range (Estremadura), in the Algarve and in the
Northeast of the country (Moreira, 1985). Besides faulting, the neotectonics of
Portugal are also characterized by regional uplift, more important in the North,
where it reached 450 m during the Quaternary, than in the South, where it was

of the order of 250 m during the same period (Cabral, 1986).
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In chapter 5 the problem of the current geodynamics of Iberia will be adressed
again, and an alternative model will then be proposed. In the next chapter, the
discussion will be focused on the evolution of the Lusitanian and Lower Tagus

Basins throughout the tectonic episodes that have been described till now.
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Chapter II

Analysis of the Meso-Cainozoic Lusitanian and Lower Tagus Basins

2.1 Broad structure of the basins.

The Meso-Cainozoic cover of western Portugal may be divided into three
main zones (Figure 2.1): the Lusitanian Basin sensu stricto, characterized by
the outcrop of Mesozoic sediments; the Lower Tagus (and Sado) Basin, to the
SE of the former, with Tertiary and Quaternary cover; and the Monte Real
Basin to the NW, also covered by Cainozoic sediments. The Mesozoic is also
present in the flanking basins ; however, drastic changes in the sedimentary
columns (Figure 2.2) reflect the existence of major tectonic boundaries between

the different regions.

The boundary between the Monte Real and the Lusitanian Basins is the
Nazaré Fault, a major tectonic structure associated with the Nazaré Submarine
Valley on the continental shelf and separating areas with different structural style
(Vanney and Mougenot, 1981; Wilson et al., in press). Between the Lusitanian
and the Lower Tagus basins the boundary is more complex (Figure 2.1): to the N
of Lisbon it follows the NNE-SSW Vila-Franca Fault for 25 km, to inflect along a -
less defined N-S trending fault towards the Montejunto Range; here it regains the
NNE-SSW trend, this time with a complex geometry due to the presence of large
rotated blocks (Hutton and Gawthorpe, 1988), and is truncated near Tomar by
the Porto-Abrantes Fault. In the vicinity of Lisbon, the boundary between the
Mesozoic and Cainozoic sediments is lost within the Lisbon Volcanics, emplaced
near the transition to the Cainozoic (Aires-Barros, 1979; Telles-Antunes, 1979).

Taking into account the tectonic boundaries and difterences in the sediment
record, further divisions may be considered within the Lusitanian Basin: to
the N of the Torres Vedras-Montejunto Fault, the Bombarral Sub-basin, where

maximum basement subsidence occurred during the Jurassic ; to the S of that
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fault and to the W of the Sobral Fault, the Turcifal Sub-basin; and to the E of
the Sobral Fault, the Arruda Sub-basin.

The Lower Tagus Basin (ignoring its southward continuation, the Sado Basin,
with which it is usually merged to form one single unit) shows two distinct de-
pocentres, which can be called the Setiibal Peninsula Sub-basin and the Ribatejo
Sub-basin. Both of these are very clear on the Bouguer anomaly pattern (Figure
2.3a) and are separated by the N-S trending Alcochete Fault Zone (unpublished
data, GPEP; Fonseca et al., 1988).

Subsurface structure.

Published studies of the subsurface geology of the Lusitanian Basin are rare,
and the exceptions are mostly concerned with sedimentological aspects (Guery,
1984; Guery et al., 1986; Montenat et al., 1988; Wilson,1988; Wilson et al., in
press). For the Lower Tagus Basin, such studies are nonexistent. At an early
stage of the RESTE Project it was felt that the investigation of the structural
characteristics of the two basins was needed to provide a framework for the under-
standing of the active tectonics. Such study was carried out using unpublished
commercial data (seismic sections, two-way traveltime maps, well and gravity
data) kindly made available by G.P.E.P., Lisbon, and also with field work.

Crustal studies in the area of the Lusitanian Basin were carried out in the
late seventies (Moreira et al., 1980; Mendes-Victor et al., 1980). The Nazaré-
Cabo Raso refraction profile (Figure 2.4), parallel to the dominant structural
trend, yielded a crustal thickness of 31 km (Moreira et al., 1980). The Peniche-
Montemor o Novo refraction profile, prependicular to the structural trend (Figure
2.4), gave contrasting results concerning layer thicknesses and interface depths
and tilts for the two margins of the Tagus River (Mendes-Victor et al., 1980).
Figure 2.4 synthesizes the main results of the refraction studies. The crustal
structure for the southeastern extreme of the section is extrapolated from the

Ferreira-Fvora profile of Cactano (1984).

The Bouguer gravity anomaly profiles of Figure 2.3b) show a proeminent
regional increase towards the W (approx. 0.5 mgal km™!). A seaward increase

in gravity is common in Atlantic margins, and reflects the gradual thinning of the
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Main divisions and structural features of the Meso-Cainozoic cover of western
Portugal. Based on Montenat et al. (1988) and Wilson et al. (1988). AIR -
Aire Range; CR - Candeeiros Range; MR - Montejunto Range; AR - Arrdbida
Range; EP - Espigdo Platform; TVMF - Torres Vedras-Montejunto Fault; PF
- Pragancga Fault; SR - Samora Ridge; OF - Ota Fault; SF - Sobral Fault;
VFF - Vila Franca Fault; AFZ - Alcochete Fault Zone. S.B. - sub-basin.
Dots indicate the location of commercial wells, larger dots with code names
indicate wells used in this study.
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continental crust in the direction of the ocean-continent boundary (Grow, 1981;
Keen, 1982). However, according to Figure 2.4b) no such thinning is observed
underneath the Lusitanian Basin. The conspicuously thin crust to the E of the
Tagus River reported by Mendes-Victor et al. (1980) is only a local perturbation,
since the crust then thickens again towards the W. This observations will be
discussed in section 3.3. The short wavelength gravity lows correspond to the

location of Cainozoic depocentres, described in the previous section.

The continental shelf offshore Portugal has been intensively surveyed by sin-
gle channel reflection profiling, and its shallow structure is well known (Mougenot,
1976; Mougenot et al., 1979; Vanney and Mougenot, 1981). Figure 1.4c) shows
the pattern of faulting of the shelf, after Vanney and Mougenot {1981). Although
the faults were only observed in shallow sediments, they are likely to correspond
to the reactivation of deeper structures, and probably provide a broad picture of

the tectonic framework of the shelf.
Evolution of the basins.

Aborted rift stage of evolution.

According to Wilson et al. (in press), the sedimentary fill of the Lusitanian
Basin consists of four megasequences separated by basinwide unconformities. The
first megasequence ranges from Late Triassic to Mid Jurassic, and corresponds
to the first rifting pulse of the Portuguese margin (section 1.3). At this early
stage the Lusitanian Basin did not show yet the differentiation into sub-basins.
With a structure of tilted blocks controlled by the NNE-SSW basement faults,
it accumulated thick layers of evaporites on several 10 ki scale half-graben, and
reached a width of about 100 km, between the crystalline basement block of
Berlengas to the W and the Hercynian granites of the Hesperic Massif to the
E (Guery, 1984). During the Early and Mid Jurassic, this evaporitic complex
was blanketed by open water marine sediments, in turn deformed by the remo-

bilization of the evaporites, which migrated upwards along the block-bounding
NNE-SSW faults (Montenat et al., 1988).
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2.3.2 Successful rift stage.

The absence of latest Calovian-Early Oxfordian sediments constitutes the
first megasequence boundary (Wilson et al., in press), and marks the beginning
of a new tectonic setting related to the early stages of opening of the North
Atlantic. The nature of this relation will be discussed later, bearing in mind
that rifting was taking place at a considerable (and unknown) distance to the
W (section 1.4.1). During the Late Oxfordian and Kimmeridgian, the Berlengas
Block was rejuvenated and sourced clasts to a deep and elongated trough that
developed to its E. The coming into play of a number of N-S trending faults,
for the first time not clearly related to the basement structure (Sobral Fault,
Alcochete Fault Zone), is a characteristic of this extensional episode (Montenat et
al., 1988) The extension was responsible for the subdivision of the trough into the
compartments already mentioned (Turcifal, Bombarral and Arruda Sub-basins).
The Torres Vedras-Montejunto Fault marks the southern limit of the area of
maximum subsidence (the Bombarral Sub-basin), where in places more than 3 km
of Late Jurassic sediments accumulated. To the E the trough was confronted with
a platform-type region of subdued subsidence: the Espigido Platform to the N of
Montejunto, the Ota Horst between Montejunto and the Tagus Valley (Montenat
et al., 1988), and the Samora Ridge between the Tagus River and the vicinity
of Setibal (Figure 2.1). The eastern boundary of the trough trends NNW-SSE
along the Praganca Fault to the N of Montejunto (Montenat et al., 1988), and
N-S to NNW-SSE between Montejunto and Setibal, along the Ota Fault and
the Alcochete Fault Zone. Simultaneously with the deepening of the trough,
the eastern marginal platform was cut by NNE-SSW and NW-SE reactivated
faults (Montenat et al., 1988). At the Oxfordian-Kimmeridgian transition the
Montejunto Range was uplifted and eroded, sourcing carbonate clasts to the
deeper parts of the trough (Wilson, 1988). Similar rejuvenation was probably
taking place in the western border of the Hesperic Massif, since the entire basin
received siliciclastic sediments, which are particularly important in the Arruda
Sub-basin, where the subsidence rate accelerated (ibid.). Wilson et al. (in press)

suggested a “pull-apart” mechanism to explain this fast and localized subsidence.

The latest Jurassic (Portlandian) saw the emersion of most of the Lusitanian

Basin, and the erosion was important in the NE (Espigao Platform) and extreme
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S (Arrdbida), sourcing the deposition of a continental formation (Grés Superior)
to the S of the Tagus River (Montenat et al., 1988). Hutton and Gawthorpe
(1988) assign to this period the beginning of the structural inversion of the central
area of the basin, a process which was to be dominant until the Late Miocene,

and considered it to be induced by strike-slip deformation.

The scarcity of sediments from the Berriasian-Valangian interval, mostly con-
fined to the Lower Tagus Basin and in outcrop to the W of Lisbon, marks the
second megasequence boundary. It is probably a breakup unconformity, since it

preceeded sea-floor spreading offshore Portugal (section 1.4.1).

Passive margin stage.

The third and fourth megasequences of Mesozoic sediments range from Valan-
gian to Turonian, and are separated by an intra-Aptian unconformity (Wilson et
al., in press). The most remarkable characteristic of this period is the reduced
importance of the post-rift sediments (Wilson, 1988; Montenat et al., 1988), in-
dicating that very little thermal subsidence actually took place in the Lusitanian
Basin. Distribution of facies was controlled by the variable degree of incursion
of the sea. The marine environment never reached the area of the eastern plat-
form, where discontinuous terrigenous sedimentation occurred throughout the
Cretaceous (Montenat et al., 1988), indicating spasmodic episodes of structural
inversion. Inside the trough, the intra-Aptian boundary and a subsequent Late
Albian unconformity were caused by episodes of uplift and erosion (Rey, 1979).
The palaecomagnetic data of Galdeano et al. (1989) may indicate that this was
followed by block rotations to the W of Lisbon (Hauterrivian-Barremian), in
agreement with the idea that the structural inversion was caused by strike-slip

tectonics.

Finally, the Cenomanian was a time of widespread transgression in the Lusi-

tanian Basin, with the sea reaching as far E as the Porto-Abrantes Fault.

Sea-floor spreading in the Bay of Biscay and the rotation of Iberia were
important tectonic events of the late Early and early Late Cretaceous, but the
uncertainties regarding its mechanism (section 1.4.2) make it difficult to assess

its impact on the evolution of the Portuguese basins.
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2.3.4 Early Alpine stage.

In contrast with the important Cenomanian transgression, during the Tur-
onian the entire area between the Nazaré and Arrdbida Faults emerged, and
the marine environment was restricted to the N of the former. This scenario
was to last through the remainder of the Cretaceous: none of the exploration
wells of the Lusitanian and Lower Tagus Basins show deposits from the latest
Cretaceous, nor can they be observed in outcrop, with only two exceptions of
reduced expression to the N of the Nazaré Fault (Berthou and Lauverjat, 1979).
The late stages of the Mesozoic evolution point in fact to a phase of important
unstability (Telles-Antunes, 1979). This is underlined by the emplacement of the
Sintra intrusive and the extrusion of the Nazaré Basalt (Aires-Barros, 1979) and,

according to Telles-Antunes (1979), the Basaltic Complex of Lisbon.

The importance of the Late Cretaceous erosional episode in the Lower Tagus
Basin is variable (Figure 2.5), and can be used to investigate the tectonic evolu-
tion of the area to the S of the Tagus River. The well Ms-1 (unpublished data,
GPEP), sampled 337 metres of Upper Cretaceous sediments, but in Br-2, on the
south margin of the river, Eocene sandstones (Benfica Formation) rest uncon-
formably on top of late Early Cretaceous rocks. Further E, in Mj-1, the same
Eocene formation lies now on top of Kimmeridgian limestones. To the NE of
that point and across the Alcochete Fault Zone, in the well Sa-1A, the contact
is with Mid Jurassic deposits, whereas in PN-1 the transition is between the
Miocene and the evaporitic series at the base of the Mesozoic. Although this
pattern may be in part due to the absence of deposition, it suggests the tilting
towards the NW of a block defined by the Arrabida Range, the Alcochete Fault
Zone and the Lishon-Sintra trend, followed by the erosion of the uplifted edge.
The magmatic ascent in Lisbon and Sintra at the end of the Cretaceous suggests

localized extension, and is compatible with this model.

When sedimentation was resumed in the Eocene, the distribution of subsi-
dence and uplift was reversed with respect to the Late Cretaceous, leading to
the deposition of a thick series of Neogene clasts to the S of the Tagus River
increasing in importance towards the Alcochete Fault Zone. This reversal in po-

larity of vertical movement may be diagnostic of strike-slip induced tectonism
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(e.g., Rodgers, 1980), and will be further discussed in section 3.3.

2.3.5 Palaeogene: the Benfica Formation.

The Palaeogene in the Lower Tagus Basin is of continental facies and out-
crops mostly near Lishon under the name of “Benfica Formation” as a blanket
of arkosic sandstones. Correlatable deposits also occur along a narrow stripe
following the contact with the Lusitanian Basin (Carvalho, 1968). Traditionally
dated as Oligocene, this formation was attributed mainly to the (Late?) Eocene
by Telles-Antunes (1979). It marks the end of the period of regional uplift de-
scribed in the previous section, and the onset of a regime of differential vertical
movement between the Lusitanian Basin and the Lower Tagus Basin, with the
former continuing to undergo structural inversion and the latter receiving the
products of erosion. This regime was to characterize the remainder of the Cain-

0Zo1c.

The Benfica Formation was cut at all the exploration wells to the S of the
Tagus River (with one exception, PN-1) with thicknesses varying from 120 m to
320 m. The earlier clasts originate from the erosion of Hercynian granites (Car-
valho, 1968), and this makes their provenance problematic due to the distance
between source area and depocentres. Telles-Antunes (1979) allocates the source
area for the earlier stages of deposition to the Central Cordillera, some 200 km to
the NE. Alternatively, the erosion of an uplifted basement ridge to the E of the
Alcochete Fault Zone is a possible explanation for the provenance of the clasts
that should not be disregarded, as it is supported by the geometry of the Late
Cretaceous unconformity (previous section). In fact, the N-S structure suggested
by the Bouguer anomaly map (Figure 2.3a) may correspond to the remainder of

such basement outcrop, now covered by later sedimentation.

During the earliest Oligocene, the clasts of the Benfica I'ormation became
calcareous in nature, indicating that the source shifted towards the Mesozoic
sediments. An important tectonic pulse with rejuvenation of the Lusitanian
Basin was recorded within the Benfica Formation by the deposition during the

Oligocene of conglomerates containing large blocks of sandstone and limestone
(Telles- Antunes, 1979).
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Fig. 2.5 - Sediment collums showing the variable importance of the unconformity at
the base of the Cainozoic, in the Lower Tagus Basin. Based on data made

available by GPEP, Lisbon.



Fig 2.6 - Top Oligocene two-way traveltime map of the Lower Tagus Basin (Setiibal
Peninsula Sub-basin). Traveltimes in milliseconds. Redrawn after material

made available by GPEP, Lisbon.
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2.3.6

The reason why the Lower Tagus Valley became a site of deposition probably
lies in the geometry and kinematics of the faults associated with it. Although this
relationship is obscure during the Palaeogene, it becomes clearer in the Miocene,
which was a period of intense tectonic activity in the Lusitanian and Lower Tagus

Basins.

Miocene tectonics.

During the Miocene the stress regime in Portugal changed as a consequence
of the continental collision between Iberia and Africa, which now were converging
in a NW-SE direction (section 1.5.2). The most important result of this was a
major phase of structural inversion of the Lusitanian Basin, with the uplift of the
Montejunto, Candeeiros and Aire Ranges, along the NNE-SSW Hercynian trend
(Figure 2.1). To the S of the Setiibal Peninsula sub-basin (Lower Tagus Basin),
the Arrabida Range was also the scene of intense tectonism, which peaked during
the Late Miocene (Ribeiro et al., 1980). Here, the mountains reach heights of 400
to 500 m, and trend on a ESE-WNW direction. The southern flank is a major
thrust fault, with Miocene sandstones in the foot wall and Jurassic limestones
in the hanging wall. This fault is cut by several en echelon ENE-WSW sinistral
strike-slip faults. To the NE, the Arrdbida Range passes into a zone of folds, to
be truncated by the N-S trend of the Alcochete Fault Zone (Figure 2.1).

Between the Arrdbida Range and the Tagus River, sedimentation was tak-
ing place throughout the Miocene. Figure 2.6, based on the Neogene isopachyte
map (unpublished data, GPEP), depicts the distribution of post-Oligocene de-
posits in the Setibal Peninsula sub-basin. It shows a triangular depocentre, with
maximum thicknesses towards the NE, where the Alcochete Fault Zone diverges
from the Vila Franca Fault. The control of the subsidence by the activity of
these faults is very clear. The good agreement between the shape of the 1000
ms contour line and the border of the floodplain of the Tagus River (NE sector)

suggests that the relationship still persists to the present.

Between the Alcochete Fault Zone and the coast, the Setibal Peninsula sub-
basin is mostly a featureless syncline. However, one of the seismic sections reveals
the existence of a buried ridge of small amplitude, which was uplifted during the

deposition of post-Mid Miocene sediments (Figure 2.7). In chapter 4 the possible
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relationship between this structure and the seismotectonics of the Lower Tagus
Valley will be discussed.

There is no seismic data to the E of the Alcochete Fault Zone. But the gravity
map (Figure 2.3a) shows the existence of a second depocentre to the NE of the

Setubal Peninsula. This has already been referred to as the Ribatejo Sub-basin.

Neotectonics.

In the area of this study, the identification of active basement structures is
hindered by the sedimentary cover, probably detached from the basement by the
thick evaporitic layer. Cabral et al. (1984) observed small-scale reverse faulting
in the coastal cliffs on the western flank of the Setibal Peninsula Sub-basin, and
this is the only satisfactory geological evidence of neotectonic deformation in
the region. In the Lusitanian Basin, the scarcity of Cainozoic sediments makes it
difficult to determine whether or not the Miocene deformation continued into the
Quaternary. The seismicity, nevertheless, indicates that some degree of activity

is still taking place at present.

Besides the seismicity, the clearest indication of neotectonic activity in the
Lower Tagus Valley may be the configuration of the of the Tagus Mouth (Figure
2.1). The termination of the river seems to have been further to the S until recent
geological times, near the axis of the Setiibal Peninsula syncline. Carvalho (1968)
described Plio-Pleistocene sands containing clasts from the igneous rocks of the
northern margin of the Tagus, and concluded that the present configuration must

be of Quaternary age.

The reason for the shift in the position of the Tagus Mouth has remained
obscure. The neotectonic map of Cabral (1986; draft version) associates the nar-
row bar that presently connects the river to the ocean with an active fault. The
geologic map of Lisbon (Moutinho-Almeida, 1986) in fact reveals the presence
of a fault along the trajectory of the river. However, the youngest stratigraphic
level cut by the fault, directly below the alluvial deposits, dates from the earli-
est Miocene. On the other hand, the northwestern corner of the broad internal
mass of water (Mar da Palha) is clearly fault-controlled (Figure 2.6), suggesting

some degree of tectonic control. The present configuration also suggests that
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the broad internal mass of water (Mar da Palha) is clearly fault-controlled (Fig-
ure 2.6), suggesting some degree of tectonic control. The present configuration
also suggests that the drainage towards the W, either fault-controlled or due to
erosion, resulted from the recent elevation of a topographic barrier striking ap-
proximately E-W and laying to the S of the water mass. This is not in agreement
with the classic interpretation of the Setibal Peninsula Sub-basin as a featureless
syncline. On the other hand, it is in very good agreement with the evidence put
forward in Figure 2.7 for the uplift of an E-W ridge close to the axis of the basin,

at some time after the Mid Miocene.

Most of the discussion of the neotectonics of the Estremadura has been cen-
tred on the possible existence of a major basement fracture with seismogenic
activity, oriented along the Lower Tagus Valley and associated with the contact
between the Lusitanian Basin and the Lower Tagus Basin. The identification
of a surface lineament on satellite imagery has been the main support for this
model (e.g., Cabral, 1986), although the significance of these data have been
questioned (Coelho, 1986), since no geological evidence was found at the surface
that could be linked to the proposed lineaments. This aspect, which is fulcral to
the problem of seismic hazard assessment in the Lisbon area, will be addressed

again in chapter 4, where new data will be presented and discussed.
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Chapter III

Quantitative Analysis of the Lusitanian and Lower Tagus Basins

3.1 Models of basin evolution. “Backstripping”.

So far the evolution of the Lusitanian and Lower Tagus Basins have been de-
scribed in a qualitative manner. The alternative approach of using the well data
to model and quantify the tectonic factors which controlled the subsidence will

now be taken. First, some concepts of basin dynamics will be briefly reviewed.

After lithospheric cooling was applied successfully to explain the bathymetric
profile across mid-ocean ridges, the same principle was used by Sleep (1971)
to explain the subsidence at passive continental margins following rifting. In
this early model, upwelling of hot asthenospheric magma heats and expands the
lithosphere, increasing the buoyancy of the crust, which is then uplifted. This
is followed by erosion and, as the lithosphere returns to thermal equilibrium
by vertical heat flow, the free surface sinks below sea level due to the absence
of the eroded material. The main shortcoming of this model is that realistic
amounts of erosion fall short of explaining sediment thicknesses larger than 4 km
(Bott, 1982, p. 208); also, an erosional unconformity should follow rifting, but
this is not always the case (Bott, 1980). However, since crustal thinning at
continental margins is widely documented, it retains an important role in most
models of shelf subsidence, and its causes were the subject of intense research.
Bott (1971,1980) proposed that crustal thinning takes place at passive margins
due to the oceanward flow of material from the ductile lower crust, in response
to horizontal deviatoric stresses induced by the juxtaposition of differing types
of crust (Bott and Dean, 1972). An alternative explanation involves the upward

migration of the Moho caused by a phase transition at the bottom of the crust.

McKenzie (1978) modelled crustal thinning by pure shear lithospheric ex-
tension, and explored the subsequent heating and cooling of the lithosphere to

explain the cvolution of sedimentary basins. Airy isostatic equilibrium is assumed
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throughout, and the temperature is kept constant at the surface and at a depth
equal to the initial lithospheric thickness. If this thickness is reduced instanta-
neously by a factor of 1/8 (Figure 3.1), the passive upwelling of asthenosphere
will heat and expand the lithosphere, having as a combined effect an isostatic

readjustment given by the subsidence

_ a[(Po - Pc)%(l - aTI%) - %ﬁg](l - l/ﬂ)
B po(l — aT1) = pu

(3.1) S;

(McKenzie, 1978), where the constants have the meaning given in Table 3.1.
Depending on the thickness of the crust t., uplift may occur at this stage (S; <
0). With the initial conditions of Figure 3.1, the solution of the heat equation

aT o7

(k being the thermal conductivity) is

T 2 oo -1 n+1 2t 2
(33) ==1+ 2 + = > £———)——[ﬁwsi'nﬂ]e:z:p(—7—7'—)sz'n£7£—z- (r= 2.
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The condition of isostatic equilibrium implies a subsidence given by

(3.4) S(t) = Si+ S'(¢)
with
(3.5) S'(t) = e(0) — e(¢)
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Fig. 3.1 - McKenzie's (1978) model of pure-shear lithospheric extension. C is the crust,
L is the lithospheric mantle and A is asthenosphere. The percentage increase

in surface is 8. Redrawn after McKenzie (1978).
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Table 3.1

a thickness of the lithosphere
Po density of the mantle

Pc density of the crust

Puw density of the water

te initial crustal thickness

alpha  thermal expansion coefficient

Ty temperature of the asthenosphere




where

(3.6)
_ apoaT1 4 &= g . (2m+1)r 2t
) = T S il el Om + 17
(ibid.).

The model described above was used by Sclater and Christie (1980) to ex-
plain some of the features of the subsidence in the Central North Sea Basin.
For more widespread application, however, some of its simplistic assumptions
had to be dropped. Sclater et al. (1980) and Royden and Keen (1980) took
into account the changes in rehology with depth by allowing for a horizontal
detachment separating two zones with different stretching factors, 8 (below the
detachment) and é (above the detachment). Convenient combinations of the two
parameters yield either uplift or subsidence at the initial stage, independently of
the crustal thickness (Figure 3.2). Royden and Keen (1980) used this approach
to model the rifting at the continental margin of eastern Canada, in Nova Scotia
and off Labrador. Pitman and Andrews (1985) incorporated lateral heat flow into
McKenzie's model to adapt it to narrow troughs, and allowed for a finite duration
of the stretching process and for syn-rift heat loss. With these refinements, they
modelled the formation and thermal history of “pull-apart” basins associated
with high slip-rate strike-slip faults (e.g., the San Andreas Fault), characterized
by very rapid subsidence, initial starvation and reduced post-rift thermal sub-
sidence. Kusznir and Egan (in press) developed a mathematical model for the
extensional deformation of the lithosphere incorporating simple shear (faulting)
deformation in the upper crust and pure shear in the ductile lower crust and

mantle, as well as flexural deformation, and used it to model the evolution of the
Jeanne D’Arc Basin, Grand Banks of Newfoundland.

Figure 3.3 shows the tectonic subsidence curves predicted by McKenzie’s the-
ory, modified to include a detachment level, for a detachment depth of 35 km
and for various values of the parameters 8 and 6. The expression “tectonic sub-
sidence”, introduced by Keen (1982), refers to that part of the actual subsidence

which can be attributed to independent tectonic processes. In fact, before well
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data can be used to quantify the amount of extension of the lithosphere, they
must be corrected for the “positive feedback” effect of sediment loading, which
strongly enhances the subsidence of the basement by isostatic response to the
weight of the sediments. This adjustment may be estimated assuming either
Airy or flexural isostasy (Watts, 1982), the former being preferable when subsi-
dence is fault-controlled. This process requires also the estimate of the original

thickness and density of each formation prior to compaction.

A technique to perform the corrections mentioned above was developed by
Steckler and Watts (1978) under the term “backstripping”. To “backstrip” a
column of sediments, it is divided into a number of segments whose boundaries
correspond to known geologic ages. The segment at the top is removed, and those
below it are transported upwards: the depths to the boundaries are computed by
bringing the top remaining segment to the relevant palaeobathymetric level and
adjusting each density and thickness to verify the conservation of mass. This last
step requires the use of a porosity profile. The bottom of the lowest segment is
equated to the depth z of the basement at a time corresponding to the bottom
of the segment removed. At this stage the average density p of the decompacted
stratigraphic column is computed, and the “backstripped” basement depth z; is
obtained by replacing the sediment load with a water load and assuming isostatic

equilibrium. For the Airy isostasy model, the relation between the two depths is

(3.7) o PP
Z P — Puw

Repeated for each segment of the stratigraphic column, this procedure yields
two sequences of basement depths versus time, which can be interpolated to
estimate the subsidence curves. The “backstripped” depth should account for
tectonically induced subsidence only, and can therefore be compared with the

theoretical curves predicted by the different models.

One of the delicate aspects of “backstripping” is the need to select a porosity
profile for the well. Porosity can be estimated from well logging data, but accu-

racy requires that a sonic log, a neutron log and a gamma-gamma log be used
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in conjunction, since they respond differently to sources of error (Schlumberger
Limited, 1972). In ideal conditions, one single log would be sufficient; the sonic

log, for instance, may be used to compute the porosity ¢ from Wyllie’s formula,

S_STn

(3.8) ¢ =

Sf— Sm

where s is the reciprocal of acoustic velocity, given by the log, and s, and
sy are the corresponding values for the matrix of the sedimentary rocks and for
the pore fluid (Telford et al., 1976).

Application to the Lusitanian and Lower Tagus Basins.

The sedimentary columns of eleven wells where “backstripped” according to
the technique described above. Five wells are located in the Lusitanian Basin
(Cp-1, Mt-1, Sb-1, TV-4 and Bf-1) and six in the Lower Tagus Basin (Ms-1,
Br-1, Br-3, Br-4, Sa-1A and PN-1); strictly speaking, the well Ms-1 lies on the
boundary between the two basins. The locations of the wells are shown in Figure
2.1. The selected wells are those which penetrate deeper into the basins, but in
several cases the thicknesses of the lowest Jurassic and Upper Triassic sediments
had to be extrapolated laterally, since only Sb-1 and Mt-1 probe the Palaeozoic
basement. In Ms-1 the pre-Kimmeridgian section was arbitrarily made equal to
that of Br-3.

Sonic logs were the only data available from the wells and so Wyllie’s formula
was used to estimate the porosity. This method gave extremely low (virtually
zero) porositiés for carbonates at depths of the order of 2 km and below (Figure
3.4). Published studies show that carbonates usually preserve porosities near
10% at depths of the order of 4 km (e.g., Schmoker and Halley, 1982). To
explain the values obtained with Wyllie's formula, post-burial uplift of the order
of 4 km would be required. Although some degree of basin inversion occurred,
it is unlikely that such a thickness of sediments were ever eroded. Even if the
porosity estimates were correct, causes other than compaction could explain the

loss of porosity, such as cementation or pressure solution (Tucker, 1981). Rather
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than establishing the overcompaction of the sediments on such weak grounds,
the indications of the sonic log were ignored and published standard curves of
variation of porosity with depth for different lithologies (Sclater and Christie,
1980; Baldwin and Butler, 1985) were employed instead.

The program BACKSTRIP, written by M.S. Steckler and improved by G.D.
Karner and W. Mohriak, was modified (Appendix B) to use a lithology-dependent
porosity profile, obtained by combining standard curves according to the litho-
logical variations with depth. The program follows the procedure described in
the previous section to correct for compaction and isostatic response, each seg-
ment of the column being “moved” upwards along the porosity-depth law that
applies to its composition. The numerical computation of the integral of solidity
(1 - porosity) has to be carried out along the relevant sections of the column,
when balancing the masses prior to and after decompaction. This was not re-
quired in the previous versions of the program, where a porosity function defined
analytically was used for the entire column. Figure 3.5 illustrates graphically the

“backstripping” sequence.

Sea level variations were not taken into account in this analysis: they cor-
respond to second order effects (less than 100 m) and its quantitative estimates
are prone to errors. Another source of innacuracy resulted from the lack of re-
liable palaeo-bathymetric data: the sediments were decompacted as if they had
been deposited at sea-level. This approximation is reasonable for most of the
history of the basins, characterized (with the exception of the Late Oxfordian-

Kimmeridgian) by shallow-marine or continental facies (Wilson et al., in press).

Figure 3.6 shows the results obtained with the program BACKSTRIP using
as input the well data from the Lusitanian and Lower Tagus Basins. Basement
depths at several points in time were plotted after isostatic correction. Periods
of uplift and erosion have the effect of removing from the record those amounts
of subsidence during which the eroded sediments were deposited: both the depo-
sition of the (subsequently) eroded sediments and the uplift are represented by

flat sections of the curves.

Three categorics of wells may be considered in Figure 3.6:
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a) wells from the Oxfordian-Kimmeridgian Trough, N of the Tagus River
(Cp-1, TV-4, Sb-1, Bf-1 and Mt-1);

b) wells from the Oxfordian-Kimmeridgian Trough, S of the Tagus River
(Br-1, Br-3 and Br-4);

¢) wells from the eastern platform, S of the Tagus River (PN-1 and Sa-1A).

Although the well Ms-1 is actually on the northern margin of the Tagus River,

it will be included in group b), for reasons that will be explained later.

In group a), the initial dispersion of the curves (200 to 170 Ma) may be at-
tributed to errors in the assumed thicknesses of the Hettangian evaporites, which
are poorly constrained since the wells usually terminate within this formation,
and are likely to vary significantly within distances of the order of 10 km (section
2.3.1). The thicker evaporites at the well Cp-1 (Bombarral Sub-basin) are in

agreement with the observations of Wilson (1988).

The discrepancy of the early section of the Mt-1 curve is due to later defor-
mation: this well is on the eastern border of the trough, where it has a reverse
fault contact with the Cainozoic Lower Tagus Basin at the Vila Franca Fault.
Apart from this perturbation, the well Mt-1 parallels very closely the Sb-1 and
Bf-1 curves, documenting the evolution of the Arruda Sub-basin, to which they
all belong: moderate subsidence rates until the Mid Jurassic (~170 Ma), a pulse
of fast subsidence in the Calovian (165 to 160 Ma), moderate subsidence during
the Oxfordian (160 to 152 Ma) followed by fast subsidence in the Kimmeridgian
(152 to 146 Ma), very moderate subsidence in the Portlandian (146 to 141 Ma)
followed by a period of uplift and erosion starting at the Berriasian (141 Ma).

The well TV-4, in the northeastern corner of the Turcifal Sub-basin, follows
the evolution of the Arruda Sub-basin untill the Mid Jurassic (~170 Ma). Then it
becomes independent and has only limited subsidence during the Late Oxfordian
and Kimmeridgian (154 to 146 Ma). The latter period in particular shows great
contrast of subsidence rates, indicating intense differential vertical movements.
To the NE, the Montejunto Range was uplifted during the Kimmeridgian (section
2.2.3), with the formation of an elongated anticlinal structure with a NE-SW axial

direction, probably continuing through the castern platform. The importance of
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this Torres Vedras-Montejunto Anticline as a structural boundary during the
Jurassic is further documented by well Cp-1: sedimentation was faster to the N
of the anticline during the latest Triassic and Early Lias (200 to 176 Ma), much
slower during the Dogger (176 to 170 Ma; a mere 170 m of the Mid Jurassic
Brenha Formation in Cp-1 as opposed to 850 m in TV-4 and 1040 m in Bf-1)
and again much faster in the Malm (160 to 141 Ma; 2770 m of Late Oxfordian-

Kimmeridgian carbonates in Cp-1 as opposed to 780 m in TV-4 and 1580 m in
Bf-1).

Whatever sedimentation may have occurred in the wells of group a) after
the end of the Jurassic (141 Ma) was removed during the Late Cretaceous-Early

Tertiary inversion of the trough.

The wells in group b) were selected to provide some control on the evolution
of the Lower Tagus Valley. For this reason the well Ms-1 was included in this
group, despite being located to the N of the Tagus River. Belore the end of the
Oxfordian (152 Ma) this well cannot be used, since it was extrapolated from Br-3
across the river. During the Kimmeridgian (152 to 146 Ma), a sharp contrast
can be observed, with well Ms-1 following the levels of subsidence of the Arruda
Sub-basin and the Br wells having a gentler evolution: the Early Kimmeridgian
Abadia Formation has in Ms-1 a thickness of 1250 m, whereas in the Br wells it
averages 440 m. After this pulse, no significant deviation can be observed until
the earliest Late Cretaceous (95 Ma), when the Cacém Formation was deposited
to the N of the River (337 m). To the S it was either not deposited or eroded
on the subsequent episode of uplift. From Turonian to Eocene (94 to 38 Ma)
no subsidence is recorded on any of the wells. After the end of the Eocene (38
Ma) the subsidence was significant to the S of the river and absent in Ms-1.
During the Early Miocene (22.5 to 15 Ma) the contrast was increased by the

reinforcement of the subsidence in the Br wells.

The wells in group c) represent the evolution of the southern part of the
eastern platform. They show an initial phase of subsidence, corresponding to
the regional downwarp of the Late Triassic-Mid Jurassic (section 2.2.2), but no
significant subsidence during the Late Jurassic (160 to 141 Ma). The differences

between PN-1 and the Br wells illustrate the importance of the Alcochete Fault
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Zone as the eastern boundary of the Oxfordian-Kimmeridgian Trough (section
2.2.3), although it is not clear how such differences should be distributed be-
tween different levels of sedimentation and different levels of erosion in the Late
Cretaceous (section 2.2.5). After the end of the Eocene (38 Ma) the role of the
fault zone changed, since both sides show subsidence at moderate rates, with, if

any, limited differential vertical movement.

Figure 3.6 shows the comparison between the “backstripped” basement depth
curves and the best-fitting curves predicted by McKenzie’s model (with vertically
variable rehology). The parameters were selected to fit the first 60 million years
of basin formation, for an instantaneous lithospheric extension 200 million years
ago (Mid Upper Triassic). The pre-Kimmeridgian evolution can be modelled
with considérable accuracy for the wells of group b) with 3 = 4.0 and § = 1.4
to 1.5 and a Moho-depth detachment at 35 km (before stretching). For group
a), satisfactory modelling can be obtained with 8 = 4.0 and § = 1.3 to 1.5, the

larger scatter reflecting the structural complexity of the area.

The main result from Figure 3.6 is that the Oxfordian-Kimmeridgian event
seems to mark the beginning of a period during which the thermal subsidence
predicted by the theoretical curves was inhibited rather than enhanced. This
"leads to a discrepancy of the order of 1 km between predicted and observed total
tectonic subsidence. This is particularly clear for the Ms-1 and Br wells, were a
complete Lower Cretaceous sequence documents the inflection in the subsidence
curves. Also, the present crustal thickness of 31 km below the Lusitanian Basin
(Moreira et al., 1980) exceeds the predictions of the model: for an initial thick-
ness of 35 km and § = 1.4, the crust should be 25 km thick after stretching,
and thin even further by thermal contraction. An initial thickness larger than 35
km is unlikely, since refraction profiles inland from the basins observed a crustal
thickness of 30 km (Caetano, 1984). This evidence suggests that the crust under-
neath the Lusitanian Basin was thickened by about 20% during the Late Jurassic
and Cretaceous. A possible explanation for this result will be advanced in the

next section.

