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ABSTRACT

The stresses and deformation in an accretionary prism, and the crystalline
basement behind and beneath it,lhave been modelled using finite element
analysis, assuming a visco-elastic Maxwell rheology for the rocks involved.

A new method for finding the effect of lateral variations in density
and body forces on the deformation in such models has been developed, so
that the balance between weight and basal shear in the accretionary prism,
and the associated displacement and stress distr%butions,cou]d be modelled.

Analysis shows that there is an equilibrium basal stress that supports
the weight of the accreted sediments. Above this étress the accretionary
prism is built higher, and below it subsides and spreads up the basal slope.
The average value for this stress was found to be 12 MPa for the Middle America
subduction zone and 5 MPa for the central Aleutians.

Models of these two subduction zones show important differences in
surface displacement and stress distribution, due to the slope and extent
of the overriding basement rocks. In the island arc model, it was concluded
that the igneous crust extended beneath the Aleutian terrace to the edge of
the inner trench slope, while in the case of the Middle America subduction
zone the continental basement is cut back at depth and parts of it are
underlain by accreted sediments.

Displacement boundary conditions were applied to the basal thrust to
investigate the effects of coupling and decoupling on it, and in this way
the repeat time for'eafthquakes, at a depth of c. 15_km in the Middle
America subduction:éone, was predictéd to be ¢. 250 yr, or less.

Finally, the results for a simple accretionafy wedge, applied to the
mechanics of a thrust sheet, show that ﬁhe basal gradient is an importanp
controlling factor, and thaf gravitational forces alone cannot cause thrust
motion up a basal slope, unless the thrust wedge is éupported (at the end

Tower down the basal slope) by stresses which are Tithostatic or greater.
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But thou shalt flourish in immortal youth,
Unhurt amidst the wars of elements,

The wrecks of matter, and the crush of worlds.

Joseph Addison, Cato, V, i, 28.
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CHAPTER 1

FEATURES OF SUBDUCTION ZONES AND THEIR PHYSICAL SIGNIFICANCE

Evidence for Subduction

One of the most important implications of the now widely accepted

theory of plate tectonics, is that oceanic 1ithosphere is subducted

into the mantle along deep sea trenches. Over the past decade, a considerable

number of observations have been made which support this hvnothesis, the

evidence falling into four main categories; earthquake seismology, seismic
. | . . . . .

reflection and refraction profiles, and direct sampling of the material

in, and near trenches.

1.1.1 Earthquake seismology

Perhans the most convincing argument supporting subduction is the
asymmetry of the earthquake zones associated with island arcs and
continental margins.

A large proportion of intermediate and deep earthquakes (i.e. all
those bé]ow abouf 50 km dépth) are associated with deep sea trenches, and
have hypocentres which define regions, known as Benioff zones, dipping
at angles between 30° and 60° approximately, beneath volcanic chains,
which may be on continental crust (e.g. the Andes), or which may form
island arcs (e.g. the Aleutian Islands) if the crust above the Benioff
zone 1S oceanic. fsacks and Moinar (1971) analysed 204 sets of hypocentre
and focal mechanism data, and presented profiles of all the major Benioff
zones. From this analysis, they showed that in nearly all cases one of
the principal stresses associated with the earthquake was aligned parallel

to the dip of the Benioff zone, and since the stress down-dip may be




either tensional or compressional, they deduced that the earthquakes
usually take place within a sinking slab of lithosphere, rather than on
a single thrust plane at its upper surface. More recently, however,
detailed analyses have been made of the seismic zone beneath Northeastern
* Honshu, Janan (Hasegawa et al., 1978: Yoshii, 1979; Hasegawa et al.,
1979), which show that in this case, the seismicity lies on two parallel
planes, associated with the upper surface and the interior of the
subducted plate, respectively.

4-Seismic zones have also been shown (Oliver and Isacks, 1967;
Bérazangi'et al., 1972; Hasegawa et al., 1979) to coincide with regions
- of High Q (quality factor) which act as waveguides for high frequency
-shéar waves, and which are continuous with the oceanic lithosphere that
is seaward of the trench.

These observations imply that the oceanic lithosphere sinks, or

is pushed, through a bend of up to about 60°, into the mantle where it

is assimilated.

1.1.2 Seismic reflection profiles

Although seismic reflection profiles are often made obscure by
the acouétital]y opaque region resulting from intense deformation in
the inner (landward) wall of the trench, they show that this deformation
is dQe to thrusting. In addition, in many profiles (Hilde et al., 1969; von
Huene, 1972; Beck and Lehner, 1974; Seely et al., 1974) the oceanic
basement, layer 2; can be traced, dipping at 5° or 10°, beneath the trench
sediments, which lie horizontally and are undeformed except close to the
inner trench wall. Occasionally the subducted crust can be traced beneath
the deformed region for as much as 30 to 40 km from the trench, and an

example of this is shown, from the Lésser Antilles complex, in Fig. 1.1
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(unpublished data collected by Durham University Department of
Geological Sciences on Cruise 109 of the RRS Discovery, 10 March -19 April,
1980; see aiso'Beck and Lehner, 1974). Note that in this profile,
subducted oceanic. sediments can aliso be seen overlying the (layer 2)
. basement.

When results from reflection work and gravity profiles are combined

(e.g. Grow, 1973a), the resulting models are consistent with subduction.

1.1.3 Seismic refraction profiles

Seismic fefraction profiles across trenches (e.g. Hussong et al.,
1976; Meyer et al., 1976; Curray et al., 1977; Boynton et al., 1979)
show that the Mohorovitic discontinuity, at the base of the oceanic
crust, dips.down under the trench, while the Moho on the landward side
can be followed at roughly the same level (though depressed a certain
amount by crustal thickening) right up to the edge of the trench.

The oceanic crustal rocks (layers 2 and 3) are brought into contact
with the mantle, at a depth of c. 20 km in the Sunda arc (Curray et al.,
1977), and at a depth of c. 50 km under the East of the Bolivar Basin,
Western Colombia (Meyer et al., 1976). The latter depth is the larger
because the overriding plate in this case carries continental crust,

“rather than oceanic as in the Sunda arc.

1.1.4 Rock sampling

Cores taken as part of the Deep Sea Drilling Project (hereinafter
referred to as D.S.D.P.), in particular on Leg 66 across the accretionary
complex landward of the Middle America trench (Moore et al., 1979a, 1979b;
Moore and Watkins, 1979), together with the associated reflection profiles,

show that sediments are carried by the oceanic plate into the trench, where
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some are sheared off, together with sediments deposited in the
trench, agaﬁnst the inner trench wall. The igneous oceanic basement
(layers 2 and 3) and any remaining sedimentary cover continue beneath

the accreted sediment wedge and finally into the mantle.

General Description of a Subduction:Zone

The term "subduction zone" is taken broadly, to include all the
features resulting from subduction of oceanic lithosphere, from the
vo]canfc arc to the outer rise in front of the trench.

Although at first sight the features seen in subduction zones seem
to vary éonsiderab]y, by comparing bathymetric profiles across a great
number of trenches and seismic profiles where avaﬁ]ab]e, Karig and
Sharmén (19755 Karig, 1974; see also Dickinson and Seely, 1979) have
developed a general subduction zone cross-section, which is the basis
for the terminology used here (Fig. 1.2).

Thé oceanic jithosphere is bowed upward as an elastic response to
the bend imposed Ey subduction (see, e.g., Watts and Talwani, 1974;
Caldwell et al., §976) forming an "outer rise" of about 0.3 to 0.5 km in

height, at about 50 km in front of the trench: The trench itself is

‘typically 5 or 6 km deep and contains a wedge of sediments, usually

turbidites derived from the island arc or continent, which varies in
thickness from near1y zero in the Tonga-Kermadec trench to over 1 km in
the Middle America trench.

Behind the trench is a region called the “"accretionary prism",

composed of tectonized sediments that have been scraped onto the overriding

plate, and of an overlying, relatively undeformed sedimentary cover.
The igneous crust of the island arc, or continental plate, abuts onto

the accretionary prism, perhaps underlying part or all of it, and the



depth (km)

accretionary trench - outer

velcanic |
arc prism sediments ~ rise
< > —>e>< _ >
upper slope  tower slope

V.E.=5:1

oteanic crust
laysr

-300

=200

Fig.

1

L2

-100 0 +100
distance (km)
A generalized cross-section of a subduction zone. See

text for discussion and explanation of terms (after
Karig, 1974).

(W) ugtap



1

.3

join between igneous and sedimentary crust, near the surface, is called
the "upper slope discontinuity" (or "u.s.d." in Fig. 1.2), but its
nature is not clearly understood (see Section 1.4.2).

The accretionary prism is divided into two parts, the upper and
lower inner trench slopes, by a change in gradient (which can take
several forms; see Section 1.3) known as the "trench slope break" (or
"t.s.b." of Fig. 1.2; Dickinson, 1973). The lower slope consists of
deformed sediments which have been lifted up by sometimes .as much as 5 km,
and often has ridges along it parallel to the trench which may be the
surface expression of imbricate thrusts (Dickinson and Seely, 1979). The
upper slope on the other hand is not rising as quickly as the trench
slope break, and is partially, or comb]ete]y, filled with scarcely-
deformed sediments derived from the island arc, and from the trench
slope break where the latter is above sea level.

A11 the above features can be traced for great distances, typically
several hundred kilometres, along the strike of the arc-trench system,
which is ample justification for considering two-dimensional models of

subduction zones.

The Lower Slope and Trench Slope Break

Seismic reflection profiles over the lower slope (Beck and Lehner,
1974; Seely et al., 1974) show sets of landward dipping reflectors
within the generally opaque acoustic basement, some of which are
pérticu]ar]y strong and are interpreted as listricithrust faults. Seismic
refraction (Curray et al., 1977) and gravity data (Grow, 1973a) indicate
that the lower slope is underlain by material with a Tow seismic velocity
compared to oceanic layer 2, and a density of 2200 to 2400 kg m-3, which

lies on the oceanic crust being subducted.



The interpretation of this data as a prism of deformed sediments
accreted by being scraped off the underlying oceanic crust, is supported
by the results from some of the Deep Sea Drilling Project holes (Kulm et
al., 1973; Creager et al., 1973; Ingle et al., 1975; Hussong et al., 1978;
Moore et al., 1979; von Heune, Auboin et al., 1980). Of these, one of
the more recent legs, number 66 (co-chiefs Moore and. Watkins) is particularly
useful, as seven holes were drilled between a site just forward of the
trench and one near the edge of the continental crust, as shown in
Fig. 1.3 (combined with structures shown on seismic lines MX-16 and
OM-7N made by the University of Texas Marine Science Institute (UTMSI)).

The éediments in the trench are flat-lying and undeformed until
close tolthe toe of the trench slope where the reflection profile shows
folding and the start of the landward dipping reflectors (see also Hilde
et al., 1969; von Heune, 1972). The degree of deformation increases rapidly
to a maximum at the toe of the slope where thrust slices (Ingle et a].; 1975;
Mooré, J.C., and Karig, 1976) are formed and sheared off the sinking plate. -
A good example of this is shown in Fig. 1.4, at the toe of the Middle
America accretionary complex (Shiplev et al., 1980).

Further up the slope the uppermost rocks, below the apron of muds,
are less deformed, while the angle of the landward dipping reflectors
increases. The cores from‘D.S.D.P. sites 488, 491 and 492 show an
important characteristic, in that significant deformation begins in
older sediments (but at shallower depths below the present sea bed) from
one site to the ne%t up-slope. Interbédded sand- and mudstone sequences
were encountered in all three holes, which Moore et al. (1979) interpret
" as being trench turbidites.
Using the above information and the fossils found in each core it

- is possible to find the rate of uplift at each site and to assign a rate
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of deforhatibn to each. At the toe of the accretionary prism uplift
occurs at about 500 m Myr~!, and is reduced to about 100 m Myr-! by the
time the sediments have been raised 2 km above the trench floor. The
rate of deformation at site 492 is about 0.1, and at 491 about 0.2, of
the rate at the toe, site 488 (Moore et al 1979b).

The overall result of D.S.D.P. Leg 66 was to show that trench
sediments and pelagic sediments from the incoming oceanic plate are
scraped dff at the toe of the inner trench slope and accreted to the base
of the prism, involving slope sediments in the deformation as they are
forced upward by further accretion beneath them. There are no major
‘stratigraphic inversions observed in any one hole (even fhough site 488
was positioned over a suspected thrust plane) and the landward-dipping
reflectors may well be the bedding surfaces between sand- and mudstone units,
so that a significant part of the shear motion must be taken up on small
shear surfaces throughout the accretionary prism rather than on major
thrust faults.

However, Moore, G.F. and Karig (1976) present convincing evidence,
on the basis of the deformation of basins on the inner slope, that there
are major thrusts in a large number of cases. The slope basins are

_ponded behind ridges of acoustically opaque material (the deformed
sedimentary basement), and their deformation sUggestS that the slope
sediments are included in the accretionary prism by shearing along
thrust planes.

| It is not nec%sséri]y the case that all the sediments being
carried into the subduction zone are accreted at the toe of the prism.
Fig. 1.1, from the Lesser Antilles, shows oceanic sediments subducted
about 30 km under the accretionary wedge. Watkins et al. (in press),

on the basis of the D.S.D.P. Leg 66 results, postulate that, of the



total influx into the Middle America trench (90% from the trench sediments,
10% carried in on the oceanic plate), only 25% of the sediments are
accreted on the inner trench slope. They conclude that 50% are subducted
into the mantle, and that the remaining 25% are sheared off the subducted
plate at greater depth and "underplated” beneath the accretionary prism.

If there is very little sediment to be scraped off the oceanic plate,
then some basaltic oceanic crust may be accreted. Fig. 1.5 is a crosé—
section of the Mariana Trough,»showing the sites where holes were drilled
on D.S.D.P. Leg 60 (Hussdng et al., 1978). The results of drilling at
sites 460 and 461 &ere consistent with the accretion of oceanic crust, in
that igneous and metamorphic rocks of the kind commonly found in ophiolites
were recovered, but it is possible that these weré fragmenfs of the
oceanic basement beneath the island arc. However, basaltic- and ultramafic
rocks are recovered by dredging on such slopes (Petelin, 1964; Fischer
and Engel, 1969) which support the accretion mechanism.

The trench slope break is taken to be the point at which the sediments
have been‘pushed up to their maximuﬁ height by the accretionary process
and at which the deformation, due to that unlift, ceases. As sﬁch, the
trench slope break takes four distinct fofms'(Fig. 1.6; Karig and Sharman,
1975; Karig, 1974).

(a) The first type of trench inner slope, taken to be the youngest,
shows no significant distinction between the ubper and lower s]dpé. In
these trenches (e.g. New Hebrides, Solomons and New Britain) igneous
oceanic crust may be accreted on the very steep inner slope (Petelin, 1964),
and subduction has not been active long enough to develop an accretionary
prfsm.

(b) The second type displays a distinct break of slope on the trench

inner wall and a very small, if any, upper slope basin (e.g. Mariana,



Fig. 1.5: A generalized cross-section of the Mariana Islands subduction
zone at Lat. 18°N, showing drill-sites from D.S.D.P. Leg 60
(Hussong, Uyeda et al., 1978).
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Tonga, Ryuku)d. At this type of trench, there is only a small thickness
of peiagic sediments on the incoming plate and little or no terrigenous
supply to the trench, and again drédging (Fischer and Engel, 1969) recovers.
basaltic rocks. |

(c) In the third type there is a thick layer of sediment on the
plate and in the trench. However this is not derived from the frontal or
volcanic arc, but from a more distant source, the trench wedge beind
brought in by turbidity currents. Trenches of this type (Luzon, Shikoku,

Central Aleutians, Sumatra) show the trench slope break as a well

| developed ridge, since it is raised up by the thickness of the accretionary

.4

prism, but there are no terrigenous sediment sources to fill the °
depression in the upper slope behind it.
(d) The final type corresponds to those trenches where the

terrigenous'sediment influx is large so that the upper slope is completely

filled with sediments and forms a bench or terrace. If enough of these

sediments are deposited in the trench, then the lower slope in front of
the teﬁrace is formed of accreted sediménts regardless of the thickness
of the pelagic sediment feed, (e.g. Eastern Aleutians), but if this is

not the case, and if the pelagic sediments are thin, then although the
terrace sediments are well developed, oceanic crust may still be accreted

at the toe of the inner slope (e.g. Japan).

The Upper Slope

The upper slope, wherg it is developed, forms a basin of flat-lying
and undeformed sediments which lap onto the ridge {n front of it
(generally the trench slope break) and onto the continent or island arc
behind it. It is a feature which shows up well on reflection profiles

(e.g. von Heune et al., 1971, Seely et al., 1974, karig, 1977; Karig et al., .
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1980) and in refraction work, where a common estimate of the depth of
the sediments is 2 or 3 km (Curray et al., 1977). The widths of upper
slope basins vary considerably, from less than 10 kh in the East Luzon
trench (Karig and Sharman, 1975) to about 100 km in the Tobago trough
(Westbrook, 1975).

Although the whole upper slope region is thought to undergo
absolute subsidence, at least after it has reached a certain size
(Karig, 1977), it is convenient to consider the motion relative to the

leading edge, and relative to the trailing edge, separately.

1.4.1 The leading edge

‘The ridge in front of the upper slope basin is a rising unit of
tectonized sediments. The relative movement is demonstrated by the
folding of the éediments over basement arches and drape structures on
the rearward flank of the ridge. Reflection profiles for D.S.D.P. sites
186 and 187 (Grow, 1973b) show this draping, but the best evidence is
where the ridge is above water level, for example the Mentawai Islands
in the Sunda Arc, and Barbados in the Caribbean.

Karig (1977) gives a cross-section to the landward side of Nias
Island, based on broprietary reflection profiles and an exploration well.
He shows that the upper slope sediments are draped over a region of
flexures on the East side of the island, and interprets these structures
as the result of thrust slices that have been rotated just past the
french slope break\and which are now subsiding with perhaps normal
movement on old thrust faults. The sediments are barely deformed, maintaining
continuity of bedding planes, and there is no evidence for any thrust
faulting along this edge of the basin.

Westbrook (1975) shows, using reflection profiles across the Tobago
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Trough, that the basin sediments are folded over basement arches just
behind the Barbados ridge. These are interpreted as the surface expression
of seaward-dipping thrust faults, formed during the uplift of the
Barquoslridgé as a secondary feature directly above the point of
subduction of oceanic crust beneath crystalline basement, and over 100 km
from the present trench slope break. Similar basement arches are seen in
the Aleutians (Grow, 1973b), and may be the result of the seaward d%pping
thrust féu]ts discussed by Seely (1977). This interpretation is in
conflict with that of Karig and Sharman (1975) who regard both Nias and

Barbados as regions of the trench slope break (see-section 1.5.2, below).

1.4.2 The trailing edge and basement

The fact that the upper slope basin is subsiding relative to
the volcanic arc, or continental crust (Karig et al., 1980), together
with the angle of contact between them which is often steep, at least
near the surface (von Heune et al., 1971; Hussdng et al., 1976; Curray et
al., 1977; Moore et al., 1979), suggests that_there must be some decoupling
between the accreted sediments and the igneous crust. This corresponds
to the upper slope discontinuity defined in Section 1.2 (following Karig,
1974), but its behaviour at depth is poorly determined (see below, in this
section).

As the width of the upperlslobe basin increases, so the deepest
sedimentary layers within it tilt further (Grow, 1973b), but in such a
manner that the axis of the basin remains near to the volcanic arc
(von Heune et al., 1971; Seely et al., 1974; Karig, 1974), indicating
that the subsidence is greatest close to the discontinufty.'This implies
that a large part of the relative motion between volcanic arc and basin

is localized near the upper slope discontinuity rather than being evenly
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distributed over the whole upper slope.

It is most likely, then, that faulting occurs at the leading
edge of the continental or arc crust. This is certainly the case in the
Eastern Aleutians, where there is a distinct system of steeply-dipping
faults (von Heune et a].; 1971), however the nature of these faults,
"whether'norma1 or high-angle réyerse is unclear. Karig (1977) interprets
© the work of Murdock (1969a and b) on earthquake focal mechanisms in this
region'as‘being evidence that the upper slope discontinuity is a reverse
fault dipping at Qbout 50° landward, but the fault shown by Murdock does
not seem io be ceftain above a depth of 15 km, and the hfgh angle thrust
earthquakés may b% part of the Benioff zone, if the latter has a shallow
dip to stért with;and then bends steeply below the upper slope (Model B
of Grow, 1973a; sée Fig. 1.8).

Hussong et af. (1976) have interpreted reflection and refraction
profiles across tHe Péru-Chi]e trench (at about latitude 10°S) as showing
normal faulting i? an analogous position at the edge of the upper slope,
although in this case there is a very poorly-developed Basin. From the
velocity strqcturé they suggest that continental material is being
sheared off at 1té contact with the subducting plate, as do Curray et al.
(1977) in the case of the Sunda and Banda arcs, and that these thrust
planes dip progre§sive1ylnore steeply landward at shallower depths until
they turn over ané become normal faults close to the surface.

If this occurs then the two types of fault may simply represent
different degrees of rotation of the basal thrust and could both be due
to the same possible mechanism (see Fig. 1.7).

The disruption of the crysta]Tine basement beneath the upper slope
makes it difficult to find how far it exténds towards the trench. Magnetic

profiles (e.g. Grow, 1973a; Karig et al., 1978) can trace it as far as



a)

b)

+ +

.
:\R::f High-angle thryst

Thrust

Fig. 1.7: A mechéhism which leads to either
a) normal faulting (after Hussong et al., 1976), or

b) high-angle thrust faulting (after Curray et al., 1977),
at the upper slope discontinuity.



13

the edge of the upper slope basin, which was confirmed by D.S.D.P. Leg 66
(Moore et al., 1979a), and a little beyond, but further than that the
anomalies cannot be identified until the oceanic magnetic anomalies due
to the sinking plate are seen.

Refraction profiles show oceanic-like crust beneath the upper slope
basin in the Eastern Aleutian, Java and Lesser Antilles subduction zones
(Shor and von Heune, 1972; Curray et al., 1977; Boynton et al., 1979),
and a similar result is indicated in the Central Aleutians (Grow, 1973a).
However ihere is a certain amount of ambiguity because the velocities in
the supposed oceanic crust are reduced near the trench, and Karig (1977)
suggests that the observed structure may be due to increasing the seismic
velocity of accreted sediments by compactioh and dewatering, rather than
to underlying igneous crust. This ambiguity is illustrated in Fig. 1.8,
showing two possiQ]e interpretations, made by Grow (1973a), of.the
geophysical data across the Central Aleutians. If the basement is indeed
oceanic crust, thén it is faulted and. thickened by thrusting, and reaches
a maximum thickneés near the point of subduction, where it comes into
conta;t with subducted oceanic basement.

An'additionai mechanism, which would help the development of
uppér slope basiné is due.tolthe sediments within them. Once the basin
has been formed, fhe extra thickness and degree of compaction of the
sediments in the deeper part of the basin will create a greater load there,
so that the weight'of sediments will cause a‘differential load on the
upper slope, accentuating its original slope and increasing the rate of

. subsidence further, while keeping the axis of the basin nearly fixed.