Although the Cainozoic subsidence observed to the S of the Tagus River is

probably unrelated to the evolution of the Atlantic Ocean (section 1.4.3), it can
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still be modelled as the result of crustal extension and thinning, and in view of
the subdued Cretaceous subsidence the thermal effects of previous extensional
episodescan be ignored. Figure 2.4b) shows that the crustal thickness underneath
the Lower Tagus Basin is about 25 km (Mendes-Victor et al., 1980). Assuming
that before the formation of the Tertiary basin the crust was 31 km thick as
underneath the Lusitanian Basin, a stretching factor § = 1.2 results. Combined
with a subcrustal stretching of 8 = 2.0, this value provides a satisfactory mod-
elling of the subsidence in the Lower Tagus Basin during the Tertiary (Figure
3.8), for a pulse of instantaneous extension in the Late Eocene (40 Ma). Natu-
rally, this quantitative modelling has to be simplistic, since the Tertiary tectonic

activity was distributed in time rather than “instantaneous”.

In modelling the Tertiary subsidence of the Lower Tagus Basin with McKen-
zie’s theory no implicit assumption is being made about the direction of exten-
sion. In fact, the model assumes infinite horizontal dimensions of the basin, and

is therefore insensitive to the direction along which the extension occurs.

Discussion.

The quantitative analysis of the evolution of the Lusitanian and Lower Tagus
Basins, toghether with the qualitative description of the previous chapter, raise

the following questions:

a) What was the mechanism of rifting between Iberia and the Grand Banks

of Newfoundland in the Late Triassic-Mid Jurassic?

b) What was the nature of the Late Oxfordian-Kimmeridgian tectonic event

in the Lusitanian Basin?

c) What was the cause of the structural inversion of the basins during the

Cretaceous and the Cainozoic?

d) Which tectonic style explains the post-Eocene subsidence of the Lower

Tagus Basin, concomitant to the uplift of parts of the Lusitanian Basin?

Question a) was adressed by Wilson et al. (in press), regarding the Por-

tuguese margin, and Tankard and Welsink (1987) and Kusznir and Egan (in
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press), regarding the Canadian margin. The first two studies identified a marked -
asymmetry between the conjugate margins, and proposed that the separation
between Iberia and the Grand Banks took place along a low angle listric detach-
ment, in line with the model of extensional tectonics developed by Wernicke and
Burchfield (1982) and applied to passive margins by Lister et al. (1986). The
mathematical modelling of Kusznir and Egan (in press) favoured the control of

the extension by a planar, rather than listric, fault.

Changes in rifting style were also identified along each margin: the evolu-
tion of the Lusitanian Basin differs significantly from that recorded by the sed-
iments deposited offshore West Galicia (Montenat et al., 1988; Wilson et al., in
press); the Grand Banks can be divided into three provinces with different styles
(Tankard and Welsink, 1987). Such geometry of areas under extension was first
described by Gibbs (1984), who identified the boundaries between the different
deformation styles as a special type of strike-slip fault, designated by “transfer
fault”, which he considered to be a part of the extensional system. Wilson et
al. (in press) suggest that the Nazaré Fault may be a transfer fault, separating
an eastward dipping low angle detachment to the S from a westward dipping
detachment to the N. The continental margin to the W of the Lusitanian Basin
would therefore be an upper-plate margin (i.e., margin above the detachment),
according to the terminology of Lister et al. (1986). Figure 3.7 illustrates the

main characteristics of upper-plate and lower-plate margins.

Several aspects of the quantitative analysis of section 2.3.2 are in good agree-
ment with the upper-plate model. The detachment level at 35 km of depth
separating a zone of reduced (40%) extension above from a zone of high (400%)
extension below depicts such a model with considerable accuracy. Although
McKenzie’s theory, strictly speaking, applies only to pure-shear extension, the
inclusion of a detachment level should allow the modelling of “Wernicke-type”
extension to a first approximation. The lack of significant Cretaceous subsidence
to the S of the Nazaré Fault also suggests an upper-plate setting, and this point

will be further developed in connection with question b).

A more detailed study of the evolution of the Lusitanian Basin during the

Late Jurassic should provide important elements for an answer to question a).
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The lack of deep (crustal scale) reflection data on the Portuguese coast, in con-
trast to the conjugate margin (Keen and deVoogd, 1988), is a major hindrance

to this objective.

During the Late Jurassic a second episode of rifting took place which evolved
into sea-floor spreading in the Early Cretaceous. In section 1.4.1 it was discussed
how this was accomplished after a westward jump of the rifting axis, an event
which was then tentatively related to the evolution of the regional tectonic set-
ting. The model of asymmetric rifting described above provides a visualization
of the process of rift jump, which can be interpreted as the switching of the
detachment fault to a deeper level, a possibility noted by Lister et al. (1986).
Gibbs (1984) discussed this type of detachment switching, and considered the
lock-up of the initial fault system after extension by a factor of 1.5 as a possible

cause.

“The fact that the second episode of rifting seems-to have inhibited the thermal
subsidence associated with the earlier event may perhaps be related to crustal un-
derplating (Cox, 1980). This phenomenon, whereby basaltic magma sourced by
partial melting in the upper mantle crystallizes underneath the lower crust, has
been associated with lithospheric extension in intracratonic basins and passive
margins (Furlong and Fountain, 1986; McKenzie and Bickle, 1988). An eastward
dipping detachment would favour underplating to the E of the active rift (Lister
et al., 1986), perhaps coinciding with the de-activated rift, leading to a regional
upwarp of the Late Jurassic Lusitanian Basin which would compensate the ten-
dency for subsidence due to thermal cooling. This hypothesis is also supported
by the fact that the Jurassic-Cretaceous transition was marked by important
magmatic activity, with many dolerite dykes being emplaced in the Lusitanian
Basin (Aires-Barros, 1979).

The activity of transfer faults during the second episode of rifting can be in-
voked to explain the formation of the Torres Vedras-Montejunto Anticline. The
rejuvenation of the Arrdbida Range during the Late Jurassic (Montenat et al.,
1988) could be another consequence of that activity. The idea of a simple fault
separating the different extensional compartments is an oversimplification, and

zones of complex and distributed shear deformation are likely to occur (Gibbs,
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1985). Secondary compression parallel to the margin would cause the transpres- -
sive style associated with the transverse faults. The interference of extensional
faults parallel to the margin with a system of transverse transfer faults of variable
importance probably occurred during the early history of the Lusitanian Basin

in the Late Oxfordian-Kimmeridgian, as described in section 2.2.3.

Very little is known about the answer to question c). Field evidence shows
that the inversion was related to the activity of a complex network of faults (Hut-
ton and Gawthorpe, 1988), but the tectonic overprint of the Miocene obscures
the record of the Cretaceous evolution, which is poorly understood. Wilson et al.
(in press) assign the structural inversion to the Cainozoic, and allow for 1 km of
Tertiary sediments to have been deposited over the Lusitanian Basin before uplift
and erosion. There are, however, indications of inversion during the Mesozoic,
such as the uplift of the Torres Vedras-Montejunto Anticline in the Late Jurassic
and the Alcochete Fault Zone in the Late Cretaceous. This is in agreement with
the observations of Hutton and Gawthorpe (1988), who attribute the uplift of
the Lusitanian Basin to continuing distributed sinistral strike-slip between the

Late Jurassic and the Late Miocene.

Salt tectonics (Jaritz, 1987; Davis and Engelder, 1987) have been invoked
to explain localized structural inversion in the Lusitanian Basin, in classic (e.g.,
Zbyszewski et al., 1966) as well as in modern studies (Wilson, 1988). The con-
figuration and distribution of evaporitic outcrops, elongated and coinciding with
major basement faults, suggest however that the risiﬁg of the salt was tecton-
ically driven (Fonseca et al., 1988), in which case it cannot be considered the
ultimate cause of the associated deformation. The main role of the evaporitic
layer and associated salt walls was probably to provide a detachment between
sediment cover and basement (and between blocks of sediment cover), thereby

controlling the structural style of the inversional deformation.

The best answer to question d) seems to be strike-slip tectonics. The struc-
tural characteristics of the Lower Tagus Basin are indicative of deformation under
the sinistral strike-slip regime of the Miocene (section 1.5.2). The clearest diag-
nostic feature is the coexistence in time and the vicinity in space of compressional

(Arrabida) and extensional (Setibal Peninsula) styles. The meandering, splay-
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ing and anastomosing geometry of the Alcochete Fault Zone and the Vila Franca
Fault are also typical of strike-slip faults (e.g., Rodgers, 1980). Also, the impor-
tant depocentre near the zone where the two faults diverge (Figure 2.7), with a
maximum thickness of post-Oligocene sediments of the order of 2 km, seems a
clear example of what Crowell (1974) designated by “fault wedge basin”, caused

by the divergence of strike-slip faults.

On a broader scale, the faults of the Lower Tagus Basin can be regarded
as a releasing bend (during the Miocene) on a sinistral shear zone, the strain
being transfered southwards from the Vila Franca Fault to the Arrabida Thrust
along the Alcochete Fault Zone (Figure 3.8). Under the contemporaneous stress
field, transpression prevailed in Arrdbida whereas transtension caused subsidence
along the Lower Tagus Valley. To the NE, the Vila Franca Fault is another exam-
ple of a transpressive structure, with the Mesozoic rocks of the Lusitanian Basin
overthrusting in places the Tertiary sediments. The shallow basement drilled at
the Mt-1 well (1705 m) may indicate the existence of a flower structure (e.g.,
Biddle and Christie-Blick, 1985) associated with this stretch of the contact be-
tween the two basins. This geometry is in fact suggested by the seismic reflection
data (Figure 3.9). The intense thinning of the lower crust underneath the Lower
Tagus Valley indicated by the refraction survey of Mendes-Victor et al. (1980)
and shown in Figure 2.4b) may have taken place at this stage, as a consequence

of the pulling-apart of the crust at the releasing bend.

A dextral sense of motion in the system of faults of the Lower Tagus Basin
during the latest Cretaceous, under which it would behave as a restraining bend,
could be the explanation for the intense uplift on both sides of the Alcochete
Fault Zone during that period; the reversal of the sense of motion on the same
system of faults would lead to the reversal of the pattern of uplift and deposition
at the end of the Eocene, described in section 2.3.4. This type of reversal of the
polarities of vertical motion is in fact a diagnostic feature of strike-slip tectonics
(e.g., Rodgers, 1980).

Further evidence for strike-slip deformation during the Miocene may be found
in the Montejunto Range, on the northern limit of the Arruda Sub-basin. Here,

the microstructural survey of Guery (1984) links the rejuvenation of the moun-
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Fig. 3.8 - Tectonic model for the Lower Tagus Basin during the Miocene. AT - Arrdbida
Thrust; AFZ - Alcochete Fault Zone; VIF - Vila Franca Fault. Gravity
lows, interpreted as Cainozoic depocentres, are indicated by L. The dotted
arca corresponds to the Quaternary cover, suggesting that the same setting

controlled the neotectonic evolution of the Lower Tagus Valley.
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tains, reaching a maximum height of 666 m, to the strike-slip reactivation of the
easternmost section of the Torres Vedras-Montejunto Fault (Figure 2.1). This
author describes the Montejunto Range as a fold associated with the termina-
tion of a strike-slip fault to the NE of it, but the analysis of the seismic reflection
data shows that strike-slip was also important further to the SW, on the western
sector of the Torres Vedras-Montejunto Fault (Figure 3.10).

Areas of transpression are usually difficult to interpret objectively from seis-
mic reflection data, since they are characterized by structural complexity at
shallow depth, hampering the penetration of energy. On a seismic section, the
materials squeezed upwards between the diverging faults of a flower structure are
usually undistinguishable from salt diapirs, and in basins bearing evaporites the
ambiguity and controversy are likely to emerge (e.g., the North Sea Basin). The
structure of the Torres Vedras-Montejunto Fault was reinterpreted (Figure 3.10)
starting with the two-way traveltime contour maps for five horizons (unpublished
data, GPEP). This maps were produced from a dense network of seismic sections,
and incorporate already the more subjective stage of identifying the reflections
in those areas where they are not particularly clear. The structural pattern as-
sociated with the fault resembles very closely what has been described for other
well established transpressive flower structures (e.g., Harding, 1985; Harding and
Tuminas, 1988; Sylvester, 1988).

Montenat et al. (1988) presented recently an independent interpretation of
the structure of the Torres Vedras-Montejunto Fault which also invokes Cainozoic

transpressional deformation.

Evidence for Miocene strike-slip tectonics is also important further N, in the
Candeeiros Range (Hutton and Gawthorpe, 1988). This area still lacks, however,

a detailed survey, and lies to the N of the zone covered by this study.
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Chapter IV

Seismicity of the Estremadura, and tectonic implications

4.1 Introduction. Historical seismicity.

The RESTE Project had as its central objective the acquisition of earthquake
data to enable the computation of accurate (within 2 km) hypocentral locations
and focal mechanisms. Previous studies had recognized the importance of a
microearthquake survey in the Estremadura, the region surrounding the Lower
Tagus Valley (Ribeiro et al., 1980; Mendes-Victor et al., 1980; Cabral,1986), but

such work had not been attempted,

The data from the Portuguese National Seismographic Network does not al-
low reliable computations of focal mechanisms for small local earthquakes. Fur-
thermore, focal depths cannot be obtained with acceptable accuracy, and large
uncertainties (typically of about 20 km) are associated with the epicentral loca-
tions. This leads to a scattered picture of the seismicity pattern, and under these
circumstances neotectonic studies have relied exclusively on the surface geology
(Cabral et al., 1984; Cabral, 1986). However, in other intraplate areas where
microearthquake networks where deployed, it has been possible to define the ac-
tive structures and to characterize the ongoing deformation by the associated
seismicity (e.g., Talwani, 1989). Although the patterns of seismic activity in the
interior of the plates are intrinsically more complex than at the plate bound-
aries, the diffuse nature frequently described is likely to result in part from the

inadequacy of the data.

Moreira (1984) gives a modern account of the historical seismicity of Portugal.
Oliveira (1986) provides a compilation of historical data, and includes estimates
of magnitudes (M?) which will be quoted throughout this section, although

large uncertainties must be associated with these values.

The most destructive earthquakes that affected Portugal in the past were

interplate events related to the convergence between Africa and Eurasia. The
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Gorringe Bank, ca. 330 km SSW of Lisbon, is usually believed to-be the epicentral
region of the 1755 Lisbon Earthquake, which ruined most of the Portuguese
capital. This is in general agreement with the distribution of damage, which was
also very significant in Southern Portugal and Morocco. The occurrence of a
large (M = 7.5) earthquake at the Gorringe Bank in February 1969, causing
considerable shaking in Lisbon, reinforced this widespread belief. Moreira (1984)
attributes also to this seismic area the historical event of 1356, felt in Portugal

with similar intensity to that of 1755.

Superimposed on this series of interplate earthquakes, a less well known his-
tory of intraplate events, some of catastrophic proportions, characterizes the area
surrounding the Lower Tagus Valley. The best studied example is the Benavente
Earthquake of 1909 (M = 6.7), ca. 40 km to the NNE of Lisbon, which caused
the loss of 30 human lives and was felt in most of the Iberian Peninsula (Chof-
fat and Bensatde, 1912). Similar events in 1344 and 1531 (M = 7.0) seem to
have originated in the same region (Moreifa, 1984). The Setiibal Earthquake of
1858 (M = 7.2), ca. 30 km S of Lishon, was also responsible for important

destructions and the loss of human lives.

Figure 4.1 shows the spatial distribution of the historical seismicity in the
Estremadura, along with macroseismic locations for 20th century events and
instrumental locations for the period 1980-87 (INMG, unpublished data). It
shows clusters of seismic activity near the Nazaré Fault and to the N of the

Tagus River.

The time distribution of the main historic events is shown in Figure 4.2.
Only the events responsible for damage of buildings were included, and they are
grouped according to the area were the damage was reported. The important
fact that becomes apparent is that the 20th century, and in particular the last
50 years, correspond to a period of atypically low seismic activity, which can
be compared to similar periods in the 15th and 17th centuries. For this reason,
instrumental data on its own will provide a crude underestimate of the levels of

seismicity that are characteristic of longer periods of time.
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SKETCH OF THE INSTALATION OF A SEISMIC STATION
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Fig. 4.3 - Layout of a RESTE seismic station.




4.2 The RESTE Microearthquake Survey.

4.2.1 Logistics and instrurnentation.

In April 87, formal contacts were initiated with the Instituto Nacional de Me-
teorologia e Geofisica, Lisbon (INMG) and the Laboratério Nacional de Engen-
haria Civil, Lisbon (LNEC) towards the instalation of a temporary microearthquake
network in the area surrounding the Lower Tagus Valley. It was agreed that the
INMG would provide logistic support (vehicle and staff) to build and maintain
the network, with the cooperation of the LNEC. The equipment was loaned
from the NERC Seismic Equipment Pool, Edinburgh, through the University of
Durham. The experiment was named RESTE (Rede de Estagbes Sismograficas

Temporarias da Estremadura/ Temporary Seismographic Network of Estremadura).

No. Description

24 vertical component seismometer Wilmore MKIII, reso-
nant frquency 1 Hz

24 FM ampliﬁer-modulator, manufactured by Earth Datal
Ltd (9690 Data Acquisition System), with central fre-
quency 676 Hz and frequency deviation +£40%

24 radio transmitter/receiver (9690 Data Acquisition Sys-
tem), with carrier frequencies in the range 458-459 MHz,
typical output power of 100 mW and range of 50 to 100,
km

2 MSF (Rugby, U.K.) time code radio-receiver
48 Yagi aerial, with 12, 8, 6 or 3 elements

2  Geo-store field recorder, manufactured by RACAL
Ltd, with eleven data input channels and internal VELA
time code generator

Table 4.1
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Table 4.1 gives a list of the equipment used in the experiment. The data
were recorded continuously onto magnetic tape (analog record), at a selected
speed of 15/160 inches per second, alongside FM modulated VELA and external
MSF time codes and a reference frequency to be used as a servo-control during

playout.

Figure 4.3 shows the layout of a RESTE seismic station. A concrete pipe (35
cm in diameter; 50 to 100 cm long) was placed in a hole through the overburden,
reaching the bedrock whenever possible, and cemented at the bottom to provide
coupling with the solid rock. The seismometer was placed inside the pipe, with
the amplifier-modulator. The pit was then covered with a especially moulded
concrete lid. The electrical connections between the amplifier-modulator, the
transmitter and the battery were made through a small hole in the side of the
concrete pipe, slightly above ground level. The lid and surrounding area were
covered with plastic and the hole for the wiring was protected with vaseline.
The site was then disguised with soil and vegetation. The transmitter and the
aerial were mounted on a 4 metre high mast, about 10 metres away from the
seismometer pit to reduce the seismic noise generated by the action of the wind.

The battery was wraped in plastic and buried in a nearby pit.

The layout of the network consisted of two groups of seismic stations (9+10),
each group radio-linked to a central station where one of the recorders was in-
stalled (Figure 4.4). The requirement of line of sight for the FM radio-transmition
restricted the possible locations of the central stations: one (LISBOA) was sited
at the INMG headquarters in NE Lisbon, on top of an eight storey building; the
other (MONTEJUNTO) was installed in premises of the 11th Air Base of the
Portuguese Air Force, at an elevation of 660 m, 50 km to the N of Lisbon. Table

4.2 lists the coordinates and elevations of the 19 seismic stations.

Major constraints on the location of the seismic stations were imposed by the
topography, the use of the land and the geology, and in some cases a compromise
had to be reached in order to safegard the geometry of the network. In the Lower
Tagus Basin, geological conditions were less favourable, with total absence of well
consolidated outcrops; this notwithstanding, sites which were located in quiet

areas far from human activity proved to have very good signal-to-noise ratios.
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Table 4.2

LRSS SR EERRS SR EEEEEEESEEEEEREE S EEEE R EE RS

# STAT LATITUDE LONGITUDE ELEV
DG MIN DEG MIN m

3 ASN 38N47.27 9W23.21 530.
4 AVL 38N53.64 9W 6.50 300.
5 ACA 38N49.39 8W48.10 50.
6 AST 38N50.18 8W31.40 130.
7 AMJ 38N42.04 9w 2.49 3.
8 ASZ 38N27.53 9w 5.44 200.
9 AMT 38&35.00 8W36.11 50.
10 BMM 39N15.56 8W50.82 100.
11 BMJ 39N17.17 9w 2.86 660.
12 BPT 39N 9.92 8W50.82 90.
13 BOT 39N 5.87 8W58.84 50.
14 BAL 39N 8.36 8W35.05 170.
15 BSM 39N 2.40 9W 8.53 260.
16 BCR 38N59.18 8W59.59 200.
17 BMU 39N 4.61 8W40.99 30.
18 BPA 38N53.62 8W53.35 5.

19 BSE 38N53.26 BW46.62 25.
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4.2.2

1
i

In the Lusitanian Basin, the abundant outcrops of Mesozoic limestones allowed
better coupling of the seismometers, but the population density is higher and the
industrial activity more intense. Combined with the rugged topography, these

factors made the selection of quiet sites more problematic there.

With good logistic support and fair weather, the building of the seismic
stations could be achieved at a rate of three stations per working day, and the
ideal number of people involved in the operation is probably three. In the RESTE
experiment, the latter number was usually exceeded and the former was seldom
reached, with very high temperatures initially, and heavy rain later, affecting

considerably the efficiency of the works.

Figure 4.5 reproduces the jet-pen record of a small earthquake that occurred
on October 25/26, 1987, code-named EL06. An extreme concentration of dis-
favourable conditions makes this event the natural choice to exemplify the diffi-
culties that can be encountered when operating a microearthquake network. An
electronic fault had disrupted temporarily the recording of the VELA time code
(trace 13), and the conditions of radio-reception did not allow the recording of
the MSF code (trace 11). However, the relative timing of the arrivals was still
possible, because the standard frequency generated inside the recorder by a crys-
tal oscillator was recorded on trace 6. Only 9 stations had been installed at this
stage, and due to temporary logistic difficulties only 6 were operating normally
at the time of the event. Due to an anomaly in the radio-reception, trace 2 is
reproducing trace 10 with the additional loss of one station. Finally, a burst of

radio-noise obscured the record of the event on trace 1.

Data preparation.

The magnetic tapes recorded at the RESTE central stations were dispatched
to Durham and processed with the facilities of the Seismic Processing System
(Stevenson, 1986), running on a PDP-11 workstation. The first step consisted
of scanning systematically the tapes: the seismic trace from a selected channel
was displayed as a series of raster lines on a Techtronics 619 VDU for visual
inspection, at a rate of about 2.2 hours of data per screen, arranged in 40 lines.
This allowed the identification of seismic events in a highly effective way, with

two different channels from each tape (recording time of ca. 3.5 days) scanned in
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under one hour. The combined use of a multi-channel high-frequency jet-pen in
parallel with the scanning system allowed the quick check of any suspected event,
to rule out bursts of local noise in the channel being scanned. After approval,
each event was classified as local, regional or teleseismic, according to whether
it seemed to originate within or close to the network, within a radius of 500 km
or further away. This preliminary classification was done by inspection of such

features as event duration and separation between the p- and s-wave arrivals.

Automatic facilities were available to read the time of a particular event by
picking its position on the screen with a stylus, and to position the magnetic
tape accordingly. After a seismic event had been approved and classified, a user-
deﬁned length of tape including the event (usuajly two minutes of recording time)
was re-read and the data in the several channels was digitized, multiplexed and
stored in a disc file, for further processing. A sampling rate of 100 Hz was used
for local events and 50 Hz was used for regional and teleseismic events. Adequate

anti-aliasing analog filters were automatically selected by the digitizing software.

The operation of the RESTE Network generatéd 144 analog magnetic tapes,
95 from the central station LISBOA and 49 from the central station MONTE-
JUNTO. A total of 87 events were identified and selected, from which 28 were
classified as local, 24 as regional and 35 as teleseismic. Of the 28 local events 16
were found to be quarry blasts and the remaining 12 were genuine earthquakes.
Figure 4.6 shows examples of the different types of records. After digitization,

these data were stored on one single 2400” magnetic tape.

After the digitizing procedure, the processing of the data was carried out
on the MTS mainframe (Amdahl 470 system) of the Durham University Com-
puter Centre, still using the software of the Seismic Processing System. For
each event, the digital time-scries corresponding to the different stations were
displayed graphically on screen and enlarged to a convenient scale, and the p
(and when possible the s) arrivals were identified and picked with the stylus.
The polarities of the p-wave first motions were picked using the analog jet-pen
seismograms (Figure 4.7), to minimize the amount of processing, thus avoiding

possible madifications of the waveforms.

=
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Fig. 4.6¢c - Digital seismogram of an earthquake close to the network.
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The arrival times of the picked phases were_éa,lculated automatically from
the corresponding VELA time code channel, and stored in a disc file. The main
contribution to timing error at this stage is due to the subjectivity inherent to
the identification of the onset of a noise-contaminated signal. This uncerf;ainty
was typically not large than & 5 ms, but could reach the double of this value in

adverse noise conditions.

Before using the arrival times obtained by the procedure described above,
they were corrected for the drift of the internal time code generator in each Geo-
store recorder. This was done by comparing the VELA time code with the MSF
time code recorded alongside. The offset was measured repeatedly at different
points along the record, allowing the estimate of a standard error of 7 ms
associated with the correction. This error was mostly due to the distortion of
the MSF time code signal, which on a fast jet-pen playout differs significantly

from a square wave.

The recording of MSF time-code was not continuous, due to problems with
its radio-reception in the area of the survey. It was nevertheless possible to obtain
calibration points spaced by intervals of the order of two or three days and to
interpolate in between. This procedure was satisfactory because both recorders
were installed inside acclimatized buildings with virtually no temperature oscil-
lations, and under these conditions the clock drifts can be expected to be almost
linear, within the manufacturer’s specification of less than 1 second per week.
At any rate, the need to interpolate corresponds to a loss of accuracy that will
be accounted for by doubling the error associated with the conversion between
VELA and MSF times. This results in a global conversion error of 14 ms, which
combined geometrically with the average picking error of £5 ms yelds an overall -
timing error of +15 ms. Hence, a value of 0.02 s will be adopted for the error in

the timing of first arrivals.

Figure 4.8 shows the drifts of both internal clocks with respect to MSF time
for a period of four months, obtained by fitting the calibration points with a
polynomial. For the less stable clock the drift was of the order of 0.3 second per
week. The discontinuities of the drift curve were caused by re-setting the clocks

after maintenance operations.
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4.3

4.3.1

Once corrected arrival times were obtainéd, the hypocentres of the local
earthquakes were located using —DUEDROPS, a software package developed at
Durham University (Smith and Foulger, 1987) which uses the FORTRAN pro-
gram HYPOINVERSE (Klein, 1978). Before discussing the results, the next

section will deal with several theoretical aspects of hypocentral location.
Hypocentral locations.

Nonlinear optimization. Location pitfalls.

Hypocentral location is a problem of non-linear optimization, since the ob-
servable quantities (arrival times) are non-linear functions of the unknowns (focal
coordinates and origin time) that are to be estimated (Lee and Stewart, 1981).
The “objective function” to be minimized is the sum of the squares of the travel-
time residuals (for a trial solution), and any implementation involves an algorithm
to sear(‘:'lll'itervati-vely;for a minimum of this quantity. Alfhough some attempts
have been made to use full non-linear methods such as the SIMPLEX algorithm
(Rabinowitz and Kulhanek, 1988) or Newton’s algorithm (Thurber, 1985), most
well-tested computer programs involve the linearization of the dependence be-
tween traveltime and source coordinates, through a procedure known as Geiger’s
method (Lee and Stewart, 1~98'1).

Denoting by r a nx1 array of traveltime residuals (n being the number of
stations) corresponding to a trial solution x (source coordinates and origin time),

the objective function becomes

(4.1) F(x)=rTr

and can be expanded as a Taylor series around r according to

(4.2) 6F = F(x + 5x) - F(x) =
61



= gT.Ex + ééx.(Hﬁx) + higher order terms,

where g is the gradient of F and the “Hessian matrix” H is composed of the
second partial derivatives of F. The direction along which the variation of I is
faster can be found by applying the standard extremum criteria to (4.2), and is

given by

(4.3) bx=—-H g

(Lee and Stewart, 1981).

Geiger’s method of hypocentral location uses the iterative scheme suggested
by (4.3), after introducing two approximations. The first consists of linearizing
the relation between the traveltime residuals and the errors éz; in the source

parameters through

_on
 Oz;

(A4) i Ax;, or r=B Ax

where B;; = %} is the derivative of the traveltime to station ¢ with respect to
the source parametre z;. With this notation, the gradient of F and the Hessian

matrix can be re-written as

(4.5) g= —2BTy
and
(4.6) H =2(BTB - (gradBT)r).
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The second approximation in Geiger's method consists of ignoring the dyad

of non-linear terms on the right-hand side of (46) In this way, (4.3); becomes

(4.7) §x=A"'r, with A'=(BTB)'BT.

This result, formally equivalent to the least-squares solution for linear prob-

lems, is known as the Gauss-Newton iterative method of non-linear optimization.

Different algorithms have been proposed to solve the system of linear equa-
tions (4.7), which is liable to diverge from the true solution whenever the approxi-
mations inherent to the method cease to be valid. In particular, the success of the
iterative process depends critically on the geometry of the seismic network and
on-thé degree of ”excentricity” of the epicentre with respect to the distribution

of the stations. This aspect will be further pursued later in this section.

The program HYPOINVERSE solves the system of equations (4.7) with the
method of generalized inversion with eigenvalue truncation, the fundamentals of
which will be discussed in section 6.2.3. To deter divergence associated with
non-linearity, the program applies a damping factor to the length (in space) of
each iteration step, and applies a larger damping factor whenever an increase in
the objective function is detected. The iteration process stops when the spacial
adjustment becomes smaller than a user-defined value, when the improvement in
the RMS residual traveltime falls below a certain threshold or when the number

of iterations reaches a specified limit.

The first step towards the location of hypocentres is the choice of a suitable
seismic velocity model. The version of HYPOINVERSE that was used calculates
traveltimes and take-off angles at the source by interpolating from a traveltime
table, previously computed with a user-defined velocity model. The table consists
of a grid of values of source-depth and epicentral distance with corresponding
values of traveltime, generated with the program TTGEN (Klein, 1978). This
program traces rays from each specified source-depth z; at constant increments
of the function @ defined by
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(4.8) Q = (2 +0.5) tang,

where ¢ is the take-off angle. A curve of traveltime versus distance is thus
obtained for each value of depth. This curve'is interpolated at specified distance
intervals and the resulting values are entered on the traveltime table. The pro-
gram then proceeds to a different depth, with an increment defined by the user.
Two values of increment are used, both for z; and Q, to provide a better distri-
bution of the rays. The traveltime derivatives used in Geiger’s method (equation

4.4) are estimated directly from the traveltime tables using finite differences.

Once a solution of the location problem is obtained, the errors affecting the
hypocentral parameters are computed using the covariance matrix. (The details
of this methodology will -be discussed in section 6.2:3.) This matrix reflects the
degree of stability in the solution of the system (4.7), which controls the “prop-
agation” of errors from the data to the solution, and is scaled by the variance of
the input data (equation 6.17). In practical applications, the covariance matrix is
also made to depend on the RMS traveltime residual for the solution, as a means

of incorporating the limitations of the velocity model into the error estimates.

The program HYPOINVERSE equates the error in origin time to the square-
root of the correspbnding diagonal element of the covariance matrix. In doing
this, it neglects the contribution of the position errors to the error in origin time,
a practice validated by Fermat’s Principle and by the more pragmatic reason
that accuracy in origin time is seldom required. To obtain the errors in position,
the row and column of the covariance matrix associated with the origin time are
removed, and the resulting sub-array is diagonallized by an appropriate rotation
of the reference frame. (This is always possible since the covariance matrix is
symmetric by construction.) The principal direction associated with the largest
(smallest) covariance eigenvalue corresponds to the direction along which the

position of the source is worst (best) constrained.

The uncertainty of the position of the epicentre varies radially, and it can be

depicted by an ellipsoid, centred at the solution and with principal axes oriented
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a.long the pr1nc1pa.l directions of the covariance ma.tnx The semi-axes are made
equal to the cova.rlance exgenvalues The. prOJectlon of this elhpsmd onto the
horizontal plane is an elllpse whose large semi-axis is a measure of the horizontal
error in the hypocentral location. The vertical error is obtained by a similar
procedure. For a well-conditioned problem and assuming that the errors in the
input data are gaussian, the covariance ellipsoid -is a reliable indicator of ‘the
quality of the location: enlarged by a factor of 2.4, it has a probability of 95% of
containing the real hypocentre (Klein, 1978).

If both p- and s-waves can be used, the location problem becomes better con-
ditioned (the condition number of the matrix inversion, defined below, becomes
smaller). This is particularly significant if the network-event geometry is not
favourable, as is the case when the epicentre is outside the network. In addition,
the combined use of the two types of wave allows a straightforward estimate of

the epicentral position, which can be used for a preliminary inspection.

If 7 is the difference in seconds between the arrival times of the p-wave and
the s-wave at a particular station, « is the (uniform) p-wave velocity in km

g1

, and a constant ratio of 1.8 between the p-wave and the s-wave velocities is
assumed, it is straightforward to establish that the distance between the station

and the epicentre is given by

(4.9) d=[(125a 7)? - RYY?  (km),

where h is the hypocentral depth in km. If this estimate is made for several
stations using a trial value for h, an approximate epicentre can be obtained by
plotting the stations on a map and drawing circles with radii corresponding to
the different distances and centred at the stations. If the rough assumption about
the velocities is valid and a reasonable guess for the depth h can be made, the

intersection of these circles should define a small region containing the epicentre.

Hypocentres are located with respect to a conceptual velocity model, and any
errors in that model will also lead to location errors. This effect is investigated

in Figure 4.9. It is assumed that the true hypocentre is located underneath
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Fig. 4.9 - Effect of using a slow velocity model for the estimate of hypocentral depth,

when p-wave data only are used. H is the true position of the source, h is

the estimated depth.
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station ST1, at a depth h. The p-wave arrivals are observed at station ST1 at
some instant, and at station ST2 an interval At later. If s-wave arrival times
are not available, the origin time is poorly constrained, since all the information
consists of differences between p-wave arrival times at pairs of stations such as
(ST1,8T2). If the velocity model is slow, the same (observable) At for a pair of
stations will iinply a shorter difference in the length of the two raypaths. This
can be achieved by moving the source to a debth H>h. With the appropriate
changes, the same reasoning applies to a fast model. If both p- and s-wave arrival
times are available for at least a few stations, the estimate of origin time becomes
more accurate, and its error can no longer absorb the effects of the wrong velocity
model. The error for this situation is in agreement with common intuition, i.e.,

a slow model leads to a shallower source, and vice-versa.

In conclusion, the effect of a wrong average velocity on the estimate of focal

depths seems to be as follows:

- If the model is too slow, using both p- and s-wave data results in a deficit
in the depth estimate, whereas using only p-wave arrival times will lead to an

overestimate in the depth.

- If the model is too fast, the depth will be over- or under-estimated, depend-

ing on whether both types of data are used or only p-wave data are used.

Before s-wave traveltimes are used for hypocentral location, the picks may
be checked for incorrect identifications. To do this, the s-p traveltime differences
are plotted against the p-wave arrival times. The two quantities are related

(assuming constant velocities) by

(4.10) ta—tp=(p—1)tp — (p— 1),

where p is the ratio between the p and s velocities and t, is the origin time.
The ratio p, which depends exclusively on the Poisson ratio, usually takes values

in the range 1.75 to 1.80. Accordingly, the slope of a straight line fitting the
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points in the plot should be in the range 0.75 to 0;80. Picks that deviate signifi-
cantly from this line probably correspond to misidentified phases, and should be
neglected. '

The most common pitfalls of earthquake location could not be avoided even
with error-free data and a perfect velocity model. They result from the invalid~
ity of the approximations inherent to Geiger’s method, occurring in situations
of strong non-linearity, or from numerical inStab;llity-associated with the quasi-
singularity of the matrix 4 in (4.7), or from both. In the case of an unstable
system of linear equatioris, the solution is highly sensitive to errors in the values
of the matrix coefficients, and the finite-difference estimate of traveltime deriva-
tives from the traveltime table may not be accurate enough to prevenf disparate
results. This aspect can be quantified with the introduction of the “condition

number”, characteristic of the matrix of a system of linear equations.

If x; is the solution of the linear system of equations Ax = t, with A non-
singular, and x’ = x1 + 6x is the solution of (A+6A)x = t, it can be shown (e.g.,

Ortega, 1972) that to a first order of approximation

lox? Al

4.11 M < k(A ,

(4.11) PRSI
with

(412) ka(A) = AIZIAYR,

where || - || indicates the L2 norm (e.g., Ralston and Rabinowitz, 1978). The
number k3(A) is called the “spectral condition number” of A, and for a symmetric

matrix it is given by

5 = I/\ilmaz
l’\ilm.in

(4.13) k
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where the A; are the eigenvalues of A (Ortega, 1972). Equation (4.11) shows
that if the matrix A has a very large condition number, a small fluctuation in
the value of its coefficients may imply a large relative variation of the solution.
For this reason, matrices (or linear problems) with large condition numbers are
said to be "ill-conditioned”.

In the case of hypocentral locations, the condition number depends critically
on the geometry of the network, and on the position of the iteration point with
respect to the set of stations. Unfavourable geometries are those that cause two
or more columns of A to become nearly proportional in the region containing
the source. This situation tends to occur when the epicentre is outside the
network and far from its periphery. This is the reason why the use of s-waves
is crucial in this situa,tidn, since the corresponding traveltime derivatives are
different from those of the p-waves. Figure 4.10 (after Buland, 1976), depicts the
spatial distribution of the condition number for a network of four stations (p-
waves only), showing that variations of up to four orders of magnitude may take
place within distances from the periphery of the network that are comparable to
its diameter. Based on experience, Klein (1978) considers a condition number of

~200 to be the upper limit for stable hypocentral location.

When the traveltime dependence on distance is strongly non-linear, as can
be expected when the iteration point crosses a sharp horizontal velocity varia-
tion, convergence of the iteration scheme can still be achieved provided that the
matrix A is well-conditioned, especially if damping of the adjustment length is in-
troduced. When strong non-linearity occurs in association with an ill-conditioned

matrix the iteration is most likely to diverge.

The solution of an ill-conditioned system of equations may be very far from
the true solution and still produce very small residuals (e.g., Ortega, 1972, Exam-
ple 2.2.3). For this reason, the RMS traveltime residual for a particular hypocen-
tral location cannot always be used as a guide to the quality of the location. It
was already pointed out that this is best done by considering instead the covari-
ance matrix. This matrix is sensitive to the size of the eigenvalues of the matrix

being inverted, and thus to the condition of the problem.
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4.3.2 Velocity modelling and HYPOINVERSE performance tests.

Information on the velocity structure of the crust was obtained from the
published refraction surveys of Moreira et al. (1980) and Mendes-Victor et al.
(1980), and from Caetano (1984). These studies apply to different regions un-
derneath or around the area of the network (Figure 2:4): the profiles of Moreira
et al. (1980) run on a NNE-SSW direction along its western border; the section
of Mendes-Victor et al. (1980) crosses the area centrally in a NW-SE direction;
and the Ferreira—Evora profile of Caetano (1984) characterizes the sediment-free
area to the SW. Figure 4.11 shows the differences betWeeﬁ the proposed models,
due in part to subjective interpretation but mainly to the geological contrasts of

the region.

The velocity model used to generate the traveltime table is defined by assign-
ing velocity values to specified depths and assuming constant vertical gradients
of velocity in between, without discontinuities. The selected model is shown in
Figure 4.11, and corresponds to a compromise between the different results of

the published refraction surveys.

Figure 4.12 shows the theoretical traveltime curve predicted by the adopted
velocity model for a source at the surface, and a sample of first-arrival picks from
some of the published refraction profiles pertaining to the area of the network.
The agreement between the prediction and the observations should not be ex-
pected to be good, since the majority of the picks in the figure correspond to
head-waves, which cannot be predicted by the velocity model due to the absence
of velocity discontinuities. This is not a hindrance when the source is at a depth
that is not small compared to the epicentral distances of the stations, because in
this case the rays travel upwards from the source and the first arrival is a direct
wave. The interest of Figure 4.12 is that it allows an estimate of the lateral vari-
ations in the delays due to shallow low-velocity structures, responsible for most
of the scatter between the different profiles. These should also be expected to
cause important contributions to the location errors, since with program TTGEN
the choice is restricted to velocity models with horizontally homogeneous layers.

This will be further discussed in the next section.
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Fig. 4.10 - Spatial variation of the base 10 logarithm of the condition number for Geiger's
method of earthquake location, for a network of four seismic stations. Re-
drawn after Buland (1976).



Fig. 4.11 - Comparison between the several velocity models proposed for the area of
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Fig. 4.13 - Hypoinverse report for the location of an explosion.
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radius corresponds to the horizontal error. The dot corresponds to the true
location of the explosion. The positions of the recording stations are shown

by squares.



When a station is operated over a long period of time and used for the location
of a large number of earthquakes, the statistical analysis of its traveltime residuals
can provide a correction term, characteristic of the station. This quantity may
then be added to the observed traveltimes to compensate for the effect of the
shallow low-velocity layers underneath the station. Retrospective analysis of the
HYPOINVERSE traveltime residuals for the different stations of the RESTE
Network shows in fact that some stations have traveltime residuals that do not
average to zero. The most significant cases are the stations ACA, with a mean
traveltime residual of 0.264+0.11 s, and ASN, with -0.10 £0.12 s. Since the
residuals are the observed minus the predicted traveltimes, it can be inferred
that ACA is situated on top of layers with lower velocities than modelled, and
vice-versa for ASN. This is in very good agreement with the geology, since ACA
is implaced on poorly consolidated river-terrace deposits of the southern margin
of the Tagus River, whereas ASN is on top of a granitic outcrop (Sintra Granite).
However, the number of events located with the stations was not adequate for an
accurate statistical analysis, and the standard deviations of the residuals are large
when compared with the mean value. For this reason, station corrections were
not introduced, allowing therefore the error estimates for the location parameters

to reflect more realistically the inaccuracy of the modeling.

Figures 4.13 and 4.14 correspond to the location of a shallow explosion to
the W of the network, on November 18, 1987. This explosion was independent
of the RESTE experiment, and was part of major offshore sewage works. No
accurate origin time was available, but the location of the explosion was known
with an error margin of about 500 m. Clear p-wave arrivals were recorded at
five RESTE stations, and s-wave arrival times of variable reliability were also
measured and used in the location. In Figure 4.14, the shaded circle is centred
on the HYPOINVERSE epicentre, and its radius corresponds to the horizontal
location error of 7.3 kimm. The depth was estimated as 1.4+10.4 km, and the
real value was near zero. Within the margin of uncertainty associated with the
true location of the source, the centre of the epicentral circle coincides with the
location of the explosion. The condition number for this location was 173.2. The
geometric method based on equation (4.9) was also used to locate this event,

with h = 0 and a constant p-wave velocity of 5.5 km s~!. The epicentral region
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thus obtained is depicted in Figure 4.14, and one of its corners coincides roughly

with the true position of the source.

Figures 4.15 and 4.16 correspond to another test of the location program,
using a shallow quarry blast to the N of the network, at a point known within
a margin of about 500 m. The HYPOINVERSE solution, based on five p-wave
arrivals and four s-wave arrivals, had a depth of 1.2+2.8 km and a condition
number of 46.1. The estimated horizontal error was 2.0 km, but the distance
between the computed epicentre and the quarry was about 4 km. Using equation
(4.9) with h = 0 and a velocity of 5.5 km s~1, a small region was delimited which

fell some 5 km away from the quarry.

The microearthquake EL06 (October 25/26, 1987), already mentioned in
section 2.1, was used to test the performance of the location program for an
event outside the network and towards the SE of it (in this case the real position
is not known). The four useful traces in Figure 4.5 display very clear waveforms,
and using larger playouts it was possible to obtain relative p- and s-wave arrival
times for all of them. The location of the hypocentre was attempted in two

stages: first, with the method based on the differences between s- and p-wave
arrival times; then, with HYPOINVERSE.

Table 4.3 gives the p-wave arrival times (arbitrary clock), the measured dif-
ferences between p- and s-wave arrivals, and the epicentral distances computed
with (4.36) for a source depth of 15 km (this is close to the average of the best
located hypocentres, as described later in this section) and a standard p-wave

velocity of 6 km s™1,

The origin time was estimated by dividing the distances by the standard
velocity and subtracting from the p-wave arrival times. This is shown under
tp — d/6. Since the result for ASZ deviates significantly from the others it was
considered anomalous, and the average of the other three values was taken as a
trial origin time. This value was in turn subtracted from p-wave arrival times to
give p-wave traveltimes, shown under ¢, — ¢y, and finally the distances were com-
puted again using the standard p-wave velocity to test the internal consistency

of the results. The last column on the right shows the differences between the
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Fig. 4.15 - HYPOINVERSE rcport for the location of a quarry blast.

'
v

5/17/88 AT 22:12:48
ADJUSTMENTS (KM)
DLAT  DLON _DZ RR NF
=2,407 =1.561 05000 2.869 3  ~
“0.865 =0,072 1,025 1,843 &
“0.706 <D,305 1,197 1.423 &
©2,383 =1.17% 3,678 4,537 &
20,316 =0,158.=0,188 0,399 &
©0.032 =0,031 ~0.066 0,078 &
=0.024 00043 0,055 0,073 &
0,066 =0,023 0,062 0,08i &
04156 =0.015 =0,166.00,223 &
\
MERROR ELLIPSE
CE ERRORS ® SERR AZ DIP
“0.116 =0.049) 0.253 # 2,31 169 48
0.597 =1.83G) 1,769 B 1027 340 8}
0,685 =0.254) 00828 # 0073 73 5
0,254 3.653) 1,911 #
ERH  ERZ GAP XMAG FMAG STAND
1.56¢ 1.71 272 00531
LY =RLS) WT XMG FMG R INFD
00 0.11 1.00 0,700
00 0,07 1,00 00460
00 =0.20 1,00 0.627
00 0.17 1.00 0.378
00 =0.26 1,00 00423
00 0o24 1,00 00223
00 Q.15 1,00 0.796
00 =0.24 1,00 0.390
00 1.24 0,00 00000
00 =2.62 0,00 0,000
00 =3.37 0,00 0.000
00 =3.13 0,00 0,000
U0 =7.23 0.00 0.000

¢



38 N

38 30" | | L~ I\ .

o .- 50km
]

Fig. 4.16 - Location of a quarry blast. The cross shows the true location of the blast.

See caption of Figure 4.14 for more details.




two estimates of epicentral distances, which are acceptable in view of the coarse
nature of the method.

Station

b ()|t =t ()| d (hm) | & — /6 (5) | tp 10 ()| &' (hm) | d = @ (km)
AST |06.87 06.08 43 -0.30 07.15 - 40.2 +2.8
ACA {10.37 08.88 65 -0.46 10.65 62.1 +2.9
AVL |15.41 12.56 a3 -0.09 15.69 92.9 +0.1
AS7Z |13.38 10.49 77 +0.55 13.66 80.6 -3.6
Table 4.3

Figure 4.17 shows the locations of the stations that recorded the event, and
the arcs on the right were drawn according to the method described above.
The source was located to the SE of the group of stations, near the point with
coordinates (38° 33’ N; 8° 11’ W). The distance to the baricentre of the group
of stations is comparable to its linear dimensions. The large uncertainty of the
order of 10 km in the NNE-SSW direction results from the alignment of three of
the four stations, which subtend a narrow angle with respect to the epicentre.
Along the WNW-ESE direction the constraint is stronger, and the uncertainty
is of the order of 3 km.

Different attempts were made to locate event EL06 with HYPOINVERSE,
to check the sensitivity of the solution with respect to the different parameters.

The different results are given in Table 4.4.
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Fig. 4.17 - Test of the location program for an event outside the network (ELO0G). Squares
indicate the positions of the recording stations. The letters correspond to
those on the first column of Table 4.4. The arcs were drawn using s-p trav-

eltime differences (equation 4.9).




Table 4.4 |
- k |z (km)| AH (km) [ Az (km) | A (km)
130.0 4.5 9.5 21.0 ~0

1999 | 3.6 13.1 204 ~3

5405 | 3.5 19.2 318 | ~12
2558 | 3.8 14.2 123 | ~20
1143.0| 4.5 928.4 67.6 ~0

Mg |@|*®

110.8 6.1 5.4 15.4 -

A - Trial hypocentre underneath AST, at 5 km of depth; p
and s weights 1.0. B - Trial depth 5 km; p weight 1.0; s weight
0.5. C - Trial depth 5 km; p weight 1.0; s weight 0.0. D - ASZ
ighored; other weights as in A. E - AVL ignored; other weights
asin A. F - As in B, with a trial depth of 15 km.

k is the condition number, z is the depth estimate, AH and
Az are the horizontal and vertical errors and A is the epicentral

distance to the location F.

The location F had the lowest condition number and the smallest horizontal
error, and is taken as the best possible location with the available data. The
location of the epicentre of event EL06 could still be achieved with reasonable
accuracy (error margin of the order of 5 km) despite the fact that the earthquake
was outside the network. The use of s-wave arrival times was crucial for this
purpose, although the reduction of the corresponding weights from 1.0 to 0.5
seems to have improved the solution. The source depth, as should be expected,

could not be retrieved from the observations with any degree of accuracy. A
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very steady convergence to a particular result does not necessarily mean a more
accurate solution (the final solution had in fact a troublesome iteration progress,

and yet reached the lowest variance).

The HYPOINVERSE location of event EL06 lies about 20 km away from the
centre of the region defined by the method based on equation (4.9) (Figure 4.17);
it is however very close to the arc corresponding to station ASZ. This suggests
that the assumption of a constant velocity of 6 km s™! is valid between the
source and station ASZ, but not towafds the other stations. With this posSibility
in mind, the three last columns of Table 4.3 were re-computed, this time with
the origin time estimated with station ASZ. The results are given in Table 4.5,
showing that the assumed velocity of 6 km s~! leads to totally consistent results
for station ASZ. For the remaining stations, an agreement with the adopted
HYPOINVERSE solution can still be achieved if the constant velocity is made
equal to 5.5 km. This is shown by the dashed arcs in Figure 4.17, and suggests
that strong horizontal heterogeneities of the seismic velocities are likely to occur
in the region, with a bearing on the quality of the locations. This possibility will
be supported by the investigation of the broad velocity structure of the crust

beneath the network, discussed in chapter 6.

Station | d (km) [t, —to (s) | d' (km)
AST | 43 | 0553 | 37.9
ACA | 65 | 0833 | 589
AVL | 93 | 12001 | 89.2
ASZ | 71 | 0094 | 770

Table 4.5
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4.3.3 Application ‘to the RESTE data.

A total of twelve RESTE local earthquakes were located with HYPOIN-
VERSE. Of these, seven occurred within the network and the remaining had

minimum epicentral distances in the range 18 km to 61 km.

Whereas for the events outside the network it was generally possible to pick
s-wave arrival times, for those inside the network only a few, if any, s phases were
identifiable. Figure 4.18 shows a plot of s-p traveltime differences as a function
of p-wave arrival time for those events with available s-wa,vé,data,. It was shown
above that the points for each event should plot .along a straight line with slope
0.75 to 0.80. This is generally the case for the RESTE earthquakes. The curve
for event ER02 shows clearly that beyond some distance a different phase was
picked as being the s-wave, and those arrival times were ignored. Those readings

that deviate significantly from the fitted lines were also abandoned.

The following iteration parameters (section 4.1.2) were used in the locations:
step damping, 0.9; damping for iterations with RMS residual increase, 0.60; mini-
mum iteration length, 0.04 km; minimum RMS traveltime residual improvement,
0.001 s; maximum number of iterations, 20. The several locations will now be
discussed separately. The location of event EL06 was already discussed above.

The results are summarized in Table 4.6, and plotted in Figure 4.36.

Figure 4.19 shows the iteration procedure for the location of the first local
event (ELO1) detected with the RESTE Network on July 23, 1987. The-condition
number is 30.1, and the horizontal and vertical errors are 0.6 km and 1.6 km

respectively.

The HYPOINVERSE report for event ER02 (initially classified as fegional,
hence the code) is given in Figure 4.20. This event is outside the network, and
its epicentre is 61.5 km distant from the closest station. Despite the adverse
configuration the condition number was 21.4, and the RMS residual was 0.09
s. The large residual for the p-wave arrival time at station ASZ suggests that
the onset of the signal was missed in the noise. Station AMJ was clearly mixed
up with some other station, probably due to the swap of a pair of plugs in the

multichannel recorder input. The result for the source depth is meaningless.
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Fig. 4.18 - Plot of s-p traveltime differences as a function of p arrival time. For correctly
picked s first arrivals, the points should plot along a straight line of slope 0.75
to 0.80 (r = 1.75 to 1.80).

15



Table 4.6 - Simplified HYPOINVERSE ocutput for the RESTE events.

CODE| DATE  TIME | LAT LON Z(km)|AH (km) AZ (km)|M; Mp| Cbs. |
ELO1 | 23JULS7 1258 12.74|38 43.84 902.54 20.0 | 0.6 1.6 |23 - .
ER02 | 28JUL87 20 24 18.65 |39 30.24 9 05.06 - 0.6 i -3l -
ERO03 | 20JUL87 13 07 35.87|38 47.00 8 12.11 - 1.2 - J24 - | outside |
EL05 | 140CT87 21 56 28.05|38 30.74 909.55 151 | 0.5 11 |16 - ;
EL06 | 260CT87 ; 383220 81222 - 5.0 147 | - 2.2 |poor locat.
EL22 | 21JANS8 04 04 10.06 |38 57.58 8 44.64 8.1 0.5 16 | - 14 :
EL23 | 22JANS8 21 00 40.85 |39 04.22 9 02.23 19.7 | 5.3 86 |11 - |poorlocat.
EL24 | 26JAN8S 15 33 09.66 | 38 56.06 8 43.98 9.3 -| 1.3 37 |15 - ]
EL25 | 30APR88 07 47 12.78[38 51.26 008.43 12.8 | 0.6 0.0 |13 - ]
EL26 | 06MAY88 02 45 00.33 | 38 43.45 9 36.06 - 1.4 ] - 29| outside |
EL27 | 18MAYS8 17 03 42.75 | 38 54.99 9 30.93 - 1.2 - |>3 - | outside |
EL28 |22MAY88 1500 00.30|3858.11 911.76 16.4 | 0.9 14 | - 38| felt

* - Estimated by INMG, Lisbon.



Figure 4.21 concerns event ERO03, also located outside the network and 28.2
km distant from the nearest station. The condition number was 33.7. Although
the convergence towards an epicentral position was fast, the iterations became
unstable when trying to select a value for the depth. The RMS residual was 0.17
s, and the error estimates were 1.2 km (horizontal) and 1.6 km (vertical). The
vertical error is too small to be realistic, since this network-event configuration

does not allow a reliable estimate of the depth.

The event ELO5 (Figure 4.22) was located within the network, and the con-
dition number was 45.9. It was located at a depth of 15.1£1.1 km, with a RMS
residual of 0.02 s. The large p-wave traveltime residual (-0.42 s) for station AMJ
(the-closest -station to the epicentre at only 11.1.km) suggests that the source
might be slightly shallower than the estimated interval, close to 12.5 km (125 =
15.1 - 0.42x6.0).

Figure 4.23 corresponds to event EL22, located within the network, with
condition number 35.6. Only five p-wave arrival times were used, and the RMS
residual was 0.04 s. The depth was estimated at 8.14 1.6 km, and the horizontal

error was 0.5 km.

The location of event EL23 (Figure 4.24) was based on four p-wave arrival
times, the minimum number of observations that still allows a location. The
condition number was 201.6, on the limit of numerical instability, and the RMS
residual was 0.02 s (it would have been zero if the problem were linear). The
depth was estimated as 19.7+ 8.6 km, and the horizontal error was 5.3 km.
Naturally, this location has very poor quality.

Figure 4.25 corresponds to event EL24, located within the network at a depth
of 9.3+ 3.7 km. This case is interesting in that it had a large RMS residual (0.37
s), despite the fact that the network-event configuration was strong and the read-
ings of the arrival times were clear and accurate. The condition number was 26.4,
therefore the discrepancies between observations and predictions cannot be at-
tributed to numerical instability. Because all other conditions were favourable,
the limited success of this location seems to indicate that the linear approxima-
tions of Geiger's method were not valid. In the next section, a major basement

fracture will be proposed that passes very close to the location of this event. The
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associated horizontal heterogeneity is a possible explanation for the breakdown

of the validity of the linear approximations.

The location of event EL25 is reported in Figure 4.26. It had a condition
number of 20.2 and an RMS residual of 0.09 s. It is in a central position with
respect to the stations; and the estimated depth is 12.84 0.9 km. The horizontal
error is 0.6 km. Station AMT was defective at the time, and the time read from

the seismogram corresponded to an outburst of noise, hence the large residual.

Events EL26 and EL27 were both located outside the network, with mini-
mum distances of 48.7 km and 18.1 km respectively. The corresponding iteration
reports are given in Figures 4.27 and 4.28. The horizontal errors are probably
underestimated, especially for event EL26, which shows very large p-wave resid-
uals (-0.96 s and -0.76 s) for the two closest stations, although the remaining 11
phases had an RMS residual of only 0.07 s. The depths of the sources would not

be recoverable from the data, and the given values are devoid of meaning.

Finally, Figure 4.29 gives the HYPOINVERSE output for event EL28, which
was considerably larger than all the other earthquakes (section 4.3.6). This event
was recorded by the stations MTH and MOE of the Portuguese National Nefwork,
and by nine RESTE stations (the number of operating stations had decayed by
then, with the approach of the closing date for the experiment). Stations MTH
and MOE had clear p and s arrivals, whereas the RESTE stations saturated and
gave p arrivals only. However, the use of the permanent stations in the location
resulted in very large residuals for the corresponding arrival times, with a mean
value of 3.15 s. This value corresponds probably to the offset between the MSF
time code used for the RESTE stations and the clock used for the permanent
stations. At a second attempt (Figure 4.29) that average was subtracted from
the arrival times for MTH and MOE and the residuals became more acceptable,
although still large. These values were not used in the location, which was
based on seven p-wave arrival times. The condition number was 29.2 and the
RMS residual was 0.09 s. The depth was estimated at 16.4+ 1.4 km, and the

horizontal error was 0.9 km.

The average RMS traveltime residual for all the events located with the
RESTE Network (except EL06) was 0.15 s, with individual values ranging from
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Fig. 4.21 - HYPOINVERSE report for event ERO3
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Fig. 4.22 - HYPOINVERSE report for event ELOS
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CEVENT HOg ~ '3

B OREGEN _ LAT & - LON W - “2Z

§ 24,32 36 32.86° 8 13.13 1500
2 ©0027 38 J4003 8 944 3500
¢Focal. DEPTH FREED .
AEROUARE PREVERTED -

DEPTH YARIATION DAMPED :

©6,2% 38 3o 3 9,43 15000

.3 Qo2 0
RHS YNCREASE © MOYE HYPO OoGO B8ACK

K ©4,32 38 32096
-AIRQUAKE PREVENTED
. ©0,26 38 I33.79
AIROUAKE PREVENTED

8 26090 13,38

6 ©4033 38 32023 B8 11088 6.78
RHS SHCREASE = HOVYE HYPO- ooco 8ACK
7 ©Go88 38 52,10. B 13,93 3.39
RMS INCREASE 2 MOYE HYPO L.60 BACK
8 =0,38 38 J2.18 _B- 12,70  B.42
AIRQUAKE PREVENTED ~ - E :
.9 ©4.38 38 52021 18 12.19 6023
RHS iNCREAss ° MOVE MYPU G060  BACK
10 6,45 38 32.16 8 14,36 i3,12
fMS INCREASE: S MOYE HYPO 0.60 BACK
11 =6,39 38 32,18 8 13,06 4o9v
RMS. INCREASE © MOVE HYPO 0.6u DACK
12 4037 38 J2:20 3 12,54  B5o74
RMS INCREASE = HOVE HYPU 0.6y BACK
13 ©4.36 38 32,20 8 12,33 6.03
RMS INCREASE 5 HMOVE HYPU Co80 BACK
14 26,35 38 §2020 6 12025 6015
AIROUAKE PREVENTED e
15 .+ 6,35 38 32¢21 8 12028 6.2
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16 28,40 38 32,47 b 13.32 Jolu
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RMS INKCREASE = MOVE HYPL o600 BACK
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RMS NCREASE = MOYE HYPU 0,60 BACK
22 4,35 38 32,20 8 12,22 .6al7
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OT ¢ =0.984 0,021 0a17d =0,007)(
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Fig. 4.23 ~ HYPOINVERSE report for
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event ELOG
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6 190037 38 57,58 B 64,77 BoLY 5 Coll " (oU9PE “0oL23 ~0o144 00011 G147 &
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Fig. 4.23 - HYPOINVERSE report for event EL22
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~ Fig . 4.24 - HYPOINVERSE report for event EL23
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Fig. 4.25 - HYPOINVERSE report for event EL24
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Fig. 4.26 - HYPOINVERSE report
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i Gin RMS i oL %DJusymﬁst «§Mﬂ RR NE
§ ORIGIN LAY N LOM Y 2 NdR R 0 A c :
2 13016 38 53002 9 6067 15,00 6 007905578 245070 30276 ég@@ 36@75 3
OCAL - DEPTH FREED . . ) o - LR : o
2 12089 38.52046 © B394 35,00 5 0.15 0:389 15629 °Oo769 °&°§@9v2?625“5
3 12,78 38.58.206 9 80841 83,9 5 0006 0,905 05004 065032 56530% 8303 &
4 12578 38 58,26 9 B8543 12,79 6 8008 aOBZ 0,069 °00075 056533 0.540 &
MS INCREASE-©:HMOVE HYPQ 0,60 BACK : AT o R
5 120681 38 51,29 97 ' B,38 12,26 6 003900019 =0,036 OdOQS 00319 00324 &
MS .INCREASE = MOVE HYPD U062 BACK ) P
6 12.79°36.51.27_ 9 Bo41 32088 G 001100008 260016 0,038 05328 0043094 .}
MS INCREASE 2 MOVE HYPD 0060 BACK Lo
7 12.79-38 BLo27 9..8,42 £2.73 6 00iN°0.903 =8s 036 05 007 OoOSi 0 05% &
MS "INCREASE =- MOYE HYPQ 0.60 BACK : ’
8.12,78 38751.26 9" 3643 82676 6 0009700001 =0o GO; 00503 00020 00023 8’
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M5 INCREASE e MUV: HYRPJ 0o.00 BACK =
2 12,72 ‘Bys27 9 Bo42 12.69 6 (oll'=doDUI =0o006 0,007 00050 00051 &
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. EKGENVALUES . L
{ 26511 094391 W.1E85 '0o12%) . H#ERROR ELLIPSE
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T { 205996 Go0i3 00037 Jo077)( UVo0Qlu =000¢5 20,026 =0,083) 0,102 # 3,07 324 55
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. EVENT Npo/
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"0CAL DEPTH FREED o oo
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3 0033 38 63060 9 36022 10,84 11 0.08°00,008 00086 ©00222 20,259 00351 &
4 0033 38 93045 9 36006 10053 11 Uo07 0,068 0,023 =00027 00009 0035 &
) . 1 EJGENYALUES t "~ S e v e 3 Yy =
' 3,368 00228 00177 .0.035) . . L e es,rl ! OJMERROR ELLIPSE
E1GENVECTORS OF ADJUSTMENT COVARTANCE enaons # SERR AZ DIP
)T ( 200985 00042 00165 0.036)( 00029 0,857 ©Co235 =D0o313) 0173 ¥ 3,28 259 63
LAT{ 00035 00906 00416 05089){ 0c057 00412 =00461 =0:R02) 0.642.H .- 0,69 : 62 25
CON ( “00155 ' 0olu BLoTH6 00431)( *Jo23b 904460 20342 30983) ~1.533 8 0006 454 '6
2. ( 70,063 S00109 . 00826 =0,897)( 00313 =0.862 3.983 8o 7640 20967 & ...
e iy ‘[
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GoU7 4Bo7 & O 33 &
STA DIST AZM AN P/5 ¥  SECS#CCOR (TUBS =TCAL =DLY =RES) HT XAMG FMG R -INFO
ASN 1009 69 109 P & 3545 Godu 3012 4oU8 0.90 =Do96 0o00 0,000
AYL 4667. 66 37 P & Botd Goud ToTi HotT 0090 ~Do76 0oLY 0,060
AMJ 4807 93 86 P 8098 G002 Bob65 Bo?Y% GolU =0ol& 1060 <:. . ‘0,588
ASZ 53,3 123 B85 P 9096 o000 9063 055 Go0O0 0006 1000 0,519
BCR 6002 61 81 P 11004 De0U 30073 10669 0,00 0022 1,00 © 0,209
BPA 0805 72 79 P 1483 0,00 11050 11539 Qo066 ©Voll 1,00 6,148
BOT 67.8 . 52 78 P 12025 0000 11092 11,94 0400 =0.02 3000 00209
BMJ 6903 63 77 P 32042 0000 32,09 12513 0000 %0.08 1,00 00351
ABY Ti.2 86 771 P - 12085 0000 32052 32048 000 0.04 1000 0,117
AMG 87,0 70 T4 P 15023 0000 h4o90 45001 00,00 ~Doi) 1400 0,223
: ( 5 27008 0s00 26075 26072 0,00 0003 1,00 0,608
AMT 8802 100 74 P 15051, UoQU 15688 15,19 0000 =003 3,00 00615 .
; 5 27033. 0,00 27000 27.04 Co00 =0.064 1,00 00607
BMU 88,6 63 74 P 4 13.0% Go0O0 30071 15.25 00,00 8054 0.00 05000

Fig. 4.27 -~ HYPOINVERSE report

for e

vent EL26



16 MAY 880 CEVENT NGo 3 HUN oo

A ?wswo'aV

172 3 33/27/69
. ; ADJUSTHENTS QKM)
I ORIGIN - LAY N LON W £ Ndr RMS [0} ] DLAY DLON RR .NF
1 6<o88 386 53.5C 9 29028 15000 34 (o046°0.0C7 31782 1.779 O 003 20068
“QCAL . DEPWH FREED ’ . - ’ ) . L -
2 42087 8404 9 JLoHl 1510 83 0,240,084 0,727 0.635 10497 1.811 &
3 42079 38 54,85 Y 3Ge95 16657 11 (oR1%Co6G283 Go187 HCG39 00193 00272 &
& 4co?7 38 54,95 9 ILo98 316069 31 Lo2 Lol02 ©0oC0Y% 206336 0o303.00332.4
5 42,77 38 54096 Y 3CaB8Y 16099 31 €o20mJol32 Lo035 GoB45 00083 00060 &
6 42,76 38 84,986 Y 30092 37001 3! 0ol5=0c00% Co0i3 Go017 0281 D.183 4
7 4<o75 38 654,99 9 3Co8I L7039 Ly Codit LoCOL 20,012 D.Q0% 0026 (o032 &
EIGENVALUES } . . . .
{ 3s680 (o2%2  Uolbz 0OsLY8) . .. . ) ) - HERROR ELLIPSE
"EIGENYECTORS OF . ADJUSTMENT® " COYARIANCE . ERRORS & ~SERR:.AZ OIP
3T 200989 . G0035 =0044C =0.029)( U083 2,,073 00273 00021) . 002086 & 2023 128 65
AT( 200010, (0932 00256 0.255)( ~Vo%73 16099 (o583 =(.878) 10,0488 # 1034 287 22
LON( =0c14% =0o330 0870 (o320)( =0oc&73 (o583 105953 =0oBT77) .10.012. 84 0.B7 20 8
2 ?00026 00344 Q0363 =Go932)( 00028 ={.878 =877 QoQZQ’ 20103 a8 .
leﬂ ~“— ?ﬁﬁ?ﬂ?hﬁﬁb‘h"}:l R D . -‘n;«.,,—t “~r - e (l'lﬂ S Y e F T wa g Ny W udﬁﬂaahwﬂpnﬂnvaQDQQ
fR ‘MO DA~ ORIGIN LaT N LON W DEPTH RMS ERH ERZ GAp XMAG FMAG STAND
55‘_’ 6218 27 .3 42,75 38 54,99 $ Juo¥3 17049 0020 1024 2,04 270 . 0.512
IMSHT DMIN ITR NFM NYR MWS REMK
0022 1801 7 o 113 i »
STA DIST AZM AN P/S W SECYCLOR (TOSS5 =T7CaAL =DLY =RES) HT XMG FMC R INFO
ASN k8ol 141 127 P 4704 QoOu 4029 4033 0068 =004 10383 . 00863
AVL 3503 .9% 105 P 49262 GoaQU 687 6075 000 0,12 1,13 w0 ‘00120
s o, . . "8 406l 000 11.87 32,01 Co00 =0.14 30123 0892
QCR 4509 8L 8z P 51016 ColU Yod4)l Boe37 (olD G004 1013 0.426
ISR St & 61650 0cUY 18679 16,90 0c0C 3:85 0,00 0,000
;AMd 67,6 120 83 P 51.560 000 8,75 B8.63 00,00 0o12 1013 G260
BMJ 49,4 654 84 P 51054 o000 B.79 Bo%1 0,00 200,12 1,13 00631
s . oot S 2,59&53"060) 16,58 15,66 0,90C 0072 000U~ . Do000
' BOT BG4, '66. 84 P S1083 Uo0Y Yo08 09,07 0.0C Q01 2033 "0.235
BPA 5403 9z 86 P 5074 0009 %a99 Dob7 006 0,32 Jo13 00143
) S 2 59029 Qo 36654 17.21 000U =0667 0000 0,000
ABY £8.2 .82 6869 P 63050, U000 3L o075 2028 000 0087 0,712 0,063
ASZ 6209 !QQ 86 P 3558 Lo0U 10083 11oCZ 0000 °Col¥ 3013 Go622
: . c S 4 63600 oGy 2U025 15662 (ol 0064 CGo00 00,000
BMU T4ol T6 84 .P 5L 620 0000 12045 12.77 Bo0C =Uc32 §o323 0260
AMT £7.5 115 83 P & 50667 GolUD 13092 34084 0,00 =092 UG 05009
. 5 4 6763 Loli 24058 &6oz (o0l =1,83 0,00 (e] ¢

=
o

Fig. 4.28 - HYPOINVERSE report for event EL27



22 MAY B8, 153 U

e 8098
CAL DgP
0031
Vo33
Uodid
0.30

Ut U 0ot

“"EXGENVALUES

] .
{ 20695 00305 Goltd 0(.0u1)
EIGENVECTORS OF ADJUSTMLNT
T { 00996 "Co0L) 20046 0073 (
AT( 200038 CoBY2 wveb20 Voloo)(
ON( 2000536 5Co051 00858 9.2640)(
€ 0,054 20,042 “uo2¥3 0.954)1(
-o.:a"j-.»t-".u% (:\:rr--.-' E PR ».’..»-- poaaeaty
R“MO' DA TBRIGIN LAt Lon
3= B=22 2§ @ ©.30-38 @@aag @ 2
MSH1 DMIN ITR  NFM Noil NS REMK
0009 11.2 5 0 7 [ :
STA DIST AZM AN P/S ¥ BELCPCLOR
MTH £0.0 177 151 P & &.08 ©.00
. 5 4 5,08 0,00
AYL 11.2 21237 A‘O!P Ba@? B-0¢
LOT 23,5 52 J17 P $.20 6.00
BMJ 26,0 29 113 P B.66 9-.00
ASN 4600 220 113 P 5.62 0.00
ABY 30,1 .87 1uY P 50;@ 0. 00
AMJ 32,7 155 106 P B.95 0,00
BMU 45.9 74 83 P B3.B8Y 0.00
ASZ 57,4 170 &% P 1020 .9.00
AMY 67,0 129, 86 P 4 10.97 6.0
MUOE €5.5 12¢ 83 P 4 15655 .60
% 4 26+.35.0.00

GRIGIN

38 58.7¢

JH FREEO .

58°B7.95
J& 57093
38 63,04
38 ve i1

LAY N

"EVLCNT NOo 7 3

Fig. 4.29 ~ HYPOINVERSE report for event EL28.

me@@@m?mmwmwﬁ

Y
&

RUN 30"35/27/69

LGON W Z NdR RMS DT

P 313082 35s0L 6 LoB87 (oBYHY =1,9566
9 39092 35.8% 8 (o022 0.6020 ©6.032
Y 15088 lool2 E 0olb4CoC22 Uo292
9 11051 16037 7 060990016 0,133
k) 371075 1603? T 00002 DOOO??

o

e 0 0 L

- BRSEIRE T LIRE

o o

2 0 0

(=]

]

)

I C QOO E LWL Gt
0o 0'a B 00 6 0 0 0 o ¢ M
NO Qo WO U WO EC I
CWOOCRWIILIC T T

[<]

o

[+2

@

Y e Dt O

@ o6 o

DLON. ROfF
°10295 @ 0@@ 20@32 3 -

1040 169 0. 589

©.00 =119
@oo@ 0022
@o@g °Qo7p

=DLY =RLS) ﬂI
8.00 D57
. Q.00 =uoill
Q.00 =030
©.00 0.12
.00 =003
Q.00 =2,01
Teu,53 €
Q.00 .13 4
@-00 =C:-09 1
0.C0 *3.06 1

0

¢

0

AT 20345509
ADJUSTMENYS ux&»'
ON

o

s

1
4

mannon ELLIPSE
COVARIANCE . # SERR AZ DIP

0,098 .04 =0005; “0a134) 00123 # . 1,46 304 73
~9o066] 10358 Uo3Ll3 80229) 00590 # 0,92 816 16. .
o@o@gz T u°7a¢ Co284) , 0,884 # ,C.48;207 2.
“0c954 25229 Co286 20028) ;1.623'% i

L e I R R il ay- o nunanee-neur éLQ”S”°° N

DEPTH  KMS .~ ERM  ERYZ GAP XMAEUFMAG “STAND
qs 76 6. Q@ @.69 .88

HMG . FMG R INFO
0000
Q.00L
0.827

© Qa336
G553
0.81E
Go 000
0,378
0.518
0o566
00000}
0,000
04000



4.3.4

0.02 s-to 0.37 s. In the next section, this value Wiil be compared with the likely

traveltime errors arising from the limitations of the velocity model.

Amnalysis of the location errors.

When the traveltime curve for a source at the surface was modelled in section
4.3.2 and compared to the picks of the published refraction profiles (Figure 4.12),
the scatter of the data around the predicted values was within £ 0.33 s. This
corresponds to the situation when each ray travels through the shallow layers
twice. For an earthquakeé source at depth, the shallow structures affect the rays
only once and the estimate of the scatter may be halved. Hence, a value of +
0.17 will be assigned to the typical error in traveltime due to shallow velocity

heterogeneities not accounted for by the model.

Discrepancies between the real and modelled velocities at depth can also make
significant contributions to the traveltime errors. In chapter 6 the tomographic
inversion of teleseismic traveltime residuals will reveal that the vertically averaged
p-wave velocity of the crust underneath the RESTE Network may vary laterally
by as much as + 5% and locally by more. If a ray travels a length [ through
a region where the velocity of the model has an error év with respect to the
true velocity v, the corresponding error in traveltime will be 6t = (I/v?) év.
For values { = 20 km, v = 6 km s~} and év = 0.05v, 6t is 0.17 s. (The same
traveltime error would arise from an error of 1 km in the estimate of the total
length of the ray.) If the velocity anomaly were crossed by all the rays used in
the location, it would lead to an inaccurate focal depth, but would have little
bearing on the traveltime residuals (unless s-wave traveltimes with large weight
were also used), for reasons discussed below. If one isolated ray were affected by
such an anomaly, its traveltime residual could reach the value estimated above,
apart from other contributions. That value is the same that was previously
estimated for errors due to shallow heterogeneities, and the two could combine
for a particular ray. A realistic upper limit of the error in traveltime due to the
limitations of the velocity model is therefore 6t = £0.24 s. This value compares
well with the RMS traveltime residual of 0.15+0.13 s obtained in the previous
section, suggesting that the velocity model was in fact a major contributor to

the location errors.



In the previous section, the standard timing error for first arrivals was es-
timated as + 0.02 s. Now it is found that the error associated with the use of
a horizontally homogeneous velocity model to predict the traveltimes can be as
high as & 0.24 s. In view of the uncertainties introduced by the velocity modeling
the input data can be considered virtually error-free, with the exception of seis-
mic traces contaminated by extreme noise (e.g., radio-interference, or very weak
seismic signals). The error estimates for the locations of the RESTE events were
obtained by equating the error in the input data with the geometrical average of
the timing error and the RMS traveltime residual, although the contribution of

the former was always insignificant.