USCP SITES

SOUTH e NCRTH
' 4 7 7 7 g f a [ri AN TERRACE ¢ T ) M ' 7/
. n LEUTIAN ATXKA BASIN e N
00-20Sm paiag.ca UNEAR  grpg00 a307 U005t 4370 : T A,
ind layer moet o /,///,/7/,/,/, 7 ¢/§ o
I
7 /// Iy,
ALEUTIAN ARC CARUST
TENSIONAL
b FAULTS el z
<
v
-
F]
PACIFIC PLATE °
. KORTH AMERICAN 2
2 4-5 cm/yr % PLATE 3o =
b CENTRAL ALEUTIAN YTRENCH: INTERPRETEC SECTION - MODEL A 440
no vertical exaggeration
1 L 1 1 A 1 1 L A A i N 50
-40 =30 20 =10 ° 3 20 30 40 50 €0 70 0 90 100 o 120 139
- : XILOME TERS
0S0D> SITES
SOUTH 87 168
= T T . Y T cace ¥ LI 1T T T T
{09709 pLLaTCS LNEAR  DREDGE R ! ! ALEUTIAN TERAACE (ATKA RASIN
2A0 LATER o Muee A380 e =, s rcisi-mC sto
7 TRENCH X, et e X S _sto_
M i~ N m = P
7/ = — TN V\g')g\,._\ — ,\,QQ\_‘_} PN P,

7 Z ”"0 ’/ > f ; Q\\\\\""{J\'\/j\;\/ o~ /,/ ; ot
- . Z 4203/’49§4597 T Tz
_ D ropen T PR Aﬁ%%%%%%gz%

’ DEFORMED SEOIMENTS /@
I - p:c-lzliMIDyL'A'E .! I

L CENTRAL ALEUYIAN TRENCH: INTERPRETED SECTION - MODEL ©

WILOMETERS

no vertice! exoggeration

1 A L : i i Il 1 L 1 — 0
-40 -3 -20 -10 ° o 20 30 40 30 €0 10 80 90 w00 no 120 130

KILOMETERS

Fig. 1.8: Two cross-sections of the Central Aleutian Islands accretionary
complex, both consistent with geophysical observations (Grow, 1973a).



14

1.5 Evolution of Subduction Zones

1.5.1 A frame of reference

In order to discuss the development of a subduction zone, and in
particUlar the arc-trench gap, it is necessary to choose a fixed frame
of reference. Ideally this frame of reference should be in the origjnal
continental (or oceanic) crust of the overriding plate and should remain
relatively undisturbed during the whole period of subduction. This ideal,
however, due to volcanic activity and other forms of tectonic deformation
as well as the sediment covering, is impossible to attain or identify.

The upper slope discontinuity seems a likely candidate for the
fixed point, espeﬁia]]y since it initially represents the edge of the
uoper continental slope in many cases (e.g. Middle America trench).
However, the nature and even the position of the upper slope di;continuity
is still not at all clear, as described earlier (Section 1.4.2), and if
tectonic erosion of the leading edge of the continental (or island arc)

~crust occurs (as shown in Fig. 1.7) then it wii] migrate away from the
trench. In addition to this, there is evidence in the Eastern Aleutians
and Japan (Karig and Sharman, 1975; Matsuda and Uyeda, 1971) to suggest
that the upper slope may be sheared onto the overriding pfate as a
complete unit, so that the upper slope discontinuity jumps forward to a
position near the old trench slope break, and a new accretionary complex
is built onto the‘front of perhaps a series of older ones.

The volcanic arc, although not such a fundamentally important region
to the structure of a subduction zone, is a lot easier to define and is
subject to less movement over longer time periods than the upper slope
discontinuity (Karig and Sharman, 1975). Although there is evidence that

in 'some cases the volcanic arc can migrate either way, the rate at which



15

it does so is small compared with the size of the accretionary prism
(Dickinson (1973) quotes a value of 2 km Myr~1), and Karig et al. (1976)
show that to a first approximation the horizontal distance from the
volcanic arc to the bend, or position of maximum curvature, in the Benioff
zone is constant for nearly all arcs, irrespective of the trench-arc gap.
The volcanic arc is therefore taken as the fixed point of reference
when considering the development of the accretionary complex, but it
should be remembered that the whole subduction zone may move relative
to the mantle, due for example to back-arc spreading, or to the pull

that may be exerted (forwards) by the sinking slab.

1.5.2 Development; of an accretionary prism

The basic assumption made in describing the development of the
accretionary prismlis that the main differences in trench profiles,
other than those due to the available volume of sediment, are due to
the length of time each trench has been subducting continuously. Other
effects will be discussed in the next section.

When subduction begins, the inner slope does not have a break
(e.g. New Hebrides) and the oceanic plate bends sharply down beneath
the island arc, which is very close (less than 100 km) to the trench.
Sediments and perhaps oceanic crust are accreted to the toe of the inner
slope, and the trench slope break is developed.

The trench slope break then moves forwards as further material is
accreted, the rate depending on the rate of subduction and the supply
of sediments, and a basin is developed behind it on the upper slope,
containing a sediment thickness which varies from one arc to another
(see Section 1.3). This development is represented (in Fig. 1.6) by the

sequence E. Luzon, Shikoku, Aleutians, and also in some studies of ancient
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subduction zones, for example the lower Pa]eozoic accretionary prism
to the South-East of thé Southern Uplands fault (Leggett et al., 1979).
Estimates of the rate of sedimentation and the rate of accretion

in the Shikoku subduction zone (Moore, J.C. and Kar{g, 1976) are conSistent
and an accretion rate of.about 15 km? Myr~! per length of arc is derived.
Using this and data frém D.S.D.P. site 298 (Ingle et al., 1975) a strain
“rate of 3 to 5x10713 s71 is estimated for the fold cored at the toé of
"the inner slope, assuming a steady subduction rate of 12 to 20 mm yr™1,
While the lower ofjthese two estimates could be taken up by folding
alone, the higher @ou]d be Tikely to cause significant thrusting. It
is almost certain éhat both processes take place.

As the accretionary prism becomes wider the initial angle of the
oceanic plate becomes shallower, but the steep section of the Benioff
zone remains fixed| Karig et al. (1976) show this to be the elastic
.response of the plate to the increasing sedimentary load. The increase
in dip of the subducted slab occurs where it comes into contact with the
basement of the overriding plate.

In accretionary prisms where the toe of the prism has migrated
more than about 50| km from the point of subduction, it is sometimes possible

to see two ridges,|one at the top of the steepest part of the inner trench

slope, about 30 km| from the trench and another, higher one over the point

of subduction. Examples are Hawley Ridge in the Central Aleutians (Grow,
1973a), the Mentawai and Nicobar Islands in the Sumatra arc (Karig, 1977)
and the Barbados ripge in the Caribbean (Westbrook, 1975). Westbrook
suggests that the trench slope break represents the height to which the
accreted sediments may be thrust against their weight,land that another
higher ridge is formed by fufther compfession over the point of subduction,

corresponding to the Bouguer gravity minimum. Unless the accretionary
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prism has developed to a width of 50 km from toe to upper slope basin,
the second sedimentary ridge cannot be distinguished from the trench
slope break, so this is a feature of well-developed subduction zones

where there is a good supply of sediments to the trench.

1.5.3 Complicating factors

The comparatively simple model discussed so.far only takes intb
aécount straightforward subduction, in that it only describes continuous
convergence perpendicular to the trench. However, in many cases the
convergence has not always been either of these things.

vThe rate of subduction may change, or subduction may stop completely
and then start up|again. When a further subduction pulse begins, the
trench, upper slope discontinuity and volcanic arc may all move their
positioné e{ther together or separately (e.g. Matsuda and Uyeda, 1971),
and if a marginal|basin has been formed behind the volcanic arc, then the
“polarity" of subduction may reverse (Karig, 1974) and the back arc basin
may be subducted beneath the island arc, along a seaward dipping Benioff
zone. , *

The region jf again comp]icéted further if the direction of
subduction is not| perpendicular to the trench. The transverse éomponent
of Subduction is taken up either by shearing in a back arc basin, where

one exists, or on, the upper slope (Karig, 1974) and the margin may be

truncated by displacing parts of the accretionary prism at rates of
15 to 20 km Myr-1, This may have happened in California and along the

Middle America trench (Karig et al., 1978).
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1.6 Summary

An outline has been given of the observations made on subduction
zones and the mechanisms proposed to explain them. The aim of this thesis
is to form numerical models, based on current observational data, to
investigate the deformation of, and stresses within accretionary prisms,
and to find the dependence of this behaviour on their Tithology and
on boundary conditions, particularly the basal shear stresses exerted

by the subducted oceanic crust.
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CHAPTER 2

PHYSICAL PROPERTIES OF ROCKS USED IN LITHOSPHERIC MODELS

2.1 Elastic Properties

 The elastic properties of rocks may be found from one of three
broad categories of measurement. |

Firstly, values for seismic wave velocities may be found from
experiments on the crust and maht]e, from which it is possible to
derive the éiastic parameters necessary fo} modelling assuming some
density distribution. These lithospheric measuréments include both
large scale (e.g. earthqqaké seismology) experiments which give average
parameter Qa]ues for the crust and upper mantle,4and more detailed
(e.g. seismic refraction) éxpériments in particular areas.

The second category is that of laboratory experiments. These include
direct measurement of the elastic properties of samples.of rock types
tHought to be similar to those in the region of interest, and of samples
actually taken from that region, for example in Deep Sea Drilling Project
cores. | :

The final category includes the values derived from analytical
modelling of the lithosphere. The mode]é are, for the most part, models
of the flexure of the oceanic plate being subducted at a trench, based
on.béihymetric profiles across the trench and outer rise, and on the

angle of dip of the Benioff zone beneath the island arc.

'gg
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2.1.1 Experiments on the upper mantle

The broad velocity structure of the lithosphere may be found from
earthquake seismology. Bott (1971a) shows the radial P wave veiocity
distribution for the whole earth found by Jeffreys (1939) and Gutenberg
(1959) which are similar, except in the upper mantle where Gutenberg
shows a low velocity zone at a depth of about 100 km. More recent studies
(e.g. Toksoz et al., 1967; Julian and Anderson, 1968) have increased
the resolution of the P velocity distribution in the upper mantle, and
have confirmed the existence of a low velocity zone at depths of about
100 - 200 km.

A1l these studies give vélues for the P wave velocity, Qs in the
tdpmost mantle of

o T 7.9-8.1 km s-!
and in the Tow velocity zone of

O = 7.8 km s71.

An alternative method for finding A in the mantle immediately
below the Moho, is the measurement of Moho headwave velocities in
seismic refraction experiments. Bott (1971a, p.114) summarises these
results for several different tectonic regions, and shows that typical
values are |

o, = 8.0-8.2 km s™1.

However in an area of volcanic activity, sﬁch as an island arc, the
velocity may be as low as

an = 7.5 km s71,
as, in the case of Japan, shown by Yoshii and Asano (1972) and Yoshii
(1979). |

Shear wave velocities for the mantle cannot be found by seismic

refraction, but in addition to travel time studies of earthquake body

R ohy
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waves, the dispersion of surface (Love or Rayleigh) waves may be
used to find-S wave velocities, 8- These experiments give results
of

By = 4.4-4.7 km s™1
for the uppermost mantle, and

By = 4.1-4.4 km s'{
for the Tow velocity zone (see, for example, Bott, 1971a; Yu and
Mitchell, 1979). | |

The Tower values for the uppermost mantle (v4.4 km s~1) are
associated with tectonically active areas, or young oceanic lithosphere.
As the oceanic lithosphere becomes older (further from a spreading'
ridge),-gm increases from 4.4 km s™! to 4.6 km s™! (approximately)
over about 50 or 100 M yr (Yu and Mitchell, 1979).

One further parameter is needed béfbre the Young's modulus, Em’
and Poisson's ratio, Vi of the upper mantle can be calculated, namely
the density, o This may be found, either by assuming a mantle
composition and extrapolating the density from that measured to that
at the required depth, or by using the Nafe-Drake . curve relating the
density of a rock to its P wave velocity (Bott, 1971a, p.66). In either
case the denéityvof the upper mantle may be taken to be

o = 3300 kg m~3,

In order to obfain the elastic parameters from theselvalues of

o, Bm’ m the following relations must be used:

m
. o 3 '
o = (A + ﬁ) 2.1a
P

o=
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(Malvern, 1969, p.550; Jaeger and Cook, 1976, p.351) where X and u

are Lamé's elastic constants, from which Em and vm may be derived,

using
v = _r 2.2a
2(x + )
E - u(Er + 2u) 2.2b
(A +u)

(Malvern, 1969, p.280; Jaeger and Cook, 1976, p.351).
Hence, for a fairly active region, with
= -1 = -1
an 7.9 km s and By 4.5 km s
Equations 2.1 and 2.2 give the following values of Poisson's ratio and

Young's modulus for the upper mantle

Vg = 0.26

E 170 GPa.

m

2.1.2 Experiments on the crust

Earthquake seismology methods give the broad velocity structure for
the crust, as for the mantle, again using surface wave dispersion for
S waves and earthquake arrival times for both P and S. However, seismic
refraction methods are hore effective in the crust, particularly for
Tocalized structures. A1l these methods are discussed by Bott (1971a),
and typically give values of

6.0-6.2 km s~!

%uc

6.5-7.0 km s-!

“1c
as the compressional velocities of the upper and lower crust respectively,
and

B. = 3.4-3.7 km s7!
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as the average crustal shear velocity.

Velocities in sediments vary considerably according to the degree
of compaction, giving compressional velocities of

Oaq = 1.6-3.5 km s 1.
However, there have been many refraction profiles made across trenches
(see Chapter 1, Section 1.1), and these all give similar distributions
of o« within the sediments comprising the accretionary prism, examples
of which are shown in Fig. 2.1 (Hussong et al., 1976; Kieckhefer et al.,
1980), so that compressional velocities may be assigned more accurately
- to sediments in the region of intereét.

Although it is mofe difficult to find shear velocities in seismic
refraction experiments, since the S arrivals are always later than P,

it is sometimes possible to find the ratio (a/8) and hence, through

Equations 2.1 and 2.2, Poisson's ratio

- (a/B8)2 - 2 . | ' 2.3
2((a/8)% - 1)

Boynton et al. (1979) have used this fact, and apparent S and P
wave velocities to estimate Poisson's ratios of

v = 0.260 + 0.008

+

and v = 0.267 + 0.007

14

for the igneous crust beneath the Lesser Antilles (average a = 6.2 km s71),
and the same layer together with underlying sedimenfs, respectively.

Nagumo et al. (1980) used an ocean bottom seismometer on the inner
wall of the Japan trench to record 1o;a1 earthquakes. P to S and S to P
conversions were detected at the boundary between the accreted sediments
and the subducted oceanic crust, a very strongly reflecting boundary whose

position was determined using reflection methods. The ratio (a/8) was
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calculated from the delay times befween P and PS and between SP and
S, and gave (using Equation 2.3)

v = 0.41.

This represents the average Poisson's ratio in the toe of the
accretionary prism, which had an average velocity

a =2.3 km s-1 |
according to the reflection data.

The average density of the crust is in the range

o = 2800 - 2900 kg m~3
(Bott, 1971a) according to'gravity measurements and extrapolation from
the measured densities of basement outcrops.

Local density variations, especially for sha]lower.rocks, may be
estimated to about 100 kg m=3 from the Nafe-Drake curve-of o against p
(see Section 2.1.3, below). For example, fn the case of the toe of the
Japan trench inner wall (with o = 2.3 km s-1), the density is

p = 2100 kg m~3,

Hence, taking as average velocities

- F - -1 - -1
a. 672 km s and Bc 3.5 km s

and using Equations 2.1 and 2.2, the average elastic parameters for the

cfust are
Ve = 0.27
EC-= 87 - 90 GPa.

Similarly, the average parameters for the toe of the accretionary
prism, in the instance of the Japan trench cited earlier, are

v = 0.41 .

m
H

4.9 GPa.
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2.1.3 Direct measurement

Birch (1966) and Gerrard (1977) give summaries of experiments to
measure the elastic parameters of rocks directly. These experiments
are mostly performed by applying stresses to the samples and measuring
the strains, though in some harder rocks (e.g. basalt or dunite) the
elastic parameters are calculated from longitudinal and transverse
wave velocities in the sample. Some average va]uesltaken from these

two papers are shown in Table 2.1.

Source Rock-type E/GPa v
Birch (1966) Andesite 40 ' 0.16
54 - 0.18
Gerrard (1977) Andesite 32 0.15
Birch | Phyllite 10-30
Gerrard Phyllite 70 0.26-0.5
Clay V] 0.27-0.45

Table 2.1: Elastic parameters for various rock-types.

Due to the effects of confining pressure, these figures wi11.be more
reliable for shallower, than for deeper, rocks and sediments. Note that
the parameters found for the inner wall of the Jgpan trench, in
Section'2.1.2, fall betwéen those given for phyllites and clays, which
might be ekpected as they represent average values for the low temper-
ature metamofphic rocks of the accret{onary prism and the overlying
apron of mud. |

A third compilation of experiments of this kind is represented
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by the Nafe-Drake curve. Ludwig et al. (1970) show two curves, for
P and S wave velocities eéch as a function of density, and a third,
derived from the first two, of Poisson's ratio against density (see
Fig. 2.2). A]though this set of data is most reliable for P velocities,
the parameters due to Boynton et al. (1979) and Nagumo et al. (1980)
cited in Section 2.1.2, and the average values for the crust are all
consistent with both the P and S velocity curves.

Analyses of various physical properties of cores from the Deen
Sea Drilling Project have been made, but the only one of these that
can be effectively used to determine elastic parameters for accretionary
wedges is density. For example, holes 186 and 187 of Leg 19, drilled
into the sedimentary complex on the inner wall of the Aleutian trench,
gave densities (Lee, 1973) of

o = 1700 - 1900 kg m~3,
increasing with depth. Taking the higher densfty (1900 kg m~3), and
assuming that the empirical results represented by the Nafe-Drake curves
(Fig. 2.2) are representative of rocks under the conditions in the
accretionary prism, S and P wave velocities may be read from the graph,
from which the elastic parameters are calculated to be

0.46

AY

E 1.6 GPa.

2.1.4 Parameters derived from analytical models

There have been several analyses of the flexure of the lithosphere
assuming it to be an elastic (or elastic-plastic) plate overlying a
viscous fluid (e.g. Walcott, 1970; Watts and Cochran, 1974; Karig et al.,
.]976; Turcotte et al., 1978). In these ca]cu]atioﬁs the important

parameter is the flexural rigidity,
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(Ludwig et al., 1970).
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where h is the thickness of the elastic lithosphere. Walcott (1970)
gives several values for D ranging from 5x 1022 Nm for the Basin and
Range Province, Western U.S.A., to 1025 Nm for'parts of the Canadian
shield.

_ Obviously D can only be used to find E or v (using Equation 2.4)
if one is already known together with the lithospheric thickness, but
it is an independent check on the elastic properties found otherwise.
For oceanic lithosphere Walcott gives

D =2x1023 Nm
which together with a Tithospheric thickness and Poisson's ratio

h = 30 km

v = 0.27
give a Young's modulus
E = 80 GPa,

consistent with Section 2.1.2.

2.1.5 Discussion
The chief difficulties in deriving elastic parameters for the

lithosphere are that it is impossible to re-create conditions in the

27
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laboratory to accurately match those in the crust and mantle themselves,

and that it is difficult to study the properties of rocks buried beneath

several kilometres of other rocks.
_ Parameters obtained from seismic wave velocities may be subject

to inaccuracy, because they represent the response to an oscillating

stress system, with frequency up to about 30 Hz, which additionally has

an amplitude negligible compared with the stresses in the lithosphere.
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On the other hand, although comparable stresses may be applied to
rock samples in the laboratory or in outcrops, it is hard to achieve
the conditions of temperature and confining pressure necessary to
simulate great depths.

A further inevitable problem in finding lithospheric properties
is the time-sca]e-involved, but this is discussed further in Section
2.2.

Despite all these difficulties, the results shown in Section 2.1
are consistent and give, at the least, guidelines as to the elastic

properties that should be used in lithospheric models.

Effective Viscosities

2.2.1 Lithospheric viscosity

Many experiments have been performed to find creep eguations,
especially on olivine and ultrabasic rocks to simulate the upper mantle,
and these are reviewed comprehensively by Weertman (1975) and Tullis

(1979). The steady-state strain rate is found to obey a power law

5 A exp(-Q/RT) (o/u)" | 2.5
where y is the shear modulus (equal to Lamé's constant in Ch. 3, Equation
3.14), n is a number between 1 and 10 (theoretically n = 3 for glide-
controlled dislocation creep (Weertman and Weertman, 1975)), Q is the
activation energy and A a constant both dependent on the material, R is
the universal gas constant and T is the absolute temperature.

However there are considerable differences between the parameter
values given by varidhs authors (see, for example, Weertman and Weertman,
1975, table 2), and in addition there may be inaccuracies ‘due to

extrapolation. The reasons for this are that, not only is it difficult
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to produce temperatures and pressures in the laboratory comparable

with those in the mantle, but it is impossible to conduct experiments
over lengths of time which are comparable with the ages of geological
structures. Therefore the steady-state creep observed in the laboratory
is assumed to persist over very much longer times, .and the constants

in Equation 2.5 are assumed to apply to much smaller rates of strain
than can be measured accurately. |

Although Equation 2.5 describes the behaviour of samples better
than the equations of a Maxwell substance (Ch. 3, Equation 3.36) with
a constant Newtqnian viscosity, it is found that in models of 1ithospheric
flexure the difference between these two types'of-mode11ing is not
significant to first order (Bischke, 1974; Melosh and Raefsky, 1980),
| and Cathles (1975) concludes that the viscosity of the upper mantle is
constant at 1021 N s m™ throughout.

The most important consequence of non-linear creep is that the
effective viscosity (neff = ¢g/¢) is lower for high stresses and higher
for Tow stresses, so that large deviatoric stresses relax faster than
in the linear equivalent to start with, but once they have relaxed to
a certain extent the deformation becomes slower. The time when the
strain rates for linear and non-linear creep become equal depends on
the constants in Equation 2.5 and on the value chosen for the effective
Newtonian viscosity.

In the light of these uncertainties, it was consfdered to be a
good approximation for the purposes of this theéis (where the emphasis
will be on crustal deformation) to consider only constant Newtonian
viscosities.

Models of lithospheric flexure often take the lithosphere to be

elastic (see references in Section 2.1.4, above), but this is not



30

considered to be realistic because of the extremely large resultant
deviatoric stresses, approaching 1.GPa (Melosh, 1978). Various
possibilities for lithospheric viscosity, Ny havé been suggested in
the range 1022 -1026 N's m™2. Some examples are:
n, 1025 N s m™2
(Melosh, 1978; Melosh and Raefsky, 1980),

n, > 1024 N's m™2 ~
for stable continental lithosphere (Artyushkov, 1973), and

n, * 1023 N s m™2 |
(Walcott, 1970; Bischke, 1974; de Bremaecker, 1977), which agrees with
Artyushkov's value for tectonically active Tithosphere.

| On the basis of these figures, average values for lithospheric

viscosities are taken to be

N = 1025 N s m 2
N = 1023 N s m™2

for the crust and uppermost mantle respectively.

2.2.2 Crustal viscosities

Very little work has been done on power-law creep for crusta1
materials. One example is given by Parrish et al. (1976) who give
equations of the form of 2.5 for wet and dry quartzite, but again the
results must be extrapolated from Taboratory strain-rafes, greater than
1077 s71, to typicé] geological rates of 10’195'1.