The location tests using artificial sources were made with unfavourable condi-
tions, both because the epicentre was outside the network and because the source
was close to the surface. Even in those conditions, the location program gave
reasonable results, albeit with large error marginé, when s-wave arrival times
were included in the data. It can be expected from the tests that with a stronger

configuration, i.e., for an earthquake underneath the network, the program will
| provide accurate estimates of the position of the source. On the other hand, such
locations would be more vulnerable to errors in the deeper parts of the velocity
model, in particular regarding the depth estimates, and this possibility is not
so easy to test directly. The velocity model used in connection with HYPOIN-
VERSE has an average p-wave velocity of 5.9 km s! for the first 20 km of the
crust, yet for some of the stations an average velocity of 5.5 km s~! gave better
results with the geometric method. It is therefore advisable to place an upper
bond on the possible error in focal depth arising from unaccounted low velocity
anomalies. To do this, a selection of local events were located three times each,
first with the adopted velocity model and then after uniform variations of the
velocities by -10% and (for completeness) +10%.

The epicentre of event ELO1 was located well within the network, and the
estimated depth was 20.0 km. This event was located with seven p-wave arrival
times and three s-wave arrival times. When the velocities in the model were
reduced by 10%, the position of the epicentre was displaced 1.3 km, and the
source was located at a depth of 17.3 km, i.e., 2.7 km shallower. The horizontal

and vertical errors were 1.0 km and 2.7 km respectively, and the RMS traveltime
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residual, originally 0.17 s, became 0.34 s. These error margins do not encompass
the pfe\fidu;s éolﬁtion, nor is this solution within the eailier error margins. With
a.velocity increase of 10%, the depth became 20.241.5 km, the horizontal error
was 0.6 km and the RMS residual was 008 s.

The estimated depth of event ELO5, also within the network and for which
only two out of a total of seven arrival times were for s-waves, was virtually
unaffected by the reduction of 10% in the velocity model. The value for the
unperturbed model was 15.1+ 1.1 km, and it was increased by 0.4 km. The
epicéntre.migra;té&?,g km, and the RMS.residual changed from 0.02 s to 0.09 s.
When the velocities of the model were increased the depth became 15.5+1.8 km
and the horizontal error became 0.9 km. The RMS residual was 0.09 s again.

For events EL22 and EL23 no s-wave arrivals could be picked, due to the vicin-
ity of the recording stations. Depth estimates were 8.1 +£1.6 km and 19.7+8.6
km respectively. After reducing the velocities in the model by 10%, those values
became 10.9%+ 1.5 km and 20.8+8.1 km. Variations in the RMS traveltime resid-
uals were not significant, and had opposite senses. A faster velocity model led
to depth estimates of 5.5+2.0 km and 14.7+8.1 km respectively, 2.6 km and 5.0
km shallower than with the adopted model.

The effects of the uniform variations of velocity upon the estimates of focal
depths agree with the theoretical discussion at the end of section 4.3.1. Since a
uniform variation of +10% exceeds by far any error likely to affect the adopted
velocity model, errors occurring in the depth estimates for the RESTE events,
as a result of errors in the velocity model, will be considerably smaller than the

artificial results obtained above and are therefore acceptable.
Magnitude estimates.

Richter’s scale of local magnitudes (Mp).

The quantity that best describes the “size” of an earthquake is the seismic
moment, defined by equation A17 (Appendix A). That equation cannot, how-

ever, be used for the computation of seismic moment for the RESTE events,
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due to the lack of knowledge about the dimensioné of the ruptured surface. Al-
ternatively, seismic moment can be estimated from the displacement spectrum
(e.g., Bullen and Bolt, 1985, p. 426). This requires the calibration of the seis-
mic stations, a condition usually not met by microearthquake networks (Lee and
Stewart, 1981). In fact, quantitative parameters such as seismic moment (or
stress drop and source dimensions) are not particularly relevant to the applica-
tions of microearthquake surveys. It usually suffices to classify the earthquakes

according to size using a coarser criterion. This option was also made regarding

the RESTE Survey.

The routine procedure to measure the size of the earthquakes is to use some
empirical scale based on quantities read directly from a seismogram, such as
maximum trace amplitude or event duration. A large number of such empirical
scales exist, and the one that will be adopted here is a variation of Richter’s
(1935) scale of local magnitudes (Mp).

The M, scale is a means of comparing the amounts of energy released by dif-
ferent earthquakes, based on the inspection of the maximum amplitudes recorded
by a standard instrument at a standard distance. Strictly speaking, it would only
fulfil that role accurately for events with the same focus and the same source
mechanism. Under these conditions, and assuming that the recording instru-
mentation has a linear response, the ratio between the maximum amplitudes of
two seismograms at a particular station should be equal to the square-root of
the ratio between the energies released by the two earthquakes. In practice, the
use of Richter’s My scale is extended to allow the comparison of earthquakes
with different sources. The implicit assumption is that the ratio between the
maximum recorded amplitudes of two earthquakes observed at equal (and vary-
ing) epicentral distances is a constant. In other words, the logarithmic plot of
maximum amplitudes for a pair of earthquakes as a function of epicentral dis-
tance should be a pair of parallel curves. This is a very crude assumption, since
in general the two events will have different source depths and different mecha-
nisms, the wavefronts will be distorted by the heterogeneities of the medium and
the instrument sites will have different geological conditions and will therefore
respond differently to the seismic excitation. Despite its crude nature, the My

scale is very useful because the amount of energy released by earthquakes covers
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an immense range, and “even so rough a division separates it into a convenient
number of levels” (Richter, 1935).

The Richter scale of local magnitude (M) is defined as the base 10 logarithm
of the maximum trace amplitude, expresséd in pym, with which the standard
Wood-Anderson short-period torsion seismometer (natural period 0.8 s, statical
magnification 2800 and damping constant 0.8) would register the earthquake at
an epicentral distance of 100 km. Since it is assumed implicitly that the max-
mum ampli‘tude ratio for two events does not vary with epicentral distance, any

earthquake will register at a distance x with maximum amplitude A(x) verifying

A(z) _ A(100km)

(4.14) A*(z) — A*(100km)’

where (*) denotes some standard earthquake used as comparison. Richter
(1935) selected as standard earthquake one that would have maximum amplitude
1 micron at 100 km if recorded with the standard seismometer, and tabulated
the function A*(x). This was done by studying a small number of earthquakes
(those of January, 1932) in Southern California, whose maximum amplitudes
were plotted as a function of epicentral distance. Since the resulting curves
were nearly parallel, a new curve was drawn passing through the point with
coordinates (100 km; 1 micron) and adopted as A¥(x). From (4.14), the local
magnitude Ay, of an earthquake recorded (with the standard seismometer) at a

distance x with amplitude A (p#m) becomes

(4.15) My = log10A(100km) = M* + logigA — logipA(z).

The zero of the M scale was fixed by assigning a zero magnitude to the
standard earthquake (M* = 0).

Besides those inherent to the definition of the A{y scale, other approxima-
tions have to be accepted if it is to be applied in a region other than Southern
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California. Since the scale was devised empirically from observations in that
region, results for other areas are not necessarily comparable (hence the adjec-
tive “local”). Equation (4.15) would give different results for events of the same
size (in terms of released energy) in regions with different attenuation laws or
different average source-depths, for example. At any rate, it can be argued that
the formula may still be used with the standard A*(x), in which case the results
for a particuhr region should only be compared between themselves. Finally, it
must be stressed that even in Southern California independent estimates of the
M, magnitude of the same earthquake tend to agree within one logarithmic unit
only, i.e., the minimum error associated with a local magnitude estimate is of
about 0.5 units (Richter, 1935).

Application to the RESTE data.

In this section, the Richter local magnitudes of the local RESTE events will
be estimated. All independent magnitude estimates (INMG) used the duration
magnitude Mp, a scale calibrated to conform with My, (Lee and Stewart, 1981),
so the comparison of the overlapping estimates allowed the calibration of the
RESTE estimates. The scale of duration magnitudes was not used directly be-
cause the RESTE events had in some cases low signal-to-noise ratio, and the
estimate of the duration of those signals would not be accurate. The use of
Richter’s scale of local magnitudes will be made with the limited accuracy in-
trinsic to the method, discussed in section 4.1.3, further reduced by other sources

of error spcciﬁc. to this application.

The amplitude to which the definition of local magnitude refers is the aver-
age of the maximum amplitudes of the two horizontal component seismograms,
recorded with the standard instrument. In the RESTE experiment, the seis-
mometers were different from the standard, which is a common situation. With
calibrated instruments, the combined use of the two transfer functions allows the
conversion of the recorded signal to that corresponding to the standard instru-
ment. With uncalibrated instruments, the conversion has to be made by mul-
tiplying the maximum recorded amplitude by a constant scale factor. Because

the RESTE instruments recorded the vertical component only, such scale factor

83




|

should convert maximum vertical componert amplitude into the horizontal com-
ponent amplitude that Would have been recorded with the standard instrument.
It is very unlikely that the ratio between the two quantities be constant irrespec-
tive of event or station, particularly since at the range of distances of this study
the maximum amplitude corresponds to an's-wave phase, and shear waveforms
are not accurately depicted by the vertical component alone. However, such pro-
portionality will have to be assumed, adding coarseness to the estimates. It is
only with the arguments already invoked in section 4.1.3 that the use of such an
inaccurate procedure can be justified.

Figure 4.30 shows a logarithmic plot of the maximum amplitude (in arbi-
trary units) as.a function of epicentral distance, for a sample of five RESTE
earthquakes. Also shown is the standard curve A¥(x) (section 4.1.3) of Richter
(1935). It can be estimated from the figure that the scatter around the “theo-
retical” curves parallel to A*(x) is within one logarithmic unit, which was the
intrinsic innaccuracy of the My scale given in section 4.1.3. This observation
justifies the computation of local magnitudes for the RESTE events, despite all

the sources of error already discussed.

In the absence of calibrated and corrected (Wood-Anderson) amplitudes, the

formula for the computation of My magnitudes was re-written as

(4.16) My = logigA — log1pA*(z) + k.

The constant k, which may be regarded as the logarithm of a scale factor to
A(x), was determined by entering A(x) in arbitrary (yet fixed) units and equating
(4.16) with magnitudes computed independently. Unfortunately, the RESTE
events were too small to be reported by the seismological bulletins, and only four
of them were recorded and analysed by the INMG. For those cases, duration
magnitudes computed with the FORTRAN program HYPO71 (Lee and Lahr,
1975) were available. In the absence of alternatives, they were used to compute
the constant & for several of the RESTE stations. Some of the RESTE events

were digitized, and since the entire electronic chain from the seismometer to

84




log (A/Ag)

T =1 ) B Y ¥

4 1. -

3 |- N

2 L ;

1 - -

0 [ . ' 1 1 g I . |

20 40 60 80 100 120

o o dkm)
|
N

Fig. 4.30 - Logarithmic plot of maximum amplitude as a function of epicentral distance
for five RESTE local earthquakes (thinner lines), and comparison with the
function A®(x) of Richter (1935). Amplitude units are arbitrary.
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Table _4.7

I Ref. station

k

ELO5

ELOL | ERO03 EL06 |
ABV  -52| 26 30 | - | -
AMG 53] 28 | 25 | 16| -
AVL 53| 20 - |15 23
ACA  -54] 21 25 | 20 | 21
ASN 54| 16 | 26 | - | -
AST 52| 25 | 21 | - | 22

2.340.7 | 2.440.6 2.2

1.7
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[!A
the A/D converter had the same nominal specifications the units of the digital
signals were used for the RESTE standard amplitude. For those events that were
not digitized, a jet-pen seismogram with fixed gain was used to read standard
amplitudes in mm. The constants k& were calculated separately for each set of

events.

The internal consistency of the local magnitude estimates for the RESTE
events was tested by computing repeatedly the magnitude of the same event
using different stations. The event ER02, with duration magnitude 3.1 (INMG),
was used to compute the “scale factor” k for six stations, and the My, magnitudes
for two other events were then calculated repeatedly. The results are given in
Table 4.7. The standard errors, taken-as the maximum deviation from-the mean,
have values of 0.6 and 0.7, in good agreement with the inherent inaccuracy of

local magnitude estimates.

Station AMG was adopted as the reference station for magnitude estimates,
and the values obtained by the process described above were included in Table
4.6. They suggest that the detection threshold of the RESTE Network corre-
sponds to a local magnitude of about My = 1.0. The threshold of felt events

(onshore only) was between My, = 3.1 and Mj, = 3.8, which is a sensible result.

Source mechanisms.

The douBle-couple model of the earthquake source.

When the displacements at the free surface are observed at several points
around the epicentre, and provided that the coverage in azimuth and range is
good, the kinematics of the earthquake source can be inferred from the distri-
bution of polarities (compression/dilatation) of the p-wave first motions. This
practice is based on the important result that slip on a buried fault is dynam-

ically equivalent, from the viewpoint of the radiated waves, to a distribution of

“double couples of forces on the surface of the fault. This is the “double cou-

ple” model of the earthquake source, and its theoretical justification is given in
Appendix A. The displacement field predicted by this model (equation A22) is

compatible with the common observation that seismic radiation patterns have
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Fig. 4.31 - Radiation pattern of a double-couple earthquake, plotted on a Wulff stereonet
(upper hemisphere projection). The fault plane strikes N-S and dips 30°
towards the W. The arrow indicates the slip vectora(SV), with azimuth 330°
and making an angle of 40° above the horizontal. P, T and N indicate the
P-axis, the T-axis and the null axis respectively. The type of movement is

sinistral strike-slip with a component of reverse faulting (oblique slip).
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a quadrantal distribution of the polarities of p-wave first motions, the compres-
sional (away from the source) and dilatational (towards the source) quadrants
being separated by two nodal planes. Figure 4.31 exemplifies the geometrical
relationship between dilatational and compressional quadrants, fault plane, aux-
iliary plane and direction of slip. One of the nodal planes coincides with the fault
plane, and the other is prependicular to the direction of slip and is called the
“auxiliary plane”. The intersection of the two nodal planes is the “null axis”.
The direction that bissects the compressional quadrants and is orthogonal to the
null axis is the T axis, and the P axis is defined similarly for the dilatational
quadrants. If the medium obeyéd Coulomb’s criterion of failure, the P and T
axes would correspond to the directions of maximum and minimum compressive

stresses respectively.

Since seismic waves are usually observed at the free surface, the first motion
polarities must be traced back along the corresponding ray-paths and projected
onto a small sphere surrounding the source, before the radiation pattern can
be analysed. This stage should correct the distortions caused not only by the
mapping onto the bi-dimensional free-surface but also by the bending of the rays
due to velocity heterogeneities. The focal sphere can in turn be plotted using
one of several projections, the most commonly used being the Wulff stereographic

projection and the Schmidt equal-area projection (Lee and Stewart, 1981).

Application to the RESTE data.

In this section, the methodology described in section 4.1.1 will be used to
investigate the kinematics of the faulting associated with the local RESTE events.
Because the levels of released energy were low, often a microearthquake was
clearly recorded at a small number of stations only, and an individual fault plane
solution could not be obtained. To circumvent this difficulty, events occurring
closely in space, and sometimes also in time, were used jointly whenever this
would lead to a coherent pattern of polarities. The ambiguity between auxiliary
plane and fault plane was alleviated by the use of the independent knowledge
about the structural trends of the region. The azimuth and take-off angles at

the focal sphere were read from the printed output of the location program
HYPOINVERSE.
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Figure 4.32 shows the joint solution for the microearthquakes ELO01 (23JUL87)
and ELO05 (140CT87), with M = 2.3 and 1.6 respectively (next section). These
events, with source depths of 20.041.6 km and 15.141.1 km and epicentres ca.
12 km apart, can be interpréted as normal faulting on a high-angle fault dipping
70° towards the NW and with strike 030°. This interpretation is supported by
the fact that the strike coincides with that defined by the two epicentres. Al-
ternatively, normal faulting on a low-angle fault with 30° of dip and the same
strike as above is also compatible with the first motion data, if the roles of aux-
iliary plane and fault plane are interchanged. The former interpretation is in
better agreement with the positions of the sources, and is also consistent with

the dominant geological trend of the region.

Figure 4.33 gives two alternative joint solutions for the events EL22 (21JANSS;
My, = 1.4) and EL24 (26JANS88; My = 1.5). One solution invelves reverse fault-
ing and the other strike-slip faulting. Besides being close in time, these mi-
croearthquakes had very close epicentres. The prefered interpretation is reverse
faulting on a fault dipping 70° towards the SE and with strike 030°, since this
strike coincides with that of the previous solution and also with the trend de-
fined by the four events discussed so far. These joint solutions are still coherent
if the polarities observed for the event EL26 (30APRS88) are included. For dif-
ferent choices of auxiliary plane and fault plane, the alternative interpretations
are thrusting on a fault dipping 20” towards the NW (first solution with steep
auxiliary plane) , sinistral strike-slip on a N-S vertical fault or dextral strike-slip

on an E-W fault with a gentle dip towards the N (second solution).

The event in Figure 4.34 was a macroearthquake of duration magnitude 3.8,
felt with maximum intensity IV modified Mercalli (INMG, unpublished data).
The first motion data indicates clearly a strike-slip mechanism, which depending
on the choice of fault plane may be either sinistral on a vertical fault with strike
015° or dextral with strike 285”. The first hypothesis is favoured, because it
corresponds to the dominant orientation of the Hercynian basement faults (the
depth of the source was 16.4+1.4 km).

Finally, Figure 4.35 shows the first motion data for events EL26 and EL27,
with M magnitudes 2.9 and >3 respectively, located slightly to the W of the
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23 JULY 87 14 OCT 87

Clagsification of readings
" of direction of first motion:
1 - lgnored. 2 - Doubtful.

3 = smail S/N ratio.

4 - clear. 5 — Very clear.
(ct. Figure 4.7)

23 JULY 87 & 14 OCT 87

Fig. 4.32 - First motion data for events ELO1 and ELO5, and joint interpretation. Event
ELO5 is very poorly constrained, and may correspond to a different direction

of faulting. This joint solution was favoured because the strike of the fault
plane coincides with that defined by the epicentres.




21 JAN 88 28 JAN 88

21 JAN 88 & 26 JAN 88 21 JAN 88 & 28 JAN 88

Fig. 4.33 - TFirst motion data for events EL22 and EL24, and two alternative joint inter-
pretations. The solution involving reverse faulting is prefered, because the
strike of the fault plane coincides with that defined by the four epicentres
along the Lower Tagus Valley (Figure 4.36).



22 MAY 88

-Fig. 4.34 - First motion data for event EL28, and interpretation..

8 MAY 88 18 MAY 88

Fig. 4.35 - First motion data for events EL26 and EL27, and

tentative interpretation.

8 MAY 88 & 18 MAY 88
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Fig. 4.36 - Epicentres and focal mechanisms of the local earthquakes recorded with the
RESTE Network. ' ’
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network. Although the focal mechanisms for these events are very poorly con-
strained, as is always the case when the ,epicentré is not surrounded by stations,
the ;élué‘teréd data for the first event seem to delineate a nodal plane, and jointly
with-that of the second event the data are compatible with dip-slip movement
on a fault striking N-S, either dipping, 30° towé,rd's the W or 60° towards the E.
If this was the case, the movements could have taken place on the same fault but
with a different sense of dip-slip for each event, normal for the first and reverse
for the second.

Although it was in general possible to fit the data with ‘dbub’le-coup‘le sO-
lutions with a minimum number of polarity violations, the predicted near-zero
amplitudes close-to-the nodal planes were not-always-observed.. Velocity hetero-
geneities, responsible for the distortion of the ray-paths, are the likely causes of

these discrepancies.

Figure 4.36 shows the spatial distribution of the several source mechanisms
obtained above.

Tectonic implications of the seismicity of the Estremadura.

Crustal structure.

The understanding of intraplate neotectonics requires the close interplay of
structural geology and seismological observation. Most interplate seismogenic
faults are not associated with surface rupture (Blenkinsop et al., 1986; Zoback
et al., 1986; Long, 1988; Talwani, 1989), and this is particularly relevant in areas
covered by sediments. In the Lusitanian and Lower Tagus Basins the existence
of a thick evaporitic layer near the bottom of the sedimentary column provides
an effective detachment level, where the deformation at depth can be decoupled
from that of the shallow cover. This fact has to be taken into account when

studying the neotectonics of the region.

The historical seismicity of the Estremadura is clear evidence that some form
of tectonic process is presently active in the area. Since the region is covered by
sedimentary basins, studies of the surface geology do not provide all the elements

needed to locate the active structures and to characterize the style of the active
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tectonics. The microearthquake data presented in the previous section are the
first set of écc—urate seismological information for the region of the Lusitanian and
Lower Tagus Basins. In this section, its tectonic implications will be discussed,
takinig note that it is a limited data set, acquired over a limited period of 11
months, and that more elaborate conclusions would and should be drawn from

more extensive surveys of this nature.

The surface geology of the Lower Tagus Basin shows no direct sign of the
active geologic structure or structures responsible for the large magnitude histor-
ical Benavente earthquakes (secfxioh 4.2). Yet this strong seismicity proves that
the Lower Tagus Valley is associated with one or more important active faults.
Small-scale reverse faulting affecting Plio-Quaternary formations, reported by
Cabral et al. (1984) on the coastal cliffs S of the Tagus mouth, are the only
satisfactory evidence of neotectonic deformation at the surface of the basin. A
commercial seismic reflection profile parallel to the coast across the Lower Tagus
Basin, already mentioned in section 2:3.6 (section Cal-81, GPEP unpublished
data; Figure 2.11), shows onlap of Mid Miocene and younger sediments on Lower
Miocene strata towards the northern boundary of the basin and, less clearly,
along its axis. It can be concluded that those regions were uplifted after the
Mid Miocene, but since the section is not clear at very shallow levels it cannot
be established whether or not the instability continued into the Quaternary. It
is nevertheless worth noting that the uplifted region near the axis of the basin
coincides with the region where the neotectonic reverse faulting was observed at

the surface.

The clearest result of the RESTE microearthquake survey is the existence
of a NE-SW seismic lineament to the S of the Tagus River (Figure 4.36). As
discussed in the previous section, the first motion data for the four aligned events
is compatible with faulting along the direction defined by the epicentres. This
also coincides with the orientation of one of the dominant Hercynian trends.
Furthermore, comparison between Figure 4.36 and Figure 1.4b) shows that the
lineament is along the strike of a major Hercynian strike-slip fault, exposed to
the NE of the Lower Tagus Basin, where according to Dias and Cabral (in press)
it controlled the localized deposition of Quaternary sediments. It is however

impossible to trace such faulting continuously towards the boundary of the basin
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(Cabral, pers. comm.). The extrapolation of the seismic lineament cuts the
sho’reliné near the area where the deformation of the sedimentary layers was
observed both on a seismic section and at the surface Towards the SW the
lineament is continued by the Cascals Submarine Valley (Figure 1.4 b), a fault-
related‘-structure of the continental shelf (Vanney and Mougenot, 1981). In view
of this continuity, the seismic lineament is interpreted as the buried connection

between the two structures.

The hidden basement fracture proposed above was already suggested by
Arthaud and Matte (1975) in a study of the Late Hercynian tectonics, and the
onshore continuation of the Cascais Submamne Valley as a “zone of weakness”
ajo_né the‘ Tz;.gus Valléy had already been proposed by Frelre Andrade (1938)
Both classic (Choffat, 1907) and more recent studies already referred in section
2:3.7 have proposed the existence of a deep basement active fault associated:-with
the Lower Tagus Valley. This “Lower Tagus Fault” would form the northwestern
limit of the Lower Tagus Basin (Carvalho et al., 1983; Cabral et al., 1984), and its
trend differs by about 10° (counterclockwise) from that of the seismic lineament

discussed above.

The seismic data presented here are the first evidence of the existence, and the
proof of the activity, of a fracture of crustal scale along the Lower Tagus Valley.
According to the interpretations proposed for the focal mechanisms, the along-
dip component of movement changes-polarity along strike, a feature characteristic
of small earthquakes on strike-slip faults (Nicholson et al., 1986; Talwani, 1988).
It is therefore proposed that under the present stress field the Lower Tagus
Valley is the locus of strike-slip deformation on a reactivated concealed Hercynian
fault, with orientation 040 as indicated by the microearthquake epicentres. The

designation of “Benavente Fault” is proposed for this active structure (Figure
4.36).

The relationship between the Benavente Fault and the shallow geological
structures observed in the Lower Tagus Basin could hardly be a direct one,
in view of the effective mechanical decoupling provided by the thick evaporitic
layer that underlies the bulk of the sedimentary cover (section 2.2.2). Moreover,

strike-slip faults tend to splay upwards at shallow levels into “flower structures”,
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generating a complex pattern of braided faults separating compressive and dilata-
tional compartments (Wilcox et al., 1973; Crowell, 1974; Rodgers, 1980). Block
rotations are also common in areas of strike-slip deformation, and the resulting
space problems lead to a variety of shallow structures ranging from normal fault-
ing to thrusting, all within the same area (Nicholson et al., 1986; Molnar, 1988).
In séction 2:4, it was argued that the shallowstructure of the Lower Tagus Valley
is compatible with Miocene strike-slip tectonics, and the system of faults that
cut across the sediments were then regarded as a releasing bend on a sinistral
shear zone (Figure 2.9). This configuration can now be related to the activity of
the Benavente Fault.

‘Buried -strike-slip faults that do not develop throughgoing fracture at the
surface are usually associated with oblique secondary (Riedel) shears that in
three dimensions have an helicoidal shape (Sylvester, 1988). The Vila-Franca
Fault and the Arrdbida Thrust, together with the Alcochete Fault Zone, could
form such a configuration if they joined at depth a single basement fault, as
depicted in Figure 4.37. The results shown in Figure 4.38, where the selected
focal planes of the Lower Tagus Valley microearthquakes are extrapolated to
intersect the surface, suggest that this may be the case. However, the detailed
mapping of the fault surface at depth requires the monitoring of the seismic

activity over a much longer period of time.

Alternatively, the faults that cut through the sedimentary basins could cor-
respond in a more direct manner to several basement fractures. In view of the
comments already made on the likelihood of existence of an effective detachment
between basement and cover, it is preferable to use the seismicity rather than
the internal structure of the basins to infer the underlying structure. This choice
may lead to an underestimate of the degree of fracturing of the basement, but

will prevent an inflated assessment of potential neotectonic structures.

Because the RESTE earthquakes had very low magnitude, it is not appropri-
ate to infer from their focal mechanisms the current kinematics of the associated
faults (with the possible exception of the My = 3.8 event of 22MAY88). Such
small events are usually local readjustments to previous episodes of deformation,

and the corresponding motions may eventually oppose the dominant direction
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Fig. 4.37 - Passible configuration of the Benavente Fault at depth, and speculative rela-
tion to'the Arrdbida, Alcochete and Vila Franca Faults.
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Comparison between the shallow faulting and the extrapolated fault planes
of the microcarthquakes along the Lower Tagus Valley. Assuming that the
dips of the faults increase with depth and have different orientations on the
two sides of A-A’, it is possible to relate the seismogenic fault planes to the

surface structures.
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of slip. It is only indirectly that such features as the along-strike reversal of the
verti—‘ca;l component of slip or the coexistence at the same region of diffé;_’re’rit types
of movement can be interpreted as "B.eing dia;gn;c_isftié of strike-slip de_form:ation.
Regarding the polarity of strike-slip motion, it can only be advancea that in
view of a history of sinistral strike-slip-during the Miocene, and since no radical
changes of the plate tectonic setting have occurred since then, this same type of
motion is the most likely to be associated with the current deformation. This
is supported by the fact that the only maeroearthquake registered during the
RESTE Survey is compatible with the assumption of sinistral strike-slip along
the NNE-SSW Late Hercynian trend.

The deep (16:4+1.4-km) earthquake-of-22MAY88-(Mp=3:8)-is-interpreted
as sinistral strike-slip on a separate NNE-SSW buried fault, for which no direct
evidence can be found at the surface. It is reasonable to assume that the den-
sity of basement faulting underneath the sedimentary basins is similar to that
observed in the exposed basement, and several faults can be expected to have
been reactivated, in view of the historical seismicity. For example, the Setibal
Earthquake of 1858 originated in an area where the continental shelf is cut by a
submarine valley, suggesting the existence of another concealed basement frac-

ture sub-parallel to the Benavente Fault.

The range of depths at which the microearthquake activity is taking place
shows clearly that the neotectonics of the Estremadura involve at least the full
thickness of the upper crust, and in some cases extend to the lower crust. The
rheologica.l im;ﬁli'cations of this observation will be considered in the next section.
As far as the RESTE data are concerned, there is no evidence to support the

existence of a mid-crustal detachment limiting the vertical extent of the faults.

Based on the study of a number of faults in different environments, Leminsky
and Brown (1988) conclude that a mid crustal detachment usually limits the
vertical extent of intraplate strike-slip faults, whereas strike-slip faults that cut

across the entire crust are characteristic of intracontinental plate boundaries.

The RESTE hypocentral data (and also the tomographic study of chapter
6) suggest that the faults of the Estremadura may extend through the entire
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thickness of the crust. Although the cutrent level of deformation is not com-
patible with the existence of a plate boundary in the region, the criterion of
Leminsky and Brown (1988) may still be valid if the Miocene tectonics of the
Estremadura (section 1.5.2) are taken into account. Together with the Central
Cordillera of Spain, the mountain ranges of the Estremadura and those of east-
ern Portugal could have been part of an intracontinental transform during that

period, separating Iberia into two microplates.

A structure of crustal blocks separated by deep basement faults could lead to
a complex pattern of earthquake migrations, as the movement of one particular
block would disturb the state of those adjacent to it and induce new earthquakes
at their boundaries. More importantly, such configuration could lead to specific
patterns of foreshocks for the larger events. Although the set of the RESTE
events is too short to be representative, it seems very probable that the earth-
quakes of 30APR88; 06MAY88 and 18MAY88 had some precursory relationship
to the larger (Mp = 3.8) event of 22MAY88. If this assumption is correct, the
pattern of migration of the epicentres, jumping distances of several tens of kilo-
metres, should be related to the dynamic interaction between adjacent crustal
blocks. Only a continuation of the RESTE experiment over a longer period
of time would allow the adequate study of this hypothesis, which may have a

potential for application to earthquake prediction studies.

Crustal rheology.

One of the interesting aspects of the hypocentral data given in the previous
section is the range of depths at which the microearthquakes occur. Seismicity
in intraplafe areas is usually restricted to the upper crust, typically between 5
km and 15 km of depth. The maximum depth reached by the earthquakes is
dependent on the geothermal gradient (hence on the age and tectonic history of
the lithosphere) and on the rate and style of deformation (Sibson, 1982, 1983;
Chen and Molnar, 1983; Kusznir and Park, 1984; Meissner and Wever, 1986;
Dewey et al., 1986). The uppermost mantle of many intraplate regions is also
seismically active, but the lower crust is generally aseismic (Sibson, 1982; Chen
and Molnar, 1983). This widely recognized feature of the lithosphere has been

explained with rheological models that emphasize the control of the deformation
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by the temperature-dependent rheology of the quartz in the crust and that of
the olivine in the uppermost mantle (Meissner and Strehlau, 1982; Sibson, 1983;
Kusznir and Park, 1984; Figure 4.39).

Comparison of seismological and heat-flow data indicate limiting tempera-
tures between 250°C and 4509(3 and between -600°C and 800°C for brittle failure
in the crustal and mantle rocks respectively (Chen and Molnar, 1983). Above
these temperatures, ductile deformation takes over as the response to applied
stresses. With the exception of regions of abnormally low geothermal gradient,
these values explain the existence of a ductile lower crust. Because the shear
strength at shallow levels is pressure-controlled, it increases with depth until a
maximum value is reached; originating the brittle seismogeniclayer-that-has-been
identified in' most areas of intraplate seismicity. Below that level ductile deforma-
tion becomes dominant as a consequence of the increase in temperature. Since
large earthquakes imply the storage of large amounts of strain energy, they are
likely to nucleate where the shear strength of the crust reaches a maximum. This
is verified in practice, since there is a good correlation between the mid-crustal
peak of shear strength and the depth of the largest intraplate earthquakes (e.g.,
Sibson, 1982).

Once the lithosphere starts undergoing deformation, its rheological stratifica-
tion may lead to important amplifications of the applied stresses at certain levels
(’Kusznixj and Bott, 1977). This effect was modelled numerically by Kusznir and
Park (1984) for different tectonic regimes and different geothermal gradients. In
the case of a high heat-flow (Basin and Range type) lithosphere sub jected to an
average compressive stress of 20 MPa (the normal range of intraplate compres-
sive stresses being estimated by the authors as 0 - 25 MPa), the model predicted
amplifications of the applied stress by a factor of x8 to x11. The maximum am-
plifications occurred in the upper crust (0 - 15 km of depth) and were induced
by the complete stress decay in the ductile lower crust. Despite this effect, the
modeling indicated that geologically observable deformation was unlikely to oc-
cur in an intraplate compressive setting, with the exception of regions with either
large heat-flow (above 80 mW m™2) or a particularly weak crust due to previous

fracturing.
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The hypocentral data given in the previous section, although too short to be
statisticé;ily :regrebsenta;ftive,v shows that in the Lower Tagus Valley the seismicity
can exteﬁd*;to]deﬁtﬁs- of the order of 20 km. Moréira et al. (519'80,) use a mid-
crustal bb\_’iﬁ;d:é,;fy at depths-of 16 km and 19 ki 1o interpret a.pair of réﬁ,a&:fion
profiles a,lon“g.the western flank of the onshore Lusitanian Basin, and Mendes-
Victor et al. (1980) modelled the same refractor as an undulated interface with
depths ranging between 15 km and 25 km (Figure 2.5). If this interface is taken
as the upper limit of the lower crust, two of the events observed during the
RESTE Survey (EL01 and EL23) took place probably within this crustal unit,
albeit in its upper part. This fact will now be discussed in connection with the
limited available data on the thermal state of the lithosphere.

Accurate heat-flow data for the Lusitanian and Lower Tagus Basins is non-
existent. However, bottom-hole temperatures measured on commercial explo-
ration wells have been used to estimate the heat-flow, leading to values of the
order of 80 mW m™~2 and higher (Camelo, 1988). For comparison, the Basin-and-
Range province of the United States, characterized by a strong geothermal gra-
dient, has heat-flow values in the range 71.4 mW m~2 to 88.2 mW m~2 (Sibson,
1983). The occurrence of thermal springs within the Lusitanian Basin is another
indication of heat-flow levels above the average for continental crust (Ribeiro
and Almeida, 1981). Although the available data for the Lusitanian Basin has
to be used with caution, it seems reasonable to dismiss the hypothesis of a low
lithospheric temperature as the reason for the deep seismicity. Furthermore, the
fact that the Lower Tagus Valley is tectonically active in a compressive tectonic
setting is another argument in favour of a high heat-flow regime, according to
the earlier remarks concerning the modeling of lithospheric deformation. But if
the vertical profiles of shear strength depicted in Figure 4.39a) or b) applied in
this region, the ductility of the crust below 15 km would probably prevent the
occurrence of the events observed at a depth of about 20 km.

In the area of the RESTE Survey, there are no reliable estimates of depth
for the large earthquakes of the past. The Benavente Earthquake of 1909, in the
Lower Tagus Valley, is sometimes described as very shallow, on account of the
rapid decay of seismic intensities away from the epicentre, but this observation is

more likely to be due to site effects related to the distribution of alluvial deposits
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in that region. Two of the RESTE microearthquakes (EL22 and EL24), with
local magnitudes 1.4 and 1.5, were located close to the epicentral rcgio'n of the
historic event, and had depths of 8.1%1.6 km and 9:4%3.7 km. More -likely the
large (estimated My, = 6.7) historical earthquake was located close to the brittle-

ductile transition, below the level of the microseismic activity now observed.

The event ELO1 (23JUL87; My = 2.3) had a depth of 20.0+ 1.6 km. If
projected laterally onto the refraction profile of Mendes-Victor et al. (1980), it
plots in an area where the interpreted Moho reaches a minimum depth of about
25 km and the mid-crustal refractor is about 15 km deep (the hypocentre is 50-km
distant from the section, but the projection is parallel to the dominant structural
trend). The event séems therefore to be located within the lower-crust, in which

case the "rule” of lower-crustal aseismicity was violated.

The event EL28 (22MAY88; MD=3.8) occurred at a depth of 16.4+1.4 km,
in an area where the Moho depth is, according to the refraction models discussed
in section 2.1, of the order of 30 km, and the mid-crustal boundary is close
to 18 km. Although the source was probably above the mid-crustal refractor,
its depth would be excessive if a heat-flow value of 80 mW m™2 were to apply
(cf. Figure 4.39a). Together with event ELO1, this earthquake suggests that the
widely observed depth distribution of seismicity in intraplate continental crust

and its relation to the level of heat-flow may not apply in this particular region.

If the above discussion can be taken one step further, it is tempting to specu-
late on the link between an hypothetical abnormal rigidity of the lower crust
underneath the Lusitanian Basin and the process of magmatic underplating
suggested in section 3.4 for the evolution of the passive margin at the Juras-
sic/Cretaceous boundary. Although several studies have been published recently
on the velocity structure, thermal properties and petrological characteristics of
underplated crust (e.g., Furlong and Fountain, 1986; McKenzie and Bickle, 1988),
its influence on the vertical distribution of seismicity in continental crust seems
to be as yet unassessed. If a contrast in mechanical properties is likely to occur
at a depth corresponding to the transition between “normal” and underplated

lower crust, then the mechanism of stress amplification (Kusznir and Park, 1984)
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mrght propltra‘ce the conditions for the occurrence. of earthquakes at depths that
Would be aseismic in the absence of the underpla.ted layer.

Durmg the operatxon of the RESTE Network several teleseisms were recorded
for whrch prellmmary hypocentral pa.rameters were released in useful time. The
mvestlgatlon of the delays suffered by these waves as they a.pproa,ched the dlffer-
ent stations can be used to gain mformatmn on:the broad velocity anomalies of
the hthosphere underneath the network. This study, using the technique of to-
mographrc inversion, will be underta.ken in chapter 6, as-a further cortribution to
the constraint of the structural- characterrstlcs of the Estréemadiira. :Before that,
the next chapter is a reappraisal of the current plate tectonic settmg of Iberia,
within which the seismotectonics of the Es'grernadura has to be integrated. Since
it was claimed already that no drastic changes have - occurred_ _1_n the plate tec-
tonic framework of the Pemnsula since the collision with Africa in the Miocene
(section 1.5.2), it is"adequate to start the next chapter with a critical overview

of the Cainozoic evolution.
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Entdo, a Peninsula Ibérico. MOVEU-se UM Pouco mais,
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depow uma pouse, -gentiu-ge. passar nog-ares um gmnde
sopro, como- a: przmezm Trespiragdo profunda de quéem
acorda, e-a massa de pedra’e’terra, coberta, de czdades
aldeias, tios, bosques fabncas, matos bravios, campos
cultzvados, com .a sud. gente € 05 Seus.enimats, comegou
e mover-se, barca que se afaste do porto e aponta ao
mar outra vez desconhecido.

J. Saramago, in A Jangoede de Pedra.

Chapter V

The Tectonies of Western Portugal within the context of the
Geodynamics of Iberia

5.1 A new model for the Cainozoic Plate Kinematics of Iberia.

5.1.1 Tertiary Tectonics of Iberia.

In section 1.5.1 the evidence in support of an Early Cainozoic plate bound-
ary through the Bay of Biscay and the Pyrenees was discussed. Klitgord and
Schouten (1986) take the argument one step further to conclude that Iberia was
an integral part of the African Plate until Mid Oligocene, when it was sutured
to Eurasia by the Pyrenean continental collision. But since the movement of
Africa relative to Eurasia during the Early Cainozoic was directed towards the
NNE (Dewey et al., in press), the SE-NW direction of movement between lberia
and Europe given by Grimaud et al. (1982) indicates a considerable degree of
independence between Iberia and Africa, with a nearly westward motion of the
former with respect to the latter (Figure 1.7). The movement of Iberia towards
the W, to avoid excessive lithospheric thickening due to the convergence between
Africa and Eurasia, would be compatible with the principles of extrusion tec-
tonics (Molnar and Tapponier, 1975; Tapponier et al., 1982; Sengor et al., 19383;
Dewey et al., 1986). The application of this model to the Cainozoic evolution of
Iberia will be devel oped in this chapter.
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The structural inversion of the High Atlas Trough, uplifted to heights above
4000 metres during the Cainozoic (Stetz and Waurster, 1982), was a major tec-
tonic event-that mirrored in several ways the evolution of the Pyrex_;éés. The
paré,llélss'bet'ween the two belts throughout geological time are remarkable: both
origiii’ated as first- order Late Hercynian shears, evolved into seaways during the
Tlfié;isic.Téthyan transgression, and when the Early ‘Cainozoic reorganization of
plate tectonics caused the compression of Iberia they became mountain belts. If
in the Pyrenees evidence is available for dextral shear during this stage, it is not
clear from theliterature whether or not any along-strike movement ocurred in
the Atlas during its inversion, although Stetz and- Warster (1982) remark that
there is no field evidence for strong crustal shortening. This may be an exam-
ple-of the common difficulty of identifying strike-slip-induced deformation. It
is here postulated that the structural inversion of the High Atlas was caused
by tianspressive sinistral movement, allowing for the westward extrusion of an
Ibero-Moroccan coherent block which lay to the N. The northern boundary of
the extruded block is defined by the Pyrenees (transpressive dextral movement;
Schott and Peres, 1989). The southern boundary is the South Atlas Fault, a
major geological frontier whose importance has been stressed by Weijermaars
(1988).

According to the extrusional model here put forward, the movement of Iberia
(and Morocco) had a continental origin (onset of Alpine convergence to the E)
and therefore this motion is to some extent independent of the precise location of
the boundary between Africa and Eurasia, and does not need to be extrapolated
all the way to the Mid Atlantic Ridge.

Whilst the detailed configuration of the western margin of Iberia during the
Early Cainozoic cannot be located precisely with the data available, its compres-
sive nature is well illustrated. The effects of the Pyrenean Orogeny in Portugal
decrease rapidly towards the SW (Ribeiro et al., 1980) and seem to consist of a
regional upwarp rather than a localized deformation, but they change towards
more intense tectonism on the continental margin at the approach of the slope.
The Palaeogene is very poorly represented in the Portuguese basins, indicat-
ing that the post-Turonian regional uplift was still taking place. This is clearly

shown at the continental shelf as a vast erosional surface (Vanney and Mougenot,

99



1981), also found off the western coast of Morocco (Hinz et al., 1982). Contrast-
ing with this homogeneous uplift, several crustal blocks were cut and uplifted on
the continental slope. offshore Portugal during the.Eocene, giving rise to-several
structural’ hnghs that still: persist, like the Descobridores and Vigo Seamounts and
the Galicia Bank to the N and the Principes de Avis Seamounts to the S (Vanney
and Mougenot, 1981). This scenario is compatible with a microplate-confining

boundary not very far from the coast, as is now proposed.

With the re-orientation of the convergent motion between Africa and Eura-
sia at the end of the Eocene (section 1.5.2), the boundary conditions presented
two novelties: to the S and SE a reorganization of the tectonic style of the ac-
tive structures had to take place, to account for the new direction of maximum
compressive stress; and to the W the dextral stnke—shp movement a.long the
Azores Transform introduced what will be called “differential confinement”: the
northwestern coast of Portugal and the western coast of Galicia were facing a
(relatively) eastward moving Eurasian Plate; the southwestern coast of Portu-
gal and the northwestern coast of Morocco were facing a (relatively) westward
moving African Plate. Even more than during the Palaecogene, in the Neogene
the Ibero-Moroccan block was being “pushed” towards the ocean by the conver-
gence of the larger plates. The re-orientation of stresses rotated the direction
of extrusion of Iberia in a counterclockwise sense, probably to the southwestern

quadrant, towards the direction of lesser confinement.

To the S of the Ibero-Moroccan block, the postulated Palaeogene South Atlas
Transform was replaced by a set of more dlstnbuted sinistral strike-slip faults,
striking NNE-SSW' to NE-SW: the Palomares, Almeria and Alhama de Murcia
Faults in southeastern Spain; the Nekor and Jedha Faults in Morocco. Only
recently has the importance of the sinistral movement on these faults been de-
scribed (Weijermaars, 1987; Osete et al., in press). The NE-SW orientation of
the Middle Atlas Trough (also inverted to become a mountain range during the
Tertiary) and its alignment with the system of faults described above suggest
that it took over the role of guiding the deformation towards the ocean during
the later stages of extrusion.
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5.1.2

The differential confinement on the western cbast led to differential ocean-
ward movﬁém'ent of sub-microplate size crustal blocks, accomiiiodated by slip
abn’g humerous faults trending E-W to ENE-WSW Such faults have been re-
cently ‘deécribed (de Smet, 1984; Weij_’er‘maa‘rs,' 1987; Osete et al, in press), and
major members are the Crevillente and the Aiplljaxra;s Faults. Their impor-
tance led deSmet (1984) to re-interpret the External Zone of the Betics Orogen
as a dextral shear zone. The palaeomagnetic data of Osete et al. (in press)
strongly support the model, indicating important clockwise block rotations dur-
ing the Miocene. The incompatibility between the structural style of the Betic
Cordillera and its classical interpretation as the continuation of the Alpine thrust
belt had already been pointed out by Julivert et al. (1974).

The reélative orientation of the two systems of faults described above, forming
an acute diverging wedge, is not in good agreement with what is usually observed
in conjugate systems of strike-slip faults (e.g., Pratsch, 1982; Christie-Blick and
Biddle, 1985; Sylvester, 1988). This supports the assumption that each fault
system responds to separate aspects of the tectonic setting: a) NW-SE compres-
sion (NNE-SSW sinistral shears) and b) E-W differential confinement (ENE-SSW

dextral shears).

Seismotectonics of Iberia.

In the previous section it was contended that the Cainozoic evolution of Iberia

~ was better interpreted in terms of continental extrusion, whereby the Ibero-

Moroccan, Block was being forcgd sideways into the Atlantic. It will now be

argued that this scheme also fits observations of neotectonic éct.ivit-y.

Figure 5.1 is a synthesis of results reported by several authors concerning
focal mechanisms, active faulting and volcanism in and around Iberia. Main
inputs are from Bellon and Letouzey (1977), Philip (1982), Grimison and Chen
(1986) and Buforn et al. (1988). For some of the earthquakes different authors
proposed different mechanisms and the alternative results are shown, illustrating
the difficulties in constraining fault plane solutions at a continental margin. Four
trends of neotectonic activity can be inferred from the figure. They will be

described separately.
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Fig. 5.1 - Neotectonic synthesis of Ibéria. Main sources are listen in the figure.
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i) The Southern Spain-Middle Atlas trend.

This trend.is defined by a number of NE-SW faults-associated with numerous
deep-focus eajﬁfhclg’akes, in the depth range 40-180 km (Lopez-Casado and Sanz-
de-Galdeano, 1988). The information from fault pIa.he solutions is poor, but the
surface geology indicates sinistral strike:slip on the NE-SW faults (Philip, 1982;
Weijermaér_s, 1987). The trend is marked at several points by Late Pliocene and
Quaternary volcanics: the former are calc-alcaline in composition, and the latter
are basaltic (Bellon and Letouzey, 1977).

ii) The North Pyrenean Fault Zone.

Although very large earthquakes.in this area are not documented, its seismic
activity was recently illustrated by two moderate (M > 5) events in 1967 and
1980. The focal mechanisms of these shocks are poorly constrained, but Philip
(1982) proposed dextral shear sub-parallel to the E-W direction. Gagnepain-
Beneix et al. (1982) recorded 50 aftershocks following the second event, with a
preponderance of E-W dextral strike-slip and NW-SE normal faulting.

iii) The continental margin.

The bathymetric expression of the East Azores Transform vanishes close to
the meridian 16° W (e.g., Laughton et al, 1975). The pure dextral strike-slip
earthquakes associated with the transform give place to a more complex and
diffuse pattern towards the E, from which no clear inference can be made. The
P-axes have a consistent NW-SE orientation, but the focal mechanisms are poorly
constrained and in some cases the published solutions are in conflict (e.g., the
event of 30DEC70).

iv) The Cadiz Gulf-Betics trend.

This trend is offset some 400 km southwards with respect to the extrapo-
lation of the East Azores Transform. Its western extreme corresponds to the
Gorringe Bank, locus of large earthquakes like the 28FEB69 (M, = 7.4, Lopez-
Arroyo and Udias, 1972) and possibly the Lisbon Earthquake of 1755, Here,
the available source data indicate an important component of reverse faulting,

usually interpreted as underthrusting of the African Plate (e.g., Purdy, 1975).
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In southern Spain this trend corresponds to the External Betics dextral Shear
Zone (de Smet, 1984), comprising major ENE-WSW strike-slip fractures such
as the Alpujarras and Crevillente Faults. Some published focal plane solutions
(Buforn et al., 1988b) are iﬁ good agreement with this interpretation. However,
the region shows the complexity that is characteristic of most intra-continental
strike-slip zones, with events that seem to be in conflict with the expected ori-
entation of the regional stress field, especially for magnitudes below My = 5.
Across the Mediterranean, this trend may perhaps be extended to include the

active tectonics of the Tunisian Atlas dextral Shear Zone (Caire, 1979).

Figure 5.2 is an interpretative diagram where the trends discussed above
are integrated in a consistent geodynamic model. Comparison with what was
described in section 1.5.2 regarding the Miocene tectonic evolution shows that
the proposed neotectonic scheme is a subdued continuation of the deformation
caused by the continental collision between Africa and Southern Iberia during the
last 10 million years. Extrusion of the Ibero-Moroccan Block in a southwesterly
direction (to avoid excessive lithospheric thickening in the zone of convergence) is
indicated by earthquakes with a component of dextral strike-slip in the Pyrenees
and by sinistral strike-slip movement along the NE-SW. trend. of southeastern
Spain and northwestern Africa. The variable resistance offered by the oceanic
parts of the African and Eurasian plates as a consequence of the movement on
the East Azores Transform leads to the dextral shearing of the Ibero-Moroccan
Block across the Cadiz Gulf and the External Betics, and by this mechanism the
important ESE-WNW shear component in southern Iberia can be accounted for,
which would not be the case for a straightforward prediction of slip directions

based on the position of the pole of rotation.

In Figure 5.2 the shaded area to the W of Portugal corresponds to the region
where the extrusional model predicts E-W compression and crustal shortening.
Off the western coast of Portugal the seismicity is poorly constrained, but the
Quaternary geology is compatible with E-W compression (Vanney and Mougenot,
1981; Cabral, 1989). Cabral (1989) uses such indications to introduce the hypoth-
esis of an incipient easterly subduction offshore western Portugal, albeit within

a different tectonic framework to the one now presented.
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East of the East Azores Transform, the shaded area in the diagram includes
the Gorringe Bank and the Tagus Abyssal Pléjgjx, which rank among the most
conspicuous structural features of the region. Since' the dextral motion of the
Tranéform is-offset towards the S by about 400 km ‘before it can be recognized in
the Cadiz Gulf, important WSW-ENE extensional deviatoric stresses can be ex-
pected to occur. This extension would weaken the lithosphere, and could explain
why the regional NW-SE compression caused such extreme deformation as the
upthrust of the Gorringe slab (Purdy, 1975; Ryan and Hsu, 1973). This process
of lithospheric attenuation would lead to high heat flow, contrary to the assump-
tion of a cold lithosj:»h’ere by Purdy (1975) and Karner et al. (1985). Although
this uncertainty was not lifted by the ODP Site 120 Report, oxygen isotope ob-
servations éiiren l_)'y‘t‘h«e repdr‘t indicate high temperatures during the Cainozoic,
and high heat flow through a thinned lithosphere may be an alternative to the
suggested intrusive or shearing heat source (Ryan and Hsu, 1973). It is widely
accepted that the basement rocks drilled immediately below the sediments of
the Gorringe Bank are lower crustal units, a hypothesis supported by the very
large (~350 mgal) free-air gravity anomaly associated with the ridge. It can be
argued that the proposed “pull-apart” ENE-WSW extension could have caused
such tectonic denudation prior to the upthrusting in a NNW-SSE direction.

Another tectonic problem which is directly affected by the assumptions re-
garding the kinematics of the convergence zone to the S of Iberia is the evolution
of the Alboran Sea, in the westernmost Mediterranean. This is a narrow sea,
surrounded in the N by the Betic Chain and in the S by the Rif Chain; the bend-
ing of the Betic-Rif Orogen around the depressed area gave rise to the Gibraltar
Arc (Olivet et al., 1973). It is widely accepted that the continental crust in the
Alboran Sea was more than 50 km thick during the Palaeogene as a consequence
of the convergence between Africa and Eurasia, and that parts of it have subsided
by at least 5 km since Mid Miocene times, always within a tectonic setting of
overall convergence (Platt, 1988; Dewey, 1988). This has led to the suggestion
that the collapse of the central region of the Betic-Rif Orogen was due to the
convective removal of the lithospheric mantle root (Platt, 1988). Outward radial
thrusting in the Betic and Rif Chains would be the compensatory effect of the
gravitational collapse. However, as Dewey (1988) pointed out, it is difficult to
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5.2

see how such a gravity-driven mechanism would cause thrusting in regions that

are now above the subsided area.

The tectonic schenie proposed in Figure 5.2 supports the alternative view that
large amounts of localized extension in the Alboran Sea may be related to-strike-
slip wedges (Crowell, 1974) formed by the interference of the southeastern Spain-
Middle Atlas NE-SW sinistral trend with the Gulf of Cadiz-Betics WSW-ENE
dextral trend (Fonséca and Long, in press). According to this interpretation,
the Alboran Sea would be a mature version of the Karliova Basin of Anatolia,
formed by compatibility problems at the junction of the North Anatolian and
East Anatolian Faults, which is also surrounded by mouhta.in chains but is still
at an elevation of 1750 metres above sea-level (Dewey et al., 1986). One of
the difficulties with such model is that it dc‘)gé not predict the outward- fanmng
thrusts that have been described around the Alboran Sea. This may be a false
shortcoming, since deSmet (1984) proposes a symmetrical (flower) structure for
the Extcrnal Betics, with the axis along the Crevillente dextral fault, rather than

the nappe model with vergence towards the N usually described in the literature.

Plate tectonics and continental deformation: the Iberian case.

Sykes (1978) observed that the distribution of intraplate seismicity is linked to
the location of pre-existing zones of weakness, often inherited from the youngest
orogeny. This principle has been confirmed by a large number of intraplate de-
formation studies (e.g.,Blenkinsop et al, 1986; Meissner and Wever, 1986; Zoback
et al., 1986; Long, 1988; Talwani, 1989). A different idea also proposed by Sykes
(1978), that seismically active trends within the continents tend to be located
near the end of oceanic transform faults, was not met with such wholehearted
agreement. Zoback et al. (1986) refuted a clear link between oceanic fracture
zones and areas of continental deformation, although recognizing that the lo-
cation of pre-split orogenic belts probably influenced the distribution of major
oceanic transform faults.

The study of the seismotectonics of Iberia is relevant to both aspects of the
above discussion. All four seismogenic trends described in the previous section
coincide with zones of rifting and basin development during the Mesozoic and, in
most if not all cases, the rifting was controlled by basement faults inherited from
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the Late Hercynian Megashear Zone. The regional stress orientation in Iberia is
not 'd;issi_mila.r to that of the late stages of thé ﬁercyni‘an Orogeny (Arthaud and
Matte, 1977, their Figure 4), and the reactivation of so many Late Hercynian
structures during the Cainozoic (section 1.5) is a prime example of the type of

“tectonic memory” proposed by Sykes (1978).

The possible connection between the. East Azdres Transform and the internal
deformation of Iberia is not so straightforward. It has already been pointed out
that the continental margin W of Portufga‘l and Morocco shows signs of being
under compression (previous section). In other areas where a similar observation
has béen made, like the eastern Ur.lit;,ed States margin, it his been attributed
to-the effect of. distributed. ridge push_at. the mid-ocean.ridge (Richardson et
al., 1979; Zoback et al., 1986). In Iberia, however, the geodyhamic boundary
conditions are bound to be inore complex, in view of itsipo"s;lt'ion with respect
to the Afro-Eurasian pole of rotation. Along the western coast of Portugal,
compressive stresses are likely to increase towards the N as a consequence of the
differential movement of the two sides of the East Azores Transform. Along the
southern margin of Iberia, the N-S component of the convergence velocity must
increase towards the E, since Africa is rotating about a point near the Canary
Islands. It has been submitted above (previous section) that the seismic activity
of southern and southeastern Spain (Cadiz Gulf-Betics) resulted from the ~neéd to
accommodate dextral shear along the East Azores Transform. This is in line with
the causal link proposed by Sykes (1978). On the other h‘a,nd., in the extrusional
model the driving force behind the deformation in the Cadiz Gulf-Betics trend
is- the éempréssibn' associated with the convergence between Africa and Eurasia,
and the oceanic plates are restricted to a more passive (resistent) role, which was

described as “differential confinement”.

Besides southern and southeastern Spain, many other regions of Iberia have
undergone deformation during the Cainozoic, and some are still active now.
Western Portugal is well situated for the analysis of the relationship between
plate tectonics and continental deformation. The paucity of well constrained fo-
cal plane solutions limits however the extent of the conclusions. The geological
investigation described in section 2.2.7 and the microearthquake data discussed

in section 4.6 point towards the activity, during the Neogene and at present, of
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smlstral stnke-shp basement faults trendmg between NE-SW and NNE- SSW In
Frgure 5 2 it is shown how the reactlvatron of these basement fractures can be
explamed by the compressmn caused by contmental colhsron 1n terms of srmple-
shear It is not easy to reconcrle these observa.tlons w1th suggestrons that ‘the
ba.sement fra.ctures of southwestern Iberla form a fan shaped ‘system of splay
faults dlvergmg from-the eastern end of the. East Azores Transform and plckmg
up-its dextral strlke slip. movement (\Neuermaars 1988) It must be pointed out
however, that the Nazare Fault a ﬁrst order -active tectonic boundary that cuts
the coast of eeﬂtral Portugal in a, NE SW dlrectlon may have that type. of rela-
tion with the transform, as Morelra (1 980) nges a dextral strike-slip solution for
a magmtude (Mp?) 5 earthquake (26DECG2) on the extrapolated strike of the
'fault It this'is the case, ; then'the Nazaré Fault can be considered another accom-

modating structure for the differential confinement of the continental margin.
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Chapter VI

Tomographic Invérsion of Teleseismic Traveltime Residuals

6.1 Introduction.

6.2

6.2.1

As.a by-product of the operation of the- RESTE seismographic network, sev-
eral records of teleseismic events were obtained. These were used to gain some
knowledge about the broad lithospheric structure underneath the area of the
silrve.y;—The true p-wave velocity distribution can: be -ﬂregardéd":as-—a;i—perturb_é.tion
around a suitable initial model, and the traveltime residnals:(bﬁsenved minus pre-
dicted) can be related to such perturbation through,a,liﬁear functional or, in the
case of a discretized model, through a systeni of linear equations. In the latter
case the system is often underdetermined, and special optimization techniques

must be used to provide particular solutions of interest.

The estimate of the velocity structure of the lithosphere from observations
of seismic wave traveltime residﬁajl’s is an example of what is usually called an
“inverse problem”; the antonymous designatibﬁ of “direct problem” applies to
the situation where the knowledge (or assumption) of the characteristics of a

physical system is used to predict the results of an experiment (i.e., modelling).
Underdetermined geophysical inverse problems.

General formulation.

In the special case of a spherically stratified Earth, the traveltime of a seismic
ray is related to the velocity model v(r) by

TE
(6.1) T=pA+ 2/’: 1 (n? —p2)1/2d1‘
»

where the meaning of the variables is given by Figure 6.1 and by
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Fig. 6.1 - Seismic ray geometry for a spherically symmetric Earth velocity medel.




6.2.2

: 7
6.2 = _T
(6.2) p ;o=

(e.g., Bullen and Bolt, 1985, p.158). If the direct problem is solved for a trial
velocity model vy(r), the residual 6T can be related to 6v(r), the error in vp(r),
by the first order approximation (assuming vy(r)~ v(r))

; | TE - - .
(6.3) 0T = —2£ novy 2(nE - p°) 1280(r). dr
P

(ibid.), taking into account that traveltime is stationary with respect to ray-
path perturbations (Fermat’s Principle).

For a set of n observations d; of §T, and changing the independent variable

to v = r/rg, equation (6.3) can be rewritten as

1
(6.4) d; = /0 Gi(v)m(v)dv, i=1,2,...,n,

with m(v ) =6v(r) and G;(v) = —2w(v)renovy 2(ng — p?)~V/? ; w(v) is zero
if v < 7, /7g, unity otherwise. Equation (6.4) is a general formulation valid for
many geophysi‘c_aldinVerse problems, and received special attention during the last
two-decades, foHdWin-g the pioneer work of Backus and Gilbert (1967, 1968, 1969,
1970).

The method of Backus and Gilbert.

The goal of the inverse problem is to gain information about m(v) from the
observations d;. Two different approaches can be taken: the most common con-
sists of discretizing the model m(v) to reduce the degree of underconstrainment
in (6.4), where the unknown is a continuous function; the second approach, de-
veloped by P. Backus and F. Gilbert, consists of designing “averaging kernels”
A(vp,v) which verify
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(6.5) | Aﬂquyw=L

and use them to compute estimates < m >g of the value of m(1q) by

(6.6) <m >, = _/01 A(vg,v)m(v)dv

(Backus and Gilbert, 1967). The averages must be related to the data by

~linear-relations-of-the-type-

n

(6.7) <m >, =3 aiv) di.

i=1

Combining (6.4), (6.5) and (6.7) yields

n

(6.8) | Ay) = Y aie)Gilv).

i=1

Selecting an averaging kernel that approaches a Dirac-§ would make < m >
approach the real value of m(wg), as shown by equation (6.6). This can be
achieved by a variety of numerical “é-ness criteria” (_’Backus and Gilbert, 1968).
But the choice in design of A(v, v)is limited by the fact that the sum in equation
(6.8) has a finite number of parcels, equal to the number of observations. With
n = oo (i.e., with infinite data) the real value of m(ry) would be accessible by
making A(wy,v) = §(v — 1) in equation (6.6), assuming error-free data and
linearly independent G;(v).

Backus and Gilbert's method was applied to one dimensional (Backus and
Gilbert, 1969) as well as three-dimensional velocity modelling from seismic trav-
eltime residuals (Chou and Booker, 1979). Although it will not be used in this
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study, it was presented here because it hxghlxghts the main aspects of inversion

- theory: non-uniquenéss, resolution and error propagatlon

The solgtion to equation (6.4) will be non-unique if it is possible to obtain a

non-trivial solution to the homogeneous integral equation

(6.9) [: Gi(v)m(v)dv = 0.

If m*(v) is such a non-trivial solution and mp(v) is a solution of equation

(6.4), then by linearity it follows that any function of the type

(6.10) m(v) = mp(v) + A m*(v) (A constant),

will also verify equation (6.4). This type of severe non-uniqueness (infinite
number of solutions compatible with the déta) is intrinsic to most inverse prob-
lems with geophysical interest, since the spacial functions describing the distri-
bution of physical properties of the real Earth are too general to be determined
from a finite set of numbers.

Rather than attempting to obtain one among the infinity of possible solutions,
the method of Backus and Gllbert focuses on the search for those propertles Wthh
are common to all the- data—compatlble solutions: if for a pa.rtlcular vo and for a
given “width” of the’ averaging kernel all such solutions average to the same value
(within some accuracy threshold), it can be concluded that such “smoothed”
property pertains to the true model as a particular case. The minimum width
for which this occurs (for each vy) is called the “resolviﬁg length” of the data set
(Backus and Gilbert, 1970).

If the observations d; are contaminated by experimental errors Ad; (i.e., if
the d; are real data), these errors will propagate through equation (6.7) to cause
an error in the average < m >¢. If the variance of the observations can be

quantified by a matrix E;;, the variance in < m >g will be
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6.2.3

(6.11) ‘ | o? = X zangEij.
i

If some control is to be exerted on the admissible level of variance in the
resulting model, furthér constraints must be imposed on the selection of the
coefficients a;, besides the chosen §-ness criterion. Backus and G_iil)bert (1970)
developed the algebra associated with this proBlém, and éstablished the existence
of a trade-off between loss of resolution (meastted by the spread of the averaging
kernel around ) and model variance. This leads to a subjective element on the
choice of-the- coeficients a; which-thay be-explored according to the objectives-of

any particular inverse problem.
Discrete inverse problems.

Dividing the area to be modelled into boxes where the parametres are kept
constant is a convenient procedure for three dimensional problems. This was-first
applied by Ellsworth (1977) and by Aki et al. (1977) to obtain the lithospheric
velocity structure underneath a local seismic network from teleseismic traveltime
residuals, and by Aki and Lee (1976) to use mi’créeart‘hquakes from within the
volume to be modelled. In the latter case the hypocentre parametres and time

of origin must be included among the unknowns.

For teleseismic data, some standard Earth model is assumed outside the
volume being studied, and the focal parametres of the earthquakes are obtained
from a catalogue. An initial model for the velocities of the boxes is stipulated, and
traveltimes are predicted for each event and each station, usually using published
tables for the standard Earth and ray-tracing through the boxes. The traveltime
residual for each ray is thus computed. It is related to the fractional perturbation
of slowness (inverse of phase velocity) in the blocks hit by the ray through

(6.12) At,'j = = my.




|

Here, i indicates a particular event and j indicates a particular station, and
the sﬁmmajt,ib_n_ takes place over all the blocks hit by the ré,y; I, is the léngf_h of
the zgyj)_a;'th within "blpck k, vy, is the velocity of the block in the initial modél,
and i, is the ffactiqngl perturbation of slowneéss, related to the perturbation of
the velocity of the block by

1 1

(Aki et al., 1977; Aki and Richards, 1980, p. 712). The contribution of ray-
path distortion to the At;; can be ignored in equation (6.12) in view of Fermat'’s
Principle.

The system of linear equations (6.12) is suitably treated with matricial no-
tation. Summation can easily be extended to all the blocks by introducing a
discriminating operator h;j; which is zero if the ray corresponding to event i and
station j does not cross block k, and unity if it does. If all the traveltime residuals
are organized into a nx1 array d, (6.12) then reads

' m
(6.14) dr =Y grsms r=1,..,m; or d=Gm,
s=1

where n is the number of data, m is the number of blocks (eqﬁa.l to the
number of unknowns) and the g, can be computed from the initial model.

Jackson (1972) formulated the problem of solving (6.14) as the search for a
matrix F which operates on both sides of the system to give a particular solution

(6.15) i = FGm = Fd

and additionally has the following properties:
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i) GF ~ I, (i.e., G ~ d, and the particular solution fits the data well);
ii G ~ I,, (ie., i is well resolved);
iii) the variance of i is small.

The matrix R = FGis called the “resolution matrix”, and since i = Rm
the rows of R can be seen as discrete averaging kernels. The matrix H = GF
is called the “information density matrix” (j‘aékson, 1972), and measures the
degree of independence of the data, of particular importance in overconstrained

problems (n>m). The variance of m is given by the covariance matrix

(6.16) . C = F Ad AdTFT

(throughout this chapter “AT” means the transposed of A), where the ele-
ments of Ad are the standard errors in observations. If the covariance matrix of
the data has the form 021, (i.e., all observations have the same standard error

o4 and are uncorrelated) the covariance matrix for the model becomes

(6.17) C = d3FF7,

The standard error in the ith parameter of the model is o; = (cii)l/ 2 (no

sum).

The solution of linear systems of the type (6.14) with m# n was discussed
in detail by Lanczos (1961, chapter 3). The nature of the problem depends on
the relative size of p, the number of linearly independent rows in the matrix G,
the number m of unknowns in the model, and n, the number of observations. If
p=m=n the system has an exact solution (G is square and non-singular) ; if p<m
the solution (if existent) is non-unique, i.e., the problem is underdetermined; if
p=m<n the problem is strictly overconstrained and no solution exists which
verifies exactly the observations. In the latter case the standard least-squares

technique can be used to produce the optimum least-squares solution
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(6:18) g = (GTG)"I‘GTd.

When p < m, GTG is singular and (6.18) cannot be applied. If p<m<n the

system-is both overconstrained and underdetermined.

Lanczos’s method considers simultaneously the system (6.18) and its adjoint

system

(6:19) b = ~E~gkjak- j=1,...,m; or-  b=GYa.
k=1

n

Problems (6.14) and (6.19) can be merged-into a single linear system given
by

ola
GO

(6.20) S=si2y 5=

The matrix S is now (m+n)x(m+n) and symmetric, and can be treated with
the a:l_gebrai¢ methods pertinent to such matrices. Of particular importance is

the fact that the eigenvalue problem

(6.21) Sw = Aw

can be solved for S (eigenvalues are not defined for rectangular matrices
like G), and since S is symmetric it always has (n+m) real eigenvalues. The
eigenvectors w can be decomposed as

(6.22)

€
]

[
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and equation (6.21) breaks into

(6.23&) Gv = Am, .

(6.23b) GTu = v,

_ taking into account the shape of the matrix S. Premultiplying G by GT and
GT by @ gives

(6.24a) GTG v =A%,

(6.24b) GGT u = 22y,

which are eigenvalue problems, since GT G is (mxm) and GGT is (nxn). Equa-
tions (6.24) lead to (n+m) solutions A?, corresponding to 2p non-zero eigenvalues
of the matrix S plus a zero eigenvalue of multiplicity (n4m-2p). |

Equations (6.23) provide some insight into the nature of the inverse problem.
The eigenvectors v; verifying (6.24a) can be regarded as elements of the space
formed by all models, and the u; as elements of the space of all data-sets. Fur-
thermore, in view of the symmetry of GGT and GT @ the eigenvectors associated
with non-zero eigenvalues are orthogonal or can be orthogonalized (e.g., Lanczos,
1961), and the linear combinations of the v; ()\; # 0) span a sub-set of the space
of all models. Also the linear combinations of the u; (A; # 0) span a sub-set of
the space of all data-sets. If a particular data-set belongs to such a sub-set, it
can be decomposed on the base (v;) and will be "mapped” onto the model space

116




;
|
via the relations Gv; = A;u;. The noN-Z€ro eigenvalues therefore act as “links”

between data space and model space.

If a parficular d@ta.‘-;set has a component which is a linear combination of
eigenvectors 11 associated - with the zero eigenvalue, then this component cannot

be obtained by forward modelling, sincea(fé;;f23_b)‘fb’ecomes

(6.25) Gvj=0.

If the true modél has acomponent which is a linear combination-of eigenvec-
tors v; associated with the zero eigenvalue, this component cannot be obtained

by inversion, since (6.23a) results

1

(6.26) GTu; =0.

The two last statements synthesize the limitations of solving either the inverse
or the direct problem when p<m (some v; have A; = 0) and p<n (some u; have
Aj = 0). If some particular model verifies the data it can be modified by adding
a linear combination of the v; with A; = 0-and it will still verify the data, and
this-is  the source of non-uniqueness. On the other hand, discrepancy between
real data and synthetic data will arise unless the real data is orthogonal to all
the u; with A; = 0 (Aki and Richards, 1980).

In view of the previous comments, it is “natural” to seek a particular solution
for problem (6.14) which only involves the non-zero eigenvalues of S and the
associated eigenvectors. In the particular case when p=m=n, the matrix G can

be decomposed as

(6.27) G=UAUT,
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where A is a diagonal matrix containing the elgenvalues A; and the rows of

U contam the assoc1ated elgenvectors Lanczos (1961) shows that for the genera.l

case it is still-possible to write

(6.28) G=UAVT,

where U is (nxp) A is {pxp) and V is (mxp) The matrices U and V contain
the elgenvectors that verlfy (6 24) for non-zero elgenvalues That author then

proposed as the “natural” inverse of G the matrix defined by

(6.29) F=V AT,

where the elements of the diagonal of A™! are A] 1 The resolution matrix

and the information density matrix are given by

(6.30) R=FG=VVT, H=GF=UUT.

The nght hand sides (unhke UTU and VTV) are only Ip if p=n and p=m
respectwely :

The “natural” inverse of Lanczos is usually refered to as "generalized inverse”
(e.g., Aki and Richards, 1980), and leads to the following solution to (6.14):

(6.31) mg=F,d with F,=V A UT.

The generalized inverse has the minimum euclidean norm among all the mod-

els verifying the data: any such model is of the form
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(6.32) m o= mg + Yo Vs (¢ erbitrary),
7

where the v; are eigenvectors associated with the zero eigenvalue, and it
follows that

(6:53) jm = {lmg|? + 3 cf'/% 2 my.

This property makes the generalized inverse particularly suitable for iterative

numerical techniques. It can also be shown that the residuals given by

have no contribution from the u; associated with the zero eigenvalue, and
for this reason the residual vector has a minitnum eticlidean norm as well. The
generalized inverse solution is therefore a “natural” extension of the standard
least-squares technique to the case p<m (underd_éterniined problem).

If the errors in the data are non-correlated, the variance of the model param-

eters can be written, making use of equation (6.31), as

8

(6.35) var(my) = zz[ka)‘j-l“ij]z var(d;),
J

where vi; and u;; are the elements of V' and U respectively. The last expres-
sion shows that the small eigenvalues contribute strongly to the variance of the

model. It may be preferable to exclude from (6.31) those eigenvalues too close
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to zero, the;e};y red__u’ciné artificially the number p to reduce the variance, at the

cost of degrading-the resolution.

When m=p<n (strictly overconstrained problem), the minimization of the
norm of the residuals leads to a unique solution, and the gerieralized inverse
reduces-to-the standard-least-squares-solution. It may still be prefered, however,
because it allows the inspection of the eig;_‘gnvél_géis' and therefore the contral of
the stability of the model parameters. Hypocentral location is usually a highly
overconstrained inverse problem, where the unknowns are the spacial coordinates
of the focus (assumed to be a point) and the origin time (m=4). The number
of seismic stations reporting the arrival time, if onfy one phase is used, gives the
number-of-observations: The -matrix-GTG-is -ngneéing:ular~-~ and-(4x4); and-has-
therefore 4 non-zero eigenvalues, i.e., p=m=4. In this case, the resolution matrix
is equal to the identity matrix, and the computation of the different parainetres
is independent. Klein (1978) explores this to propose an iterative scheme of
hypocentfa.l location where in eaéh iteration the eigenvalues are inspected after
the inversion has been carried out. Those components of the adjustment which
are associated with eigenvalues below some user-defined tolerance level are simply
ignored. The program HYPOINVERSE (Klein, 1978), used in chapter 4 to locate
the RESTE local earthquakes, is an implementation of this method.

An algorithm was developed under the name of “damped least-squares” which
a,ddressés the problem of instability associated with small eigenvalues in a dif-
ferent way. It can be derived by minimizihg a combination of the norm of the

model and the residuals of the form

(6.36) |[d - G'ml2 + 02|m|2,

and is given by the “inverse operator”

(6.37) Fp = (GTG +6%1,)'GT.
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'The “damping factor” § , which is a,rbltrary, makes the expressxon within
brackets always non- smgular and-can be used to control the s1ze of the mlmmum

eifg‘é;iﬁz@[&é,;.i, 'der to:limit the variance in: the solutlon The same operator can

be- demved altematlvely by consxdenng data: a.nd model as stochastlc processes
(ice., families: .of aleatory vanables) with zero mean and kiown Covariance ma-
trices of the form o; In and ar Im, 9 bemg now equal to the ratio 05 /om. (Ak1
and Rmh@rds, 1980). For this reason this particular operator is also known as
“stochastic inverse”. The resolution matrix for the damped-least-squares inverse

is

(6.38) R =(GT@ + 6*1,)'G7q,

and the covariance matrix, assuming uncorrelated observations with commen

standard errors oy, is

(6.39) C = d%(GTG + 0*1,)"'R.

The FORTRANT7 program THRD (Evans, 1986), written by W. Ellsworth
;:imd G.-Zandt-and improved by D. Stauber, D. Oppen'heimer and.J. Evaus, uses
the damped least ‘squares inversion algonthm described above in an 1mplemen—
tatlon fully descrlbed by Aki et al. (1977) Some details of the program will be
conmdered next ‘before it is used to invert a data set obtained with the RESTE
Network.