Bearing in mind the lack of such data for sediments and other
crustal rocks, and other approximations inherent in the modelling, it
woqu not be justifiable to use non-linear deformation in this study.

Parrish et al. consider that quartzite in the Earth's crust deforms

with a viscosity of about
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= 20 =2
nqzt 4 x10 Nsm2,

based on their power law creep equation, and they quote Heard and

Raleigh's result (1972) for the viscosity of marble under the same

conditions (a temperature of 500°C and a strain-rate of 10714 s71) as
Narb = 3x1020 N s m™2,

- Handin (1966) gives a table of effective viscosities for some
limestones and evaporites. The majority of these lie between 1012 and
1017 N s m™2, with a strong correlation between strain-rate and viscosity
(the higher the strain-rate, the lower the viscosity). There are only
two effective viscosities quoted for rates of strain less than 10710s71,
which are

Ngyp 2x1018 N s m2
for gypsum, and
Net > 2x1021 N s m2
- for limestone, at strain-rates of 10712 and 1071% s~1 respectively.

Stein and Wickham (1980), in their finite element model of fault
zones associated with folding, 1ist values of viscosity for sandstones,
Timestones and shales varying between 109 and 1021 N s m~2, The average
value they use, for homogéneous models, is

n=23.2x1020 N s m~2,

Finally, Cowan and Silling (1978), in choosing parameters on which
_to base scale models of an accretionary prism, took a value of

Need T 101" N s m2
for the viscosity of the whole sedimentary complex. However they do not
exp]aih their choiée, which is at least 4 orders of magnitude lower
than the va]ues'quoted above.

The viscosities for crustal material given in this section can be

used to give guidelines to the values which could be used in a visco-
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elastic model, but one of the aims of this thesis is to find the
importance of the viscosity, and variations in it, in an accretionary

prism, and closer bounds on its value (see Chapter 5).

Conditions for Faildre of Rocks

Whether a rock will fracture along a given plane or not depends
on the shear stress © in that plane and on the stress o normal to it.
| Stress is a tensor quantity, and so o and t relating to a plane

at an angle ¢ fo the minimum principal stress o3 (the greatest

compression), and perpendicular to the plane containing oy and o4, are

‘0 = 0p C0S%9 + 03 sin?g 2.6a

= -g) COSH Sing + g3C0S6 Sind 2.6b

~
|

(Price, 19663 Jaeger and Cook, 1976). Rearranging Equations 2.6

+ -
o =-{91 *o3) {0y - 93) (450

= 0n T T c0s28 , : . 2.7a

-t sin2e | | 2.7b
m

where ¢, and o3 are the maximum and minimum principal stress (usually
both being in the plane of a finite element model, with the intermediate
principal stress, o,, perpendicular to the cross-section), and o and

T are the mean stress and maximum shear stress respectively,
- (o1 + 03) : . : 2.8a

- (01 - v3) | 2.8
. 2‘: '
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From Equations 2.7 it can be ‘seen that t and o satisfy
fz(o-of+ -3 =0 2.9
which on a graph of 1 against o, represents a circle, centre (cm,O),
radius T This circle is known as a Mohr circle and a graph of this
kind (Fig. 2.3), usually drawn for positive t only, is called a Mohr
diagram.

The locus of all points (o,7) on a Mohr'diagram where failure occurs
in a particular material defines the fracture envelope for that material
(e.g. Fig. 2.5). If the Mohr circle for a stress distribution lies
entirely below the fracture envelope then no failure is predicted, while
if it touches then the sample is expected to fracture at an angle 8 to
the minimum principal stress given by

tan2e = __* 2.10

where (o,t1) is the point at which the fracture.enve1ope is tangent to
the circle (see Fig. 2.4, where the o-axis has been plotted conventionally
with compression to the right).

To determine how near to failure an element in a finite element
model is (Ch. 3), or by how much it has failed, it is necessary to
determine a degree of failure for the stress system within it. Consider
the stress system ;1, o3 shown in Fig. 2.4 for which combination of
9 ana - failure is not predicted. To cause failure, the stress system
must be altered in one of two ways (or a combination of the two); either
o must be reduced to om' keeping T, constant, or n must be increased
until the Mohr circle touches the fracture envelope. Thus the value of
T, hecessary for fai]ure, and indeed the type of failure (Sections 2.3.1

to 2.3.3), depends on S while the size of rm»determines whether the

material will actually fail, for a given O
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Fig. 2.3: A Mohr circle and its associated stress system (see text for
explanation).
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Fig. 2.4: The Mohr representation of a fracture envelope, with compression
plotted to the right (cf. Fig. 2.3, where compression is to the
left; see text for definition of symbols).
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Let the value of L. needed be r, the shortest distance from
(om,O) perpendicular to the envelope, then the degrée of failure, C,

is defined as

This definition is a convenient dimensioniess number, since it allows

a direct cohparison of degrees of failure between stress systems liable
to different types of failure. C is positive if failure is not predicted,
zero at failure, and becomes more negative the more the material is
stressed beyond ifs fracture 1imit. In other words, if failure is
predicted in several parts of a model, the region with the largest

negative value of C is the most likely to fail.

2.3.1 Open-crack failure

To calculate the conditions for fracturing when open cracks are
present, the (2-dimensional) simple Griffith theory is followed (as
in Jaeger and Cook, 1976). The basic assumption of this theory is that
failure occurs perpendicular to the surface of a crack when the tensile
stress in that surface exceeds a value characteristic of the material,
and that in this way cracks propagate, leading to failure of the whole
rock. |

By maximizing the crack surface tension, it is found that failure

will occur at an angle 8 to the greatest principal compression given by

cos28 = -‘m_ v _ 2.12a

20m

or 6 =0. 2.12b .
Condition 2.12a can oh]y apply if |20 | > | |, so that the open crack .

region is divided into two types.
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a) |20 | < |7,
Under this condition, 2.12b applies, i.e. failure occurs along
the direction of the minimum principal stress in response to the
maximum principal stress, o,. The condition for failure is then
o =0, =T 2.13
where T is the uniaxial tensile strength of the rock.
The fracture envelope for this region is reduced to the point A
at (7,0), (Fig. 2.5) and for any stress system with
T>o, 2T 2.14a

failure occurs at A. In this case

=T -
r O

C =<T - °1> 2.14b
) T - om _ ’ ‘

is the degree of failure according to Equation 2.11.

A further possibility must be mentioned here, namely

o > T 2.15a
‘For these stress systems tensional failure, with 6 = 0, occurs for all
values of T SO in this case the degree of failure must be redefined

and the expression

C - (T - om) o 2.15b
-

is used.
b) |20m| > |Tm|
Again following Jaeger and Cook (1976), failure occurs at

12 =2 = 4T . 2.16

This value of ™ is substituted into the Mohr circle Equation 2.9

whence the fracture envelope is found by setting
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and eliminating O The result is

12 = 472 - 4To 2.17
a parabola which cuts the g-axis at (T,0) and the r-axis at (0,2T)

(AB of Fig. 2.5).

However this analysis only holds while all the cracks are open.
Assuming that it holds until o is more compressional than a stress o;
(see Fig. 2.5 and Section 2.3.3 below), then the characteristics of
open crack compressional failure are

T>o >0, | 2.18a

and, using Equations 2.11 and 2.16,

C=1- _"m, | 2.18b
2

2.3.2 Closed-crack failure

I[f the normal compression across a crack is greater than a
certain value T then the crack will close and the simple Griffith
theory of section 2.3.1 will not hold. There is now a frictional shear

stress Te on the crack

where u is the coefficient of friction between the sides of the crack.

If this effect is included in a similar derivation to that used
to obtain the open-crack failure criteria (McClintock and Walsh, 1962;
-Jaeger and Cook, 1976), the result is

AT, + O = 8T 2.19

at failure. o and g are dimensionless constants given by
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1
_ (w2 )° 2.20a
g = 2(1 -0 /T)% o 2.20b

Again, a similar calculation to that in Section 2.3.1 gives the
fracture envelope

T = ppT - wo : 2.21
representing the region BC in Fig. 2.5.
If |oC|_« T

=27 - o , , 2.22
which is the Mohr-Coulomb fracture envelope (Price, 1966; Jaeger and
Cook, 1976) with a cohesive strength of 2T and the coefficient of
internal friction replaced by p, the sliding friction in the crack.

The size of Oc has been quoted as: -2T (Brace, 1964), -3T
(McClintock and Walsh, 1962), -4.19T (Murrell, 1965) and -10T (Digby
and Murrell, 1976). Murrell's value of

. =.-4.19T
is used in all the finite element models, together with his friétion
coefficient

u ='1.09
unless stated otherwise. These give

a = 1.36
-0.0198.

B

The derivation of Equation 2.19 requires that all the cracks should
be closed. Let this be the case where o is less (more compressive)

than oy (Fig. 2.5 and Section 2.3.3 below).
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This type of failure is thus described by
o < O 2.23a

and, from Equation 2.19

r = (8T - om)/a
C=.1- “ m ) 2.23b
(BT - o) :

m
The angle of fracture, 6, in the closed crack region is given by
the normal from (om,O) to the fracture envelone, that is by
tan2e = 1/u 2.24
and is independent of o because the envelope is a straight line for
9 in this region (cf. Equation 2.10 for open-crack failure and

Equation 2.28 for the intermediate region).

2.3.3 The intermediate region

The modified Griffith theory of fracture (McClintock and Walsh, 1962)
combines the open and closed crack theories described in the previous
two sections. The transitionbfrom one part of the fracture envelope
to the other occurs smoothly in reality, as the stress normal to the
cracks approaches Tcs but here the transition is approximated by a
change from the parabolic to the straight line portions at a single
point (oc,rc) (B in Fig. 2.5).

Two Mohr circles are defined in Fig. 2.5; one which is tangent to
the parabola AB at B (circle a), and one which is tangent to the line
BC at B (circle b). According to this approximation, failure occurs at
B, namely o = Ocs T = Teo for all values of o between o, and oy (the
centres of a and b respectively).

To find the value of Oy first substitute the value of n at
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open-crack failure (Equation 2.16) into the Mohr circle Equation 2.19,

giving
fz(o- om)Z + 12 + 4Tom = 0.
On the envelope
42 -0 ) r 4T =0
dom
so, setting o = Oc» O = Og0
o, = 0. - 2T 2.25
o, = -6.197

using the value of o from Section 2.3.2.

Similarly for T > substituting Equation 2.19 into 2.9

- 2
fz(o- Om)2 + 12 - (BT m =0
a
9 = 2o -0y + 2T “ o) o
dom a?
o = (u2 + 1) o, - n2gT 2.26
o = -9.147

using the definition of o (Equation 2.20a) and the values of u, 8 and
9. from Section 2.3.2.
The failure parameters for the intermediate region are thus

0y 2 Op > Op _ 2.27a

C=1- ;m , 2.27b
- 2°)2
((o, = o) +12))

rc,the shear stress corresponding to a normal stress 9o at failure,
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is given by either Equation 2.17 or 2.21 as

T, = 4.55T. |

The angle of failure, 6, in the intermediate region is given by
the line from (om,O) to «%,TC), that is by

tan2e = c , 2.28

2.3.4 Tensile strength

In Sections 2.3.2 and 2.3.3 the failure criteria have all been
calculated in terms of the uniaxial tensile strength, T, and it provides
the scale for the graph of t against ¢ (Fig. 2.5).

The value used here for T in 1a}ge-sca1e finite element models is

T = 50 MPa
which is the average value for igneous rocks given by Service and
Douglas (1973, based on work by Brace, 1961), and is a good average
value for the whole crust. |

However the tensile strength in the upper crust is somewhat lower.
Goldsmith et al. (1976) give various tensi]e strengths for Barre granite,
the average of which is

T = 12.6 MPa
while values common for metamorphic and sedimentary rocks (in the
upper crust) are even lower. Some of these are shown in Table 2.2
below.

Note that the strengths quoted from Handin (1966) were derived
from measurements of the cohesive strengths for the samples (Equation
2.22 shows that-the cohesive strength, defined for a Mohr-Coulomb
failure criterion, is eaual to 2T), and are averages of the data

presented there.
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Reference Material T/MPa
Handin (1966) Sandstone (dry) 18
Limestones 10
Shales : 8.0
Sandstone (wet) 7.3
Jaeger and Cook (1976) Marble 6.9
Brace (1964) Marble 5.4
Handin (1966) Greywackes : 5.3
Jaeger and Cook (1976) Sandstone 3.6
Handin (1966) Schists | 2.9
Phyllites | 1.0

Table 2.2: Tensile strengths of various upper crustal rocks

2.3.5 Applicability of failure criteria

The modified Griffith theory of failure describes the conditions
for brittle failure of rocks only. For this reason the theory is
app]icdb]e to rocks in the upper crust, but becomes an increasingly
poor approximation with depth, as rocks become more ductile. This
ductility is taken into account by the viscous part of the rheology
used in fhe models (see Chapter 3, Section 3.4), but failure may still
occur at these depths and as a first approximation the same form of
failure criterion is used throughout.

No problem arises in the mantle where brittle failure would be
inapplicable, because the mean stress o is always too large for failure

to occur under realistic stress distributions.
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CHAPTER 3

THE FINITE ELEMENT METHOD

3.1 Introduction

Analytical solutions to geodynamic problems may only be found by
making many simplifying assumptions about the section of the lithosphere
under investigation, particularly with respect to boundary conditions
-between regions with different properties. Therefore solutions are often
found numerically and one of the most versati]é methods of this type is
finite element analysis, a numerical technique for finding the stress
distribution in an elastic continuum, which can also be extended to
visco-elastic media (see Section 3.4).

The first step in the method, is to divide the body (for the purposes
of this thesis, a cross-section taken through the 1ithosphere) into
elements, the boundaries of which intersect to form nodes.

Assumptions are made about the behaviour of the materials comprising
the body, which»a11ow an equation to be derived relating the stresses
within the elements to the'd1§p1acements of the nodes (Equation 3.22),

which, together with equilibrium conditions, leads to the stiffness equation

(3.30)

Ké=F.

A solution of this equation, by matrix inversion, gives the displacements
§ of the nodes for a given set of loads F (& and f both being column
vectors), applied to a body with stiffness matrix K.

In this way, the displacements and hence, through the stress

equation (3.22), the stresses in the body may be found for any set of

external boundary conditions..
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3.2 The Relationship between Stresses and Displacements

3.2.1 The shape function

Thé element shape function N(x,y) is a matrix which relates the
disp]acements.ux, uy at a point (x,y) within an element to the displacements
dix 61y of each node i on the element's boundary, through the equation

u=Ns 3.1

In general U is a to1umn.vector of dimension 4, the number of degrees
of freedom of each node, and § has dimension 2m, where m is the number of
nodes on the element, so that N is [gx am].

However, this study is restricted to 2 dimensions (x,y) and each
element is a simple 3-noded triangle with one node at each corner so

g =2

m=3
and N is a [2x6) matrix.

Reducing the number of degrees of freedom of the element to 6 means

that the shape function is linear, and following Zienkiewicz (1971), the

displacement function within the element may be shown to be
u= 1t [n; 1] 8&; : 3.2
where Si is the displacement vector for node i, I is the [2x2] identity

matrix, the sum is over the three nodes numbered i, j, m and

1 .
n. = —(n. +b.,x + c.y) 3.3
LY i i

&
where A is the area of the element,



Tox oy,
24 = 1 5J yj ,
! m Im
8= Xs Yo T Xp Yy
by =vy - ¥
o= xo - X

and aj, am etc. are found by cyclic permutation of i, j, m.

The displacement column vector for the element is defined as a

list of the displacement vectors for each node

so that from Equations 3.1 and 3.2, the element shape function,

N = [nil, nd, nmI]

3.2.2 The strain matrix

[t 1s convenient, when dealing W1th 2-dimensional models, not to

use all 9 components of the strain tensor, defined generally by

Pg 24,y ax_ /-

q p

where p,q run over 1, 2, 3 corresponding to the X, y, z directions
(see, for example, Jaeger and Cook, 1976; Malvern, 1969).

Instead a 3-component column vector is defined,
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X XX

- . 3.9
c ‘y “yy
Tyy 2€xy

¢ is a function of position and, within a particular element, the strain
matrix, B, is defined such that
¢ =B3. ' 3.10

From Equations 3.2, 3.8 and 3.9 it can be seen that

B = B1, Bj’ Bm] 3.1
where
% 0
aX 3"1
| B]. = 0 3—}’— . 3.12
3y X

Using Equations 3.3 and 3.5, Equation 3.12 gives B explicitly as

and so, for a given set of nodal displacements §, the strain ¢ (and

the stress through Equation 3.19) is constant over each element.

3.2.3 The elasticity matrix

When treating the stresses in a model, it is similarly convenient
to reduce the stress tensor, given generally for an isotropic elastic
material by

K <.
= + 2 : .
Opq )\eépq uepq 3.14
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(see e.qg. Malvern, 1969 Jaeger and Cook, 1976) where A, u are Lamé's
elastic constants (u is equal to the shear modulus), 5§q is the Kroenecker

delta function defined by

K .
=1 ifp =

6pq p=q
5K = 0 otherwise,

pq

and where
3

g = ri] Err‘a

to the column vector

X XX
. = 3.15
¢ =\ % Tyy |

Txy xy

To find the relationship between ¢ and ¢, rewrite Equations 3.14
in terms of the Poisson's ratiovand Young's modulus E of the material,

using the relations (see Malvern, 1969; Jaeger and Cook, 1976)

ve M and E = Eﬁéﬁ_i_gﬂl , 3.16
2(x + ) (x +u)
and including any initial strains (gxo, €yo> €20 nyo) in the model

prior to the application of any loads which give (see Zienkiewicz, 1971)

o v g v o ' .
e, = _X -y - "7 +¢ 3.17a
X E T E X0
vV O g v O
g, = —— X+ Iy - "2 + ¢ 3.17b
- E g =Y
_2(1 + )
ny = ~—E—— Txy + Yxyo 3.17¢

The lithospheric structures to be studied are very much larger
parallel to, than perpendicular to strike (in particular subduction zones
continue for distances along strike very much larger than the arc-trench

gap), so that it is valid to restrict the displacements of the model to
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the plane of cross-section (x,v). To impose these conditions of plane

strain, the total strain in the z-direction must be set to zero

0=¢ =-29%-2% +97+ o
z E £ | E Z0
or o, = v(ox + oy) -t €50 - 3.18

Substituting this expression for o, and inverting Equations 3.17,
g = D(e - €p) 3.19

which defines the elasticity matrix, D, given in the case of plane strain

by
1 W/(1-y) 0 |
p- B0 -V o/ (1-v) 1 0 o 3.20
(T + 0)(1 - 2v) (1-2v)
0 0 2(1-v)

The initial strain vector in Equation 3.19 is defined differently
from the total strain vector (Equation 3.9), because of the restriction

to plane strain. The calculations that give Equations 3.19 and 3.20 also

yield
+
€x0 v €20
- s
EO Eyo v EZO . s 3.2]
Txyo

If there are initial stresses 5, (defined in the same way as
in Equation 3.15) in the body, then Equation 3.19 becomes the stress
equation
5= D(F - &) + 3. | 3.22
Note that the stress required to restrict the model to plane strain
is 0,5 given separat¢1y by Equation 3.18, and this will always be the

principal stress parallel to strike.
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3.3 The Stiffness Equation

To derive the stiffness equation for the body, relating the nodal
displacements to the applied forces, it is necessary to consider the
energy of the system comprising the body and all external forces, at
equilibrium.

The internal forces on the body are those due to its elastic
properties, work done against which increases the body's total strain
energy.

Three types of external force are considered: firstly distributed
loads p per unit volume, in particular those due to gravity; secondly,
loads q per unit area applied to the surface of the body, for example
forces due to 11fhostatic pressure at its ends; and thirdly, any other
forces R which may be applied to the nodes directly.

A1l forces may, in general, be functions of position within the model.

If the system is at equilibrium, and an arbitrary, small displacement
(88) is imposed on the nodes of the model, then the change in energy of the
whole system must be zero, since the equilibrium position must necessarily
be an energy minimum. That is to say

AU - AW =0 3.23
where 8U is the increase 1n:stra1n energy of the body and AW is the work
done on it by the external forces.

The increase in strain energy of the model is-

AU = [ (82)" 5 d3v | 3.24
v .
where the integral is over the whole volume V of the body, and a superscript

T )
denotes a matrix (or column vector) transpose.

The work done by the external forces is
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MW= (85)T R 4+ f (88) 7 B d3V + j ()T § d2s. 3.25
v S
where S is the surface of thefmodel.
From Equations 3.1 and 3.10
u=NSg and =B
(80) " = (a5 T N and (8e)' = (ad)' BT, 3.26a,b
and rewriting the stress equation, 3.22
c=DB&§-Deg+ay , s ' 3.27
so Equations 3.23, 3.24 and 3.25 may be expanded to give
o= [ i) e osiaw- | i) 8 0g ave [ (u8)T 8T 6y a3V
) V v
o) TR [T v - s g ¢’s. 3.28
S

In this equatfon, the matrices N, B, D and the column vectors & and
(A8) have been extended to cover the whole model. If there are M nodes
then &, (A8) and R are [2Mx 1], B is [3x2M] and N is [2x2M]. D is still
[3x 3], and €, and 5, are still [3x 1], but all three are discontinuous
functions of position (x,y) (as are B and N), having the values pertaining
to the element tontaining the point (x,y) (see Zienkiewicz, 1971).

STnce it is an arbitrary disp]écemenf, Equation 3,28 holds for all

T

values of (a8), and so (aé) "may be cancelled out.

~ Rearranging Equation 3.28 accordingly

( Y d3v)'5 R+ [T pawe [N gas e [BT 0z, d
v v s v

- 8T s, @ . 3.29
Y



A1l these quantities have the dimensions of force, and 3.29 may

thus be rewritten as the stiffness equation

where, by definition, the stiffness matrix,

K = ([ ' DB d3v)
Vv
and the total force vector,

P9 €0 g
with

~ T ~ ~

Fo= [N pdv Fo-

p J T q

Vv S

. T - .
F. = |.B S d3y -

. [.8T b ¢, dav Fos

' v v

[ N q dzs,

- [8T &, a3,
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3.30

3.31

3.32

3.33a, b

3.33c,d

the force vectors due to the volume loads, surface loads, initial strains

and initial stresses, respectively.

Note that different approaches to the derivation of Equation 3.30

can lead to differences in sign used in the defining equations, 3.33

(cf. Zienkiewicz, 1971; Dean, 1973; Kusznir, 1976; Woodward, 1976; Hinton

and Owen, 1977).

When plane strain, 3-noded triangular elements are used, the integrals

in Equations 3.31 and 3.33 need not often be solved explicitly. For

instance, Equation 3.31 applied to a single element e becomes

K =2aB DB

since B and D are constant over e, where z is the thickness of the

3.34

model perpendicular to the x,y plane (usually set to unity and neglected,

since it appears as a factor in all the Equations 3.33 and 3.31, and

therefore is cancelled out ingEquation 3.30), and a is the area of the

triangle as defined in Section 3.2.1.
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The global stiffness matrix, K, of Equation 3.31, is then formed by
summing the terms from all the element stiffness matrices, Ke, according

to the nodes which they relate (Zienkiewicz, 1971).