Equation (6.12) can be rewritten for the observations of a particular event as

(640) t] =Tj + T’ + zgjkmk + €5, .7 = l) ""N;
k

where j is the station index, 7; is the arrival time at the bottom of the

volume being modelled and 7’ (common to all stations) is the traveltime through
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the model with the initial horizontally homogeneous velocity dlstnbutlon The
quantmes gjk and my are as: deﬁned by (6 14) a.nd (6.13) and‘the: quantltles €
account for’ the observatlon errors and neglected hlgher order ‘terms, The Ty may
be: obta '_‘ed from the: se1smolog1cal tables f. Herrm (1968) and 77 is- computed
by. ray- tracmg from the surface to ‘the bottom of: ‘the model. Errors that are
common to-all sta‘trons hke those due to the estimate of origin time or to the
standard Earth model can be- absorbed by the parameter 7’ by rewntmg (6.40)
as

(6.41) t'—T]+'r + > (g5 — Nzgzr)mr+ Eglkmkl'*'eja
: ’ SR S . Nz~ -

and making 7" = 7'+ 7{,— Y1 Lorgirmy and Q;A = g1, — % E{Y__l g1~ With these
changes, (6.40) becomes

(6.42) ti=7m+7 +) gyme+e,  j=1,..,N.
- ,

The quantity 7" corresponds to the “nuisance parameter” of Akiet al. (1977),
which is characteristic to each event. Assummg that the contributions of the last
two teriis of (6. 42) average to zero-when summed over all stations, 77 can be

equated to the average of the traveltimes through the model,

N
(6.43) ‘; P —7j)-

The quantities d; defined by

(6.44) dj =‘tj—Tj—T"




6.3

are traveltime residuals from which the average per event has been sub-

tracted. In terms of these zero-mean residuals, equation (6.42) becomes

(6.45) dj =S ghmi+e,  j=1,..,N.
k

If M events are recorded, an equivalent number of sets of equations like (6.45)
can be est_a_blished, and in this way a linear system is bg_iltfwhe‘;,e the number of
equations is'NxM and the nuniber of unknowns is equal to the-number of blocks
in the model.

The process of subtracting the average per event from the traveltime residuals
reduces all the stations to the same status (no reference st-atioﬁ isneeded), whilst
adding a component of non—uniqueﬁeSs to the solution, since the new quantities
d; are insensitive to a uniform change in the velocity in all the blocks of any,
particular layer (Aki et al., 1977) In this way, absolute velocities are determined

only if at least one station is in an area of known lithospheric velocity structure.

To estimate the improvement in the fitting of the observations by a particular
solution m*, program THRD uses the statistics VI = 100.0(1 — ), where

Xjldj — Tk g;ka)z
T d}

(6.46) r=

is the ratio between the variance of the solution residuals and the variance

of the observation residuals.

Application to the RESTE Network teleseismic data.

After minor modifications to run on the MTS System (Rowntree, 1987; this
thesis, Appendix C), the program THRD was used to perform the tomographic
inversion of teleseismic data recorded with the RESTE Network. Figure 4.6e )
shows the printout of the digital version of one of these records. Readings of
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arrival times where made on enlarged copies (1 s = 4.9 cm) using the technique
of waveforin matching: although tlie.shape of the signals for a particular event
may vary between-stations, some features of the first few (typically two) cycles,
sich as zero-crossings and peak positions, showed good coiisistency and were
used to determine the relative time shifts between records, by overlapping the
traces on a drawing table. The reading error was of the order of £0.04 s (2
mm lateral shift).

A total of 20 teleseisms were used in this study. The epicentres are plotted
in Figure 6.1, and the focal data is given in Table 6.1. The traveltimes of these
events were in agreement with the predictions of the Herrin (1968) tables to
within 6 seconds. This generous allowance was made because the focal parame-
ters were preliminary (data released by the American Geophysical Union), and
also because the algorithm is not sensitive to errors in traveltime that are shared
by all the records of the same event. The total number of traveltime observations
was 140, distributed over 10 stations (Figure 6.2). This data set is reproduced
in Table 6.2.

Prior to the inversion a straightforward analysis of the traveltime residuals
was carried out, grouping the values according to recording station, to get a first
and very smoothed picture of the distribution of velocity anomalies. For this

purpose, the residuals were calculated according to

(6.47) Ti=1j—to— (’rj - TO),

where the variables have the same meaning as in equation (6.40) and the
index 0 corresponds to a reference station (AMG). These residuals integrate
contributions from the entire thickness of the model, and also average laterally
since different rays arrive obliquely from different azimuths. For this reason they
show large standard deviations, as indicated in Table 6.3 and in Figure 6.3. In
Figure 6.3 the results were projected onto a N-S line coinciding with the 9°W
meridian, showing a tendency towards more negative residuals as the latitude

increases. The stations which deviate from this tendency are those farther away
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Fig. 6.1 - Epicentres of the teleseisms used for tomographic inversion, shown on equidis-

tant projection.
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Fig. 6.2 - Stations used for tomographic inversion, and preliminary analysis of travel-
time delays. The numbers are the average residuals with respect to station

AMG (in seconds), and the standard deviations (in parenthesis).
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Fig. 6.3 - Same data as in Figure 6.2, projected on a N-S profile. The residuals tend
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TELESEISMS USED FOR TOMOGRAPHIC INVERSION

EPICENTRAL DATA

22 AP AL EEE LSRRI EE L EEL RIS EEEES IR EEEEEELMELSALEEEEEEEELEEE S SRS S 2

Code Date H M S Depth- Lat Long
ETO3FB 12-10-88 13. 57. 4.7 5. ( -7.-17.40 N, -154.-22.20 W)
ETO4FB 27-10-88 21. 58, 17.0 605. (-28.-40.80 N, 62. 55.80 W)
ET11FB 13-12-88 3. 21. 4.8 10. ( 49. 59.40 N, -78.-50.40 W)
ER13FB 17-11-88 8. 4o6. 53.3 10. ( 58. 35.40 N, 143. 16.20 W)
ET13FB 22-12-88 0. 16. 39.0 21. ( 41. 21.60 N, -89.-38.40 W)
ET15FB 19-01-88 7. 30. 31.8 33. (-24.-42.60 N, 70. 34.20 W)
ER18FB 30-11-87 19. 23. 19.5 10. ( 58. - 40.80 N, 142. 47.40 W)
ET19FB 05-02-88 14. 1. 2.2 33. (-24.-46.20 N, 70. 22.20 W)
ET23FB 26-02-88 6. 17. 31.4 10. (-37.-18.00 N, -47.-58.20 W)
ET24FB 06-03-88 22. 35. 35.8 10. ( 57. 16.20 N, 142, 47.40 W)
ET28FB 09-03-88 21. 33. 53.6 33. (-17.-21.00 N, 74. 12.60 W)
ET29FB 14-03-88 12. 29. 46.8 116. ( -7.-18.60 N, 74, 45.60 W)
ET17FB 24-01-89 16. 0. 4.5 566. (-17.-45.60 N, 178. 44.40 W)
ET30FB 23-03-89 15. 50. 17.9 10. ( 10. 54.00 N, 43, 33.60 W)
ET31FB 25-03-89 19. 36. 46.4 10. ( 62. 9.60 N, 124, 12.00 W)
ET32FB 31-03-89 23, 50. 56.2 37. (-24.-54.60 N, 70. 24.60 W)
ET33FB 03-04-89 1. 33. 5.7 10. ( 49. 52.80 N, -78.-57.60 W)
ET35FB 20-04-89 4, 25. 36.5 10. ( 0. 56.40 N, 30. 14.40 W)
ET36FB 06-05-89 l6. 34. 5.5 51. (-13.-22.80 N, 76. 12.60 W)
ET34FB 13-04-89 23. 19. 57.3 54. (-17.-19.20 N, 72. 24.00 W)

SRS S S REEEREESEESEE SR TR R RS SRS SRS SR ER RS R SRR SRR R R R EEREEREEEEEEESES ]

Table 6.1




Table 6.2 |

TOMOGRAPHIC INVERSION

ARRIVAL TIME DATA

mat :

FEvent Date
e Station Dist. (deg.)
e Station Dist. (deg.)

15 o o

KA A AR AR A AN AR AAAARRNAANA NN A%

ET03 12-10-88

BV 145.009 14 16 41.
MG 144.932 14 16 41.
VL 145.186 14 16 42.
MJ 145.327 14 16 43.
S2 145.556 14 16 43.

ET04 27-10-88

BV 84.109 22 9 45,
VL 83.902 22 9 45,
CA 84.024 22 9 46.
ST 84.189 22 9 47,
S% 83.608 22 9 44.
MT 83.969 22 9 45,
ET1l 13-12-88

BV 60.078 3 31 15.
MG 59.965 3 31 14.
SN 60.520 3 31 18.
VL 60.288 3 31 17.
CA 60.157 3 31 1e6.
MT 60.201 3 31 16.
ER13 17-11-88

BV 75.640 8 58 36.
MG 75.700 8 58 36.
VL 75.643 8 58 36.
CA 75.801 8 58 37.
SZ 76.049 8 58 38.
MT 76.082 8 58 38.
ET13 22-12-88

MG 70.865 0 27 56.
SN 71.435 0 27 60.
VL 71.199 0 27 59.
CA 71.054 0 27 58.
MT 71.079 0 27 58.
ET15 19-01-88

BV 85.676 7 43 12.
MG 85.799 7 43 13.
VL 85.461 7 43 11.
CA 85.611 7 43 12.
ST 85.794 7 43 13.
MT 85.594 743 12.

W N =N AW WwwWwwhiN AN OoO YOy W O w3 N

O O N U= U

mWwmw o

Wwwowwwo »

oo ww oW omww * oW wwwww »
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30-11-87
75.421
75.482
75.424
75.582
75.863

05-02-88
85.594
85.717
85.142
85.379
85.529
85.130
85.511

26-02-88
92.171
92.068
92.308
92.241
92.028
91.909
91.745
92.500
92.306
92.325
92.063

06-03-88
76.575
76.637
76.583
76.574
76.735
76.9717
77.017
76.235
76.408
76.428
76.430
76.684

09-03-88
82.839
82.973
82.378
82.620
82.795
82.420
82.852
82.929
82.806

14-03-88
76.470
76.106
75.961
76.294

19
19
19
19
19

14
14
14
14
14
14
14

L B B A A T A T B - A M =2 W e ) B e ) W @)

22
22
22
22
22
22
22
22
22
22
22
22

21
21
21
21
21
21
21
21
21

12
12
12
12

35
35
35
35
35

13
13
13
13
13
13
13

30
30
30
30

2
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30
30
30
30
30
30

47
47
47
47
47
47
47
47
47
47
47
47

46
46
46
46
46
46
46
46
46

41
41
41

40.
41.
38.
39.
40.
38.
40.

44,
44,
44,
44,
44.
43.
42.
45.
45,
45.
44.

28.
29.
28.
29.
29.
31.
31.
27.
27.
27.
27.
29.

17.
18.
15.
16.
17.
15.
17.
18.
17.

26.
24,
23.
25.
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OT 76.273 12 41 25.2

ET17 24-01-89

MG 157.159 16 18 57.7 B ASN 81.031 16 46 18.4
CA  157.252 16 18 58.2 B AVL 81.273 16 46 19.9
ST  157.333 16 18 58.1 B RSZ 81.103 16 46 19.1
MT 157.536 16 18 58.5 B AMT 81.503 16 46 20.8
MM  156.843 16 18 57.5
MJ 156.752 16 18 57.5 * ET34FB
PT 156.928 16 18 57.5 B ABV 81.591 23 32 12.0
OT  156.945 16 18 57.5 B ACA 81.543 23 32 11.8
B AST 81.738 23 32 12.6
ET30 23-03-89 B AMT 81.559 23 32 11.6
MG 41.798 15 58 12.5 B BMM 81.732 23 32 12.6
VL 41.451 15 58 9.8 B BMJ 81.611 23 32 11.6
CA 41.615 15 58 11.4 B BOT 81.561 23 32 12.6
SZ 41.228 15 58 8.2 B BMU 81.750 23 32 12.7
MJ 41.705 15 58 11.3
OT 41.646 15 58 11.3 Ahk kA kA A A A AR AR A AR A A KA ARAR AR KA KA &

ET31 25-03-89

MG 66.711 19 47 38.2
MT 67.082 19 47 40.1
MJ 66.299 19 47 35.9
PT 66.478 19 47 35.9
OoT 66.490 19 47 36.0
CR 66.584 19 47 37.0

ET32 31-03-89

BV 85.721 0 3 34.5
MG 85.843 0 3 35.1
CA 85.655 0 3 34.3
S2 85.256 0 3 32.6
MT 85.637 0 3 34.0
MJ 85.779 0 3 34.3
oT 85.708 0 3 34.2
CR 85.633 0 3 34.0
ET33 03-04-89

BV 60.196 1 43 16.8
ca 60.275 1 43 17.8
Sz 60.687 1 43 20.7
MT 60.318 1 43 18.1
MM 60.011 1 43 15.6
MJ 60.109 1 43 16.7
oT 60.196 1 43 16.7
CR 60.278 1 43 17.3
ET35 20-04-89

BV 42.622 4 33 36.0
MG 42.705 4 33 36.6
SZ 42.080 4 33 31.6
MT 42.393 4 33 33.9
MJ 42.796 4 33 36.4
oT 42.665 4 33 36.0
MU 42.772 4 33 37.2

ET36 06-05-89
BV 81.494 16 46 21.
MG 81.633 16 46 21.7

o
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from the line (ASN and AMT). Since negative residuals correspond to positive
velocity anomalies, an increase in velocity from S to N should be expected in the

volume studied.

The first step in the inversion for velocity anomalies is to choose a preliminary
velqciiy model and the size of the model blocks. The preliminary velocity model
was a combination of the crustal model of Moreira et al. (1980) for the Nazaré-
Cabo Raso profile with the “normal Earth” model of Herrin (1968) for sub-Moho
depths. The size of the blocks was selected by trial and error, until all but a few
blocks were hit by at least five rays (this was the adopted minimum for a block

to be included in the inversion).

Once the criterion concerning the number of hits was satisfied, further ad-
justments were made by carrying out the inversion with different configurations
and investigating the changes in resolution caused by changes in block sizes, layer
thicknesses and number of layers. To guide the search for a suitable configuration
a value of 0.70 was established for the minimum acceptable diagonal element of
the resolution matrix (with a damping constant of 0.10). Since the rows of the
resolution matrix are averaging kernels (section 6.2.3), a diagonal element of 0.70
in the resolution matrix means that the estimate of the velocity anomaly for the
corresponding block had a contribution of 70% from that block and a global con-
tribution of 30% from the surrounding blocks. This criterion was verified with
the configuration shown in Figure 6.4, which was then aciopted. The number of
hits per block is also shown in the figure. Apart from two excreptions in the upper
layer, only some peripheral blocks are hit by less than five rays, and the number
of hits increases substantially towards the central zone of the model. Figure 6.5
shows the distribution of the seismic rays as they cross the bottom of the second
layer, at a depth of 70 km. The average velocities for the different layers with
the preliminary velocity model mentioned above were, from top to bottom, 6.13
km s~!, 8.06 km s~!, 8.11 km s™! and 8.16 km s™1.

When choosing a suitable value for the damping factor 8, the trade-off be-
tween resolution loss and model error, discussed in the previous section, was
taken into account. Figure 6.6 shows the average standard error for the top layer

of the model and the resolution loss, as a function of the damping factor. The
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" resolution loss was quantified by the percent reduction of the trace (sum of the

diagonal elements) of the resolution matrix with respect to the identity matrix.
A value of § = 0.10 was adopted: a higher damping causes limited reduction of
the standard errors, at the cost of a significant decrease in resolution; at smaller
values of 8 the errors increase considerably. An average loss of about 25% in
resolution results with 8 = 0.10, i.e., the average contribution of a particular
block (in the top layer) to the estimate of its own velocity anomaly is of about
75%.

An elément which is arbitrarily imposed on the final solution is the orientation
of the boundaries between the blocks. In an attempt to smooth out the effect
of this factor upon the solution, the inversion was carried out separately for
three different orientations of the boundaries: first with N-S and E-W strikes
and then with rotations of 30 and 60 degrees. The solutions for each layer were

subsequently merged.

Figure 6.7 shows the final result of the inversion for the different layers, and
Figure 6.8 reproduces the same result on a convenient display. Figure 6.7e) shows
the vertical average of a slightly different solution, having the same configuration
for all layers (that of layers 3 and 4 in figures a) to d)). The contoured quan-
tities lack physical meaning, since they are averages of deviations with respect
to different mean values, but the figure illustrates the relative importance of the
anomalies observed in the different layers. It agrees with the earlier prediction
of an increase of seismic velocity across the network towards the N, based on the

preliminary analysis of the traveltime residuals.

The inspection of the resolution and covariance matrices is an effective way of
assessing the quality of the final solution'. The elements ofAthe covariance matrix
are proportional to the square of the standard error of the input data (equation
6.16), and a value of 0.05 s was used for the reading error of the arrival times. The
program THRD combines (sums) this value with the RMS traveltime residual

for the solution, which was 0.12 s, so an effective standard error of 0.17 s in the

! Ellsworth (1977) demonstrates that for the damped least-squares solution the two matrices are
Ml

a2
related by C' = E‘_J‘R([ - R) were 1 is the identity matrix. Although interdependent. the two
matrices emphasize different aspects of the solution.
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input data was assumed when computing the covariance matrix. The resulting

standard deviation for the velocity perturbations were typically of about + 5%

(absolute errors of percentage variations).

The adopted solution was in general well resolved, most individual blocks
having resolution (i.e., diagonal elements of the resolution matrix) higher than
0.75. Considering, for example, the top layer with N-S and E-W boundaries, 58%
of the elements of the diagonal of the resolution matrix are above 0.85, and 83%
are above 0.80. The deeper layers have slightly inferior resolution, but still, with
few exceptions, above 0.75. The variance improvement defined in the previous

section was 65.4%.

The off-diagonal elements of the resolution and covariance matrices elucidate
the reciprocal influences between different blocks. A velocity anomaly contained
totally in block ¢ may “leak” to block j if the element 7;; of the resolution ma-
trix is significantly different from zero. An error in the estimate of the velocity
perturbation of block ¢ causes an error in block j if ¢;; is significantly different
from zero. When ¢;; < 0, spurious patterns of positive and negative anoma-
lies may arise. The rows of both matrices for a selection of blocks with large
anomalies are given in Appendix D, to check for the possibility of this type of
“coupling” (large negative covariance) between adjacent blocks. The values show
that limited coupling occurred between a number of blocks vertically adjacent (3-
38; 4-39-79; 22-54; 43-66-78; 48-70; 58-75-90). This is due to the fact that those
blocks shared a large number of rays, and it is therefore difficult to determine
in which way they affected the traveltimes between themselves. Table 6.3 shows
the largest off-diagonal elements detected. The coupling was not strong in terms
of resolution (i.e., the blocks were reasonably well resolved from each other),
but had significant effect on the errors. However, for the velocity perturbations
of geological interest the standard errors were small anyway, so coupling does
not seem to have affected the solution significantly. The detailed information

pertinent to the solution is given in Appendix E.

The contoured quantity in Figures 6.7 and 6.8 is the percentage fluctuation
of the velocity in each block with respect to the average velocity of the layer to
which it belongs (this results from the fact that the method cannot differentiate
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Table 6.3 - Maximum off-diagonal elements.

S I I TR P ]
3 38[0.00 0.90|-0.01 0.18}
4 39(0.12 0.82]-0.12 0.28
20 47(0.16 0.84|-0.09 0.23
22 54]0.12 085[-008 0.21|
39 79/0.09 0.79-0.11 0.25

43 66|0.10 0.82|-0.10 0.25
43 7810.07 0.82-0.08 0.25
58 90|0.15 0.61[-0.12 0.34
75 90(0.09 0.67|-0.04 0.34




6.4

between a uniform change of vélocity in any paiticular layer and a variation in
origin time, and can be regarded as a form of horizontal coupling). A contour
spacing of 2.5% is used in order to stay well above the standard deviations for
the different blocks, which are always less than +0.75%. Hence, those areas with
values above +2.5% or below -2.5% can be considered significantly anomalous.

Discussion of the velocity anomalies underneath the RESTE Network.

The thickness of the top layer of the model, 30 Km (Figure 6.4), coincides

roughly with the thickness of the crust. Several values were tried, but this one

~ was selected because it provided the best resolution. The top layer exhibits the

strongest anomalies, with a conspicuous zone above +10% towards the N of the
model (Figure 6.7a). A second zone of weaker anomalies, with deviations of
+2.9%, is located towards the W. Through the centre of the layer runs a band of
low velocity, with values in the range -4.0% to -5.0% in the SW and E. This band
seems to branch out near the centre of the model, nearly connecting with another
zone of low velocities in the N of the top layer of the model. There, the values
are in the range -4.4% to -7.7%. The central low-velocity band is consistent with
the remarks made in section 4.3.2 regarding the location of event EL06: the ray
that seemed then to be associated with a higher velocity (~6.0 km s71) was
travelling along the southern flank of the anomaly, whereas the rays with lower
average velocities (~5.5 km s~!) where mostly within the anomalous zone. The
inflection of one of the branches of the low-velocity zone from NE-SW to NW-SE

was one of the features enhanced by the vertical average given in Figure 6.7e).

The southeastern corner of the top layer was not involved in the Mesozoic
rifting process and was free from Meso-Cainozoic magmatism, and for those rea-
sons can be considered to represent normal Iberian crust of Hercynian age. This
agrees with the fact that in Figure 6.7¢) that zone is free of velocity perturbations.
The zone of mild positive anomalies in the W, also preserved by the vertically av-
eraged solution, correlates well with the magnetic anomalies associated with the
Sintra Granite (Figure 6.9) and may correspond to magmatic intrusions forming

a high density residual root through the crust under the exposed granite.

The strong positive anomaly in the N of the top layer cannot be associated

with any known magmatic body, nor does it correlate with magnetic anomalies.
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The allocation of the velocity anomaly to either the top or the second layer was
very unstable with respect to model parameters such as horizontal block dimen-
sions and boundary orientations. Without changing the depth of the interface
(30 Km), the anomaly was shifted to the second layer when the block size was
increased from 20x20 Km? to 25x25 Km2. One of the three boundary orienta-
tions used to produce the adopted solution had the same effect. This suggests
that the anomalous zone straddles the interface and is artificially pulled up or
down by the different configurations of the model. Together with a second zone
of high velocity to its E, it is rooted on a zone of positive velocity anomalies of

the uppermost mantle, discussed below.

The velocity anomalies of the crustal layer may be related to two main factors:
variations of the thickness of the sediment cover, and variations of the thickness
of the crust. The inclusion of 2 km of Tertiary sediments with a velocity of 3.0
km s~ and 3 km of Mesozoic sediments with a velocity of 5.0 km s™! (values
from the refraction model of Mendes-Victor et al., 1980) in an originally homo-
geneous crust with a velocity of 6.13 km s~} (the average crustal velocity of the
initial model) causes a reduction of 5% in the average crustal velocity. However,
if the sediment cover were the dominant factor, a clear correlation should emerge
between the velocity anomalies and the distribution of sediments, which is not
the case. For example, the negative anomalies reach maximum absolute values in
the Arrdbida Range, without Tertiary cover and where the Mesozoic cover was
inverted, and are still large towards the E of the model, where the basement be-
comes shallow. Although in some areas the sediment cover may have contributed
to the observed anomalies, such as in the Bombarral Sub-basin (thick Mesozoic
cover) or in the Lower Tagus Valley (thick Tertiary cover), it does not always
seem to be the main factor. In the Ribatejo Sub-basin (NE Lower Tagus Basin),
one of the areas with thicker Tertiary cover, the observed anomalies are near

zero. An explanation may be found in the structure of the Moho.

Figure 6.7a) shows the location of the Peniche-Montemor o Novo profile of
Mendes-Victor et al. (1980). A clear correlation exists between the results of the
profile concerning the depth of the Moho (Figure 2.4b) and the pattern of the

anomalies. Zones of low velocity correspond to zones of deeper Moho (~32 km),
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whereas the zone of mildly positive anomalies coincides roughly with the rise of
the Moho to depths of ~25 km.

The Nazaré-Cabo Raso profile of Moreira et al. (1980), with shot point
slightly to the N of the model in a region where negative velocities can be ex-
trapolated, led to a velocity model with a sharp gradient at the bottom of the
lower crust, starting at ~29 km. In the model corresponding to the Cabo Raso-
Figueira da Foz profile (ibid.), the same gradient starts at ~27 km, the shot
point being now in a region of positive velocity anomalies. Again, the depth to
the Mohe seems to have controlled the estimated average velocity of the crustal

layer.

Accepting as a working hypothesis that the top layer velocity anomalies can
be used to infer variations of the depth to the Moho, it becomes apparent that
a contrast in crustal thickness occurs immediately to the SW of the Peniche-
Montemor o Novo profile (Figure 6.7a). This contrast defines a NW-SE trend
that corresponds closely to the “probable Bombarral-Vendas Novas Fault” of
Cabral (1986), a surface lineament identified in satellite imagery but without

any clear geological expression.

Variations in crustal thickness under the Lusitanian and Lower Tagus Basins
may be related to the Miocene tectonics, which were the last deformational
episode and were recent enough for the lithosphere not to have recovered its
normal profile. The NNE-SSW Hercynian trend, which had an active role in the
Miocene deformation (section 2.3.6), can be identified at places in Figure 6.7a).
Together with the NW-SE trend mentioned above (itself Hercynian), it separates

the crust into compartments with different velocity anomalies.

In Figure 6.10, the topography of the surface of the basins, a good indicator
of the degree of structural inversion, is compared with the pattern of crustal
velocity anomalies. It is noticeable that the two areas of low velocity are “linked”
by the central inverted region of the Lusitanian Basin. Areas of positive anomaly
do not overlap with the inverted regions, and the zones of highest topography
(Arrdbida and Montejunto Ranges) are close to the borders of the regions of
negative anomaly. This may indicate that the structural inversion was part of

a crustal scale deformational process. The mountain ranges of Arrdbida and
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Montejunto were related in section 3.4 to the activity of basement strike-slip
faults which were active during the Miocene (Hutton and Gawthorpe, 1988), and
the correlation between structural inversion and (possibly) Moho depth would

indicate that those fractures affect the entire thickness of the crust.

Although the correlation between the velocity anomalies and the areas of
structural inversion is remarkable, a clear link between Moho depth and the ob-
served velocity anomalies is probably an over-simplification. The Lower Tagus
Valley was modelled in section 3.2, and interpreted in section 3.3, in a way that
implied crustal thinning during the Miocene, yet it is an area of large negative
anomalies, possibly as a result of sedimentation. The extension of the tomo-
graphic study to the region in the northeastern corner of Figure 6.10 would
probably provide further insight into the relationship between basin inversion,

velocity structure and the deformation of the crust.

Besides undulations of the Moho, another possible cause for velocity anoma-
lies in the lower crust is magmatic underplating, a process discussed in section
3.3 in connection with the evolution of the passive margin. Magma underplated
at lower crustal levels may have velocities that are between those characteristic of
the lower crust and those characteristic of the upper mantle (Furlong and Foun-
tain, 1986). It would show on a seismic sounding as a zone of anomalously high
velocity, and this may be the explanation for the anomalies observed towards the
northwestern corner (> +10%).

With increasing depth, the interpretation of the velocity anomalies can not
be supported either by the surface geology or by seismic profiles, and therefore
becomes more speculative. The second layer (30 - 70 Km) corresponds to the
uppermost mantle and-shows a marked contrast when compared to the top layer.
Two broad zones can be identified which are separated by a narrow E-W band,
the one to the S with negative anomalies and the one to the N with positive
anomalies. In both cases the anomalies are moderate, only exceeding +£5.0% in
a small number of blocks. This E-W strike, which was enhanced by the vertical
average shown in Figure 6.7e), bears no relation to any observable features of the
surface geology (at the most, the southern edge of the positive velocity anomaly

correlates well with the positive anomalies observed in the crustal layer). On the
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other hand, when extrapolated westwards the trend coincides with the strike of
an elongated bathymetric and gravimetric anomaly which extends offshore from
the coast (Bowin et al, 1981). The free-air gravity anomaly is of the order of
+200 mgal, and this large value has led to the suggestion that it may correspond
to a fold in the Moho, bringing mantle rocks close to-the surface (G. Karner, pers.
comm.). No evidence for such a feature of the Moho can be found in the top layer
of the model, indicating that the structure responsible for the offshore gravity
anomaly is truncated. The trend in the uppermost mantle may nevertheless
be related to the offshore structure, if the upper-plate configuration discussed
in section 3.3 is adopted: the “téc'tonic denudation” would occur to the W of
the easterly dipping detachment only, but underneath the detached crust the
uppermost ma;ltle might exhibit some structural continuity with the offshore

region.

The low velocities of the uppermost mantle in the southern part of the model
may be related to the upwelling of hot asthenosphere to anomalously shallow
depths (<70 Km), an explanation proposed by Zandt (1981) for similar obser-
vations in California. This is suggested by the data of Camelo (1988), which
shows an increase of heat flow from N to S across the trend now identified in
the uppermost mantle (77, 79 and 83 mW m™2 to the N and 90 and 91 mW
m~2 to the S). If this interpretation is correct, the same type of asthenospheric
upwarp could be at the origin of the offshore structure responsible for the very

large gravity anomaly.

Any interpretation of the velocity anomalies in layers 3 and 4 has to be highly
speculative, due to the absence of any independent evidence. Furthermore, the
bottom of the model is likely to incorporate velocity heterogeneities located at
deeper levels (Zandt, 1981). Despite the uncertainties, layer 3 retains the broad
pattern of layer 2, although the dominant trend seems to have rotated to a
ENE-WSW direction, and a new (and poorly constrained) zone of low velocity
anomalies emerged towards the N of the model. The band of low velocity anoma-
lies in the southern half of the model is compatible with the previously suggested
asthenospheric upwarp. The zone of positive anomalies near the northeastern

corner of the model is also observed in layers 2 and 4 and, less clearly, in layer 1.
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Layer 4 shows a quadrantal distribution of velocity anomalies. The two
quadrants on the eastern half reproduce the pattern of layer 3, except for the
northern edge. The two quadrants on the western half show the reverse of layer
3. In the northwestern quadrant this reversal does not seem to be due to vertical
coupling (block 82 is well resolved and has a small covariance with block 66). The
possibility of coupling cannot be ignored in the southwestern quadrant (block 90
is relatively coupled to blocks 75 and 58). Since the bottom of layer 4 is at a
depth of 150 km, these anomalies may be related to the topography of the base
of the lithosphere.
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Suggestions for further work

Throughout this thesis, different types of information were brought together
which are relevant to the tectonic characterization of the Portuguese Estremadura,
with a view to improve the understanding of the intraplate seismotectonic ac-
tivity of the region. Several hypotheses were put forward regarding a variety of

geological aspects, which could be investigated with specific studies.

Of critical importance would be the detailed survey of heat flow in the Meso-
Cainozoic sedimentary basins, which would provide further constrainment on the

evolution of the basins, discussed in chapter 3.

The study of the deep crustal structure off the western coast of Portugal
with high-resolution normal-incidence reflection and wide-angle reflection seis-
mic profiles would allow a better understanding of the rifting mechanism at the
Portuguese margin. In addition, it would probably help understanding the Cain-
ozoic geodynamics and the current seismotectonics. (This study is the object of

a research proposal currently pending approval.)

The complexities of the structural inversion of the Lusitanian Basin, which
motivated a preliminary field survey under the RESTE Programme, deserve fur-
ther research in order to characterize better the basin as a geodynamic entity. ( In
fact, this research topic outlasted the Programme, and is becoming increasingly
active.)

Finally, the monitoring of the microearthquake activity in the Estremadura
should become a routine, ideally in the context of a broader programme of seismic
hazard assessment and earthquake prediction. The knowledge of the neotectonics

would be augmented by palaeoseismicity studies on trenches dug in the fluvial
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terraces of the southern margin of the Tagus River. Direct stress measurements

would also provide important information on the state of the crust.

To provide information on co-seismic deformation in the event of a large
(M], ~ 7) earthquake in the Lower Tagus Valley, the improvement of the stan-
dards of the regional seismographic network would be beneficcialy complémented
by the installation of a GPS geodetic network in the region (Fonseca and Foulger,
1989).
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APPENDIX A - The double-couple model of the seismic source

Although seismic waves can be generated by underground explosions, cavity
collapse or movements of magma in volcanic regions, the commonest seismic
source is the one that consists of rupture and slip along an mterna.l rock surface.
Once seismic waves have been generated, their propagation away from the source
region can be studled with the theory of elasticity, because the displacements
associated with the passage of the waves are small, and the wavelenghts are
large enough for the small-scale heterogeneities of the rocks to be ignored. The
physics of the source, however, is no longer within the scope of elasticity, since
the kinematic variables will present discontinuities and static displacements will
persist after the earthquake.

The theory of elasticity has developed tools to deal with displacement dis-
continuities (i.e., slip) in the interior of an otherwise elastic medium. These
discontinuities were named “dislocations” by Love (1927), and the particular
case of slip parallel to the surface of rupture is called ”shear dislocation”. The
following discussion of the representation of a dislocation source follows closely
the formal development of Aki and Richards (1980, chapter 3).

The deformation of a medium-due to the-occurrence of an earthquake. in-its
interior is totally described by spec1fy1ng the dlsplacement field u(ro,t) defined
by

(A1) u(ro,t) = r(ry,t) — o

where rg is the position vector, in some reference frame, of a particular ma-
terial point of the medium in an initial configuration and r(rp,t) is the general
position of the same material point.

For a perfectly elastic and isotropic medium, the displacement field is the
solution of the elastodynamic equation of motion

(A2) pu = f + (A + 2p) grad divu — p rotu,
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where —f(r t) is the distributed body force, p is the mass per unit volume
and A and p are the Lamé elastic parameters (e.g., Bullen and Bolt, 1985) Solu-
tions of (A2) with, partlcular initial and boundary conditions and w1th arbitrary
forces f can be conveniently built up with the use of Green functions (e.g., Wylie,
1975). These are the solutions of (A2) under the specified initial and boundary
conditions and with a unidirectional unit impulse applied at one point in space
and at one instant in time. When applied at point £ and time 7 and along the
j-th axis, this unit impulse body force has the components

(A3) gi(r,t) = 6;;6(r —&)8(t—7),  i=1,2,3,

where §(-) is the Dirac-6 distribution.

When applying Green functions to obtain a representation of the dislocation
source, a reciprocity result known as Betti's Theorem is fundamental. This
theorem states that if w and s are solutions of (A2) inside a volume V limited by
a surface S when the body forces are f and g respectively, than they verify the
relation

(A4) /V (f — pit).s dV + /S Tu(F)s dS = ]V (g — p8).u dV + /S T,(3).u dS.

Here, T, and T are the tension vectors in the direction normal to S for each
of the displacement fields, and ¥ is the unit vector normal to S.

Manipulation of (A4) by evaluating u,ii, 7, andf at time t, evaluating s, §,
Ts and g at time 7 -t (which is compatible with the conditions_of validity) and
integrating both sides between times t=0 and t=7 leads to the following result,
for the case of a quiescent past (u = s = 0 before some particular instant):

(A5) /_’: /V [u(r,t).g(r,7 — t) — s(x,7 — t).£(r, t) dV dt =
= /_-:0 A[S(r’T - t)-Tu("i,t) - u(l‘,t).TS("f,'r — t)] ds dt.

If in the above equation the body force g(r,t) is replaced by the unit impulse
force given by (A3) and s(r,t) is replaced accordingly by the Green function
tensor G(r,t;§,7 ), and if only rigid surfaces S are admited, it becomes

(A6) uy(r,t) = -/—-t:/V fi(n, 7)Gi(x,t — 7;1,0) dV dt —
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400
- [oo Lui(n’T)Cijkl7jGnk,l(rs£ ~-7;1,0) dS dt.

Here, Gy 1 stands for 52k aG :, the quantities 1,72 and 73 are the components

of the unit vector normal to the surface S and the generalized Hooke’s Law (e.g.,
Aki and Richards, 1980) was used to 1ntroduce the 4-th order tensor of elastic
parameters C. Elnstem s convention applies here and in the remainder of the
section, i.e., a repeated subscript indicates_ a sum.

If the volume V contains an internal surface ¥ accross which displacement
discontinuities occur, like in the case of a geologlca.l fault undergoing slippage,
the surface S can be made to include the externa.l surface of the volume plus two
adjacent surfaces on both sides of ¥ , which can be assumed to have no finite
sepparation-and may be’ represented‘by ¥+ and ©~. The contribution of the
external surface to the integral in (AG) can be made nullvby stipulating adequate
boundary conditions, and in the absence of body.forces equation (A6) becomes

+oo
(A7) up(r,t) = f [z: Aui(r', 7)CijpgtjGrpg(r,t — 7;1',0) dT dt

where 1’ = (x’,y’,2’) is the position vector for the general point of the surface
¥ and Au;(r’,7) is the difference between u;(r', 7) evaluated on ©t and on £~
i.e., the displacement discontinuity.

Using the equality

(A8) Gppq(r,t —7;1',0) = ./V o, [6(n — £")]Grp(r,t — 7;7,0) dV

(Aki and Richards, 1980), equation (A7) may be re-written as

(49 wlnt) = [ [l [ Al )Gyt ) ).

Gup(r',t — 7;7,0) dV dt, n=1,23.

Comparison with the first term of the right hand side of (A6) shows that a
displacement discontinuity accross an internal surface ¥ is dynamically equiv-
alent, as far as the resulting displacement field is concerned, to a body force
distribution given by
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5
(A10) R m, ) =— j; Aui(E'aT)Ciqu’Yj%(’l] -ydr p=1,2,3
g

This body force equivalent is subjacent to most discriptions of earthquake
fault mechanisms. Particular models can now be discussed under the light of this
last result.

If the surface of the ruptured fault is made to coincide with the plane 2’ =
0, and for the isotropic case when the tensor of elastic parameters reduces to

(A11) Cijpg = Mijbpg + 1(bipbiq + 6iybip),

equation (A10) becomes, after computation of the integrals,

(A124) AU ) = —pdun (v 7)o 8()
(A12b) A 1) =0

S rAug 9 ' '
(A12¢) FU ) = o (e, TI8()

0’ .
The derivative of the Dirac-6, %, is +oo at points of the semi-space z’>0

infinitely close to the plane z’ = 0, and —oo at points of the semi-space z’'<0
infinitely close to the same plane. For a particular r’, i.e., for each point of the
surface of the fault, equation (A12a) gives a pair of point forces with opposite
senses along the x’-axis, or a single-couple, sepparated by an infinitesimal dis-
tance. Integration of (Al2a) over V gives a null resultant, but the integrated
moment about the y’-axis takes the non-zero value

(A13) J\’I,J'(T):LuAul(r','r)dS

or, for constant g, total fault surface A and average slip EL(T),

151



(A14) My(r) = pAu(r)A.

Equation (A12c) does not correspond to a single-couple distribution in the
same sense that (A12a) does, but to a single-force distribution. This result is
rather arbitrary, because the body-force equivalent of a displacement-discontinu-
ity is not unique. At any rate, the conservation of angular moment requires that
the net contribution of (A12c) in terms of moment cancel the quantity given by
(A14), since the slip at ¥ is an internal process of V.

If the displacement field is observed at largé distances from the fault, the
surface ¥ may be approximated by a point source, and the displacement discon-
tinuity may then be described by the distribution

(A15) Aui(a',y) = Au(r)As(2")(y').

Equations (A12) become now

(A16a) Bu(e',7) = ~pBu(r) A8(a')5(8/) 5 5 [6(")
(A16b) A, r) =0
(A16c) A’ 1) = -u&(f)Agn—,[5(:,;')]5(3/)5(;'),

which correspond to a double-couple distribution. The quantity

(A17) M,(7) = pAu(r)A

is the "seismic moment”. Naturally, there is no net moment arising from the
double-couple distribution (A16).

Although the slip on the fault is by hypothesis parallel to the x’-axis, the
equivalent body-force distribution has components along the x’- and z'-axes which
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are undistiguishable. For this reason, it is not possible to gain information to
dlfferen(:late between the fault plane 2’ = 0 and the ” auxiliary plane” x’ = =0 from
the observation of the radiation pattern only. In the general case, the auxiliary
plane is the plane normal to the direction.of slip.

For a general orientation of the fault surface % with respect to the coordinate
axes the seismic moment is represented by a second-order tensor, which for a
shear dislocation in an isotropic medium has the elements

(A18) Mpq = _/S#(’YpAuq + 1gAup) dS,

where § = (71,72,73) is the unit vector normal to the fault. With this
notation, and considering a point source at r;, equation (A7) becomes

+o¢
(A19) up(r,t) = / Mpg(T)Gnpg(r,t — 7;15,0) dt,
-0

i.e., the displacement field is the convolution of the seismic moment tensor
with the 3rd order tensor obtained by spatial differentiation of the elastodinamic
Green function tensor Gy,

To obtain the relationship between the radiation pattern and the orientation
of, and the slip direction at, the fault, it remains to obtain an explicit expression
for G,,p This can be done by solvmg equation (A2) for a body force of the type

(A20) £ = X,(t)6(r,)e1,

where without loss of generality the unit vector € was chosen to be along the
x-axis. The solution contains several terms that attenuate differently with the
distance from the source (Aki and Richards, 1980). Retaining only those terms
that have the slowest decrease with distance, the following result is obtained,
which is valid at large distances (far-field displacements):

+x
(A21) (T, t) =/ X,(1)Gui(r,t — 7;1,,0) dS =
-

— ovrn( )Xot — r/a) +

47pa (811 — 'n”n)() olt = 7/B).

1
4mpB?

[
(1]
o



Here, a = \/Q?ﬂ and g = \/g are the phase velocities for the p- and

s-waves, which correspond to the first and second term of the right-hand-side
respectively, r is |r — ry| and the v, are the direction cosines of r.

Finally, the displacement field corresponding to the double-couple distribu-
tion (A16) can be obtained through (A19), using (4.18) and the Green function
(4.21). For a fault plane of equation z = 0 with slip parallel to the x-axis, it is

1 1,0 .
(A22) u(r,t) = p— sin20cos¢(;)E[Mo(t ~r/a)le,+
——I—(E)E[M (t — 7/B)][cos20cospeg — cosfsindey|
4rpB2tr’ ot ° r ¢ 6 ¢

(Aki and Richards, 1980). M is the scalar seismic moment given by (A17),
r, 8 and ¢ are spherical coordinates and &, 8 and &, are the associated unit
vectors. Since My is proportional to the average slip on the fault, the factor

aMo%t—daz is proportional to average slip speed.

In most studies of seismic waves, and particularly when vertical component
instruments only are used, all the recoverable information on polarity of motion
concerns the onset of the p-wave. According to (A22), the polarity distribution
for the p-wave first motions is controlled by the factor sin2¢cosf, and corre-
sponds to the quadrantal pattern exemplified in Figure 4.1. Rays with take-off
directions parallel to the fault plane have 20 = 7, hence null amplitudes; rays
parallel to the plane x = 0 have § = 0, and the amplitudes are also null. The
polarity distribution has therefore two nodal planes, one coinciding with the fault
plane and the other coinciding with the auxiliary plane. One plane cannot be
distinguished from the other using p-wave polarity observations only, a result
that had already been anticipated on dynamic grounds.
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PROGRAM BACKSTRIP

THIS PROGRAM CORRECTS A SEQUENCE OF STRATIGRAPHIC HORIZONS
FOR THE EFFECTS OF COMPACTION, ASSSUMING THAT THE BASEMENT
RESPONDS TO THE SEDIMENT LOAD ACCORDING TO THE AIRY ISOSTASY
MODEL. POROSITY DEPTH RELATIONSHIPS ARE ASSUMED WITHIN THE
WELL BEING. BACKSTRIPPED.

IN° THIS VERSION, DIFFERENT POROSITY-DEPTH PROFILES ARE ASSU-
MED FOR DIFFERENT FORMATIONS. THEREFORE, IT IS NOT POSTULATED
THAT THE SAME PROFILE IS VALID THROUGHOUT GEOLOGICAL TIME.

THE USER MAY CHOOSE BETWEEN PUBLISHED PROFILES DEFINED BY POW-
ER LAWS (SHALE AND LIMESTONE) OR EXPONENTIAL LAW (SANDSTONE).
THE LITHOLOGY OF EACH UNIT IS SPECIFIED IN THE INPUT FILE, ACCOR-
TO THE FOLLOWING CODE:

1 = NORMAL SHALE ; 2 = UNCONSOLIDATED SHALE ; 3 = SANDSTONE ;
4 = LIMESTONE ; 5 = BASEMENT.

THE LITHOLOGY SPECIFIED AT EACH HORIZON APPLIES TO THE FORMATION
BELOW IT.

THE PROGRAM CONSISTS OF TWO NESTED LOOPS, THE OUTER ONE ALONG
INTERMEDIATE STATES OF DECOMPACTION (THE GEOLOGICAL UNITS OF THE
COLUMN BEING REMOVED ONE BY ONE) , AND THE INNER ONE ALONG THE
REMAINING UNITS OF THE COLUMN, WHICH ARE EXPLICITLY DECOMPACTED
ONE BY ONE, BY BALANCING THE MASS OF SEDIMENTS BEFORE AND AFTER.
OUTPUT IS THE DEPTH AND AGE OF THE INPUT HORIZONS, THE DENSITY
OF THE SEDIMENTS THROUGH TIME, AND THE DEPTH TO BASEMENT WITH
AND WITHOUT (BACKSTRIPPED) SEDIMENTS.

AUTHOR: ORIGINAL - M.S. STECKLER (COLUMBIA, 1978)
REWRITTEN- G.D. KARNER  (DURHAM,  1984)
MODIFIED - WEBSTER MOHRIAK (DURHAM, 1986)
MODIFIED - J.F.B.D. FONSECA (DURHAM, 1988)

DIMENSION AGE (250),HRZN (250),2T(250,250),LC(250),FI(250)
DIMENSION PHI (5000,10),RPHI(250),ZPHI (250),RSL(250),BAT(250)
DIMENSION BSMT (250,2),RH0O(250),XW(100),YW(100)} ,NAME (40)
DIMENSION BSMTN (250), BSMTT (250),BSMTB (250)

DATA PM1,PS1,PW/3.4,2.65,1.03/

INPUT THE NAME OF THE WELL (FILE 1) *10Al*
INPUT THE NUMBER OF POINTS TO BE BACKSTRIPPED ( MAXIMUM 250 )

INPUT HORIZON, LITHOLOGY, AGE, RELATIVE SEA-LEVEL, PALEOBATHYMETRY

READ(1,5) NAME
FORMAT (40A1)
READ (1, *) NPTS

WRITE (6,10)

FORMAT (* ENTER: STEPPING INTERPOLATION INTERVAL /,/,
1 ! SEDIMENT GRAIN DENSITY e
2 ’ MANTLE DENSITY ")
READ (5, *) ZSTEP,PS,PM

IF (PS .EQ.0.0) PS =PS1

IF (PM .EQ.0.0) PM =pM1

FEET =1.0




DO 15 I = 1,NPTS
READ(1,*) ZPHI(I),RPHI(I),LC(I),AGE(I),RSL{I),BAT{I)

ZPHI (1) = ZPHI (I)*FEET
HRZN(I) = ( ZPHI(I) - BAT(1) ) /ZSTEP
CONTINUE

LOOP =2*INT (HRZN (NPTS))
BATO = BAT (1)
NPTSM1=NPTS-~1

THE FOLLOWING LAWS ARE USED TO CALCULATE POROSITY-DEPT PROFILES:

BALDWIN-BUTLER POWER LAW: 7=6020.0% (1-PHI) *%6,35 (M)
(SHALE AND LIMESTONE)

- SCLATER-CHRISTIE EXP LAW: 2=3700.0*LN(0.49/PHI) (M)
(SANDSTONE)

~ DICKINSON POWER LAW: Z=15000.0% (1-PEI)**8.0 (M)
(UNCONS. SHALE)

- USER-SPECIFIED LAW (NOT YET IMPLEMENTED)

DO 530 K=1, LOOP

Z=BAT0+FLOAT (K) *ZSTEP

REXP=1.0/6.35

RBAS=Z/6020.

PHI (K, 1)=1.0-RBAS**REXP

REXP=1.0/8.0

RBAS=2Z/15000.

PHI (K, 2)=1.0-RBAS**REXP

REXP=-2/3700.0

PHI (K, 3)=0.49*EXP (REXP)

PHI (K, 4) =PHI(K, 1)

PHI(K,5)=0.0

DO 532 J=1,NPTSM1

L=LC (J)

DO 534 K=1, LOOP

IF(FLOAT (K) .GE.HRZN (J) . AND.FLOAT (K) . LT.HRZN (J+1) ) FI (K) =PHI (K, L)
CONTINUE '
CONTINUE

PLOT THE POROSITY X DEPTH CURVE ( UNIT = METERS )

LOOPS2=INT (FLOAT (LOOP) /2.0)
CALL GRAPH1 (RPHI, ZPHI,NPTS,FI, LOOPS2, ZSTEP, NAME, BATO)

AT THIS POINT, THE WATER LOAD ABOVE THE BASEMENT IS COMPUTED.
THE METHOD OF INTEGRATION, WHICH IS USED THROUGHOUT THE PROGRAM,
STARTS BY LOCATING THE INTEGRATION LIMITS WITH RESPECT TO NEAR
MULTIPLES OF THE STEPPING INTERVAL, AND THEN DEALING SEPARATELY
WITH THE CONTRIBUTIONS OF INTEGER STEPS AND TOP AND BOTTOM LEFT-
OVERS.

NPTSM1=NPTS-1

DO 535 J=1,NPTSMI

LCOD=LC (J)
TH1=AINT (HRZN (J)) +1.0-HRZN(J)
TH2=HRZN {J+1) ~AINT (HRZN (J+1))



IL1=INT (HRZN (J))+1

IL2=INT (HRZN (J+1))

1L,3=IL2-1

IF(IL2-1IL1) 550,545,540

DO 542 K=IL1,IL3

WT=WT+PHI (K+1, LCOD)
WT=WT+TH1*PHI (IL1, LCOD) +TH2*PHI (IL2+1, LCOD)
GO~ TO. 555

WT=WT+ (HRZN (J+1) ~HRZN (J) ) *PHI (IL1, LCOD)
CONTINUE

CONTINUE

CALCULATE AVERAGE DENSITY AND BACK-STRIP BASEMENT DEPTH
FCR TIME = 0 M.Y.B.P.

RHO (1) =PS+(1.0-PS)*WT/ (HRZN (NPTS))

BSMT (1, 1) =HRZN (NPTS)

BSMT (1, 2) =BSMT (1, 1) * (PM-RHO (1)) / (PM-PW)

THE NEW VARIABLE ZT(I,J) IS INTRODUCED, WHICH ACCOUNTS FOR
THE POSITIONS OF THE BOUNDARIES ALONG THE INTERMEDIATE STA-
GES OF DECOMPACTION. 2T(1,L)=HRZN(L), L=1,..,NPTS; ZT(K,K)=
0.0 ,L=1,NPTS.

1l

IHRZN 1
AHRZN =0.0

DO 560 J=1,NPTS
ZT (1, J)=HRZN (J)

THE INTEGRAL OF SOLIDITY (1.0-POROSITY) FOR THE JTH FORMATION
PRIOR TO THE REMOVAL OF THE (I-1)TH FORMATION IS CALCULATED.
ALONG THIS LOOP, (I-1) IS ALWAYS THE INDEX OF THE FORMATION AT
THE SURFACE. THIS LOOP IS ALONG INTERMEDIATE STAGES OF DECOM-
PACTION.

DO 100 I=2,NPTSM1

WT=0.0

ZT(I,1)=0.0

DO 610 J=I,NPTSM1

LCOD=LC (J)

SUM=0.0

TH1=AINT (2T (I-1,J))+1.0-2T(I-1,J)
TH2=ZT(I-1,J+1)-AINT(2T(I-1,J+1))
ILI=INT(2T(I-1,J))+1

IL2=INT (ZT(I-1,J+1))

IL3=IL2-1

IF(IL2-1IL1) 50,45,40

DO 42 K=IL1,IL3

SUM=SUM+ (1.0-PHI (K+1, LCOD) )

SUM=SUM+TH1* (1.0~-PHI (IL1,LCOD))+TH2# (1.0-PHI (IL2+1,LCOD))
GO TO 55

SUM=SUM+ (ZT(I-1,J+1)-2T(I-1,J) ) *(1.0-PHI(IL1,LCOD))
CONTINUE

AT THIS POINT,THE (I-1)TH FORMATION IS REMOVED, AND THE JTH FORMATION
IS ALLOWED TO DECOMPACT. THE INTEGRAL OF SOLIDITY IS CALCULATED WITH

THE ITH FORMATION AT THE SURFACE, THENCE DEFINING THE DEPTH OF THE BA-
SE OF THE JTH FORMATION. THE WATER LOAD FCR THE NEW CONFIGURATION IS
ALSO INTEGRATED. THE LCOP IS ABANDONED WHEN THE BALANCING OF THE MAS-



SES OVERSHOOTS (SUM<0.0).

TH3=AINT (2T (I,J))+1.0-2T(I,J)
IL1=INT(ZT (1, J))+1
SUM=SUM-TH3* (1.0-PHI (IL1, LCOD))
WT=WT+TH3#*PHI (IL1, LCOD)

DO 60 K=IL1,LOOP

SUM=SUM- (1.0-PHI (K+1,LCOD))
WT=WT+PHI (K+1, LCOD)

IF (SUM.LT.0.0) GO TO 70

CONTINUE

WRITE (6, 65)

FORMAT (4X, ’ *** WARNING: DECOMPACTED FORMATION TOO THICK! *#**’)
ZT(I,J+1)=FLOAT (K+1)+SUM/ (1.0-PHI (K+1, LCOD))
WT=WT+PHI (K+1, LCOD) *SUM/ (1.0-PHI (K+1, LCOD))

END OF LOOP ALONG STRATIGRAPHIC COLUMN.
CONTINUE
THE DEPTH OF THE BASEMENT AFTER REMOVAL COF THE (I-1)TH STEP OF
DECOMPACTION IS NOW MADE EQUAL TO THE DEPTH OF THE BASE OF THE
DEEPEST LAYER OF SEDIMENTS.

BSMT(I,1)=2T(I,NPTS)

THE AVERAGE DENSITY OF THE STRATIGRAPHIC COLUMN IS NOW COMPUTED.
- NEXT, THE BASEMENT IS BACKSTRIPPED ASSUMING AIRY ISOSTASY.

RHO (I)=PS+ (1.0-PS) *WT/BSMT (I, 1)
BSMT(I,2)=BSMT(I,1)* (PM-RHO(I))/ (PM-PW)

END OF LOOP ALONG INTERMEDIATE STAGES OF DECOMPACTION.
CONTINUE

BSMT (NPTS,1)=0.0

BSMT(NPTS,2)=0.0

RHO(NPTS)=0.0

REMOVE NORMALISATION FROM DEPTH DATA AND OUTPUT

(Cont.)



Appendix C
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PROGRAM THRDJR

WRITTEN BY W.L. ELLSWORTH AND G. ZANDT I
REVISED 17 MARCH 1977 (CALLED "THREED") |

e o oy G e e St s St e = S e e P P S e e T T o = . R o = e At P . O T R o e Gk A A o e i o Sam S et o S S M " - o e o oy o = St o e
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ADAPTED TO VAX, DOCUMENTATION, WEIGHTING, AND DIPPING INTERFACE |
ADDED BY D. OPPENHEIMER OCTOBER 1984 (CALLED "THRD") I

ADAPTED TO RUN ON MTS AND TO USE THE NAG SUBRQUTINES |
BY R. ROWNTREE, DURHAM, 1987 I

BUGS DETECTED 1IN, AND REMOVED FROM, THE MTS INTERFACE ]
BY J. FONSECA, DURHAM, 1988 . |

k*x%% THE FOLLOWING BLOCK IS SPECIFIC TO MTS ****

CALL SOLVE1L (G; MBL, IFAIL)
IF (IFAIL.NE.O) WRITE (OUNIT, *)
| *xx%x#% ERROR RETURN FROM F01BQF: IFAIL = ’,IFAIL

SOLVE FOR PERTURBATIONS BY GAUSSIAN ELIMINATION. RHS STORES SOLUTION ON
OUTPUT.

CALL SOLVE2 (G,MBL, RHS)

END OF BLOCK SPECIFIC TO MTS



J

THIS-ROUTINE IS AN INTERFACE BETWEEN PRQGRAM THRDJR AND THE NAG
LIBRARY SUBROUTINE FO01BQF , AND ALLOWS THE PROGRAM TO RUN
ON THE NUMAC MTS SYSTEM

INCLUDE (THRDEF)

REAL*4 G (((MXBLK+1) *MXBLK) /2)
REAL*8 G1 ( (MXBLK* (MXBLK+1))/2)
REAL*8 P {MXBLK)

REAL*8 EPS

REAL*8 X02AAF

INTEGER IFAIL

INTEGER M1

INTEGER MBL

M1= (MXBLK* (MXBLK+1)) /2
EPS=X02AAF (0.0D0)
IFAIL=0

K1=0

K2=0

DO 100 I=1,MBL

DO 100 L=1,I
K1=K1+1

IF(I.EQ.L) THEN

P (I)=DBLE (G (K1))
ELSE

K2=K2+1

G1 (K2) =DBLE (G (K1) )
ENDIF

CONTINUE

CALL FO01BQF (MBL,EPS,G1,M1,P,IFAIL)

K1=0

K2=0

DO 110 I=1,MBL
DO 110 L=1,1I
K1=K1l+1
IF(I.EQ.L) THEN
G (K1) =SNGL (P (I))
ELSE

K2=K2+1

G (K1) =SNGL (G1 (K2))
ENDIF

CONTINUE

RETURN

END

SUBROUTINE SOLVEZ2 (G, MBL, RHS)

THIS SUBROUTINE IS AN INTERFACE BETWEEN PROGRAM THRDJR AND THE
NAG LIBRARY SUBROUTINE F04AQF, AND ALLOWS THE PROGRAM TO RUN



¥

ON

INCLUDE

REAL*4

REAL*4

REAL*8
REAL*8
REAL*8
REAL*8
REAL*8
REAL*8.
INTEGER
INTEGER

Ml=(MBL
EPS=X(02
K1=0
K2=0

DO 215

THE NUMAC MTS SYSTEM

{(THRDEF)

G( ((MXBLK+1} *MXBLK) /2)
RHS (MXBLK)
G1 { ( (MXBLK+1) *MXBLK) /2)
AHS (MXBLK)
S (MXBLK)
P (MXBLK)
EPS
X02AAF
M1
MBL

*(MBL-1))/2
AAF (0.0D0)

I=1,MBL

AHS (I)=DBLE (RHS (I))

CONTINU

DO 210
DO 210
K1=K1+1
IF(I.EQ
P(I)=DB
ELSE
K2=K2+1
Gl (K2)=
ENDIF
CONTINU

CALL FO

K1=0
K2=0

DO 220
DO 220
K1=K1+1
IF(I.EQ

E

I=1,MBL
L=1,1I

.L) THEN
LE (G (K1) )

DBLE (G (K1) )

E

4AQF (MBL, M1,G1, P, AHS, S)
I=1,MBL

L=1,1I

.L) THEN

G (K1) =SNGL(P({I))

‘ELSE

K2=K2+1
G (K1) =S
ENDIF

CONTINU

DO 230
RHS (I)=
CONTINU

RETURN
END

NGL (G1 (K2))
E
I=1,MBL

SNGL (S (1))
E



Appendix D



LEGEND:

BLOCK NUMBER

VELOCITY PERTURBATION

NUMBER QF HITS (RAYS)

COLUMN OF THE RESOLUTION MATRIX FOR BLOCK 4
COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 4

LAYER IS TWO-DIMENSIONAL.

\I/
2
|-UPoN OW-|-me~-==-- jem—eemmm- [=eeenea—- |m=m -1 -1
! 1| 2y 31 4) 51 6|
| | t -4.59 | ~0.28 | { !
1 01 01 11 ¢ T 11 01
| 1 | =0.0296 | 0.8177 { | 1
| | ! 0.017 | 0.290 | 1 |
Rttt it |oweommm=- e e |=——=m———- R |
! il 81 9 101 11} 12}
| | | -1.01 0.88 | -1.32 ) I
! 0 0} 11 | 23 | 10 | 0 |
| | | =0.0529 | -0.0497 1 -0.0315 | |
1 [ t 0.027 | 0.033 | 0.006 | 1
| Eettedabbed e g | === f==menne—— |===ceeea= R jowmmme=- )
| 131 141 151 164 171 184
) 1 t ~0.10 1t 1.42 0.11 | |
| 0 3 17 1 29 | 22 | 4
1 ! | -0.0260 { -0.0067 | -0.0127 | 1
| | t 0.006 { =-0.006 { =-0.003 | !
jmm——————— |=m—mm——- [ - ——fe——— |=mm————— 1
! 19] 201 211 22! 231 244
! 1 2.92 | ! -4.31 ) 4.26 | -0.70 |
1 3 8 i 1 15 | 8 | 5 1
! | ~0.0047 { =0,0016 | -0.0102 | -0.0032 i}
1 ! 0.001 ) | -0.008 § =-0.007 | -0.006 |
[t jommmmeo—- frmemmm R R [ |
I 251 261 271 281 291 304
I | | [ | 0.05 | I
I 01 0 4 | 11 16 | 31
1 ! I t I 0.0023 | |
| | | ! | =-0.002 | |
|oemmmam - | ewoeenmena [REEII ST LT | == j=m——————— |mmmmm - |
[ 31 321 334 3414 35] 361
| [ ! -4.96 | ! i I
1 0 1 13 4 0 | 0 01
I 1 I -0.0031 | l | I
I ! i ! ! |
| } | | H

FOLLOWING LAYER IS NUMBER 2 OF 4: MODEL

LEGEND:

BLOCK - NUMBER
VELOCITY PERTURBATION
NUMBER OF HITS (RAYS)

= VELMOD-05

COLUMN. OF THE RESOLUTION MATRIX FOR BLOCK 4
COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 4
LAYER IS TWO-DIMENSIONAL.
1
| ~UP=N OW~|~=-=-—-m— frm—————— |mmm e ——— [ o | |ommm |
! 371 381 39| 40) 41}
i 1 14.90 | 5.98 | 4.65 | |
| 0| 8 | 18 | 9 | 3
1 | 0.0183 | 0.1162 t 0.0384 | |
1 I 0.006 | =0.120 1 -~0.009 | |
jmmmmm - e ! ———- - -m=- i
I 42) 431 44, 451 461
| | 3.54 | 2.83 | 3.67 1 1.88 |
| 2 13 | 26 | 21 | 5 1
1 ! 0.0291 | 0.03%4 | 0.0159 | 0.0215 |
1 1 =0.004 | 0.003 | 0.022 | 0.009 |
[========- fmmmmmmm e | ====m=me [m===mmm- fmmmmmm——— !
| 471 48 49| 501 511
| -0.24 f =-4.04 1 =-2,28 1 -3.18 | -3.11
i 5 1 13 | 33 27 i 5
| -0.0049 { 0.0175 | 0.0060 t 0.0058 { 0.0000 !
i 0.004 | 0.001 | 0.013 0.017 1 0.010 |
R jmmm—————s |mmmmmmm—e R fmmmmmmmm- !
| 521 531 S41 551 561
| | | -5.59 | -0.30 | 1
| 1 q | 131 15 | 4
| | | -0.0061 | -0.0014 | |
1 | | 0.006 | 0.008 } 1
jm—mm—mme- | mmmm————e == ——— e [ommmm———— !
! 571 581 591 601} 61|
| i -1.21 | I -0.91 ¢ !
{ 11 8 | 34 6 | 14
| | -0.0003 | | =-0.0047 1 |
1 | <0.001 | ! 0.001 i
| | t !



'FOLLOWING LAYER IS NUMBER 3 OF 4;

LEGEND:

BLOCK NUMBER
VELOCITY PERTURBATION
NUMBER OF HITS (RAYS)
COLUMN OF THE RESOLUTION MATRIX FOR BLOCK
COLUMN OF THE COVARIENCE MATRIX FOR BLOCK

LAYER IS TWO-DIMENSIONAL.

|
|

| ~UP=N OW-]---=--=~= e e e e [=emmmmmm- R [==en

Y
! 621 631 64
' ) -1.04 1 -5.91
| 4.1 19 1 19
[ | -0.0096 | -0.02686
I 1 -0.002 | 0.007
R I Jmmmommme
1 661 671 68
| 7.361 -2.88 | -0.96
{ 91 21 23
{ 0.0000 | 0.0072 | 0.0149
| 0.000 | =-0.016 I -0.022
R |mmmmmmme [==mmmmme-
f 70 711 72
| =0.19 1 -1.01 1 -1.12
! 15 1 30 1 15
{ 0.0121 [ 0.0005 | 0.0041
| -0.008 | 0.002 { =-0.00S
R fommcmenen R
] 741 751 76
| 0.41 1 =471 | 1.69
! 71 1 7
| 0.0023 § 0.0054 | -0.0038
| 0.001 1t -0.001 | ~-0.001
| [

MODEL=

651

-0.04 |
91
-0.00%4 |
~-0.009 )

VELMOD-05

4

FOLLOWING LAYER IS NUMBER

LEGEND:

BLOCK NUMBER
VELOCITY PERTURBATION

NUMBER QOF

HITS ' (RAYS)

4 OF 4;

MODEL=

COLUMN OF THE RESOLUTION MATRIX.FOR BLOCK
COLUMN QF THE COVARIENCE MATRIX FOR BLOCK

LAYER IS TWO-DIMENSIONAL.

[-UP~N OW~|-======m= J==mmmmmmm

I
|
!
I
!
1
|
|
|
t
i
!
!
|
|
|
|
|

|
|
|
|
|
1

I
|
NI/

i
791 801
-1.26 1| 4.16 1|
19 1 oo
-0.0206 | 0.0384 |
0:012 | -0:043 |
-------- | mmmmmmmne |
83| 841
1.16 | .07 1
11 | 14 §
0.0109 | -0.0212
-0.026 |  0.013 |
-------- fmmmmmmmee |
871 88|
5.09 | -2.92 !
29 | 9 1
-0.0017 | 0.0029 |
~0:003 | -0.007 !
———————— el
91 921
1.69 | 9.59 |
9| 5
0.0061 | 0.0027 |
-0.002 |  0.000 |
| !

VELMOD~05



FOLLOWING LAYER IS NUMBER 1 OF 4; MODEL= VELMOD-05 FOLLOWING LAYER IS NUMBER 2 OF 4;: MODEL= VELMOD-05

LEGEND: LEGEND:
BLOCK NUMBER BLOCK NUMBER
VELOCITY PERTURBATION VELOCITY PERTURBATION
ggtﬁi: gi :;:sné:gzﬁéxow MATRIX FOR BLOCK 9 NUMBER OF HITS (RAYS)
CoLUMH OF THE COVARIENCE MATRIX FOR BLOCK 9 COLUMN, OF - THE, 'RESOLUTTON MATRIX FOR BLOCK 9
. COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 9
LAYER IS TWO-DIMENSIONAL. LAYER IS TWO-DIMENSIONAL.
|
|
Nt/
I i 1
| 1 21 3l 4) LY 61 | ~UP=N QW-f--m=oooom | === e [mmmmmem—— I fmmmmmmm e [ [—
| 1 1 -4.59 | -0.28 | | I | 37 38| 39] 401 41]
! 0 | 01 111 71 1 0 i | ! 14.90 | 5.98 | 4,65 | 1
\ l { -0.0415 | -0.0529 | 1 | . 01 8 | 18 | 9 3
! i 1 0.047 1 0.027 | | | { | 0.0323  0.0664 | 0.0214 | t
[, |mmmmemm— |mmmmmm——— |mememem— |owmmmm——— jommmm——— | | | =0.028"] =0.037 | 0.013 | t
1 7 81 9) 101 111 12} frmmmmm——— |==mm e o R |momem—m—— i
| 1 P -1.01 | 0.88 |  -1.32 i 1 1 424 43| 441 45 461
' 01 (] 11 23 4 10 | 0! I I 3.54 | 2.83 | 3.67 | 1.88 |
! ] | 0.8428 | -0.0329 | -0.0185 | I [ 2 13 | 26 | 21 | 5 1
! | 1 0.236 1 0.006 } -0.014 | | i | 0.0418 | 0.0597 | 0.0223 | 0.0157 |
fommm P |~ R, foommmmmee I | 1 | -0.052 { =~0.033 1 0.015 | 0.018
1 131 141 154 161 171 181 | mwm—m——— jommm o R B ittt e |
| ] | -0.10 | 1.42 ¢ 0.11 | | ! < 471 481 491 501 51}
‘ I 01 3 17 4 29 | 22 | a1 | =0.24 | -4.04 | =2.28 | =3.18 | =3.11 |
o ! | -0.0517 | ~0,0228 | ~0.0154 ! I ! 5 1 13 ) 33 | 27 | 51
o | {  0.047 | 0.009 | -0.006 I | | -0.0180  0.0222 | 0.0157 { 0.0174 | 0.0022 i
[emmmmmmm— Jommmmm [, [P mmmm———— jmmm—————— i |  0.006 | -0.018 1 0.004 | 0.010 | 0.009 |
| 191 201 214 221 23 241 |==mmmmm—— |mmmmmm jommmm———— | mmmm - [-msmcoan= i
] ! 2.92 1 | -4.31 1 §.26 | =0.70 | 1 521 531 544 551 561
I 31 B 11 15 | 8 | 5 | | i | ~5.59 | -0.30 | |
! | -0.0201 | | -0.0086 | -0.0176 | -0.0041 1| | 41 LI 13 | 15 | q |
1 1 0.025 1 j -0.002 { =-0.005 1 =0.005 1| ! | | -0.0072 | 0.0003 | [
[ lmom e |emmmmmm—— |mmmm - fmmmmme [p———— | | ! | 0.005 | 0.006. {
| 251 261 274 281 291 301 [=m=m==-- | [mommmmm—— |mmm—— e |ommmmmme I
| ) I ) I 0.05 | I ! 571 58 591 601 611
1 01 01 q | 1} 16 | 3| | | -1.21 I -0.91 | |
I ! | | 1 0.0012 1 i | 11 8 | 3 6 1 1
| | ! I | -0.005 | I ! | -0.0085 | [ -0.0015 | I
|-mmemmm- Jowmmmmm-- f=mmmmm--- frmmmmmoon Pmmmmmmmee pommmmm——- ! ! b 0.003 1} 1 0.005 | |
i 311 32) 33) 341 3514 361 fmmmmmm——— [rmmme——— [memmemm—— [ e |
\ 1 1 -4.96 | | | 1
i [ 11 13 9 01 01 01
] ] ) -0.0009 | I | !
| ! l 1 | I
| ! t ]



" FOLLOWING LAYER IS NUMBER 3 OF 4:

LEGEND:

BLOCK NUMBER
VELOCITY PERTURBATION
NUMBER OF HITS (RAYS)
COLUMN OF THE RESOLUTION MATRIX FOR BLQCK
COLUMN OF THE COVARIENCE MATRIX FOR BLOCK

LAYER IS TWO-DIMENSIONAL.

I
|
Nt/

MODEL=

~0.04 |
9 1
-0.0026 1
-0.013 |

VELMOD-05

9
9

FOLLOWING LAYER IS NUMBER

LEGEND:

BLOCK NUMBER
VELOCITY PERTURBATION
NUMBEE OF HITS (RAYS)
COLUMN OF THE RESOLUTION MATRIX FOR BLOCK
COLUMN OF THE:COVARIENCE MATRIX FOR BLOCK

LAYER IS TWO-DIMENSIONAL.

|
1
!
\
1
1

!

~UPsN OW-|mmmemmmee Jommmm—a——

78]
~4,.53 |
7

0.0781 1,

-0.070 |

791
-1.26 |

19
0.0024 |
~0.020 |

]
]
1
]
1
]
i
]
[}
1]
4
]
i
]
[}
1
i
]
i
1
1
]
1
i
]
i
1

0

O W W o R

-0.0012
=0.003

4 OF 4:

MODEL=

VELMOD-05

9



FOLLOWING LAYER IS NUMBER

LEGEND:

BLOCK NUMBER
VELOCITY PERTURBATION

NUMBER OF HITS

1 OF

(RAYS)

4; MODEL=

COLUMN OF THE RESOLUTION MATRIX FOR BLOCK 20
COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 20

LAYER 15 TWO-DIMENSIONAL.

W

2

VELMOD-05

51 61
| |
11 [
1 I
| }
--------- |=m=mmmeve]
11} 129
-1.32 | 1
10 | 0 i
-0.0140 | !
0.002 | 1
--------- R
171 181
0.11 ) !
22 1 4
-0.0075 1 1
0.006 |
--------- ]
23] 24
4.26 | ~0.70 1
8 | 5|
-0.0155  0.0022 |
0.000 1 0.005 |
=== -1
29] 301
0.05 | |
16 | 31
~0.0057 ) f
0.012 ¢ I
--------- (Rt |
354 364
| !
0 0t

|

|

1

LEGEND:

BLOCK NUMBER
VELOCITY PERTURBATION
NUMBER 'OF HITS. (RAYS)
COLUMN OF THE.RESOLUTION MATRIX FOR BLOCK
COLUMN. ‘OF THE COVARIENCE MATRIX FOR BLOCK

FOLLOWING LAYER IS NUMBER 2 OF

LAYER IS TWO-DIMENSIONAL.

1
!
A1/

[-UP=N OW~{====-===-- e e R

371
|

i
1
[}
]
)
t
1]
]
—_— — 1

38|
14,90 |

8
0.0169
0.011

391

4; MODEL=

401
4.65

0.000

-3.18
27
-0.0146
0.005

20
20

41

0.0044 |
0.000 1

~-0.003 1

VELMOD-05



LEGEND:

BLOCK NUMBER
VELOCITY PERTURBATION
NUMBER OF HITS (RAYS)

FOLLOWING LAYER IS NUMBER 3 OF 4. MODEL=

COLUMN OF THE RESOLUTION MATRIX FOR BLOCK
COLUMN OF THE COVARIENCE MATRIX FOR BLOCK

LAYER IS TWO~DIMENSIONAL.

[-UP=N OW-)=---c--o- R 1m=emmmnee R e R R (===

I
1
|
|
!
I
!
!
|
|
1
|

|
-

|

|

|

N/

621 63} 64

i -1.06 { =5.91

4 19 | 19

{ 0.0062 | 0.0043

| =-0.003 | =-0.007
————————— l—————---- | - ———— - -
661 671 68

7.36 | -2.88 | -0.96

91 21 23

0.0054 1 0.0373 | -0.0097
-0.018 t -0.025 |  0.017
......... |---—---.._ ‘ - ———————
101 111 72

-0.19 § -1.01 { =1.12

15 | 30 t 15
0.0318 + 0.0319 | 0.0105
-0.045 1 -0.021 | 0.006
————————— ‘---—---_- I - an s~ -
741 751 76

0.41 | =4.71 | 1.09

7 11 7

0.0122 | 0.0286 | 0.0074
-0.004 | 0.000 | =-0.003

f (

651
-0.04 1
91
0.0165 |
-0.004 |

VELMOD-05

20
20

FOLLOWING LAYER IS NUMBER 4 OF 4; MODEL= VELMOD-05

LEGEND:

BLOCK NUMBER

VELOCITY PERTURBATION

NUMBER OF HITS (RAYS)

COLUMN OF THE RESOLUTION MATRIX FOR BLOCK 20
COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 20

LAYER IS TWO-DIMENSIONAL,

N1/
|~UB=N QW-|==--===m-m memm————— |
| 7814 79| g0} 81
T ~4.53 | -1.26 | 4.16 | 0.12 |
i 7 19 | 5 4 7
{ 0,0062 | 0.0172 1 0.0109 { 0.0083 |
i =0.034 | -0.009 | 0.005 1 =-0.003 |
fmmm—————— | ———— jmmmm————— R |
| 821 83) 84| 85|
I ~5.12 ) 1.16 1§ 4.07 | 1.62 |
! 13 | 11 14 | 7
| -0.0136 | -0.0034 | 0.0366 | 0.0125 i
t -0.008't 0.010 | -0.041 | 0.000 1}
fmmmmmmmmm e [moamm e e 1
| 86| 871 884 891
i 4.76 | 5.09 | ~2.92{ -0.23
! 18 | 29 | 9 8 |
| <0.0156 | 0.0143 | 0.0208 I 0.0182 |
I 0.026 | =-0.015 | =0.016 | ~-0.003 |
| mwm——m——— fmmmmm e jmmmmmm——— [ ——— |
| 90) 91| 921 93]
1 0.27 1 1.69 | 0.59 1 ]
i 8 | 9 | 5 1
| -0.0018 I 0.0010 | 0.0077 | |
| -0.003 } -0.005 | 0.002 | !
1 | !