Visco-elastic analysis

The rheological model used for the 1ithosbhere is that of a Maxwell
substance (Jaeger and Cook, 1976), which deforms e]astica]iyaccordingto its
Young's modulus E and Poisson's ratio v, as described by Equations 3.17,
and then relaxes at a rate depending on its (dynamic) viscosity n until
there are no remaining deviatoric stresses. The deviatoric stresses
approach zero exponentially with a time constant too called the Maxwell

time, where

tm = 2n/E . 3.35
The strain rate for a Maxwell substance is
_ (T +v) L T
€ = o + — g 3.36
pq [ pPq 2n pPq

(Housner and Vreeland, 1966; Malvern, 1969; Zienkiewicz et al., 1968),

where oéq is the deviatoric stress tensor
K
o= - 3.37a
9q = g " ®pq ‘h
1 . 3.37b
E R |

the hydrostatic stress.

with 9,
The last term in Equation 3.36 is the viscous creep rate, which may

be expressed in column vector, form (see Equations 3.9 and 3.15) as

o
1
¢ = _| o 3.38a
C Zﬂ y
ZTxy
with éz = _l ol . . 3.38b
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ézc is not necessarily zero, despite the restriction to plane

strain, as long as the total strain in the z-direction is zero, i.e.

using Equation 3.36, if

o) 3.39

%z
2n
These creep rates are integrated up to a given time T, and incorporated

as an initial strain vector (£fquation 3.21),

+ ~
®xc v €z¢
e = + 3.40
0C €yc V Ez¢
Yxyc

into the stiffness Equation 3.30, through a term ﬁeoc’ defined as in
Equation 3.33c.
Solving the stiffness equation then gives §(T), the total displacement
at time T, including both elastic and‘creep components.
The integration of Equations 3.38 to Equations 3.40 is performed by
dividing the total time T into time increments, length t, and iterating
to find fhe creep for each increment, as follows:
a) At the beginning t, of each.time increment, the stiffness
equation is solved to find the displacement, and hence the stress
o(t;). This stress is used to calculate a creep rate, using Equations
3.38.
b) Assuming the creep rate is constant throughout the increment, it
is integrated to find the creep for the increment, i.e.
by +t) - e (b)) = E(ty + t/2) xt 3.4

:

and this is added into the initial strain vector, according to
Equation 3.40.
c) The stiffness equation is solved again, to find the stress at

the end of the 1ncrément, o(t, + t).
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d) Using the average value of deviatoric stress for the time increment

OAV:';_(O'(tl +t) +O'I(t1)), 3.42

the creep rate for the 1nérement, éc(t1 +t/2), js re-evaluated
and steps (b) to (d) are repeated, until the values for o(t, + t)
on successive iterations converge to within a specified tolerance.
e) The whole process is repeated from t; = 0 until t, =T - t, to
give the displacements and stress system at time T, as required.
The iterations for a particular time increment will only converge
if the creep 1is not too large compared to the elastic displacement.
Thus the incremental time must be of the same order of magnitude as the

Maxwell time, tm’ or smaller. So, using Equation 3.35,

t ¢ 2n | 3.43
E

for every element of the model.

The number of iterations necessary depends on t and on the
compiexity of the model, but for any mode1, as the elastic stresses are
relaxed, fewer iterations are needed, so that if a model is to be run
for a long time on the computer, the processing time for each increment
becomes less, making it feasible to study models over reasonably long

geological times. e

Boundary Conditions and Loads

The internal boundary conditions befween regions with different
physical broperties in a finite element model are the same as those
between any two adjacent elements, which depend on the shape function
for the type of element used. The linear shape function chosen means that
the displacements G'in the elements are continuous across the boundary,

.

which ensures displacement continuity throughout the model.
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However the boundary enclosing the whd]e model is initially free,
and boundary conditions may be imposed on it, either by fixing the
disp]acement.of boundary nodes or by externally abp]ied forces. The latter
may act, not only on the boundaries but also throughout the model, as
a result of dist}ibuted loads, for example dué to the body's density

under the force of gravity.

3.5.1 Applied forces -

Loads, both on the surface and distributed throughout the body, are
applied by adding terms of the form given in Equations 3.33a and 3.33b
to the total force vector in the stiffness equation (3;30).

The most cohmon]y used distributed load or body force, is that due
to gravity, in which case, using the previous notation, for a particular

element e

3.44

o
il

Y
where g is the gravitational field strength and p is the material density
for the element.
 Using Equation 3.33a
F o= f NT p z dx dy

P
e

"pix| | a. +b.x +c 0 0

S5 (1 i i Y >( )dxdy 3.45
F . o ’ .
Piy | 5 0 ¢ a; + bi x +coy/\og

where Fpix’ F are the x and y components of the part of ﬁp relating to

Piy
node i, and where the thickness of the element z, has been set to unity.

If coordinates are used with origin at the centroid of e, then
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f X dx dy = f y dx dy = 0 ; j dx dy = A 3.46a,b
e e
and
;. =28 | 3.46¢
3

(see Zienkiewicz, 1971, p. 50), so that Equation 3.45 becomes

Fpix - &
3.47

and the same expressions are found for Epj and Epm' In other words, one
third'of the weight of the element is applied at each of its nodes, and
this result holds for all 3-noded triangular elements irrespective of the
coordinate origin used.

Similarly, if a unifqrm surface 16ad, g per unit area, is applied
to tHe boundary of an element between nodes i and j, half of the total

force on the boundary is applied at each node, i.e.

]
- yi) ; FQiy =59 (x, = x.) ‘ 3.48

J J 1

Faix =79 0]
- and these equations are valid for all angles of the surface to the axes.

Both these pairs of equations (3.47 and 3.48) could have been reached
without 1ntegration, but the app]ication of a varying load, for example
lithostatic pressure on the énd_of a model, is more complicated.

Consider the element shown overleaf, with‘

q =09y | ~ 3.49
applied along the surface x = 0 (as a simplification) between Y; and y..

J

Equation 3.33b with the restriction to x = 0, and with z = I gives the
S ¢
force on node i as

F ] Tj <ai o ’ ) (pgy) d 3.50
- . y .
93 2A 0 a, +c.y 0
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(2
(% s¥)
(05 y5)
Faox = 22 (20 (v2 - y2) + Zilv} - v])) - 3.51
G* 2 (2 J ! 3 Y !

For the simple triangle shown, Equations 3.4 and 3.5 give

4 = Xp Y53 Co = Xy 3.52a,b

and 24 ) . 3.52¢

(Y5 = Y5
If Equations 3.52 are substituted into equation 3.51, factorisation and
cancellation yield the result
Fooo=egfYi T Vi) L[ ¥ 3.53
% x 2 3

and an identical calculation gives

Foo=og (Y5 Y} (Yt 9 | 3.53b
95 2 3

all other components of ﬁq for this element being zero.

The force applied at node i is thus equal to the lithostatic
pressure at a depth 1/3 of the way between i and j ( and at node j, 2/3 of
the way), times half the area of the boundary.

Note that the sum

Gix  Gx ¢ v

F o +F =log(y§-y$) 3.54
which is the total force on the boundary predicted by integrating pgy
along it.

If a similar calculation is performed for an element with a sloping

face (i.e. X # xj) the same equation (3.53a) for F results, but there
ix
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is also a force in the y-direction given by

Fo. = o8 (X)L * 2y, 3.55
iy 2 3

and similarly for F_ , since the force q acts perpendicularly to the

Jy
boundary.

3.5.2 Fixed displacements

A finite element model must be restrained in order to obtain a

unique solution to the stiffness equation (3.30)

Ks = F 3.30
The effect of having an unrestrained model, mathematically, is

to make the stiffness matrix, K, singular and, in order to prevent this,

the model must be held in some way that involves altering K. At least

one node must be fixed in the x-direction and at least one in y to

prevent translations of the whole body, and in addition these two nodes

must not be the same or else the model would be able to rotate freely.
To fix one displacement component of_one node, say 8¢ the

equation relating to it in the set of equations represented by 3.30,

namely
2M :

Koo 6. = Fo : ' 3.56
r=1

where M is the number of nodes in the model, must be replaced by one of

the form
A - *
8§, = 8 3.57
where 53* is the value at which 8 is to be fixed.
A11 the components of K in the row relating to §; are set to zero
except for the diagonal term KSS, which is set at a constant value of

the same order of magnitude as the other terms in K (to maintain its
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stability for the inversion'subroutine), and the relevant component of

the force vector is replaced by this constant multiplied by 65*:

K =20 r=12M , r #s 3.58a
sr

K _=1012 3.58b
3

= 1012 *
and FS 10 X8 ™. 3.58¢
Thus .Equation 3.56 has been replaced by
KSs 8¢ = Fs , 3.59

12 = 1012 & *
or 10 vxés 10 8
as required by Equation 3.57.

As a simple illustration, consider a [3x3] matrix K in an equation

similar to 3.30 (although this could not refer to a model where each node

has 2 degrees of freedom, 5 = 2, in Section 3.2.1) where the component g,

is to be set at §,*. Then is Equation 3.30 is initially

Kin Koo Kys\ /6, F
Ks1  Kgp Kzz/ \é3 Fs
after fixing s, it becomes
Kin  Kig ~Kig\ /& Fy
0 1012 0 s, | = 10126, 3.61
K31 Kip  Kiy 3 Fj

Testing the Method

To test the finite element program and to investigate some of the
effects of visco-elastic modelling, a comparison was made with an
analytical solution by Lee et al. (1959, see also Zienkiewicz et al., 1968).
In their paper they derive an expression for the stresses in an infinite
hollow cylinder of visco—e1a$tié material (obeying the linear strain-rate

Equation 3.36) encased.in a thin elastic shell, due to an applied pressure
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at the centre.

The parameters used for the visco-elastic cylinder are:

inner radius ry = 2"

outer radius ry = 4"

Poisson's ratio v =1/3

Young's modulus E = 105 psi

viscosity n = 3/8x105 psi (time units)

and for the elastic shell, taken to be steel:

thickness h = 4/33"
Poisson's ratio vg = 1//17
Young's modulus ES = 3x107 psi

These units were originally chosen to simplify the calculations of
Lee et al., but the solution, obtained using the Laplace transform method,
is independent of units so that all length and stress units may be scaled
without altering the result.

" The maximum and minimum principal stresses are in the plane of a
cross-section through the cylinder and are oriented radially and
tangentially. The radial stress within the visco-elastic material is a
function of time, t, and distance from the centre, r,

Copdrt) = -p (F(t) + 18 g(1)) 3.62a
r2

and the tangential stress is
2

o (rit) = -p (f(t) - [0 g(t)) 3.62b
8 2

where p is the pressure applied inside the cylinder from time t = 0, and
f and g are functions dependent on the material properties, and given in

this case by

—+
—~
—+
~—
il

1 - 0.005363 exp(-0.9849t) - 0.6331 exp(-0.35281t) 3.63a

0.001341 exp(-0.9849t) - 0.1583 exp(-0.3528 ¢ ) 3.63b

[t}
—
—+
~—

1l
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to 4 significant figures.

Equations 3.62 and 3.63 show that the tangential stress is always
greater (more tensional) than the radial, but that they approach each
other with distance from the centre. In addition, the stresses approach
a hydrostatic state with G, =0y =P, as t becomes large.

The finite element grid used is shown in Fig. 3.1. Only a quadrant
of the cylinder is modelled, since by constraining the ends only to move
radially they become planes of symmetry, a fact which was confirmed by
the Tack of edge effects near the ends of the model. In all cases, the
stresses at a particular radius varied by at most 1% over the whole model.

The radial and tangential stresses from the finite element program
for various different times are shown in Fig. 3.2 together with those
calculated from Equations 3.62 and 3.63, all as fractions of the applied
pressure, p. |

The finite element stresses are obtained by averaging the stresses in
adjacent elements (e.g. 30 and 31, or 28 and 29 of Fig. 3.1) and taking
.these as the stresses at the centre of the pair. It is necessary to take
the mean Sfresses because the method assumes the stress within each
e1ehent'to be constant, which introduces errors particularly in regions
where there is a high stress gradient.

The model stresses (Fig. 3.2) match the analytical stresses well, the
largest errors being about 0.02 in (Ge/p) and 0.005 in @r/p). The greatest
errors occur in the solutions for short times, and close to the centre
(small r). Two reasons for this are; that the stress gradient is higher
for smaller r, so that the discretization of the streéses is more important,
and second]y'that boundary effects, due to the pressure being applied at

the inner nodes, are greater. These effects are both reduced as the model

relaxes.
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Fig. 3.1: Finite element grid for a visco-elastic cylinder

enclosed

in a steel case (shaded), used to test the computer orogram.
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Fig. 3.2: Radial and tangential stresses in the cyvlinder model (Fig. 3.1)
as a function of distance from the centre, for various times, t,
comparing analytical with finite element results.
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The orientation of the principal stresses provides a further
check on the model. The angles of the stresses in all the elements are
correct to within 1°, on the elastic model, an error which is reduced
to less than 0.5° by averaging as described earlier.

As the stresses become closer to a hydrostatic state the errors in
the angles increase, so that for t = 10 time units, the angles are only
radial to within 5°, reduced to 2° by averaging. This is easily understood,
since if all the deviatoric stresses were relaxed, the stress would be
uniform in all directions, and so there would be no particular orientation
for the principal stresses. In such a case the program sets the angle,

arbitrarily, at 45°.
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CHAPTER 4

BODY FORCES IN FINITE ELEMENT MODELS

4.1 Introduction

An important problem encountered when using the finite element
method to model the Earth's crust or lithosphere, is how to take into
account realistically the effect of weight on the stress distribution.

I[f a section of lithosphere had had no stress acting on it other
than that due to gravity, over a period significantly longer than the

Maxwell time,

t = 2n (Equation 3.35)
m
E
then there would be no deviatofic Stresses remaining within it. Taking
the definition of Jaeger and Cook (1976), such a stress system, where
the principal stresses, o; and o3 (assumed to be in the plane of the
model), are equal throughout, is called a "hydrostatic" distribution.
In addition, if the model is composed of uniform horizontal layers of

thickness hz and density Pys the principal stresses at a point P are

01:03=—thlg 4.1

where g is the gravitational field strength and the summation is over

all the layers above P. This type of stress system (again following

Jaeger and Cook's definition)is calleda "lithostatic" distribution, and

is the same as that described by Anderson (1942) as the "standard state",

on which any stresses due to externally applied forces are superimposed.
Two difficulties arise. Firstly, a lithostatic stress distribution

cannot be attained in an elastic model (as discussed in Sections 4.2.1

and 4.2.2, below), and secondly, if there are lateral variations in
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density, the differences in the distributed loads (due to the weight
of the rocks) may cause significant deviatoric stresses, which must be
included in any model (see Sections 4.3 and 4.5).

In this chapter a method of modelling the stresses due to those
body forces is put forward (Section 4.4), and applied to the particular

example of a passive continental margin (Section 4.5).

A Laterally Uniform, Layered Model

4.2.1 The effect of fixing the sides of the model

In general the elastic stress distribution due to body forces in
a model is not lithostatic, even in the case of a model with uniform
horizontal layers such as that in Fig. 4.1.
Two reasons for this difference are the restrictions imposed on
the model by holding the ends fixed, and by confining it to plane strain.
To find the effect of these resfrictions, consider the model of
Fig. 4.1. The elasticity equation (Equation 3.19) is
G = D(g - €p) 4.2

and invoking the symmetry of the model to show that
nyzo’Txy = 0,

in other words that Ox> Oy are the principal stresses
01

X } ‘ 4.3
(53'—'0

the elasticity equation (4.2), becomes
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Fig. 4.1: A simple, uniform layer model of the lithosphere.
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Fig. 4.2: TIllustration of the subtraction of a uniform density § (see text).
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o\ _{ E(T - ) 1 \/e, "
<03) 1+ -2\ v i

1-v y

Now, since the sides of the model in Fig. 4.1 are held and all
the layers have uniform density in x, all the x-displacements are
‘negligible
j.e. g, <« ey everywhere.

X
Thus, from Equation 4.4,

o1 - v 4.5

o3 (1 -v)
and the only degrees of freedom remaining are €y for each element, or
equivalently ay for each node.

If, therefore, the model in Fig. 4.1 is analysed by an elastic

finite element method, the resultant stresses are, for each element

g3 = - L hgpgg (Equation 4.1)
2 .
and o, = - —Y 1 hop,9 (Equation 4.5)
(1 - v) ¢

[f the element is in a layer with a Poisson's ratio of 0.25, (corresponding
in terms of the Lamé constants, to A = u; see Ch. 3, Equation 3.16),
Equation 4.5 gives

o1 = 03/3 : 4.6
and the principal stresses are both compressions, equal to the lithostatic
pressure, vertically, and 1/3 as large, horizontally.

The principal deviatoric stresses arising from this distribution
are defined by

o' =0, - (o) + 0y t 03)
3

) O3_(01+02+03)
3

and g3
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which, in a 2-dimensional analysis, are commonly reduced to the
definitions
o _ (o - 03)

g1 =
2

1 (03 - 01) )
2

and 03

Using Equations 4.6 and 4.7

01' = '03/3

o3' = 03/ 3

These equations (4.8) represent deviatoric stresses of a compress
equal to 1/3 of the total lithostatic pressure vertically, with a tens
of equal magnitude horizontally.

Given that the lithostatic pressure at the base of a 40 km thick
crust of average density 2800 kgAm'3 is about 1 GPa (or 10 kbar), this
effect would swamp any deviatoric stresses due to applied loads on a
lithospheric model of this type.

It is important to note that this is not an edge effect, in the
sense that increasing the length of the model (in x) does not alter

the stress distribution.

4.2.2 Stress boundary conditions

Service and Douglas (1973) suggest that the ends of a model
should be held in place by applying suitable horizontal forces at the
nodes on the sides. These forces would represent the forces exerted by
the lithosphere on either side of the model, but would not necessarily
be equivalent to the forces exerted, lithostatically, by an equal
thickness of rock. |

Finding the right values for these forces is very difficult. The

4.7

4.8

ion

ion
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number of nodes in a model makes them impractical to calculate, and
trial and error methods show the model to be very sensitive to the
forces used. For example, if an attempt is made to hold the base with
forces, rather than fixed displacements (see Ch. 3, Section 3.5), on a
more complicated model (such as one of those in Ch. 6), even after
several trials the displacements of the basal nodes are still up to

~ 100 m, and vary considerably from node to node.

If the sides of the model are held motionless in the x-direction
by forces, the same argument as in Section 4.2.1 applies, and although
the sides of the model can move if loads are then applied to it, the
stresses due to these loads are still obscured by the elastic deviatoric
stresses due to the model's weight.

A second type of stress boundary condition might be one which
created a Tithostatic stress system in the model on which a further
stress distribution would be superimposed. However, as Anderson (1942)
states (on p. 141), the standard state cannot be produced in a model
restricted to plane strain. If lithostatic stresses are applied to the
sides of a uniform model (or to one side, with the other fixed as an
axis of symmetry), the elastic stress system depends strongly on the
value of Poisson's ratio assigned to it, and will only be lithostatic for
the case v = 0.5, compared to the usual values for rocks of about 0.3.
Note that, although materials with v = 0.5 cannot be modelled by the
finite element formulation of Chapter 3 (see Equation 3.20), models
with (0.5 —lv) = 1078 show stress systems with negligible deviatoric
stresses.

The deviatoric stresses are increased if there are any property
contrasts within the body‘(even in the form of uniform horizontal layers),

and are typically of the order of 0.1 GPa (1 kbar), a figure which cannot
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be neglected in most cases.

4.2.3 Subtraction of a uniform density

It has been suggested (Kusznir, 1976) that in order to see the
deviatoric stresses due to applied loads more clearly, a uniform density
should be subtracted from all the densities in a layered model. Thus,
for instance, the densities in Fig. 4.2 might be replaced by (p; - o)
and (p3 - p) respectively, where p = (p; + 03)/2. The justification

for this is that the stiffness equation (see Equation 3.30),

Ks = F 4.9
~is Tinear, so that any stress systems may be superimposed. It is then
assumed that the resu]tant'deviatoric stresses represent those that
exist in the 1ithosphere, since a uniform density distribution, implicitly
assumed to give a lithostatic stress distribution, has been subtracted.
Now the density above the Moho is negafive and that below is positive
so, on-an elastic solution of the constitutive equation (4.9), large
vertical deviatoric tensions appear near the Moho.

These tensions arise because the stress distribution subtracted
was not lithostatic, but the elastic stress distribution due to the
appTication of body forces, as described in Section 4.2.1. There are
large vertical deviatoric tensions at the base of the crust and small
vertical compressions at the top of the mantle, because a much (c. 3
times) larger compression has been subtracted from the vertical than from
the horizontal stresses. If no loads, other than those due to gravity,
were applied, then the ratio of the two principal stresses throughout
bthé body would remain at v:(1 - v) (or about 1:3), Which would still
mask the deviatoric stresses due to any loads then applied.

The resulting stress system is entirely dependent on the value of
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p arbitrarily subtracted from the model densities and is thus purely an

artefact of the method uséd.

4.2.4 Density stripping

Instead of subtracting a uniform density from the whole model
to reveal the deviatoric stresses, densities may be subtracted in
uniform horizontal layers (Bott and Dean, 1972; Dean, 1973; Kusznir, 1976).
Thfs is more satisfactory for a model such as those in Figs. 4.1 and 4.2,
since it would reduce either model to a zero density throughout, and

" would therefore not introduce any misleading stress systems. Loads
could be applied to the model without the superposition of any body
forces, and if the total (rather than deviatoric) stress system were
required, a lithostatic distribution, based on the densities subtracted,
could be added to that calculated.

The latter result could not be derived directly from a solution
of Equation 4.9, for the reasons described in Sections 4.2.1 and 4.2.2
but would give a realistic distribution, if the lithosphere has had
time to relax to a lithostatic stress system, before the loads were
applied. If this is to be the case, the lithosphere would have to be
significantly older than the Maxwell time, 2n/E, as described in Section

4.1.

4.3 Models with Lateral Density Variations

4.3.1 Density stripping

The density stripping method, described in Section 4.2.4 above, is
not so successful if there are lateral density changes within any of the

layers. As an illustration of this point, the model shown in Fig. 4.3
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was analysed both elastically and visco-elastically, with material

properties as shown in Table 4.1 (see Ch. 2) and using a grid as

shown in Fig. 4.4.

Material number ] 2 3 4
Density/kg m~3 2800 3300 3300 2800
Young's Modulus/GPaj 90 170 170 90
Poisson's ratio 0.266 0.260 0.260 0.266
Viscosity/N s m=2 1025 1023 1023 1025

Table 4.1: Visco-elastic parameters used in the models of Section 4.3

(see Fig. 4.3).

[f this model is analysed elastically with the full densities as
above, the resulting principal stresses are as shown in Fig. 4.5.
Although some of the stress vectors have rotated due to the effect of
the density change in the middle layer, the overall stress distribution
is of the type described in Section 4.2.1, with the vertical stress
being approximately equal to the lithostatic pressure and the horizontal
being a factor of (v/(1 - v)) smaller.

Figures 4.6 and 4.7 show the result of density stripping. In Fig. 4.6,
a density of 2800 kg m~3 has been subtfacted from the top and middle
layers, and 3300 kg m™3 from the bottom layer, the only non-zero density
remaining being p, = 500 kg m™3, while in Fig. 4.7 3300 kg m™3 has been
subtractéd from the middle, so that the only non-zero density is
py, = -500 kg m-7.