' FOLLOWING LAYER IS NUMBER 1 OF 4; MODEL= VELMOD-05 FOLLOWING LAYER IS NUMBER 2 OF 4; MODEL= VELMOD-05

LEGEND: . LEGEND:
BLOCK. NUMBER BLOCK NUMBER
VELOCITY PERTURBATION VELOCITY' PERTURBATION
NUMBER QF HITS (RAYS) NUMBER OF HITS (RAYS)
COLUMN OF THE RESOLUTION MATRIX FOR BLOCK 38 COLUMN OF THE RESOLUTION MATRIX FOR BLOCK 38
COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 38 COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 38
LAYER IS TWO-DIMENSIONAL. LAYER IS TWO-DIMENSTONAL.,
E— E— !
I
\1/
| ~UP=N OW-|===nmm==m= JS—— R [ T r— Jmmm e [~ |-
| 1) 21 3 Y 51 3
I i [ =4.59 | -0.28 | I !
1 01 01 1 7 1 0|
I I I o Oy
T eeeaee SRt S mmeeee l | 371 381 394 40} 414
qQ
i 71 84 oy 10] 11) 121 ' ! 14.90 1 5.98 1 .65 1 !
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2,92 | -4.31 4,26 1 -0.70 | ! > 131 33 271 3!
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-0.018 | =-0.019 | -0.012 2000 .
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: FOLLOWING LAYER 1I MBE 3 OF 4; = V -
' S KU R MODEL ELMOD-05 FOLLOWING LAYER IS NUMBER 4 OF 4; MODELe= VELMOD-05

. LEGEND: LEGEND:

BLOCK NUMBER

VELOCITY PERTURBATION BLOCK NUMBER

NUMBER OF HITS (RAYS) VELOCITY PERTURBATION

COLUMN OF THE RESOLUTION MATRIX FOR BLOCK 38 NUMBER OF HITS (RAYS)

N COLUMN OF THE RESOLUTION, MATRIX EOR.BLOCK 38
COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 38 COLUMN ‘OF THE COVARIENCE MATRIX FOR BLOCK 38
LAYER IS TWO-DIMENSIONAL.
LAYER IS TWO-DIMENSIONAL.
1
| |
i A1/
| =UP=N OW-|=-v=vvomm j=mmmm-=- [ [===mmmm— pmmmmm———— e R [EEEE
| 621 631 641 651 {-UP=N QW-]==-cmmeee = m———— fomoememne fmmmm——e e e [—— mmemmeemm |mmmn
1 I -1.06 | =-5.91 1 -0.04 | I 781 791 801 81}
1 q 19 19 9 | | -4.53 ¢ -1.26 | 4.16 | 0.12 |
| | 0.0185 | 0.0238 i 0.0011 1 1 71 .19 ) 5 7
[ ;! -0.046 1 -0.014 ! 0.001 1 ! 0.0902° | -0.0057 { -0.0160 | ~0.0103
[P, fommmmmmee P, fommmmmmmm ] I ~-0.066 |~ 0.022 | 0.004 | 0.005 )
[ 661 67! 681 691 | mmmm fmmmm————— [momm————— |ommmmmmae 1
| 7.36 1 ~2.88 | -0.96 | -0.06 | ! 821 831 844 85|
1 9 | 21 23 6 | . I -5.12 | 1.16 | 4.07 | 1.62 |
} -0.0342 | -0.0365 | -0.0011 1 -0.0085 | | 13 | 11 ) 14 7
{ 0.036 1t 0.027 1 -0.004 1 0.001 | : I 0.0909 | 0.0049 | -0.0028 | 0.0096
R fmmmmmmmem [==m=m==== | ==mmmmmen I i -0.104 1 0.008 | 0.006 | =-0.003
I 704 711 7121 731 R [T, [ [
I =0.19 1  -1.01}t -1.12 | ~1.06 | 1 861 871 88| 894
1 15 | 30 ! 15 14 71 l 4.76 | .09 (  ~2.92 | -0.23
{ -0.0057 | -0.0331 | -0.0248 ! -0.0021 | | 18 | 29 | 9 | 8
i 0.006 1 ©0.014 1 =-0.003 ! 0,00L | I 0.0058 | 0.0083 | -0.0006 { -0,0018 |
f e mm e fmmmmmmmmm (mmmmmmmmm [ o | | 0.004 | =-0.004 | 0.003 | =-0.002 |
] 741 751 761 m [mommmm—e- I=mmmmm——— fmmommem—- fomsmmeeee 1
I 0.41 | -4.71 | 1.09 | ] | 901 91 92} 934
t T 11 ! 71 1 ! 0.27 | 1.69 | 0.59 | |
! -0.0031 | -0.0080 | -0.0038 | 1 ! 8 | 9 | 51 1
! -0.003 1 =-0.007 { 0.000 | | | -0.0022 | 0.0006 | 0.0032 | |
' | \ I 0,003 1 0,002 | 0.000 | 1
| ! ]



FOLLOWING LAYER 1S NUMBER 1 OF 4&;  MODELe VELMOD-05 FOLLOWING LAYER IS NUMBER 2 OF 4; MODEL= VELMOD-05

LEGEND: LEGEND:
. BLOCK NUMBER BLOCK NUMBER
* VELOCITY ‘PERTURBATION VELOCITY PERTURBATION

NUMBER OF HITS (RAYS) NUMBER. OF HITS (RAYS)

COLUMN OF THE RESOLUTION MATRIX FOR BLOCK 48 COLUMN OF THE RESOLUTION MATRIX FOR BLOCK 48

COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 48 COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 48
LAYER IS TWO-DIMENSIONAL. LAYER IS TWO-DIMENSIONAL.

]
1
\Y¥}

|-UPaN OW-]--=-~-=-- R R R 1= ] S emme———ee j=mm=
1 11 21 31 41 59 61
! 1 | -=4.59 ) -0.28 | ] !
! 01 01 11 1 7 11 0|

| ! | ~0,0073 1 0.0175 1 | | {-UP=N OW={==m=—m—=}== -1 ———- ——
| 1 ! 0.013 | 0.001 ! I | 37 381 391 40| 414
l===omme- fomomomm- foommoomo- fmmmmomm- - == J ! i 14.90 ! 5.98 | 4.65 | |
| H 81 9t 101 111 12¢ | 0 8 1 18 | 9 | 3
! | I -1.01 | 0.88 1 -1.32 | ! [ | 0.0092 { -0.0332 | -0.0022 i I
! 0 01 11 4 23 1 10 1 01 | [ =0.019 |  0.001 | -0.021 | [
| I | 0.0222 | 0.0060 | 0.0093 ) 1 [ rrap——— fomm— e S . Jmmmmm e |
I | { -0.018 1 0.002 1 0.008 | 1 i 42} 43 44 451 461
fommomoo—- [omsosem=- J=ommmon=- Jommommme- fommmmmme— fommmmmm—- ! ] ) 3.54 | 2.83 3.67 1 1.88 |
} 13} 14} 15} 161 171 18] { 21 13 ¢ 26 | 21 | 5
| ! fo-0.10 1421 0.11 ! f | -0.0678 [ -0.0134 | =-0.0270 | -0.0126
! ol 3 17 1 29 1 22 | 41 | | 0.043 | =-0.009 1 =-0.016 | =-0.015 |
1 ! | 0.0652 | 0.0068 | 0.0024 | | | mmm e |—mmmmmeem P |mommemmmm fmmmm e \
1 i y -0.078 § 0.008 |  0.017 1 | 471 184 494 501 51)
jmmmem———— Pmmmm—— fmmmmmm——- I===omomm- fommmmene— Pemmmromo- | |  -0.24 f -4.04 1 ~2.28 1 -3.18 1 -3.11 |
! 199 20) 211 221 234§ 241 ! 5 1 13 33 | 27 | 5 |
1 | 2.92 | -4.31 | 4.26 | =0.70"| | -0.0570 § 0.7762 | -0.0502 | -0.0323 | -0.0061

| 3 8 1 14 15 1 8 i 51 i 0.014 | 0.306 { 0.628 | =-0.005 | =0.017 |
| | 0.0126 | | -0.0048 | 0.0000- | 0.0084 } | mmmmmmm | = mmmm e fmmmmmmeme e mm e |~smmmmmem |
| 1 ~-0.022 | ! 0.017 | 0.010 | 0.015 | i 52| 534 54 55 561
f=omooo- |=omomomn- fom=omae=- f=mommmm- | ==mmmae—— [======mm- ! 1 l | ~5.5% 1 -0.30 | |
t 25) 26) 274 281 291 3014 1 4 4 ) 13 15 | q |
{ ] | ' ] 0.05 | i i i ) -0.0049 | -0.0167 ! ]
! 01 01 4 11 16 | <3 i I 1 -0.010 | -0.006 | !
1 | ! ! | -0.0128 | I [mmmmmm——n |=mmmmmman | mmmmmmmem fommmmmmm [mommmmmme |
| | t I I 0.022 1 | | 571 58} 59} 60{ 611
| R ===mmooe- Pmmmmmmmme pommmmmmm- === pommomm—m- ! I | -1.21 1 | -0.91 | ]
f 314 321t k) 341 351 361 | 1 8 | 3 6 | 11
| ! 1 -4.96 | ! | ! I { =0.0085 | | 0.0049 | !
A 0 11 131 01 01 01 [ | -0.001 ! 1 =-0.01t5 | i
] ! t -0.0038 I i | [, jommemmm [ jmremmm——— jmmmm - t
t ] | ] ] I

| | ! ] 1



FOLLOWING LAYER IS NUMBER 3 OF 4; MODEL= VELMOD-05 FOLLOWING LAYER IS NUMBER 4 OF 4; MODEL= VELMOD-05

'LEGEND . LEGEND:
/BLOCK NUMBER BLOCK NUMBER
VELOCITY PERTURBATION VELOCITY PERTURBATION
NUMBER OF HITS (RAYS) NUMBER OF HITS (RAYS) ‘
"COLUMN. OF THE RESOLUTION MATRIX FOR BLOCK 48 COLUMN OF THE RESOLUTION MATRIX FOR BLOCK 48
COLUMN OF THE COVARIENCE' MATRIX FOR BLOCK 48 COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 48
LAYER IS TWO-DIMENSIONAL. LAYER IS.TWO-DIMENSIONAL.
[ ’ !
| I
1/ M/
1-UPaN OW-]--—eoe-ou oo jrommm——— R et R |emmemeine R |-===
B L e L B I el I B ] it e T
[ 621 631 641 651 l I ! 20! | ! ' I l
o ..o . | 781 791 801 B1|
! 1 -1. l -5.91 | - 1 | -4.53 | -1.26 | 4,16 | 0.12
1 4 19 4 19 1 9 1 1 70 19 | 5 1 71
! I 0.0047 1 -0.0éJO [ 0849 ! { =0.0110 | 0.0247 | 0.0257 | ~0.0080
: : 0.004 : 0.010 : 0.011 : | 0.026 )] -0.004 { 0.000 § 0.016
------------------------------------ Rl B B B
i , 3§s| = agvu " ggau 0 Ogsl | 821 831 844 851
] .36 1 .88 | .96 1 .06 | | -5.12 1.16 | 4.07 | 1.62 |
1 91 21 1 23 1 6 | | 13 ) 11 | 14 7
| 0.032; ! 000577 ! -0003;; [ 000301 | | -0:0042 | -0.0069 | 0.0744 | -0,0163
: 0.00 : -0.019 : : -0.009 : | 0.003 )] 0.014 | =-0.059.) 0.028
------------------------------------ R R B e
| 701 71 2 731 1 86| 87| 881 89
i -0.19 1 -1.001 ¢ -1.12 1 -1.06 | 4.76 | 5.09 { -2.92 1 -0.23
i 15 30 § 15 1 7 1 18 1 29 | 9 | 8
] 0.1269°( 0.0135 ) 0.0160 | 0.0047 1 0.0340 | 0.0270 { 0.0013 | 0.0232 |
: -0.156 : -0.012 : 0.000 : -0.015 : ! =-0.053 1 =-0.017 § 0.009 | 0.009 i
--------------------------- Jummmm - R e B B R e |
! . 744 775! 0;61 77 1 90| 911 921t 93|
i 41 -4.71 1.09 1 ] | 0.27 | 1.69 | 0.59 | !
1 7 11 | 71 1 | 8 | 9 | 51 11
) -0.0031 | -0.0055 { 0.0057 | ! i 0.01B4 | 0.0157 | 0.0032 | |
1 0.005 : -0.002 : -0.004 : ! | -0.007 t+ =0.003 { =-0.002 | 1
| ! !



FOLLOWING LAYER IS NUMBER 1 OF

.. LEGEND:

"'BLOCK NUMBER
VELOCITY PERTURBATION
NUMBER. OF HITS (RAYS)

4; MODEL=

COLUMN OF THE RESOLUTION MATRIX FOR BLOCK 82
COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 82

LAYER IS TWO-DIMENSIONAL.

[ f

I 11 21 3
I I I -4.59 |
! 01 0 | 11 4
1 1 1 0.0002 |
! ] i -0.027 |
lmewmmmmme e R i
] 71 81 9
! ] ;o =1.01 |
[ 01 0 i 11 |
' [ | 0.0210 |
! ! | -0.039 |
fmmmmmmm e fmmmmmm——— R |
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! ! | =0.10 |
I 0| 3 17
[ f 1 0.0150 |
[ ' I =0.011 1
R R fovommmmes !
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I b2.92 4 f
! 3 8 | 11
i { -0.0136 | |
1 | -0.008 i !
e Jmmmmmmma e l
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fomomemnas R Joemmmmman I
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! | '

i '
44 51
-0.28 ! I
71 1
0.0133 | 1
-0.022 | ]
-1 i
104 11}
0.88 | -1.32 {
23 4 10 |
0.0063 | -0.0048 |
-0.014 | 0.010 |
--------- R e
161 17}
1.42 | 0.11 |
29 22t
0.0086 | 0.0060 i
-0,001 | =0.004 |
--------- R
22| 231
-4.31 4.26 1
15 | 8 i
0.0029 | ~0.0119 |
0.005 1  0.002 |
--------- R
28| 29
! 0.05 |
11 16 |
i 0.0030 i
{ =0.005 |
--------- fommmemmny
344 351
{ I
01 0

!

!

!

VELMOD-05

FOLLOWING LAYER 1S NUMB

LEGEND:

BLOCK NUMBER
VELOCITY. PERTURBATION
NUMBER OF HITS (RAYS)

ER 2 OF

4; MODE

L= VELMOD-05

COLUMN OF THE RESOLUTION MATRIX FOR BLOCK 82
COLUMN OF THE COVARIENCE MATRIX FOR 'BLOCK 82

LAYER 1S TWO-DIMENSIONAL.

-UPeN OW-|===rm=man B R R el ot T e R e | ===

37) 38
i 14.90 |

I
0.0309 |
-0.104 |

|
|

~0.014

0.003

391

5.98 |
18
0.0014
0.006

-0.0363
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F-¥
s



. FOLLOWING LAYER IS NUMBER 3 OF 4; MODEL= VELMOD-05 FOLLOWING LAYER 1S NUMBER 4 OF 4; MOLEL= VELMOD-05

. LEGEND: LEGEND:
BLOCK NUMBER . BLOCK NUMBER
VELOCITY PERTURBATION VELOCITY PERTURBAT{OUN
NUMBER OF HITS (RAYS}) NUMBER OF HITS (RAYS)
COLUMN OF THE RESOLUTION MATRIX FOR BLOCK 82 COLUMN OF THE RESOLUTINN MATRIX FOR 'BLOCK 82
COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 82 COLUMN OF THE COVARTENCE MATRIX FOR BLOCK 82
LAYER IS TWO-DIMENSIONAL. LAYER IS TWO~DIMENSTONAL.
[
[
\N %}
| -UP=N 0W-|---=~---= fommmmmm—- jmmmmm Rttt bl b fommmm - |smmmm - f===-
} 621 631 641 651
[ | -1.04 | ~5.91 | ~0.04 |
| 4.1 19 | 19 1 9 |
| | 0.0116 { -0.0012 | -0.0031 |
| [ 0.003 | 0.009 | 0.004 | | =UP=N W~ |—=—==wwnn fmmmm e e ——— Jmmmemeea | mm |wmmmmm e oo |m——me—a— [p——
fmwmmmm——- (Rt |===mmmm- I =-=ome=-- I ! 781 791 801 811
| 661 671 681 691 | -4.53 4 -1.26 | 4.16 | 0.12 |
| 7.36 | -2.88 | -0.96 1 -0.06 | | 7 19 | 5 7
| 9 | 21 | 23 4 6 i ~0.0594 | ~0.0149 | ~-0.0015 | ~0.0102 |
| 0.0565 | 0.0548  0.0018 { 0.0020 1 | 0.034 | 0.017 | -0.006 | 0.014 |
I =-0.075 | -0.057 | 0.012 | 0.005 | |mmmmmm e Jommm [ ——— [, |
Jmmmmmm [ fommmmmm- Immemm - ! i 82| 83 84 851
! 701 711 72) 731 f ~5.12 | 1.16 | 4.07 1.62 |
| -0.19 | -1.01 ¢ ~1.12 ) -1.06 | | 13 | 11 | 14 7
| 15 | 30 ) 15 | 71 b 0.8704 | -0.0141 | -0.0091 | -0 0115 1
i -0.0080 {1 0.0472 1 0.0193 | -0.0019 | 1 0.209% | 0.000 ) 0.007 0.008 1
| 0.012 | -0.042 0.000 0.003 ¢ R | mmmm e | e [ |
|===mmmmm | ~omomomee Jm——m - fmmmmmm 1 ! B6 871 88| 891
| 741 751 761 771 t 4.76 | 5.09 1 -2.92 | -0.23 |
| 0.41 | -4.71 | 1.09 1 | 18 | 29 | 9 | B
| 71 11 71 11 t -0.0188 | -0.0223 | -0.0005 | -0.0063 }
| 0.0009 | 0.0085 { 0.0012 } | [ 0.018 | 0.023 1 ~0.005 0.009 |
| 0.004 | 0.008 | 0.003 | i fmmmmmm frmmmmm e [P [, I
fr=mmmm—-- Jmmmmmmes fmmmmmem-- f==m=mmme- I t 901 91 921 931
| 0.27 | 1.69 0.59 | |
| 8 1 9 | 5 1
| -0.0038 | -0.0063 | -0.0054 | i
| 0.001 | =0.001 | 0.002 | l
! | |



FOLLOWING LAYER IS NUMBER 1 OF

LEGEND:

BLOCK NUMBER

VELOCITY PERTURBATION
NUMBER OF HITS (RAYS)
COLbMN OF THE RESOLUTION MATRIX FOR BLOCK 90
COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 90

.

LAYER IS TWO-DIMENSIONAL.
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4; MODEL=

-

<

VELMOD-05

FOLLOWING LAYER IS NUMBER 2 OF 4; MODEL=

LEGEND:

BLOCK NUMBER

VELOCITY PERTURBATION

NUMBER. OF HITS (RAYS)

COLUMN OF THE RESOLUTION MATRIX FOR BLOCK
COLUMN OF THE COVARIENCE MATRIX FOR BLOCK

LAYER IS TWO-DIMENSIONAL.

|
|
|
|
|
|

|
l
|
{
|

i/
|-UP=N OW~-|--=reem—m [=mmmm———- e B g
371 38) 391 401
| 14.90 |  5.98 1  4.65 |
0| 8 | 18 9 |
| -0.0022 | 0.0049 ! -0.0004 |
| 0.003 1 ©0.000 | 0.000 j
—emmme- O R R 1--
421 431 44 45/
| 3.5 |  2.83 |  3.67 |
2 1 13 | 26 | 21 i
| 0.0061 | 0.0049 | 0.0004 | -
| 0.000 | -0.004 | 0.003 i
—ommemee- R R R f--
47) 481 491 501
-0.24 | -4.04 ) -2.28 1 -3.18 |
51 13 33 27
0.0041 ) ©0.0184 | 0.0182 | 0.0033 |
0.007 | =0.007 | -0.019 { . -0.002 |
—ememmee- fmmmmmmoee [ == e [=mmmmmme I--
521 531 541 551
[ | -5.59 | -0.30 |
4| 4 13 15 |
| | -0.0036 | 0.0101
[ | -0.010 |  0.004 |
cmmmeeoe- R R O I--
571 581 591 60
) -1.21 ) | -0.91 4
1 8 | 3 6 |
| 0.1530 | | 0.0160 |
{o-0.124 | | 0.009 |
[ n [ [

20

41
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5

0.001 |

VELMOD-05



FOLLOWING LAYER IS NUMBER 3 OF 4; MODEL= VELMOD-05 FOLLOWING LAYER IS NUMBER 4 OF 4; MODEL= VELMOD-05

LEGEND: LEGEND:
BLOCK NUMBER
VELOCITY PERTURBATION
NUMBER OF HITS (RAYS)
COLUMN OF THE. RESOLUTION MATRIX FOR RLOCK 90
COLUMN OF THE COVARIENCE MATRIX FOR BLOCK 90

BLOCK NUMBER

VELOCITY PERTURBATION

NUMBER OF HITS (RAYS)

COLUMM OF THE-'RESOLUTION MATRIX FOR BLOCK 90
COLUMN ‘OF THE COVARIENCE MATRIX FOR BLOCK 90

LAYER IS TWO-DIMENSIONAL. LAYER IS TWO-DIMENSIONAL.

A\ ¥4 \:/
|~UP=N OW-|-=~--=em- | ==mmm——e |=mmmmmme |=mmmmnme e e il B ettt {===- | ~UPEN OW=|=wemm———e |~ | s | mmmem | owmmmmem e fommmmmm-- | =mmmm fmm——
| 781 791 80} 81 | 621 631 641 65|
) -4.53 | -1.26 | 4.16 | 0.12 | | | ~1.04 | -5.081 | -0.04 |
| 7 19 | 5 1 71 | 4 19 | 19 | 9
I =0.0025 | -0.0110 | -0.0007 | -0.0032 | | { ~0.0018 | -0.0041 | -0.0068
I 0.001 ) ©0.008 t =-0.010 ) 0.001 | i | 0.003 1 0.011 1 0.005
[ e fmmmmmmm oo fmmmmmme e R S [mmmmmm e R R t
| 821 83| 841 85| : 661 671 681 69
| -5.12 1.16 | 4.07 | 1.62 | | 7.36 1 -2.88 | -0.96 1 -0.06
I 13 | 11 | 14 | 7 I 9 | 21 | 23 | 6
1 ~0.0038 | -0.0086 | -0.0123 { ~0.0010 | | -0.0044 | -0.0066 | 0.0050 | -0.0043
] 0.001 | 0.004 § -0.001 | 0.000 | { -0.001 1t 0.016 [ 0.004 | 0.000
f=m—————— jrmmm e | -==mmm = | jmmmm o mm———— = - | mmmm e |
) 861 871 881 89 | 701 711 721 734
| 4.76 | 5.09 1| -2.92 | -0.23 | | -0.19 1 -1.01 1| -1.12 1 ~-1.06
i 18 § 29 | 9 | 8 | | 15 | 30 | 15 | ?
| -0.0185 | -0.0266 | -0.0271 | -0.0105 | | -0.0012 | 0.0138 | 0.0088 | -0.0003
| 0.011 1 0.016 | 0.002 1 0.000 | | -0.001 | -0.003 1 ©6.013 | 0.006
oo R R === s I ([ Tt R it Jmmmm o i
! 90 91| 92 93 : 241 751 261 271
I 0.27 1.69 | 0.59 | ! | 0.41 1 ~4.71 | 1.09 |
t 8 9 | 5 14 | 7 111 71 1
I 0.7947 | -0.0513 | 0.0091 | ! [ 0.0287 | 0.0913 | 0.0134 | )
I 0.306 | -0.005 1t 0.038 | ’ t ~-0.084 | -0.045 | -0.003 | ]

R I I | f !



Appendix E



USGS - COMPUTER PROGRAM "THRLIST"; VERSION 2.001;
TECHNICAL CONTACT: JOHN R. EVANS.

THREED OUTPUT -- PRINTOUT OF BINARY FILE BY PROGRAM THRLIST
EXPERIMENT=*=* RESTE **, MODEL= FLATMOD-05, COMMENT= = BLOCK BOUNDARIES STRIKING N

MODEL FILENAME=FLATMOD
THREED BINARY OUTPUT=BOUT

FOLLOWING LAYER IS NUMBER 1 OF 4; MODEL= FLATMOD-05

LEGEND:

BLOCK NUMBER _
VELOCITY PERTURBATION

NUMBER OF HITS (RAYS)

DIAGONAL OF THE RESOLUTION MATRIX
STANDARD ERRORS

LAYER IS TWO-DIMENSIONAL.
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FOLLOWING LAYER IS NUMBER

LEGEND:

BLOCK NUMBER
VELOCITY PERTURBATION

NUMBER OF HITS

(RAYS)

2 OF

4; MODEL= FLATMOD-05

DIAGONAL OF THE RESOLUTION MATRIX
STANDARD ERRORS

LAYER IS TWO-DIMENSIONAL.

[
I
\{/

| ~UP=N OW~|-====mm=m fmmmmm o | =mmmmmm e

37

LN

o

{
|

i
[
[
!
!
J
!
|
I
- |
|
l
I
|
f
- |
{
!
[
[
(
!
I
[
J
|
!
!

38
13.76
8
0.7871
0.57

[
[
!
|
31
f
!
|
I
!
81
|
I
l
|
!
I
!
I
|
I
[
81
I
I
|
I
{

39]

5.29 |
18
0.8561
0.45

[3%]
~J

5

0.59 |

0.57 |



FOLLOWING LAYER IS NUMBER 3 OF 4; MODEL= FLATMOD-05

LEGEND:
BLOCK NUMBER
VELOCITY PERTURBATION
NUMBER OF HITS (RAYS)
DIAGONAL OF THE RESOLUTION MATRIX
STANDARD ERRORS

LAYER IS TWO~DIMENSIONAL.

\ 1/
 -UP=N OW-|---=-——--- === R jommm e e e Jrmerene
| 621 631 64| 651
| I -1.58 | -3.05 | -0.71 |
| 4 | 19 | 19 | 9 |
| | 0.8869 | 0.8611 | 0.8259

| 0.44 | 0.45 | 0.53 |
————————— l——--—--—-l-----—---l---—————-I
66| 7| 681 691
7.68 | -2.08 | -0.74 |  0.52 |
9 | 21 | 23 | 6 |
0.7047 | 0.7932 | 0.7837 | 0.8401

0.65 |  0.46 |  0.51 |  0.50 |
------ ?4—|-—----——-I-—-----—-I——--——-—-I
70| 1 72 731
-0.13 | -o.74 | -1.05 | -1.70 |
15 | 30 | 15 | 71
0.7457 | 0.8517 | 0.7905 | 0.7168 |
0.58 |  0.43 |  0.49 |  0.53 |
————————— o
74| 5] 76| 7]
-0.18 | —4.88 | 1.82 | |
7 11 | 7 1 |
0.7983 | 0.7151 | 0.7570 | ]

| | !

| | 1



FOLLOWING LAYER IS NUMBER 4 OF ¢4; MODEL= FLATMOD-05

LEGEND-
BLOCK NUMBER
VELOCITY PERTURBATION
NUMBER OF HITS (RAYS)
DIAGONAL OF THE RESOLUTION MATRIX
STANDARD ERRORS

LAYER IS TWO-DIMENSIONAL.

NI/
| -UP=N OW-|-----——-- | m—mmmmm = | m=mmmm [=—=——=——- R el R e e L e et LS
| 78} 79| 80| 81|
|  -4.48 | -1.08 | 0.41 | 1.06 |
| 5 | 10 | 10 | 7
| 0.7252 | 0.8388 | 0.7995°| 0.6954 |
| 0.65 | 0.54 | 0.55 | 0.65 |
| mm o e e e [ ——m—mmm - !
1 2| 83| 84| 851
: —4.23 a 1.21 | 4.15 | |
: 12 | 6 | 11 | 4 |
| 0.8754 | 0.7302 | 0.7675 | |
| 0.47 | 0.59 | 0.58 | |
| mm R et e R I
| 6| 87| 88| 89|
| 3.76 | 4.89 | -2.30 | 0.56 |
| 16 | 22 | 8 | 8 |
. 0.8557 | 0.8908 | 0.6757 | 0.6407 |
| 0.50 | 0.42 | 0.66 | 0.64 |
| o e | === |
| 90| 1] 92| 93}
| 4.41 | 2.38 | =3.60 | |
| 9 | 15 | 7 3

0.7980 | 0.8481 | 0.5613 | |

| | |
| ! |



USGS COMPUTER PROGRAM "THRLIST®; VERSION 2.001;
TECHNICAL CONTACT: JOHN R. EVANS.

THREED OUTPUT -- PRINTOUT OF BINARY FILE BY PROGRAM THRLIST
SXPERIMENT=#* RESTE **, MODEL= FLATMOD-05, COMMENT= = BLOCK BOUNDARIES STRIKING N6

MODEL FILENAME=F LATMOD
THREED BINARY OUTPUT=BOUT

*OLLOWING LAYER IS NUMBER 1 OF 4; MODEL= FLATMOD-05

LEGEND:

BLOCK  NUMBER
VELOCITY PERTURBATION

NUMBER OF HITS (RAYS)

DIAGONAL OF ‘THE RESOLUTION MATRIX
STANDARD ERRORS

LAYER IS TWO-DIMENSIONAL.

NI/
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"OLLOWING LAYER IS NUMBER 2 OF

LEGEND:

BLOCK NUMBER
VELOCITY PERTURBATION
NUMBER OF HITS . (RAYS)
DIAGONAL OF THE RESOLUTION MATRIX
STANDARD ERRORS

LAYER IS TWO-DIMENSIONAL.

|
f
N/

-UP=N30W-|

37|

38

—_—,—— e e e e e e e e e s e — — ——— pu—

4; MODEL= FLATMOD-05

l |
40| 41 |
2.96 | |
9 | 2 |
0.8541 | [
0.48 | [
————————— | ==~ o
45| 46|
-0.12 | 5.19 |
26 | 7
0.8569 | 0.6664 |
0.43 | 0.69 |
————————— ==
50| 51|
-0.18 | 4.20 |
32 | 8 |
0.8280 | 0.8342 |
0.46 | 0.55 |
—————————— | ===mm———]
55| 56|
0.33 | |
15 | q |
0.8032 | |
0.45 | |
————————— [ ===
60 61|
-0.32 | |
5 | 1]
0.6378 | |
0.56 | |

|



FOLLOWING LAYER IS NUMBER 3 OF 4; MODEL= FLATMOD-05

LEGEND:
BLOCK NUMBER
VELOCITY PERTURBATION
NUMBER OF HITS (RAYS)
DIAGONAL OF THE RESOLUTION MATRIX
STANDARD ERRORS

LAYER IS TWO-DIMENSIONAL.

NI/
| ~UP=N30W- | ====~===~ R R |
| 62| 63| 64 651
| | 1.52 | 1.22 | -2.88 |
| 1 | 11 | 17 | 10 |
| | 0.7972 | 0.7866 | 0.6964 |
l ! 0.52 | 0.51 | 0.58 |
| === | === f=mmmmmmm e e I
| 661 671 68| 691
| 2.79 | 0.67 | 3.27 | 1.60 |
| 12 | 26 | 19 | 12 |
| 0.7712 | 0.7395 | 0.8160 | 0.7746
| 0.55 | 0.53 | 0.48 | 0.54 |
| === m e [==memm——— fmmm e R |
| 70 71| 72| 73]
| -2.46 | -2.62 | -0.45 | ~-1.54 |
| 6 | 23 | 18 | 6 |
| 0.7913 | 0.7950 | 0.8845 | 0.8074 |
| 0.56 | 0.46 | 0.44 | 0.57 |
Rt | ==mmmmm e | ====mmmm= [ === |
| 74| 75| 76| 771
| | 3.10 | | 1
| 4 | 8 | 3 4 |
| | 0.6153 | | |
| 0.60 | | |
| ! |



FOLLOWING LAYER IS NUMBER 4 OF 4; MODEL= FLATMOD-05

LEGEND :

BLOCK NUMBER

VELOCITY PERTURBATION

NUMBER OF HITS (RAYS)

DIAGONAL OF THE RESOLUTION MATRIX
STANDARD ERRORS

LAYER IS TWO-DIMENSIONAL.

\ 1/
| -UP=N30W-|-~--————- - | === == j—mm—— j=——————— |- [==—=
| 78| 791 80} 811
| -0.81 | -1.78 | -0.88 | 2.80 |
I 6 | 8 | 13 6 |
| 0.6951 | 0.7168 | 0.8182 | 0.6908 |
| 0.68 | 0.66 | 0.52 | 0.64 |
| === e |-=—mm - R :
| 82| 831 84| 851
! -3.06 | -0.93 | 1.88 | 2.57 |
[ 18 | 16 | 9 | 8 |
| 0.8001 | 0.8265 | 0.7602 | 0.7910 |
I 0.55 | 0.48 | 0.57 | 0.55 |
| —mmmm o R R | =memmm e l
| 86| 87 88| 89
| 1.88 |  5.23 | =3.50 | |
| 12 | 16 | 6 | 4
| 0.7745 | 0.8525 | 0.7695 | |
| 0.60 |  0.46 |  0.61 | |
| = R et e |
| 90| 91| 921} 93}
| -1.86 | -0.85 | -1.40 | !
I 9 | 8 | 5 i 31
| 0.7159 | 0.6630 | 0.7937 | |
| | ! !

1 | :



USGS COMPUTER PROGRAM “THRLIST"; VERSION 2.001;
TECHNICAL CONTACT: JOHN R. EVANS.

THREED OUTPUT -- PRINTOUT OF BINARY FILE BY PROGRAM THRLIST
EXPERIMENT=** RESTE **, MODEL= FLATMOD-05, COMMENT= = BLOCK BOUNDARIES STRIKING N3

MODEL FILENAME=FLATMOD
THREED BINARY OUTPUT=BOUT

FOLLOWING LAYER IS NUMBER 1 OF 4; MODEL= FLATMOD-05

LEGEND:

BLOCK NUMBER

VELOCITY PERTURBATION

NUMBER OF HITS (RAYS)

DIAGONAL OF THE RESOLUTION MATRIX
STANDARD ERRORS

LAYER IS TWO-DIMENSIONAL.

N/
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FOLLOWING LAYER IS NUMBER 2 OF

LEGEND :
BLOCK NUMBER
VELOCITY PERTURBATION
NUMBER OF HITS (RAYS)

4; MODEL= FLATMOD-05

DIAGONAL OF THE RESOLUTION MATRIX

STANDARD ERRORS

LAYER IS TWO-DIMENSIONAL.

\ 1/

| ~UP=N60W~ | ~~— === [ |
! 371 381 39
! I l |
l 2 | 1| 2 |
| | | |
! l ! |
= -- | == |--mmomme |
I 42| 43| 44|
| i -0.71 | 2.72 |
| 3| 13 | 19 |
| | 0.5172 | 0.8336 |
! | 0.53 ]  0.48 |
R R R |
| 47 48| 49|
| -2.27 | -5.23 | 0.17 |
| 7 11 | 29 |
| 0.8157 | 0.8202 | 0.8365 |
| 0.56 |  0.52 |  0.44 |
e R R !
! 52| 531 54|
[ I -4.10 | -1.74 |
| 2 | 8 | 13 |
| | 0.7491 | 0.8261 |
| | 0.56 1  0.43 |
R R e |
! 57| 58 59
! | -1.06 | -1.37 |
| 1 7 5 |
| | 0.5226 | 0.5932 |
! | 0.60 |  0.58 |

| l l

!
40| 41|
0.71 | !
6 | 3
0.6414 | I
0.69 | !
————————— R
45) 46|
4.16 | 4.51 |
24 | 10 |
0.8023 | 0.8047 |
0.51 | 0.55 |
--------- |-=---mnm
501 511
0.56 | 4.19 |
33 | 10 |
0.8635 | 0.8382 |
0.40 | 0.49 |
————————— R ]
551 561
0.80 |  1.87 |
16 | 6 |
0.8130 | 0.7881 |
0.46 | 0.55 |
————————— e
601 611
! |
4 0 |

1

|

|



FOLLOWING LAYER IS NUMBER 3 OF 4; MODEL= FLATMOD-05

LEGEND:

BLOCK NUMBER

VELOCITY PERTURBATION

NUMBER OF HITS (RAYS)

DIAGONAL OF THE RESOLUTION MATRIX
STANDARD ERRORS

LAYER IS TWO-DIMENSIONAL.

0.70 |

\ 1/
| -UP=N60W- | --—----—- R | —mm oo e B B R el EEC
! 62| 631 64| 651
| -0.42] -0.68 |  0.27 |  0.54 |
| 9 | 9 11 12 )
| 0.7270 | 0.7784 | 0.8112 | 0.8381
| 0.57 |  0.58 ]  0.50 |  0.50 |
R | =mmmmm e | ~mm e |==mmmm - |
| 66| 671 68 | 691
|  -0.90 |  0.58 | -0.99 | -0.89
| 74 27 | 15 | 17 |
| 0.7760 | 0.8369 | 0.8280 | 0.8467 |
| 0.59 |  0.44 |  0.46 |  0.47 |
| ==mmmm o | ==mmmmm- | === mmm e | =mmm e 1
| 70| 711 72} 731
| 1.47 | -4.46 |  0.45 |  2.76
I 10 | 21 | 16 | 14 |
| 0.7023 | 0.8267 | 0.7931 | 0.7374 |
| 0.64 |  0.46 |  0.48 |  0.55 |
| -=——m - R |- | === m s l
[ 74| 751 761 771
| -0.64 | -3.17 | -3.21 | -6.56
I 6 | 7| 9 | 6 |
| 0.7494 | 0.7303 | 0.7185 | 0.6547 |
| ! .65 | ;

| | |



FOLLOWING LAYER IS NUMBER 4 OF 4; MODEL= FLATMOD-05

LEGEND:
BLOCK NUMBER
VELOCITY PERTURBATION
NUMBER OF HITS (RAYS)
DIAGONAL OF THE RESOLUTION MATRIX
STANDARD ERRORS

LAYER IS TWO-DIMENSIONAL.

\ 1/
| -UP=N60W-| --------- R |=mmmmmmmm R |=mmmmmmm e e R ]
f 78| 79| 80| 811
| -0.15 | -5.14 | -1.19 |  -1.00 |
: 10 | 12 | 7 14 |
| 0.8168 | 0.8378 | 0.5087 | 0.8462 |
| 0.54 1  0.51 1  0.72 1  0.50 |
R R R e :
| 82| 831 84| 85|
| 1.29 1  2.12 1  5.16 | =1.90 |
l 14 | 23 | 8 | 17 |
| 0.8596 | 0.8453 | 0.5735 | 0.8111
| 0.47 1  0.50 |  0.66 |  0.52 |
R R R R |
! 861 87 88| 89|
| 2.73 1 -0.32 | -0.54 |  4.02 |
! 10 | 9 | 9 | 5 |
| 0.8432 | 0.6972 | 0.8131 | 0.7175 |
| 0.48 |  0.58 1  0.53 |  0.63 |
e == O |-—mmm - |
| 90| 91| 921 93|
| l | -0.50 | 1
| 2 | 3 71 2 |
| | | 0.7520 | |
! z ! !

| | |