The differences between these two models are immediately obvious.
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In Fig. 4.6, the only significant stresses are in the left half of
the model and are compressive, while in Fig. 4.7 the largest stresses
are to the right and are tensile.

If the lithostatic stress distributions, due to the density layers
subtracted from each model, are added to their respective stripped
stress systems (Figs. 4.6 and 4.7), the resulting stresses (see Figs.
4.8 and 4.9) are the same to within, at most, 5%. In this respect the
two different models may be said to be different ways of representing
the same relative stress distribution. However, this is only a
qualitative comparison,and quantitatively there are important differences.

Firstly, a]though the magnitudes (and signs) of the stresses in
'Figs. 4.8 and 4.9 are so similar, this is only because the deviatoric
stresses in each model are so much smaller (< 5%) than their hydrostatic
values, but the angles of the resultant stresses (which depend on
the deviatoric stresses only) differ significantly.

Secondly, the strains calculated depend on the stresses without
the addition of any lithostatic distribution, and if these two models
(Figs. 4.6 and 4.7) are taken to represent the same relative stress
distribution, then a choice must be made between the strains shown in
Figs. 4.10 and 4.11 to decide which represents the actual strains in
the Tlithosphere.

In a model representing a real cross-section of the lithosphere,
this choice would be made according to which model seemed geologically
the more feasible, but this mode1 was chosen to show that the choice

would necessarily be subjective, whatever the model.
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4.3.2 Further considerations

The principal reason for the difficulties discussed so'far in
this chapter, has been that the effects of the body forces have been
examined using elastic models. This method of analysis causes two
further problems, one in trying to attain some sort of lithostatic
starting model, and the other in the size of the displacements and
strains that it gives.

The finite viscosity of the crust means that a simple layered
model, such as in Fig. 4.1, gives a stress system which will relax
visco-elastically to a lithostatic distribution, 1% it is left for a
time significantly greater than the Maxwell relaxation time (see Equation
3.35)

t, = 2n/E
which, setting

1025 N s m-2

n =
and E = 101! Pa
gives

tm: 6 Myr.

Hence tm is smaller than the age of many geological structures,
and this is the justification for using density stripping in cases
where loads are applied to a simple layered model, as suggested in
Section 4.2.4. However, in cases where there are lateral changes ih
density, there remain deviatoric stresses due to density changes which
make an important contribution to the final stress system. These stresses
must therefore be calculated, and included in the final analysis when
other loads are applied, rather than simply adding in Tithostatic stresses.
The second problem is related to the displacements given by an

elastic solution. If full densities are used, these displacements can
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be quite large (typically 300 m) compared to the size of the elements
used, an effect which is enhanced when the materials involved have low
values for E, their Young's modulus. Together with the resulting stress
pattern, they represent the effect of compaction that would occur if.
gravity were instantaneously applied to a model of the shape and
composition given.

An objection to this is that the geological structure being
modelled has the dimensions of the initial model, and not those of the
displaced result, so that the shape of the resultant surface is not
that observed. This can be very important, because topography is one of
the most easily obtained sets of data for a geologfca] feature,

particularly in the regions relevant to this study (see Ch. 1, Section 1.2).

"Rates of change of depth can also be found (for example, from the

D.S.D.P. data, described in Ch.1, Section 1.3), so that a direct
comparison between the calculated and observed displacements of the
section's surface would be a useful check on the analysis.

Any alternative method of modeiling geological structures must
take this into account, and provide means to allow realistically for

the stresses supporting the model's weight.

A Method for Initializing Models

4.4.1 The object of the method

To avoid the difficulties discussed in Sections 4.1 to 4.3 of
this Chapter, a new method has been developed for dealing with body
forces in a finite element model.

The basis of the methbd is the derivation of é hypothetical starting

model, which, when allowed to relax visco-elastically for a given time,
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will deform to the required initial model of the Tithosphere, based
on observation.

| The starting model achieved is a mathematical convenience, and
its shape may bear little or no resemblance to the real 1ithosphere,
because the method applies gravity to a complete lithospheric model,
while in reality the crust is formed gradually, with gravity acting
throughout the process, and material properties vary during the
period of formation.

However, if the crust were elastic, then the elastic displacements
between the starting model and the required model would represent the
compaction of the rocks under the force of gravity, assuming them to be
formed instantaneously and in the absence of any other applied loads or
tectonic stresses.

Similarly, when the starting model relaxes visco-elastically to
the required model in a time equal to the age of the latter, then the
displacements represent a broad averaging of all effects, e.q.
compaction, sedimentation and erosién, over its lifetime.

The stresses formed in the initialized model are those stresses
that are necessary to support the model's density distribution at its

particular age, assuming that it behaves visco-elastically.

4.4.2 The method

The method used involves repeated solutions of the elastic or
visco-elastic displacements, using the finite element methods described
in Chapter 3. On each successive solution the model is modified
according to the displacements of the previous solution, until the
displaced model shape ‘s theﬁrequired initial model.

Let one co-ordinate of one node within the model, at the beginning
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of the nth solution, be X and the displacement, after the nth

solution, in that degree of freedom be 8.+ Xo is set as the required
co-ordinate for the observed model.
The process begins with the zeroth solution that displaces x, to

(xg + 8y) and continues as illustrated in Fig. 4.12, below:

X2 R | ' : . :
Xg = (x5 + 65) xg in solution 0 gives o
X
5 SN IR
(xy +8,) - X set x; = Xg - &g
x; in solution 1. gives 6,
X1 e
set x, = x; - ((x) +681) - %)
Sp =Xy - 6
X, in solution 2 gives &,
X, + &,
set X3 = X, + (Xg = (X, +85,))
— —ee. I —— o —— — V_- - -
XO 3 = XO - 62
X3 + §3— : and so on, until solution (n-1)
gives & _.» then
+ = - -
Xp + 6 o T B .
~and if the solutions converge
[(x, *+8,) = %p| + 0, as n,
Figure 4,12: Illustration of the number of the solution,
the model initialization process. increases.

When convergence has been achieved to within the required tolerance,
the co-ordinates X, are used for the initial model and the stresses
&n are used as the starting stresses for finding the visco-elastic

response to any further applied loads. Note that the combination,
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achieved by this method, of the initial stress system and that due to

the additional forces is non-linear for visco-elastic models.

4.4.3 Examples

The results of applying the initialization process to the layer
model (Fig. 4.1 with p, = 2800 kg m™3, , = p, = 3300 kg m”3) and to
the model, with lateral density variation, of Section 4.3.1 (Fig. 4.3),
both using the grid of Fig. 4.4, are shown in Figs. 4.13 and 4.14
respectively. These two diagrams show the stress patterns due to weight
in the models,. after they have been allowed fo relax for 10 Myr, which
would be superimposed on any stresses caused by othef forces applied
to lithosphere of that age.

In the layer model (Fig. 4.13) the deviatoric stresses in the
mantle have been relaxed entirely, while in the crust there is a
laterally uniform remanent deviatoric stress system. The magnitudes of
the stresses in the mantle differ positively and negatively from those
expected lithostatically by about 10%, due to the coarse grid used, but
if the stresses in pairs of elements (e.g. 5 and 6, or 11 and 12 in
Fig. 4.4) are averaged, they give the correct lithostatic value at the
centre of the pair to within 0.5% (an effect which is discussed in
Chapter 3, Section 3.6).

The Maxwell times (see Section 3.4) are, for tHe mantle

£ = 2np - g4 x10b yr
moE

and for ther%rust

t¢ = 2 = 7x106 yr
EC

'so that 10 Myr is significantly greater than t$ but of the same order as

t;. Thus the stresses’in Fig. 4.13 are as expected, the only remaining
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deviatoric stresses being in the crust.

A comparison of Fig. 4.13 with 4.14 shows clearly the effect of a
lateral density contrast in one layer. The viscous spreading of the
portion of mantle above 40 km depth, under its weight, has pushed the
stiffer, lighter crust to the right, increasing the horizontal compression
in the crust to the righf of the step in the Moho, and therefore reducing
the near-horizontal deviatoric tensions (seen in Fig. 4.13) in the
thicker crustal section. At the same time, thé deviatoric tensions in
the thinner crust to the left of the step are increased. There are no
deviatoric stresses remaining in the mantle, as before, but the lateral
change in viscosity and density has caused some variation from the
lithostatic distribution.

The stress pattern shown in Fig. 4.14 is very different from those
given by elastic analysis using density stripping (see Figs. 4.6 to 4.9)
and is taken to be more realistic (if such a model existed) since a
visco-elastic model is closer to the rheologies postulated for the

lithosphere than an elastic one.

Body Forces at Passive Margins

4.5.1 Elastic Mode]s

Several of the points discussed in this chapter are illustrated
by analysis of an Atlantic-type, or passive, continental margin. Bott
and Dean (1972; Dean, 1973) have made a study of this type of margin
using an elastic finite element model, with an éceanic density distribution
subtracted (density stripping as described in Sections 4.2.4 and 4.3.1),
and a simp]ified copy of their model is shown in Figs. 4.15 and 4.76.

The elastic properties used here are as before (Section 4.3.1, Table 4.1)
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ve = 0.266
vy 0.260
EC = 9.0x 1010 Pa
Em = 1.7x1011 Pa

where the subscripts ¢ and m refer to crust and mantle respectively.
The densities are chosen so that, for the model dimensions shown, the
margin is in isoétatic equilibrium, i.e. the lithostatic pressure at
35 km depth, the base of the continental crust, would be the same on

either side of the margin. This gives

I

Pe 2922 kg m™3

if 3300 kg m™3.

p
m
Fig. 4.17 shows the result of an elastic analysis of the model

with stripped densities (see Fig. 4.76) of

o, = 1892 kg m-3

-378 kg m~3

1]

b3
po = 0y -0 ,
(the density of sea water, Oy = 1030 kg m~3, having been subtracted
from o;), and with both ends fixed in the x-direction. This model
corresponds to that used by Bott and Dean (1972) and gives similar
results both qualitatively and quantitatively, any difference being
due to the different crustal densities used. The resulting stress
distribution is the elastic response to the variétion in density load
across the continental margin.

An alternative elastic solution is shown in Fig. 4.18, with only the
right (continental) end of the model held, which gives a better
approximation to the boundary conditions on the oceanic side of the
margin, transmittéd through the lithosphere from a spreading centre.

This boundary condition releases the restriction on the horizontal
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stresses which forced them .to be approximately v/(1 - v) times the
vertical stresses, according to Section 4.2.1 (although there were
some horizontal displacements in Fig. 4.17 so that the rule was not
obeyed exactly, particularly beneath the oceanic crust). Thus in Fig.
4.18 all the horizontal stresses are more tensional, but the stress
pattern is not significantly altered otherwise.

The greatest values of the maximum shear stress, shown plotted

against depth in Fig. 4.19,

.= (0p - 03) | 4.10
5 |

(see Chapter 2, Section 2.3), which occur at a depth of about 10 km in

each case, are

=
il

34 MPa in Fig. 4.17 (both ends fixed)

m
T, = 38 MPa in Fig. 4.18 (oceanic end free)
and Ty = 37 MPa in fig. 2 of Bott and Dean's paper.

In all these models it was assumed that the stress patterns are
to be superimposed on a lithostatic stress distribution, which, although not
a solution to the elastic stress equations as discussed earlier |
(Section 4.2.2), may be assumed to be the standard state in the oceanic
lithosphere.

However, these models make several approximations. They do-not
account for any change in the stresses due to contrasts in elastic
properties (other than density) between oceanic mantle and lower
continental crust, and secondly, they make the implicit assumption that
the load due to the density différences between oceanic and continental
lithosphere is applied instantaneously to the standard state. Neither
of these approximations can be avoided in an elastic model because

alterations to the standard state due to variations in material properties
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and persistence of -Joad cannot be calculated elastically.

A third approximation made in the models of Figs. 4.17 and 4.18
~is the treatment of the water as a load to be removed by subtracting
O from the density of the upper part of the continental crust. However,
if water can penetrate into the pore spaces in the crust, it does not
act as a load, but merely reduces the effective stresses within the
rock (Hubbert and Rubey, 1959). The maximum shear stress, T is
unchanged by this since both o; and o3 are reduced by the pore pressure,

p, in Equation 4.10, but the mean stress

= (9t 9s 4.1
g —_—— .

is replaced by (om + p), so that brittle failure is more likely

(see Chapter 2, Section 2.3). Rubey and Hubbert (1959) report significant
pore pressures down to several kilometres depth in continental crust,
often exceeding that due to the head of water, while Drury (1979)
estimates that porosity drops to 1% or less at 2 km depth ina 7 km - ~
thick oceanic crust. On the basis of these figures, and making broad
simplifications because of the model used (Fig. 4.15), the pressure due
to the column of water at the centroid is subtracted from the stresses

in each element of the upper continental crust only (the region marked

o, in Fig. 4.16).

4.5.2 Visco-elastic models

Taking all the factors discussed in Section 4.5.] into consideration,
the visco-elastic method described in Section 4.4 was applied to the
model, and Fig. 4.20 shows the stresses after 10 Myr of visco-elastic
relaxation, the whole crust having a viscosity of

Ne = 1025 N's m™2
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and the mantle of

Ny = 1023 N s m™2
(see Ch. 2, Section 2.2), with both ends of the model fixed in the
x-direction.

As in Section 4.4.3, all the stresses in the mantle have relaxed
to a hydrostatic state, leaving residual deviatoric stresses in the
crust. These stresses are, as before, in the form of horizonti?[i::;ions,
but instead of rising to a maximum at about 10 km and then approaching
zero with depth, the maximum shear increases from about 10 MPa near
the surface to 100 MPa (1 kbar) at the base of the continental crust.
In addition there is a concentration of stress reaching T = 100 MPa
in the oceanic crust at the base of the continental slope where tensional
failure is predicted by the finite element program, according to the
criteria of Ch. 2, Section 2.3.

This stress system is at variance with the features usually
observed at passive margins, and one impdrtant reason for this is the
uniform crustal viscosity chosen. Bott (1971b) proposed that creep
should occur in the Tower crust, resulting in strain rates of the order
of 10716 s71 in response to stresses of about 50 MPa, which implies an
effective viscosity for the Tower crust of

ne ° 102% N s m™2.

Using this value for the viscosity of the crust below 10 km depth
(i.e. the region marked p, in Fig. 4.16), and leaving the viscosity of
the upper crusf at

Nye ° 1025 N s m™2,
the stress system shown in Fig. 4.21 was obtained, again after 10 Myf

relaxation with both ends fixed in the x-direction. The result of the

viscosity contrast has been to concentrate the deviatoric stresses in
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the upper, higher viscosity crust, an effect described by Kusznir

and Bott (1977). The maximum shear in the continent rises, more rapidly
than in Fig. 4.20, to 130 MPa at the base of the upper crust and then
drops abruptly to about 50 MPa in the lower crust. High angle tensile
failure is predicted in the upper continental crust in agreement with
Bott (1971b).

However, this model does not yet correspond with observation in
that there are large horizontal deviatoric compressions in the oceanic
crust, giving a maximum shear of up to 100 MPa. These compressions are
reduced, by a factor of 10, by altering the boundary conditions on the
oceanic lithosphere, and Fig. 4.22.shows the stress distribution
obtained by applying lithostatic stresses, rather than fixed displacements,
to the left end of the model.

The final model gives a qualitatively similar deviatoric stress
distribution to the elastic models (Bott and Dean, 1972; and Figs. 4.17
and 4.18), in that the only significant deviatoric stresses are in
the continental crust, and are horizontal tensions. In addition they
increase with depth in the upper crust, down to about 10 km, and then
decrease with depth to the base. The depth distribution of maximum
shear has, howéver, a different shape (compare Figs. 4.19 and 4.23)
and the greatest value in the visco-elastic model is about 170 MPa, about
5 times as Targe as in the elastic models.

Artyushkov (1973) has calculated the effect of changes 1in
thickness of a viscous layer supported by an inviscid substratum.

In this case he shows that, if the layer remains in isostatic equilibrium,
then the change in the average horizontal stress due to an increase in
height ¢ of the top layer, dénsity p, 1S

Ao = p gz 4.12
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Substituting in the values for the passive margin model (Fig. 4.16)

an average maximum shear stress is obtained,
T

m

The mean value calculated from the graph of - against depth for

=1 Ao = 72 MPa.

the final model (Fig. 4.23) is

?h ~ 60 MPa.

The visco-elastic finite element model therefore produces a similar
result to Artyushkov's analytical solution.

It must be noted, however, that two of the assumptions on which
Equation 4.12 1is based, do not hold for this model. Firstly the change
in thickness of the crust across the margin is comparable with its
average thickness, and secondly the upper mantle has a finite viscosity.
The former of these tends to reduce as, by a factor of about 60% (if
the model crustal thiéknesses are used in Artyushkov's equations),
while the latter, by introducing significant coupling between the crust
and mantle (even though Ne = 10 nm), increases it. Nevertheless the
agreement between the values of ?ﬁ, even if only to within a factor of
2, is significant because the two methods are comp]efe1y independent.

One further interesting feature of the stress distribution in
Fig. 4.22 is the persistence of the horizontal deviatoric tension into
the continental crust, an effect also discussed by Bott and Dean (1972).
A version of the final visco-elastic model extending a further 110 km
into the continent showed that the tensions only decreased by a few
lpercent (less than 5%) 160 km from the margin, again in agreement with
Artyushkov (1973).

The stress system of Fig. 4.22 will be considerably modified in
reality by faulting, which will relax some of the deviatoric tensions,

especially near the margin; by any stresses applied to the whole
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lithospheric plate, for instance due to density contrasts at mid-ocean
ridges; and by any other tectonic influences, particularly from outside

the plane of the model.
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CHAPTER 5

THE BALANCE BETWEEN WEIGHT AND BASAL SHEAR IN AN ACCRETIONARY PRISM

Introduction

If a wedge of sediments with a sloping top, such as an accretionary
prism, were to exist without any shear along its base, then it would
spread under its own weight, assuming that its rheology had some viscous
or other time-dependent component, until its surface was horizontal. The
only conditions that could allow such a structure to be stable are,
either that it should have a perfectly elastic rheology, with a great
enough strength to support the deviatoric stresses set up by the
asymmetric density distribution in the wedge, or that it should be
supported by stresses applied to its boundaries

In this chapter it will be assumed that the accretionary prism
in a subduction zone is supported by a shearing stress imparted to its
base by the oceanic plate being subducted.

Two mechanisms are considered for the transmission of this basal
stress; firstly through a weak shear zone between the overlying sediment
pile and the underlying oceanic crust, and secondly by a direct frictional
contact between them. The chief difference between these two types of
contact, apart from their structural implications, is that in the first
the shear stress is uniform along the whole base, while in the second
it increases with depth, due to the dependence of the shear on the normal
stress across the shear plane.

The geological consequences of these two mechanisms will be
discussed and the stress needed to support the wedge found in both

cases, and additionally the effect on the deformation of varying some

1 I,{’ Mo ~akerad  Lod o P«[u,kc .-Le«(ta»a , & sw&:\sm ro.c(;.n-.t cold Ao s“ﬂP“’&"()
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of the other model parameters will be examined, in particular the

gradients of the upper and lower surfaces of the wedge.

Description of the Model

5.2.1 Shape and properties

The model used for the investigations in this chapter is based on
the seismic reflection line across the Middle American Trench shown in
Fig. 1.3 (Moore et al., 1979b), and consists of the material beneath
the inner trench slope, for 20 km from the trench axis, approximating
both the top surface and the base by straight Tines. The resulting
model, divided into elements, is shown in Fig. 5.1.

Tha parameters used for the model, using the guidelines given in

Chapter 2, are listed in Table 5.7.

Property Symbol Value
Young's Modulus E 10 GPa
Poisson's Ratio v 0.27
Density . 0 2500 kg m=3
Viscosity n 1022 N s m=2

Table 5.1: Material properties used in the wedge model.

These values are taken to be constant throughout the wedge, in order to
separate the observed effects from those due to contrasts in material
properties, which will be considered in Chapter 6.

A further implicit assumption is that the parameters are isotropic.



TOE

ELEMENT MESH
o0 & X / KILOMETRES ' 20
2
N .

/ ’ -
o ! 2 -]
W
x
—
>
(<]
=
N A>
S

/ \

10 k="

Fig. 5.1: Finite element grid for the first model of an accretionary wedge.




86

If there is a series of imbricate thrust faults in the accretionary
prism, as discussed in Chapter 1, then there will definitely be some
anisotropy, particularly in Young's modulus and viscosity. Once thrust
faults have been formed it is easier to deform the material parallel,
rather than perpendicular, to the faults, both through creep along the
faults and elastically. A more sophisticated model might attempt to
evaluate the effect of a set of such thrusts, but, although finite
elements have been used to model faults (Goodman et al., 1968; Bischke,
1974; Goodman, 1976), 1ittle is known of the properties and distribution
of such faults in an accretionary prism, and it is considered that

such investigations are beyond the scope of this thesis.

5.2.2 Boundary conditions

The boundary conditions on the four faces of the model (Fig. 5.1)

are as follows:

a) the left-hand (landward) end of the wedge is held fixed in the
x-direction, but allowed to move in y (see Ch. 3, Section 3.5.2);

b) the base is fixed similarly, but in a rotated co-ordinate
system, so that it cannot move perpendicular to the boundary,
but is allowed to move parallel to its slope, so that a basal
shear (described further in the following sections of this
chapter) may be applied;

c) the right-hand end is bounded by trench sediments, and litho-
static stresses due to these, taking a density of 1700 kg m~3
(see Ch. 2, Section 2.1.3) is applied using the method of
Ch. 3, Section 3.5.1, the underlying assumption here being that
the trench sediments are unconsolidated and may be regarded as

fluid in this respect;
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d) the upper surface is left free, since the water does not
exert a force on the surface (as discussed in Ch. 4, Section
4.4.1), if it is assumed that there are sufficient pores in

the wedge to allow the water to permeate through it.

5.3 Uniform Basal Shear

5.3.1 Description of the boundary conditions

It has been suggested (e.g. Seely, 1977) that an accretionary
wedge may be underlain by a basal shear zone of pelagic and hemi-
pelagic sediments that have been carried down by the oceanic plate.

-These sediments have a high water content, and if the pore pressure were
increased, on subduction, to a value close to the mean stress, they
would become so weak as to behave like a low-viscosity fluid (this
situation corresponds to an effective mean stress (o )eff = 0, in

m
Fig. 2.5 of Ch. 2, combined with a small value of T, the tensile

strength).

If this is the case, then stresses are transmitted from the plate
being subducted to the overriding accretionary prism through flow in a
viscous boundary layer. If the thickness and viscosity of the shear

zone are d and n , respectively, and the velocity down-dip of the

s.Z.
subducted oceanic crust is v, with respect to the accreted sediments,

then the shear stress, 1, on the base of the wedge is given by:

5.1

Equation 5.1 is independent of depth, so that the shear stress applied

to the accretionary prism is constant along its base.

To fulfil this boundary condition, forces (calculated according
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to Ch. 3, Section 3.5.1) are applied at the basal nodes, parallel to
the dip of the base, while all other boundary conditions are as

described above in Section 5.2.2.

5.3.2 Elastic models

The instantaneous deformation of the model under a combination of
its weight and basal shear stress is illustrated by Figs. 5.2 and 5.3,
where the surface deformation is shown both with and without exaggeration.

If the basal stress is small, then the weight of the model causes
the thick end of the wedge to subside more than the thin end. This
subsidence, being transmitted horizontally due to the Poisson's ratio
of the material, tends to push up the front of the wedge, but the effect
is offset by the pressure of the trench sediments and gravitational
sliding down the basal slope.

In all elastic models with basal stresses between 0 and 100 MPa
the surface remains approximately a straight line, but it is rotated
according to the stress applied between the angles shown in Fig. 5.2
(with no shear giving a rotation of c. 0.1° anti-clockwise) and
Fig. 5.3 (with 100 MPa shear, giving a rotation of c. 0.4° clockwise),
the whole variation only being c. 0.5°.

The deformed surface is parallel to the .original for a basal
shear between 10 MPa (Fig. 5.4) and 20 MPa (Fig. 5.5), and so the
stress to support the wedge is in this interval, but it can be
narrowed down further using a visco-elastic method (see next section).

The effect of a basal shear of 10 MPa on the principal stresses
is illustrated in Figs. 5.6 and 5.7. When no basal shear is applied
(Fig. 5.6), the stresses in the deeper parts of the model are aligned

so that the minimum principal stress (i.e. the greatest compression) is
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perpendicular to the base and the maximum stress is parallel to it.
Although the upper surface has moved down and to the left overall,
there are deviatoric compressions in the upper part, roughly parallel
to the slope, corresponding to a tendency to slump down-slope.

In Fig. 5.7, where there is a basal shear of 10 MPa, these
compressions in the shallower parts are intensified, and the deeper
stresses are rotated in response to the component of horizontal
compression introduced by the boundary stress.

Note that in Figs. 5.6 and 5.7, as in all other stress vector
diagrams from this chapter onwards, the stress vectors are plotted so
that their angles may be compared directly with the (vertically
exaggerated) model, which means that the principal stresses do not
appear to be at right-angles. The magnitudes of the stresses are, however,
scaled equally in all directions so that comparison between them is

straightforward.

5.3.3 Visco-elastic models

The visco-elastic models in this chapter were all run starting
from a model initialized elastically as described in Ch.4, Section 4.3.

If the wedge is allowed to subside visco-elastically without any
restraining stresses it behaves as might be expected, in that it flows
in such a way as to flatten out the surface, subsiding at the landward
end (by c. 200 m) and pushing forwards and up the slope at the oceanward
end (by c. 400 m; see Fig. 5.8).

Converse]y, if a shear stress of 20 MPa is applied to the base,
then the landward end is pushed up (by c. 80 m) and the oceanward end
is bent down (by c. 400 m; see Fig. 5.9).

This effect increases with the basal shear, and if a stress of
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100 MPa 1is applied, the uplift of the left-hand end is about 1 km,
while the depression at the right-hand end is about 4 km.

Starting with the bounds found in the previous section (10 - 20 MPa),
several visco-elastic models were run to find the shear stress needed
to support the model's weight, two of which (for basal shears of 10 MPa
and 15 MPa respectively) are shown in Figs. 5.10 and 5.11 to illustrate
the sensitivity of the surface deformation to the applied shear. Clearly
the value needed to keep the surface still is between these two, and
using Figs. 5.12 and 5.13 it appnears that 12 MPa is the best approximation
(to 2 significant figures), although there are still displacements of
about 50 m.

This balance is reflected in the principal stress system (see
Figs. 5.14 and 5.15). After 1 Myr, if there is no basal stress, there
are significant remaining deviatoric stresses throughout the model,
varying approximately from 10 MPa to 25 MPa (Fia. 5.14), and in
particular, there are deviatoric tensions of 10-15 MPa near, and
approximately parallel, to the surface of the model due to the forward
movement of the wedge.

In the model with a basal shear of 12 MPa (Fig. 5.15) these
deviatoric stresses are almost entirely nullified in the left-hand
part of the wedge and near the upper surface, and the stress system
is very nearly hydrostatic. The deviatoric stress levels are between
about 3 MPa and 8 MPa for the whole of the landward part (i.e. for
x < 15 km) and are less than 5 MPa along the entire upper surface.
However, along the base where the sole thrust becomes sha]]ower
(x > 15 km), the deviatoric stresses are increased relative to the
model without basal shear, because the effect of weight in this region

is smaller than that due to the applied shear, and here the maximum
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shear stress is c¢. 10 MPa, parallel to the base.

5.3.4 Implications of the value of the basal shear stress

As discussed in the previous section, it is found that a shear

stress of

T = 12 MPa
is needed to support the wedge of accreted sediments represented by
Fig. 5.1, which agrees with the estimate (to an order of magnitude)
made by McKenzie (1977; Richter and McKenzie, 1978) based on the stress
drops calculated from measurements of earthquakes at subduction zones.

Given the magnitude of the basal stress it is possible to make
some déductions about the nature of the shear zone referred to in
Section 5.3.1. The convergence rate at this section of the Middle
American trench is given by Karig et al. (1978) as

v =70mmyrl,
so using this and the shear stress obtained, the ratio of viscosity to

thickness of the shear zone is found through Equation 5.1 to be

- . 15 -3
Ng , = L= 5x10 Nsm 3.

d Vv

The thickness of hemipelagic muds and clays just seaward of the trench
is 100 to 200 m according to the results of D.S.D.P. Leg 66 (Moore et
al., 1979a; Shipley et al., 1980), so assuming this represents the

thickness, d, of the shear zone, its viscosity is

n = 108 N s m~2.

S.Z.

Clearly, if the shear zone is narrower the estimated viscosity

will be Tower, but a Tower limit may still be found to the possible
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viscosity of the wedge, since it must be appreciably larger than the
shear zone viscosity in order to define the shear zone as such. So

>> :
n Ng 7. 5.2

or n>>1018 Ns m2

if the shear zone is about 100 m thick. This is consistent with most
of the viscosities given in Ch. 2 (Section 2.2), but is much larger
than that of Cowan and Silling (1978; namely, n.= 101 N's m=2). The
effective viscosity of the wedge is taken to be 1022 N s m-2 in this

chapter (see Sections 5.2 and 5.6.1).

Basal Friction

5.4.1 Description of the boundary conditions

The second mechanism for the transmission of shear stress to the
base of the accretionary prism is a frictional one. If the sediment
wedge and the underlying oceanic crust can be considered as two distinct

tectonic units sliding past each other, tHen the stress on each is
(T 5.3
where on is the normal stress across the boundary between them and
p is the COeffiéient of sliding friction between the two surfaces.
In reality, sediments from the trench are carried down by the
oceanic plate being subducted and are probably accreted in thrust slices
onto the -accretionary prism, which means that there are several units

in the system, variously interrelated, and in addition to this the

oceanic crust carries sedimentary layers over the main basaltic section.

- This method therefore assumes that all the accreted sediments above

the basal thrust act as a single unit, resting on top of another single
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unit, the oceanic crust.

A second assumption is that the coefficient of friction is constant
under the whole accretionary wedge. This assumption is quite a good one,
since Byerlee (1978) concludes that for the normal stresses encountered
at depth in the crust, rock types and confining pressures have little
or no effect on friction coefficients. However he states that the effect
of a fault gouge on u may be dependent on its composition, so that in
the finite element models of this section u must be regarded as an
average for the whole thrust plane.

Finally an assumption must be made to estimate the normal stress
across the base. As stated in Section 5.2.2, the base is fixed so that
it cannot move in a direction normal to itself, so to be consistent
with this o, should be set at the value of the normal stress needed to
support the weight of the wedge. As an approximation to this, the
vertical stress is used, namely
9, = -hpg 5.4
where h is the thickness of the wedge above the relevant point on the
base. The applied nodal forces are then calculated using Ch. 3,

Section 3.5.1.

- If there are superimposed horizontal (or nearly horizontal)
stresses, either tensional or compressional, transmitted by the oceanic
plate, then these will not only change 9 but also the other boundary
conditions at the base of the wedge (see Section 5.2). For simplicity
it is assumed that the only stresses on the wedge are the basal shear

and those due to the other boundary conditions as before.
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5.4.2 Elastic models

To find the coefficient of friction that produces sufficient
basal shear to support the wedge, a similar procedure to that used
in the previous section (5.3) is followed.

Elastic analyses are used to narrow down the value for the friction
coefficient, and as before the resulting surfaces are roughly straight
lines whose orientation depends on the applied shear. ExampTes are
shown in Figs. 5.16 and 5.17, with friction coefficients of 0.05 and
0.20 respectively. In these two cases the rotations are c. 0.1° anti-
clockwise and c. 0.2° clockwise.

The displaced surface is roughly parallel to the initial when the

friction coefficient is about 0.7.

5.4.3 Visco-elastic models

Figs. 5.18 and 5.19 show the effect of allowing the model to
creep visco-elastically for 1 Myr with the same applied shear stresses
as in the elastic models of Figs. 5.16 and 5.17 (corresponding to
friction coefficients of 0.05 and 0.20 respectively). It is readily
seen that a low value allows the wedge to subside at the landward end
and move up the basal slope, while a large frictional force drags the
seaward end down the slope and 1ifts up the landward end. The deformation
in these two cases is very similar in shape to Figs. 5.8 and 5.9, where
the basal shear applied was uniform.

It is impossible to hold the whole surface to zero displacement
in this way, but Figs. 5.20 and 5.21 show deformations where parts of
the sjope do not move (with values of u, 0.08 and 0.10 respectively).

The best approxihation is a friction coefficient of 0.09 (Fig. 5.22)

which holds the surface deformation to about 30 m and the resulting
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Fig. 5.17: As above, butu= 0.20.
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Fig. 5.18: Surface deformation after 1 Myr, in response to a frictional
basal shear; y = 0.05.
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Surface displacements after 1 Myr, with friction at the base

of the wedge; u = 0.08.
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principal stresses are displayed in Fig. 5.23.

As with the model with a uniform basal shear of 12 MPa (Fig. 5.15),
most of the deviatoric stresses present after 1 Myr without any applied
stress (Fig. 5.14) are removed by the application of the supporting
stress, and there are only small differences between the two resulting
stress systems. These differences occur near the base of the model where,
because of the increase in frictional stress with depth (Equations 5.3
and 5.4), there is an increase in the deviatoric stresses to the left
of the wedge and a decrease to the right, compared with the uniform
shear model. However these are small everywhere, rising to 3 MPa at the

base of the wedge near to the trench.

5.4.4 Implications of the friction coefficient

The coefficient of friction, obtained as described, namely
u = 0.09
is significantly smaller than the values given by Byerlee (1978) of

-0.85 o s o, | < 0.2 GPa

T

T = -0.6 o, " 0.05 GPa ; 0.2 GPa <|0n|< 2 GPa
and the values of Jaeger and Cook (1976) which have an average of

u = 0.62
both sources including examples of many different rock types. However
these coefficients have been found for rock samples without any
included gouge, which, Byerlee observes, reduces the friction
considerably. Wang and Mao (1979) have performed experiments on small
“cylindrical granite samples (25.4 mm in diameter, 50.8 mm in length)
in which a saw cut {s made (at 30° to the axis) and filled with
saturated clay,. to.measure the values 6f u for different clays under

confining pressures of up to 300 MPa. Their results are quoted in Table 5.2.
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Clay ' Coefficient of friction, u
Montmorillonite 0.08 + 0.01
Chlorite 0.12 + 0.01
Kaolinite 0.15 + 0.01
IT1ite 0.22 + 0.02

Table 5.2: Friction coefficients for joints in granite filled with

various saturated clays. (Wang and Mao, 1979)

Wang and Mao's experiment was arranged in such a way that the
pore pressure of water in the joint, p, could be measured independently
from the confining pressure, and their results for u are based on the

effective normal stress across the crack

o =0, tP. 5.5

Neff
If there is significant pore pressure along the basal thrust of the
wedge model, in other words if the sediments there are not dewatered,

Lan~ve < O~
then the coefficient of friction ee##espéiding—%e the applied shear w #a ~afe(

is iarger.

To estimate this increase it is necessary to make some assumptions
about the pore pressure on the thrust plane. If pore water is present,
the least effect it can have is when all the pores are connected. In
this case the pore pressure would be

p=ho g | 5.6
where h.is the depth to the thrust plane and P is the density of the

water. The estimated friction coefficient would then be increased by

a factor of _ ‘ -
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_° =17

(0 = o,)
where p is the density of the accreted sediments (as before), giving

u = 0.15.

However if the pores are not interconnected and the pore water is
overpressured, then following Hubbert and Rubey (1959)

p ;fhog ; Os«fsl 5.7
where f indicates the degree of overpressuring. Under these conditions
the estimated coefficient of friction (from the finite element model)
is increased by a factor of (1 - f)71, a few possible values of which
are shown in Table 5.3. '

Rubey and Hubbert (1959) report a range of values for f up to
0.9, and it is difficult to put bounds on its value under the conditions
of the model. If f is c. 0.9 the estimate for u is cohparab]e with the
results of Byerlee (1978; see above), but if f ¢ 0.6 the estimate is
consistent with Wang and Mao's (1979; see Tabie'5.2, above) values, -
implying that there is a 1éyer of fault gouge §1ong the thrust plane,
as might be expected from observation of faults exposed at the Earth's

surface.

£ (1-f)7 y

0.5 2.0 0.18
0.6 2.5 0.23
0.7 3.3 0.30
0.8 5.0 0.45
0.9 10.0 0.90

Table 5.3: Some values for the overpressure- factor, f, and the
corresponding estimates of y, the coefficient of friction

on the basal thrust.
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5.5 The Effect of Surface and Basal Gradients

5.5.1 Variations in slope of the model boundaries

To investigate the effects of the gradients of the upper and
lower surface boundaries on the basal shear stress, a series of models
was run in which all the x co-ordinates were doubled but which were
otherwise identical to the unfform shear models of Section 5.3 (Fig.
5.24; cf. Fig. 5.1). An elastic model with a basal shear of 12 MPa
(Fig. 5.25) suggests that the same stress is needed to support the
new, less steep slope, but in a visco-elastic analysis this does not
hold (Fig. 5.26).By trial and error a basal shear of 6 MPa is found to
hold the surface best, the displacements being about 50 m on average
(Fig. 5.27).

Thus doubling the x co-ordinates of the wedge has the effect of
halving (approximately) the basal shear. This effect must be due to
some combination of the slopes on the upper and lower surfaces, so to
separate their contributions a second model was run with the base
returned to its original (steeper) position (Fig. 5.28), but otherwise
the same as the previous model.

Again elastic analysis indicates that 12 MPa is the‘required.
basal shear (Fig. 5.29), but a visco-elastic model (run for 1 Myr;
Fig. 5.30) shows this.to be tbd large, and further investigation leads
to the estimate of 8 MPa (Fig. 5.31).

Therefore reductions both in the basal slope and in the surface
slope reduce the basal shear necessary to supbort the model, both

effects being of the same order of magnitude (namely c. 5 MPa).
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Fig. 5.25: Elastic deformation of the surface of the above model, in response
to a uniform basal shear of 12 MPa.
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Fig. 5.27: As above, but with a basal shear stress of 6 MPa.
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Fig. 5.30: Surface displacements of the wedge of Fig. 5.28 after 1 Myr, in
response to a uniform basal stress of 12 MPa.
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Fig. 5.31: As above for a basal shear stress of 8 MPa.
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5.5.2 Comparison with an earlier, analytical model

The result obtained in the previous section is opposed to the
conclusions of Elliott (1976) who deduces that,

"It is the surface slope which determines the magnitude and sense
of the shearing stress at the base, and not the dip of the base",

but is supported by Seely (1977) who draws a similar conclusion from
the presence of seaward-dipping thrust faults (seen on seismic reflection
sections) in the sedimentary wedge of the Aleutian trench, where the
upper surface is also seaward-dipping, i«éxnmﬁaﬁ Aol Mo sase of sbear o
Me  Sose down ~et depedl a2 sufaca s lope.

E1liott finds, analytically, an expression for the shear stress on
the base of a thrust wedge, thickness H, surface dip o, given by

T =pgHa 5.8
where t is the average basal shear over a length greater than any
fluctuations of either surface.

The first derivation given for Equation 5.8 is based on the assumption
that longitudinal stress gradients may be neg1ected. However, this
assumption is questionable, since in the finite element solution shown

in Fig. 5.15 (where there is a uniform basal shear of 12 MPa) there is

a gradient of deviatoric stress, ox', of

90"+ 1 Mpa kml
o X

throughout the wedge, which integrated over its thickness H gives

{ 9% dy = %% .H =5 MPa

H X 9 X

which is significant with respect to the basal shear of 12 MPa.
Elliott also derives Equation 5.8 by a second method, in which

longitudinal stress gradients are accounted for, drawing on the work of
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Budd (1970, 1971). There are however two 1nconsistencies here. Firstly
one of the results of Budd (1971) quoted by Elliott is

G=t=pgHa | 5.9
(assuming small variations in the upper surface and smooth variations
on the base), but according to Budd (1971, section 1.2(i)) G is the
net longitudinal stress gradient

6 =% H 5.10

X

so that Equation 5.9 contradicts the fundamental assumption of Elliott's
first derivation, namely that the longitudinal stress gradient may be
neglected.

The second inconsistency arises because Budd's work is concerned
with uniform flow (of ice) between two boundaries, the upper surface
and the base, whose positions remain fixed with time, whereas an
overthrust can move as a single unit. This false assumption has
important consequences in the derivation of the change in potential
energy of a thrust sheet. To calculate this, following Elliott (1976),
a column within the thrust sheet is analysed, as §hown in Fig. 5.3 2.
Changes in the gravitational pnotential energy of the column arise because
of changes in the height, h, of the centre of mass of the column, which
is at a height (H/2) above-the base of the thrust sheet.

The height of the centre of mass is a function of several
“variables, h(B,sy,x), where B is the thickness of material deposited
on, or eroded from the surface (measured as negative for erosion), and
e is the finite strain of the column vertically (e.g. due to compaction).
Thus the rate of change of h with time may be expressed in terms of
partial derivatives as

dh _dh 3B, AH de 30 5.11

E 5 ot Bey ot X
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where v is the horizontal component of the thrust sheet's velocity
(see any fluid dynamics or advanced calculus text, e.g. Rutherford,

1959; Kaplan, 1962). Now,

Eh_:_]_éﬂ:l 5.]2a
3B 2 3B 2
sh_TaH _H 5.12b
Bey 2 asy 2

(see E11i0tt, 1976), but the partial derivative of h with respect to

x depends only on the gradient of the base
A tan g 5.13
dX

and not on the surface gradient, o, since the whole overthrust is

free to move as shown, and not confined between the base and a fixed

surface, as mentioned earlier. Thus

dh _ Ji-yftéy + v tang , 5.14

dt 2 2
which differs from Elliott's expression for dh/dt in being independent

of a.
If sliding on this slope is to be energetically possible, when

the only externally applied force is gravitational, then

ah o, 5.15
dt
However, the first two terms in Equation 5.14 are independent of x,
so that the direction of motion of the overthrust is determined by the
last term, namely v tang. The most energetically favourable direction

of motion is thus down the basal slope (i.e. v tang < 0), and the energy
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balance (Equations 5.14 and 5.15) is independent of the surface slope.

An overthrust will only move up the basal slope if a sufficient
stress (at least equal to the lithostatic stress) is applied to the
down-slope (left-hand in Fig. 5.32) end of the thrust wedge, and cannot
be driven up-slope by gravity alone. The surface slope may effect the
magnitude of the basal shear, but cannot provide the driving stress for
the thrust.

A second analytical model is presented by Chapple (1978). He
analyses a wedge of sediments above a weaker basal zone, both of which
are plastic and in steady-state flow (above their yield stresses). He
derives a set of equations (given in Appendix 1) in terms of the upper
and lower surface slopes, the thickness, the density and the yield
stress, K, of the wedge, which can be used to find the basal shear
stress. From these, and using Chapple's value of

K = 100 MPa
together with the relevant parameters for the wedge of Section 5.3
(upper and lower surface dips tan~!(0.15) and tan~!(0.2), respectively)
the basal shear is calculated as

T = 50 MPa.

This is considerably larger than the 12 MPa obtained in Section 5.3
by finite element analysis. However, Chapple's value for K is very

large compared with the values for tensile strength shown in Ch. 2,
Section 2.3.4, and if a value is chosen of

K =12 MPa,
good agreement is reached with the finite element results of Sections 5.3
and 5.5.1, as shown in Table 5.4, despite the difference in rheology
between Chapple's b1astic model and the visco-elastic behaviour
assumed in this thesis. The most obvious qualitative agreement is that

the basal shear increases with the basal slope.
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tan a tan 8 t(analytic)/MPa t(finite element)/MPa
0.15 0.2 12 12
0.075 0.2 9 8
0.075 0.1 7 6

Table 5.4: Comparison of basal stress for various surface and basal
slopes, derived using the finite element method and

analytically. (Chapple, 1978)

The Effects of Variation in Material Properties

The effects of contrasts in the visco-elastic parameters of
different parts of an accretionary wedge will be discussed in Ch. 6,
but this section (5.6) will describe the effects on the uniform model

in this chapter, of variations in material properties.

5.6.1 Viscosity

The viscosity of the material only enters into the finite element
calculation {n Equations 3.38 (Ch. 3) which show the relationship
between creep rate and deviatoric stress in an element.

The whole finite element formulation is linear, for linear creep,
so that the value of any component of any relevant variable at time t,
q(t) (where q may be a component of displacement, strain or stress), in

a body with uniform viscosity, n, may be written as

£
q(t) = qo + q <_> , 5.16
n

where q, is the value of q obtained in elastic analysis, q; is a
function of (t/n), and both g, and q, depend on the finite element grid,

the material properties and the boundary conditions for the model.
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Note that this equation depends only on t, and not At, the length
of the time increment used. To verify this, several models were run
with different increments, but for the same total time in each model.
In all cases the results agreed to better than 1% for all variables
(these differences being caused by the finite convergence criterion in
the solution iterations; see Ch. 3 Section 3.4).

Thus n only alters the time-scale of the model. This is readily
tested by running the same model with different values of n, but
keeping the ratio (At/n) constant, and when this was done the results

were ijdentical.

5.6.2 Young's modulus

Figs. 5.33 and 5.34 show the effect of altering the Young's
modulus of the wedge material from 10 GPa (Fig. 5.12 and Table 5.1)
to 100 GPa and 1 GPa, respectively.

The compressibility of a material, «, is inversely proportional to

E,

3(0 - 2v) 5 17
E

K-:

(Jaeger and Cook, 1976), where E and v are the Young's modulus and
Poisson's ratio for the material as before,.and the‘change in this is
the chief cause of the difference between Figs. 5.33 and 5.34.

The nodal forces are all of the order of 10 GN, both those due to
basal shear and those due to weight, and so, in the original model, they
were of the same order of magnitude as E (10 GPa). Increasing E to
100 GPa reduces the displacements in the whole wedge by a factor of
at least 2, except near the surface at the landward end (Fig. 5.33)

where there seem to be some undulations in the displaced surface (see

Section 5.7, below).
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Fig. 5.33: Surface displacements of a wedge (Fig. 5.1) with Young's
modulus, E = 100 GPa, after 1 Myr of visco-elastic deformation,
with a basal shear of 12 Mpa.
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Fig. 5.34: As above, with E = 1 GPa.



105

Conversely, reducing E by a factor of 10 (Fig. 5.34) increases
the displacements in the wedge, particularly at the seaward end, since
the landward end is supported somewhat by the boundary condition on
the left of the model, namely that there should be no x-displacements
(Section 5.2.2). Apart from the nodes near this end, all nodal x-
displacements are at least 100 m to the left, reaching over 500 m at
the toe of the wedge. Thus with a Young's modulus of 1 GPa, it is
impossible to keep the surface displacements as small as in the previous
models, but the basal stress required to maintain the average surface
slope is still approximately 12 MPa, and is therefore not significantly

dependent on E.

5.6.3 Poisson's ratio

Equation 5.17 shows that the compressibility depends not only
on Young's modulus but also on Poisson's ratio,v. However, variations
in k are restricted more because the range of possible values of v
is much smaller than of E.

Figs 5.35 and 5.36 show the visco-elastic deformation after 1 Myr,
with a uniform basal shear of 12 MPa, when the Poisson's ratio is 0.4
and 0.15, respectively compared to the previous value, 0.27 (Table 5.1).
The similarity between Figs. 5.35 and 5.33 is very marked, indicating
that they might be caused through a change in the same parameter (namely
k), though « is only decreased by a factor of 2.3 in this case, as
opposed to 10 in Fig. 5.33.

In both Figs. 5.35 and 5.36, 12 MPa seems to be the best basal
shear to hold the model steady, though when v = 0.15 there are rather
larger displacements fhan before at'ea;h end of the wedge. This is

probably because, for a lower Poisson's ratio, there is less coupling
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Fig. 5.35: Surface deformation after 1 Myr in a wedge with Poisson's ratio,
v = 0.4, and a basal stress of 12 MPa.
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Fig. 5.36: As above, but v = 0.15.
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between vertical and horizontal displacements.

The deviatoric stress system in the wedge does not vary significantly

with changes in v, the deviatoric stresses being overall slightly larger

for v = 0.15 and slightly smaller for v = 0.4 than for v = 0.27, but

the changes are less than 2 MPa everywhere.

5.6.4 Density
The effects of varying the wedge's density on the results of
the model are very straightforward. An increase in density increases
the vertical stresses due to the body's weight and so a larger basal
shear stress is needed to support it.
A comparison of Fig. 5.37 , where the density is 2700 kg m > and
Fig. 5.38, with o = 2300 kg m 3, with the original model (p = 2500 kg m™3)
supported by different basal shears as shown in Figs. 5.10 to 5.13,
indicates that increasing (or decreasing) the density by 200 kg m™3

increases (or decreases) the supporting stress by about 1 MPa.

A Long-Term Model Instability

If the original model, with properties as listed in Table 5.1,
is run for 10 Myr, the solution becomes unstable, as shown in Figs. 5.39
and 5.40. This manifests itself as an undulation in the upper surface

(shown together with an exaggerated version in Fig. 5.39), and in the

~introduction of tensile stresses and unrealistically small compressional

stresses into the model (Fig. 5.40).

A similar effect to this is seen if a visco-elastic model is
run without the provision of sufficient constraints, for example if
one end of a rectangular model is inadvertently left free, although of

course when this is done the instability is very much more pronounced.



TOE (4) « T=1, S=12, RHO=2700 SURFACE FLEXURE

2000
"o Inittel eurfeoo
o deforeed curfeco
200 N € v oxeggereted deformation
(diopleocemente »5)
8000 |-
~ =00 |-
P
4000
4500 r-
, 5000 }- N N
-2 [ 2 2

X /7 KILOMETRES

Fig. 5.37: Surface displacements after 1 Myr in a wedge of density,
p = 2700 kg m=3, and a uniform basal shear of 12 MPa.
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To find the reason why such a model should become unstable, several
test models were run, the first of which was to let the visco-elastic
cylinder, used as a test model in Ch. 3 (Section 3.6), relax for
200 time units (compared with the previous maximum of 10 units). This
had no significant effect on the stress distribution, which was hydro-
static at the value of the internal pressure, throughout the visco-
elastic material.

A second possibility was that the length of the time increments
used was too great, but running the same model with the steps reduced
by a factor of 10 had no effect above the 1% level.

Finally the importance of the deformation of the grid was considered.
The same stiffness matrix (as derived in Section 3.3 of Ch. 3) is used
throughout the time over which the model is run, on the assumption that
the size and shape of each element does not vary significantly. In the
case of the 10 Myr model, the displacements are up to 40% of the
dimensions of the element in some places, and so might be significant.

It was more complicated to test this possibility than the previous
two, in that the main visco-elastic subroutine had to be restructured to
allow a re-definition of the finite element grid at given intervals.
However, when this was done it did not provide a solution to the problem.
As an example, Fig. 5.41 shows the results of re-running the model of
Fig. 5.39, but re-gridding every 1 Myr. The resu]tiﬁg surface is
slightly different, but the instability is still present and the stress
system shows the same features as before.

Therefore it appears that this instability is due to a combination
of the finite element method used (Ch. 3, Section 3.4), the grid used,
‘where the free surface is not horizontal and is not constrained in the

x-direction, and the length of time over which the model was run.
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The Maxwell time for this model is

g =20 (Equation 3.35)

0.1 Myr ,
so that even after 1 Myr, a rectangular, symmetric model would only
have small remaining deviatoric stresses.

In the case where tm is reduced by a factor of 10 (Fig. 5.33)
by increasing E to 100 GPa, the instability can be seen on the upper
part of the surface slope, though its effect is smaller because the
model is less compressible. Conversely, if tm is increased by a factor
of 10, by decreasing E to 1 GPa, the model is still stable after 10 Myr
(see Fig. 5.42; the exaggerated curve is omitted since the displacements
are large).

The deviatoric stresses in the model of Fig. 5.12 (run for 1 Myr
with a basal stress of 12 MPa) were all below 8 MPa, as mentioned
earlier, so that even in this asymmetric model the stresses are nearly
hydrostatic. This model was then left to relax for a further 9 Myr
(or 90 tm) to give Fig. 5.39. During this time, because the material has
a Maxwell rheology (Ch. 3, Section 3.4), deviatoric stresses in any
element tend to relax. However all the elements are interrelated so
that the deviatoric stresses in one may only relax at the expense of
those in adjacent elements. If some imbalance were set up, perhaps due
to the extra degree of freedom of the surface nodes, then it might be
accentuated over long periods.

In the first model run for 10 Myr (Figs. 5.39 and 5.40) the
deviatoric stresses are at worst the same as after 1 Myr (and mostly
reduced by c. 1 MPa), but the creep in each element has resulted in

large changes in the hydrostatic stresses. These changes can only occur
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in a Maxwell substance because of the restriction to plane strain,
which is equivalent to varying stresses perpendicu]ér to the plane of

the model.

Discussion

In this chapter some of the features of deformation beneath
trench inner slopes have been isolated by studying simple models. The
importance of using visco-elastic, rather than elastic models (Ch. 4)
is emphasized by Section 5.5.1, where elastic models could not detect
differences between basal shear stresses of 12 MPa and of 6 MPa from
the surface displacements, while visco-elastic models could.

When the uniform stress (Section 5.3) and frictional (Section 5.4)

boundary conditions are compared, it is apparent that this model cannot

~ distinguish between them. The final surface displacements and principal

stress distributions for a shear of 12 MPa and a friction coefficient
of 0.09 are very similar. However, both models predict the existence
of weaker material in a shear zone along the base of the wedge, and
emphasize its importance, in agreement with Seely (1977).

An important difference between the uniform shear and frictional
models is tﬁeir relation to convergence rates. The basal stress applied
depends on the relative velocity, v, in the uniform shear model (Equation
5.1), but not according to the frictional model (Equations 5.3 and 5.4)
unless there is a dependence of the normal compression, 0,5 ACross the
basal thrust on v. Any such dependence would be reduced because of
the shallow dip (c. 11°) of the contact. The former model therefore
predicts a correlation between the surface slopes of accretionary prisms
and the respective convergence rates (Fhe greater the rate, the steeper

the slope), while the Tatter predicts that rate and slope should be
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independent.

However, as Karig and Sharman (1975) point out, the size and
consequent shape of the accretionary prism depend more strongly on
the rates of sediment input to the subduction zone than on the convergence
rate, so it is difficult to distinguish between the two types of model
on this basis.

The results of D.S.D.P. Leg 66 (Moore et al., 1979b) show that
the whole trench slope has been lifted up (during the Quaternary) at
rates varying from 400 m Myr ' at the toe to less than 200 m Myr~! at
the landward end of the portion taken for the model. However, none of
the models in this chapter shows uplift for the whole of the upper
surface, so there must be some important effect other than the shear
on the base of the wedge. Watkins et al. (in press) suggest that 50%
of the sediment input to the Middle American Trench is subducted, 25%
is accreted onto the toe of the slope and 25% is carried down beneath
the accretionary prism and then "underplated" onto it. If this were the
case, then the effects of accreting more sediments to the toe and of
underplating would be superimposed on the effects of the basal shear, and
in particular the process of underplating would account for the overall
raising of the wedge. A possible mechanism for any underplating is that
the basal shear stress may increase with depth beneath the complex, either
due to a thinning of the shear zone in the first model (a reduction of d
in Equation 5.1), or to an increase in friction coeff{cient, u, due to
dewatering of the fault gouge (Wang, 1980) in the second. In either
case, the effect would be the result of the increase in lithostatic
pressure with depth.

The relative vertical movement of the toe and rear of the wedge

measured is ¢.200mMyr~1, which depends on the effect of any underplating
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as well as the basal shear on it. In the simple models of this chapter
the relative vertical displacement after 1 Myr is 25 m for a uniform
shear of 12 MPa, 18 m for a friction coefficient of 0.09, and about

100 m for a uniform shear of 1 MPa. Thus, if all the relative movement

is due to the interaction between weight and basal shear, then the time
scale used is rather too large, i.e. the viscosity used, n (1022 N s m 2)
is too great (see Section 5.6.1). It was found in the models that the
displacement in the interval 0.1 Myr to 1 Myr was approximately linear,
so that the 1ikely value of n lies in the region

1021 ¢ n < 1022 N s m™?

(decreasing n by a factor of 10 will increase the displacements in 1 Myr
by about a factor of 10, also). Underplating may alter the relative
movemenfs considerably, but it is considered that n for the sedimentary
wedge is still within these approximate Timits, which are consistent
with the results of Section 5.3.4.

The strains predicted by the finite element model are also of
interest. Fig. 5.4 3 shows the distribution of principal strains in
the model of Section 5.3 (with a uniform basal shear of 12 MPa), which
occur in 1 Myr. The greatest strains are concentrated at the thrust
plane and near the toe bf the wedge, and the strains at the surface
on the left of the model are very small (less than 1%).

The magnitudes of the strains are low, all being less than 4%,
which would not be sufficient to produce the deformation observed in
cores taken from the inner trench slope on D.S.D.P. Leg 66 (Moore
et al., 1979a and b; Moore and Watkins, 1979). However, Moore and Watkins,
in their description of drii] site 491, note that deformation only occurs
in sediments accumulated in, or near, the trench and in association with

rapid uplift, and that this is followed by an interval of negligible
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. As above for the equilibrium model with a frictional shear at
the base and u = 0.09 (Fig. 5.23).
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deformation (decreasing still more up-slope) and slow uplift. If this
were the case, then the greatest strain would occur as the sediments
were accreted to the toe of the wedge, and therefore the strains would
be much smaller as predicted by the finite element model.

A comparison of Figs. 5.43 and 5.44 (which shows the strains after
1 Myr in the model of Section 5.4 with u = 0.09) shows that the strain
distributions for both types of model are very similar, though the
maximum strain for the frictional model is 5% rather than 4%. Thus strain
analysis cannot distinguish between the two basal thrust mechanisms
presented in this chapter.

A further complicating factor affecting the deformation is the
effect of variations in lithology within the wedge, especially the
shabe of material boundaries such as that between igneous crust and

accreted sediments. These variations will be discussed in the next

chapter.
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CHAPTER 6

THE IMPORTANCE OF THE CONTRAST BETWEEN CRYSTALLINE BASEMENT AND
ACCRETED SEDIMENTS

Introduction

In the previous chapter, the wedge of accreted sediments forming
the inner wall of the Middle America trench was modelled, assuming that
its landward end remained fixed horizontally, in other words taking the
crust behind it as a fixed frame of reference. In reality, however, the
thicker end of the wedge is supported by more accreted sediments and,
further back, by the crystalline basement rocks of the overriding plate
(continental crust in the case of the Middle America subduction zone, but
igneous oceanic or island arc crust in the case of an ocean-ocean plate
boundary; see Fig. 1.2).

As mentioned in Chapter 1 (Section 1.4), the position and shape of
the 1ithological boundary between accreted sediments and igneous crust
have not been clearly defined bv observations. In this chapter, results
are presented of the analysis of models of two subduction zones where the
shape and extent of the crystalline basement differ appreciably, to
ascertain the effect of these different structures on the stresses
within the accretionary prism and upper slone basin, and on the shane of
their upper surfaces.

The boundary conditions used for these models were the same as those
for the models of Chapter 5 (see Section 5.2.2), except that by holding the
landward end against horizontal displacement, a position further back in

the overriding plate was implicitly taken as a fixed frame of reference.
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6.2 A Model of the Middle America Subduction Zone

6.2.1 Description of the model and a first solution

This model was based on the same set of data as the wedge in
the previous chapter, namely the D.S.D.P. transect of the Middle
America trench (Fig. 1.3, Ch. 1; Moore et al., 1979) and the finite
element grid used is shown in Fig. 6.1. The latter also shows the position
of the 1ithological boundary based on Fig. 1.3 (the material type of each
element is indicated in Fig. 6.1 by: 1 for crystalline basement, 2 for
tectonized sediments), rocks on either side being assigned appropriate
properties which are listed in Table 6.1 (see Ch. 2, for the justification

of these figures and definition of symbols).

Lithological type E/GPa | v p/kgm=3lq/Nsm-2

Continental basement, 1 90 0.27 | 2850 1025

Accreted sediments, 2 10 0.27 | 2500 1022

Table 6.1: Properties assumed in modelling the Middle America subduction

zone.

Figures 6.2 and 6.3 show the surface displacement and principal
stress distribution, respectively, obtained by applying a uniform basal
shear of 12 MPa to the body and allowing visco-elastic deformation for
1 Myr. This value of basal stress was chosen because it wés the equilibrium
value for the model in Section 5.3 (Ch. 5) which represents the toe of
this model (from x = 22 km, onwards).

Although the boundary conditions on the toe are now different, in
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that the boundary of the simpler model (represented by the nodes at

? = 22 km) was fixed, but is now free to move both vertically and
horizontally, the applied stress was still found to keep the slope of
the toe nearest to equilibrium. The average displacement of the

surface is maintained at c. 20 m, although now there are somewhat larger
vertical displacements in places. The displacements near the trench are
similar to the simple toe model, but further back they become greater
(downwards), being about 70 m near the trench slope break (at x = 22 km)
which is a factor of 2 larger than in the previous wedge model.

The most striking feature of the surface deformation (Fig. 6.2) is
the draping of the sediments at the front of the continental section. The
nodes on the continental part of the model show very small displacements,
of up to 10 m upwards and 5 m to the left, while the surface nodes on
the accreted section show increasing subsidence to a maximum of 80 m,
Jjust behind the trench slope break (as defined by the change in surface
slope in Fig. 6.1). The displacements then become smaller again over the toe,
as described above.

The stress system in the accretionary prism is close to hydrostatic,
with deviatoric stresses of less than 12 MPa everywhere. The deviatoric
stresses are largest at fhe base (where the shear stress is applied) and
drop to less than 5 MPa along the surface, except in the two elements
closest to the continental block where there are (near-horizontal)
deviatoric tensions of c. 7 MPa. Typical deviatoric stresses in the
accreted sediments are c. 6 MPa, indicating that they are close to equilibrium
as expected after 1 Myr (the Maxwell time for these sediments is
t, = 0.06 Myr).

In the continental crust, however, there are deviatoric stresses

of up to 50 MPa. The distribution of these stresses suggests that they are
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caused by rotation of the continental crust away from the fixed (landward)
boundary, due to the movement exerted by the weight of the undercut part
of the basement and by the basal shear stress.

Near the surface, the mean stresses are in the tensional region,
as defined by the failure criteria of Section 2.3, Ch. 2, and vary, through
the open crack and intermediate regions, to compressional at the base.
However, the program does not predict any failure when the tensile strength
of the basement rocks is taken to be T = 50 MPa, the closest to fracture
being a value for the degree of failure (see Section 2.3) of C = 0.3. On
the other hand, if T = 10 MPa for this section, a value which is still
consistent with those given in Section 2.3.5, then tensional failure is
predicted at the top of the continental crust, the angle of failure being
taken between 75° and 80°, corresponding to high-angle normal faulting.
There is still no failure at the base of the continental crust, the
element closest to failure having C = 0.7, where the dip of the plane
where failure would be most favoured is c. 40° landwards.

Failure predictions in the sedimentary wedge are complicated by the
presence of pore water, and this will be discussed in Section 7.1 of the
next chapter; |

*As with tHe models of the toe of the accretionary prism in Ch. 5
(see Section 5.8), the strains in this equilibrium model are all small,
being less than 0.3% in the continental basement and rising to a maximum of
5% along the base of the accreted wedge. Strains on the Tower slope are
between 1% and 2%, the Targer values being nearer the toe. This supports
the suggestion that most of the strain observed in the accreted sediments

occurs as they are being scraped onto the toe of the wedge.
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6.2.2 The extent of the continental basement

To find the effect of the edge of the continental crust on the wedge
deformation, several models were run in which its position was varied.

Figure 6.4 shows the first of these models, and Fig. 6.5 the surface
deformation after 1 Myr, for comparison with the original model of
Figs. 6.1 to 6.3. The front of the continental crust has the same shape
as before, but has been moved backwards by 3 km at depth, leaving the
position where it reaches the surface unchanged (consistent with the
D.S.D.P. Leg 66 results; see Fig. 1.3). This change has removed some of
the supporting basement from beneath the upper slope, and at the same time
allowed more of the accreted sediments to be forced under the overhanging
part of the continental crust, with the result that the upper slope has
subsided more in front of the continental edge, but that the latter has
been lifted up more than in Fig. 6.2. The maximum uplift has been increased
from 10 m to 20 m, while the subsidence just behind the trench slope
break has increased from 80 m to 90 m, the greatest increase in subsidence
being from 50 m to 75 m near the contact with the crystalline basement.

The region of subsidence in model 1 of this section (Fig. 6.4) has
therefore deepened and broadened, while the transition from uplift to
subsidence at the trailing edge of the upper slope has become sharper.
Displacements on the lower slope have all been increased by about 5 m
(downwards).

The resulting stress distribution (not shown) is very similar to the
original model (Fig. 6.3), the only difference being that the stresses
in the continental crust are reduced. This is interpreted as being a
result of the reduced weight of the crystalline basement. Tensional
failure (normal faulting) is more strongly favoured in the upper crust,

because the turning moment (as described in Section 6.2.1) has been
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increased by cutting back the lower partAof the continental basement,
but, because of the reduced weight of crystalline basement present,
compressional failure is less likely (i.e. the degree of failure is
larger, C = 0.8) at the base.

Model 2 of this section is shown in Fig. 6.6 and the resulting
surface displacements, under the same conditions as before, in Fig. 6.7.
In this case the leading edge of the continental basement has been moved
forward 3 km from the initial position of Fig. 6.1, rather than back, and
the effects on the surfaﬁe deformation are as predicted by the previous
two models. In other words, the uplift at the top of the continental
crust has been reduced, to less than 5 m, the subsidence behind the trench
slope break (again as defined by the slope of the model surface) has been
reduced, to about 60 m (cf. 80 m in the original model), the draping over
the edge of the continental basement has become less steep, and the
downward displacements of the lower slope are reduced by c. 5m (although
the latter has kept the same shape).

The principal stress vectors for this model are shown in Fig. 6.8.
It can be seen that again they are of the same type as in Fig. 6.3, but
with the stress levels (both total and deviatoric) reduced in the
crysta]]ine,basement, the deviatoric stresses being less than 20 MPa
everywhere, except at the contact with the accreted sediments where they
‘rise to 35 MPa.

‘ The tensional failure in the upper part of the model is no longer
predicted (the lowest value for C is + 0.6), because the rotation of the
basement is counteracted more by the thicker section of igneous rocks.
Compressional faulting at the base, on a plane dﬁpping at 30° to 40°

landward, is more favourable than before, although the degree of failure

is still C = 0.6.







MAM. 22 «

HAXIMUM STRESS = 359.1 MPA.

T=1MYR, S=12MPA

. ——

STRESS VECTORS

EBROEN LINES TBSIRAD

42

0o & X / KILCKETRES L

- Y ° 0 \

+ + % ¥ ¢ & @ @ 90 o o . o 4

¥ =z o3 s o

+ X ¢ PP PR PR S Pt x Ty g o ow X\}}\

. RN

X X X bk ko XX B wow %P 8o

By 23

14 B

Y / KILGHETIES
X
X
S

+-+ xSkt Fxxt Bt ™

AR %

*X%&%§&%&%M%’
X A

-

~— {00 MPA

——

Fig. 6.8: The principal stresses in the second model of Section 6.2.2

(Figs. 6.6 and 6.7).



119

Figure 6.10 shows the effect of continuing the crystalline basement
down to the basal thrust plane, without any overhang (model 3 of this section;
Fig. 6.9). The displacement of the upper surface is similar in shape to
that of the initial model of Section 6.2.1 (Fig. 6.2), but all displacements
are reduced, the maximum subsidence, just behind the model's trench slope
break, being c. 60 m.

This effect is increased in model 4 (Figs. 6.11 and 6.12), where the
igneous basement has been continued beneath the whole upper slope to the
trench slope break, and here the surface is held almost stationary for
its whole length. The maximum vertical displacement is c¢. 30 m over the
end of the tongue of continental rocks.

Both the last two models (3 and 4) have significantly different stress
distributions from those of the other models in this chapter (see Figs.

6.13 and 6.14), in that the near-horizontal principal stresses at the top
of the continental section are compressional, not tensional. The turning
moment exerted by the weight of the igneous crust has been nullified by
continuing it down to the basal thrust. Thus, in these two models, the basal
shear stress is transmitted through the igneous basement as a compression
which is approximately parallel to the boundary with the accreted sediments.
No fracturing is predicted anywhere within the continental crust in either
model.

The strains in all the models of this section are similar to those
in the equilibrium model. By bringing the continental basement forward all
the strains in the model are reduced, but only by 1% at the most. The
greatest strain in the accreted sediments for the model of Fig. 6.11 is
4% (corresponding to shear along the base) rather than 5% in the original
model. The strains in the continental basement are reduced to 0.1% and

those along the upper part of the inner slope to 0.8% (cf. 0.3% and 1%
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respectively, in Section 6.2.1).

6.2.3 The effect of variations in basal stress on the surface flexure

Figures 6.15 and 6.16 show the surface displacements for the
original model of Section 6.2.1, with basal shear stresses of 0 and 20 MPa
respectively.

In the case where there is no basal shear, the displacements on the
upper surface follow a similar pattern to the equilibrium model (with
T = 12 MPa; Fig. 6.2), except that now the upper slope subsides more, by
a factor of 3, c. 250 m, and has forced the toe of the prism to slide up
the basal thrust (by c. 110 m vertically, 550 m horizontally).

When there is a large basal shear, 20 MPa, Fig. 6.16 shows that
the sufface displacements change radically. There is uplift (of up to
65 m) of the upper slope, and the Tower slope is pushed backwards by
c. 550 m and steepened (from 8.5° to 9°). In the light of the observations
discussed in Sections 1.3 and 1.4 of Ch. 1, namely that there should be
uplift of the lower slope and subsidence of the upper slope, this basal
stress is considered to be too 1arge. Even if material were being added
to the toe of the prism, which would reduce the angle of the lower slope,
the upper slope would still be pushed upwards. Froh the stress needed to
hold the upper slope close to its original position, it may be deduced that
the basal shear stress under the accretionary prismof the Middle America
trench,

T.¢ 15 MPa.

The principal stress distributions in the first two models of this
section are also significantly different from each other. In the first
(Fig. 6.17) where there is no basal shear stress, the clockwise rotation

of the continental basement is greater than in the original model
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(Section 6.2.1), increasing the total compression at the base and the tension
near the surface, so that widespread tensional failure is predicted at the
top, and the toe of the basement is 20% closer to compressional failure
(C = 0.4) also. The accreted sediments are not in equilibrium in this model,
having deviatoric stresses which are typically 15 MPa and which range up
to 25 MPa.

In the second of these models, which has a basal shear of 20 MPa,
the rotation of the continental basement is completely counteracted by
the effect of pushing accreted sediments down the basal slope, and there
is even a tendency to anti-clockwise rotation. This is shown by the principal
stresses (Fig. 6.18) which, near the igneous/sedimentary boundary are
rotated so that the maximum principal stress (tension positive) is more
nearly parallel to the boundary than in the case of zero basal shear
(Fig. 6.17), where the minimum principal stress was aligned.

Models may also be run, increasing the basal stress with depth
(as suggested by Wang, 1980). However, the same general principles apply
as for a uniform basal stress, namely, if the stress is large uplift
occurs on the upper slope and the continental basement rotates anti-
clockwise, and vice versa for a small basal shear. The results of one of
these models, where the average basal stress under the toe of the prism is
c. 12 MPa, are shown in Figs. 6.19 and 6.20, and are very similar to those
for a uniform basal shear of 20 MPa (Figs. 6.16 and 6.18), the chief
difference being that the lower slope remains more nearly parallel to
.the undeformed position, being rotated by only 0.1°. The form of the basal
shear stress as a function of depth is poorly constrained, and the effects

of varying that function are not investigated in this thesis.
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Fina]]y,>the strains in all the models of this section (6.2.3)
are still much smaller than those observed in accreted sediments (as
were those in the previous two sections and Section 5.8 of Ch. 5)
1rrespect1ve of the basal shear stress applied. The largest strains
(found in each case at the base of the sediment wedge, aligned with the
direction of maximum shear approximately parallel to the basal thrust)
are 5%, 6% and 7% in the models with zero basal shear, a shear of 20 MPa

and a linearly increasing shear, respectively.

6.2.4 Material property contrasts

The effects of changing material properties throughout a finite
element mbde] of the wedge type have been examined in Section 5.6, Ch. 5,
and so it is only necessary to investigate the effects of changing the
contrasts in those properties, in this section. In addition, it was shown
that changes in Poisson's ratio v were only significant in that they altered

the compressibility,

e = 30 - 2v) | (Fquation 5.17).
E

Increasing v by a given percentage reduces « by approximately the same
percentage (this relation is exact for changes from v = 0.25), so that
increasing Q by 100% (the greatest possible amount if v = 0.25) only
increases « by a factor of 2, and the largest feasible decrease in v

(by, say, 50% to v = 0.125) decreases « by the same factor. x is inversely
proportional to E, which can take a wider range of values than v, and so

variations in Young's moduli are modelled here, rather than in Poisson's

ratios.

Figure 6.21 shows the effect on the surface deformation of increasing

the Young's modulus (and hence decreasing the compressibility) of the
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accreted sediments, E,, by a factor of 9, so that now E, = E;, the

Young's modulus of the crystalline basement. The maximum subsidence is
reduced by this change to c. 60 m after 1 Myr (cf. 80 m in the equilibrium
model of Fig. 6.2) and the lower slope moves up by c. 20 m. Both these
effects occur because of the reduced compressibility of the thicker nart of
the accreted sediments. This also has the effect of nullifying the boundary-
parallel compressional stresses that were previously within the crystalline
basement and reducing the tensions at its upper surface (Fig. 6.22; cf.

Fig. 6.3).

It should also be noted that, in Fig. 6.22, there are signs of the
instability discussed in Section 5.7, Ch. 5, in that near the toe of the
model some elements have anomalously low hydrostatic stresses.

A1l the trends in surface displacements and principal stresses are
reversed if the Young's modulus for the accreted sediments, E,, is reduced
to 1 GPa (Figs. 6.23 and 6.24), except that here the changes are more
marked. The upper slope is lifted up by up to 55 m (after 1 Myr), and the
Tower slope is depressed by c. 200 m, while the greatest stresses in the
crystalline basement are concentrated along its boundary. The surface
deformation is inconsistent with all observations of accretionary prisms, and
bearing in mind that the angle of the Tower slope in Fig. 6.23 is changed
very 1ittle so that the basal stress is still close to the required
equilibrium value, it is concluded that the Young's modulus for accreted
sediments must be significantly greater than 1 GPa.

The effects of varying the viscosity of the accreted sediments, n,,
with respect to that of the igneous crust, is to change the amount of
viscous deformation in that part of the model. If né'is.increased to
1023 Nsm=2 (from 102% N snfé); the surface displacements of the model are

reduced to less than 20 m everywhere, and there are larger deviatoric
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stresses (by a factor of 2) remaining in the accretionary prism. If g,
is reduced to 1021 Nsm~2, then the displacements of the original model
are amplified, giving a subsidence of c. 600 m in the upner slope and
uplift of c. 200 m on the lower slope, after 1 Myr.

Figure 6.25 shows the effect of increasing n, and reducing E, together.
Comparison with Fig. 6.23 shows that the reduction in E, has had the same
type of effect as before, though the reduction in viscous creep has modified
the displacements somewhat. In contrast, Fig. 6.26 shows the effect of
decreasing both E, and n, together. The subsidence of the upper slope is
now 1100 m, even larger than obtained by reducing n, alone (600 m; see
last paragraph), supporting the conclusion reached earlier that E, > 1 GPa.

.The reduction of n, to 102} Nsm 2 reduces the Maxwell time, tm,
for the sediments to an extent where instabilities are noticeable in
the stress distribution (Section 5.7, Ch. 5), and increasing E, at the
same time decreases tm still further making a solution of this type unstable
and so impossible to model over 1 Myr. However, the results of the last
two paragraphs indicate that the effective viscosity of the accretionary
prism, n,, must be within the Timits

1021 < n, < 1023 Nsm™2
whatever the value of the Young's modulus, E,. This result is consistent
with that of Section 5.8, Ch. 5.

The final parameter whose Qariation is to be studied is the density
of fhe accreted sediments, p,. Figs. 6.27 and 6.28 show the surface displace-
ments when p, = 2300 kg m™3 and o, = 2700 kg m~3, respectively (originally
p, = 2500 kg m=3). The upper slope subsides more for a higher density and
prevents the toe from being pushed so far down the basal slope, and vice

versa for a lower density (the displacements of the upper slope are 57 m

and 100 m, and of the toe are 32 m and 14 m respectively for p, = 2300
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and 2700 kg m~3). The stress systems in the two models are almost identical
to the original model (Fig. 6.3), except that the greatest compressions
are 395 MPa (p, = 2300 kg m~3) and 390 MPa (p, = 2700 kg m~3) as opposed
to 392 MPa (p, = 2500 kg m=3). This stress is within the continental
basement and is therefore decreased when the accretionary prism

supports it more, which is the case for an increase in p,, although this

effect is small.

A Model of the Inner Wall of the Central Aleutians Trench

6.3.1 The initial model

Figure 6.29 shows the finite element grid and the material
properties in each element for a model based on the cross-sections of
the central Aleutian Islands subduction zone shown in Fig. 1.8 (Grow, 1973a).
The model has been divided into 4 Tithological sections, as shown in
Table 6.2, although material types 4 and 4 are given the same properties

in this initial model,

Lithological type E/GPal v o/kg m3 | n/Nsm™2
Terrace sediments 1 0.22 | 0.38 | 1900 1020
0lder terrace and 2 10 0.27 | 2500 1022
accreted sediments '

Igneous oceanic crust 3 35 0.25 | 2800 1023
More recently accreted 4 10 0.27 | 2500 1022
sediments

Table 6.2: Material properties used in modelling the. central Aleutians

subduction zone
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The boundary conditions on this model are similar to those on the
previous accretionary models, namely; the upper surface is free, the
landward end is fixed horizontally, the seaward end has a lithostatic
load due to sediments in the trench (of densitv, 1700 kg m-3), and a shear
stress is applied to the base. The base of this model is divided into
three straight segments to approximate the curvature of the subducted
plate, which is assumed to come into contact with the mantle at 15 km
depth. The mantle is assumed to have a low viscosity so that the shear
transmitted to the overlying crust from the contact between the subducted
plate and the mantle is negligible, and thus only the shear applied
directly to the overriding crust need be considered, as indicated in
Fig. 6.29. The base of the igneous, oceanic or island arc, crust is
supported by the underlying mantle, and since it is impossible to model
this support by applied forces (see Section 4.2.2, Ch. 4), those nodes
along that part of the base are held in a direction perpendicular to the
base, as are the nodes on the thrust plane, but have no applied forces.

The equilibrium basal shear stress is again found by trial and error.
Figs. 6.30 and 6.31 show the surface displacements after 1 Myr, when there
are no basal stresses and a basal shear of 10 MPa, respectively. These
models show very similar features to those of Section 6.2 (especially the
subsidence of the upper slope immediately seaward of fhe edge of the
igneous crust, when there is no basal shear), the most obvious difference
being the increased subsidenée in the terrace region, due to the weak
terrace sediments.

The closest model to equi]ibrium is given by a basal shear of 5 MPa,
and the resulting surface deformation (Fig. 6.32) shows several interesting
features. There is subsjdepce of the terrace by up to 25 m forming a

depression behind a ridge of accreted sediments which forms the terrace
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edge. Immediately seaward of the terrace edge there is subsidence of

c. 20 m which decreases to 15 m and then remains uniform as far as the
break in the lower trench slope. The subsidence of the toe varies from
20 m at the break in slope to 40 m at the base, thereby increasing the
slope of the Tower part and emphasizing the break in slope (at x = 85 km,
i.e. 15 km from the trench).

The stresses in the model (Fig. 6.33) are all close to hydrostatic,
and no failure is predicted anywhere. Deviatoric stresses in the
tectonized sediments are less than 1 MPa, except close to the point of
subduction (where the subducted plate comes into contact with the over-
riding igneous crust) where they reach 5 MPa. They are higher in the
igneous crust, in response to the compression exerted by the accretionary
wedge, at 7 MPa near the surface and up to 12 MPa near the point of
subduction. These Tow deviatoric stress levels confirm that the model is
close to equilibrium.

The strains in this model are small (as were those in Section 6.2,
and Séction 5.8 of Ch. 5), the greatest value being 3% at the base of
the accretionary wedge, representing shear along the basal thrust. This
strain does not depend significantly on the shear stress applied, and is
4% for the case of zero basal shear, and 4.5% when there is a shear of
10 MPa. The strains in the terrace sediments are verti;a] compactions
of between 1% and 2% in all cages, with horizontal strains of less than
0.3% (tensional for zero basal shear, compressional in the equilibrium
model), consistent with the observation that sediments in upper slope and

terrace basins are not significantly deformed.
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6.3.2 Variation in the extent of the overriding igneous crust

Grow (1973a) showed that two models for the position of the igneous
érust were consistent with the geophysical data (as shown in Fig. 1.8),
so several models were run to find the effect that this has on the surface
deformation of the accretionary prism. The most significant result of this
modelling is illustrated by Figs. 6.34 to 6.37. These show two models with
their resulting surface displacements, one (Figs. 6.34 and 6.35) in which
the igneous crust has been moved back 20 km from its original position
(Fig. 6.29) and the other forward 20 km (Figs. 6.36 and 6.37).

In both cases, there is uplift of the accreted sediments above, and
slightly seaward of the point of lithospheric subduction. This is very
clear in Fig. 6.35, where the sediments in that position have been 1ifted
up by 18 m, while the terrace edge of the initial model has subsided by
28 m, giving a relative movement of 46 m (compared with 19 m in the opposite
sense found in the original; Fig. 6.32).

The effect is less marked in Fig. 6.37. Here the subsidence of the
terrace relative to its leading edge is reduced (to 10 m) because the
latter is not held up as effectively as in the original model, and the
accreted sediments above the point of subduction have subsided less
(5m, cf. 19 min Fig. 6.32). In addition, the slope landward of this point
has subsided more than. in the.origina1 model, emphasizing the uplift (reduced

subsidence).

The stress systems for these two models are simi]ar, save for elements
which change from one lithology to the other, and for the change in
position of the edge effects at the point of subduction. The deviatoric
stresses are higher in the 1gneous‘basement than in the accreted sediments,

and there is a stress concentration on both sides of the boundary between

the two.
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Finally, Fig. 6.38 shows a model where the igneous crust has been
thickened beneath the terrace by 2 km, and Fig. 6.39 the resulting
surface deformation. The displacements are reduced along the upper slope
S0 that.it becomes steeper, and subsidence in the terrace is increased.
Both these effects result from the lack of more‘compressible material
above the igneous crust, which would allow greater displacement on the
upper slope and which would, by being forced landward, also be pushed up,
supporting the terrace sediments from beneath. However, this change in
displacement pattern is not great enough to distinguish between this and
the original model (Fig. 6.32), showing that the finite element model is
more sensitive to the lateral extent of the igneous crust than to its

thickness.

6.3.3 Variation in material properties of the toe

The model of the central Aleutians subduction zone (Fig. 6.29) was
shown with 4 different lithological types, only 3 of which were
distinguished in Table 6.1. For this section, models were run in which the
accreted sediments at the toe of the wedge were given a Tower Young's
modulus, E, = 1 GPa and a lower viscosity, n, = 1021 Nsm~™2. These reductions
are intended to represent the fact that the accreted sediments become
more 1ith1fﬁed further back from the trench, thereby‘increasing both these
parameters, E and n. The effects of decreasing E, and n, in the toe are
very similar, and the surface disp1acemenfs are only shown for the
reduced value of E, (Fig. 6.40). The only significant effect on the
model is to steepen the fower slope as shown, but otherwise the deformation
of the whole model is unchanged. Fig. 6.41 shows the result of reducing
E, and n, together, which magnifies the effect and shows clearly that,

if there is an increase in the rigidity of the accreted sediments with
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distance from the trench, then there will be a corresponding change in
the trench inner slope. If this lithification occurs over a comparatively

short distance, then a break in the trench slope might appear as a distinct

feature, as in Fig. 6.41.

Discussion

The most important result of this chapter is the contrast between
the two plate margins discussed. In the first, the Middle America trench,
the stress patterns varied significantly with the shape of the leading
edge of the continent, in particular because of the postulated landward-
dipping contact between continental crust and accreted sediments, which
forms an overhang and can give rise to normal faulting near the surface
and the possibility of high angle-compressional failure at the point of
lithospheric subduction. These might both be aspects of the type of
tectonic erosion postulated by Hussong et al. (1976) and Curray et al.
(1977), as described in Section 1.4, Ch. 1 (see Fig. 1.7). This behaviour
was not observed at all in the central Aleutian model.

A further difference between the two, is the equilibrium basal shear
stress; 12 MPa for the Middle America model, but only 5 MPa for the central
Aleutians model. The convergence rate for the first margin is 60 mm yr~!
(Karig et al., 1978) and for the second 70 mm yr~1. The latter value is
derived from a calculation using the plate motions given by Minster and
Jordan (1978), which gives 84 mm yr~! for the rate at an angle of 60° or
50° to the trench axis, or normal convergence of 73 or 64 mm yr~l, So
the central Aleutians have a normal convergence rate at least as big,
if not greater than that of the Middle America trench, and yet show less
than half the basal shear stress.

Using the results of Ch. 5, there are two possibilities, one arising
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if a shear zone model is considered, the other for a frictional model of
the basal shear. In the first case, there may be a difference in the material
available to form the shear zone, so that either its viscosity, ”s.z;’
is Tower or its thickness, d, is greater in the Aleutian model (see Equation
5.1). In the second the gouge along the basal thrust may be of a different
composition, reducing the coefficient of friction, u (Equation 5.3; the
thickness of the two sedimentary complexes are similar so that changes in
o, are unlikely to cause the difference in basal shear).

Whatever the mechanism for the difference in basal shear, the latter
is larger for the accretionary prism with the higher angles of dip on the
surface and base, as predicted by Section 5.5, Ch. 5 (the surface and basal
dips for the Middle America prism are 8.5° and 11°, and for the central
Aleutian accretionary prism 4° and 6°, respectively).

A similarity between the two models is the importance of the
position of the overriding basement. In the first set of models it was
shown to dictate the position of the region of subsidence in the upper
slope, which might eventually give rise to an upper slope basin. The draping
of the accreted sediments from the continenta1-basement would then represent
the upper slope discontinuity, a]though;the nérma] faulting predicted
behind this position might represent this feature instead (see Section 1.4,
Ch. 1).

.In the second set of models (of the central Aleutian trench inner slope},
the position of the point of subduction was marked on the surface by a
region of uplift (or reduced subsidence). The model therefore indicates
that the point of subduction defines the seaward edge-of'the terrace or
upper slope basin, so that in Grow's (1973a) model (Fig. 1.8), the over-
riding igneous crust would extend beneath the terrace to its edge, and meet

the subducted oceanic crust beneath that point.
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In Fig. 6.32 it was noted that the break in the lower slope of the
model was accentuated by the surface displacement, and even more so if
there is an increase in E and n of the accreted sediments as they
become more lithified further from the trench (Figs. 6.40 and 6.41; the
same type of effect is also shown by several of the models of the Middle
America trench in Section 6.2, e.g. Fig. 6.2). This feature might represent
the trench slope break, nearer to the trench, where the accreted sediments
have been built up to the surface slope dictated by the basal shear stress
(as described in Ch. 5). This interpretation predicts that, in an accretionary
complex where the point of lithospheric subduction is a long distance from
the toe (e.g. over 200 km in the Lesser Antilles), there would be two
distinct features; a trench slope break comparatively close to the toe
(at 15-20 km), and a second region of uplift above the ooint of subduction.
This is the suggestion made by Westbrook (1975) for the origin of Barbados,
as described in Section 1.4.1, Ch. 1.

Finally, the strains in all the models in this chapter are small.

The maximum value in each case is at most 7%, and corresponds to shearing
along the basal thrust, while the strains along the inner slope are 1-2%.
This confirms that most of the deformation observed in accreted sediments
occurs while they are being accreted at the toe of the prism, as

suggested in Section 5.8, Ch. 5.
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CHAPTER 7

FAILURE WITHIN THE UPPER PART OF A SUBDUCTION ZONE, AND DECOUPLING

ON THE BASAL THRUST PLANE

Pore Pressure and its Effect on Rock Fracture

Hubbert and Rubey (1959) showed that the effective stress within

sediments containing pore water is
Ogff = O +p 7.1

(see Ch. 5, Section 5.4.4, Equation 5.5), where p is the pore pressure

and ¢ is compressive (and therefore negative) at depth. The effective

stress,oeff, must then be used in the failure criteria of Ch. 2, Section 2.3.
The pore pressure may, in general, take any value between the

hydrostatic value caused by the head of water, hpw g (Equation 5.6), and the

Tithostatic pressure hp g (Equation 5.7), where;>w is the density of water

and o the density of rock. The amount of overpressuring (reoresented by

the factor f in Equation 5.7) depends on the permeability of the rock;

if the permeability is low then the pore pressure will approach the mean

stress at a given point, but if it is h{gh the pore pressure will be close

to hpwg.

If this value is assumed to be correct for the accreted sediments_i

the models of Section 6.2, in particular for the original eguitibrium model

of Figs. 6.1 to 6.3, modelling difficulties arise. M@ assumption of

p = klpw g implies that the water is self-supporting, that is, that it

permeates the entire sedimenta edge, and its weight is carried by the

first impermeable 1a taken in this case to be the basal thrust plane.

Therefore orces are applied to the surface of the model, as mentioned

ection 4.5, Ch. 4,
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However, if sediments are under c. 4 km of water, fffffffzf,9i¥eﬂ'

point, P, at a depth of less than c. 2 km,
7.2

p="h,e,9 > hog
(where h,, is the degth from sea level to P, and h is the depth from the sea

to P; see Fig. 7.7).

- --~- sea level

Fig. 7.7: TIllustration of parameters used in Section 7.1.

The implication of Equation 7.2 is that when the pore pressure j

added to the mean stress (om = -hp g, because the weight of the

is supported by an impermeable layer at greater depth than ), it becomes

tensional, so that the upper 2 km of the sediments can”support little or

no shear stress (they fail in the tensional regjigh with O 0; see
Section 2.3, Ch. 2). This result cannot appfy to the sediments in an
accretionary priém, because it implies”that a sedimentary structure with
surface topography, containing pefe water, cannot exist beneath several
kilometres of water. It doeg’, however, apply to sediments which are not

lithified, and is the physical reason why unconsolidated marine sediments
are flat lying (eXcept where there are effects due to currents) and do
not accumulzfe on sloping surfaces.

the other hand, if sediments under water are well lithified,

en the effect of the overlying water is rather different, because now
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2bhova thom |sing the sz%= notation as _befsre Fig. 7.1 , the stress at
point P must support a depth (hw - h) of water and a thickness h of

sediments, so that if the stresses are lithostatic,

o ==(h, -~ h)p, 9 -hog = -k (p-pu)y - hupuk 73

Now, the sediments, ift;e;gﬁ'impermeable, may still have significant
porosity, so that the pore pressure, which will in general be greater
than hon!g, must be added to the stresses to find the effective stresses

Ogfg =0 * P (Equation 7.1)
with p = -fo 7.4
where f is the overpressuring factor, following Hubbert and Rubey (1959).
Note that compressional stresses are negative, while pressure, and in
particular pore pressure, is conventionally a positive quantity.

When sediments are laid down under several kilometres of water they
are at first unconsolidated, and the pore pressure due to the head of

(sea Equotioms Fl ok T3, S p= hoen )
water opposes compactioqxgﬁguﬁééeﬁ’ffzji However, as the sediments become
lithified and the pores become isolated, reducing permeability, pore water
is excluded and the water above begins to exert a force on them which
tends to enhance lithification, until finally, at some depth beneath the
sea bed, the entire weight of the water is supported and Equations 7.3 and
7.4 apply.

These factors make a calculation of the effective stresses within the
accretionary wedge very difficult. Clearly the accreted sediments are
sufficiently lithified to support the surface topography (in Ch. 6 it was
concluded that they must have a Young's modulus of at least 1 GPa), but
this is not the case for at Teast the upper 500 m. Lee (1973) presents

data for vane shear strengths and water content of the sediments cored

on D.S.D.P. Leg 19 (near the Aleutian trench), as do Bouma and Moore (1975)
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for Leg 31 (in the Phillipine and Japan Seas), which show that the
sediments have a very high water content and are very weak. Leg 19
results show that the shear strength of the sediments is less than 0.4 MPa
down to at least 600 m, the limit of the data, and Leg 31 results
similarly show that the unconfined shear strength of the sediments is

less than 0.1 MPa down to at least 300 m, this last figure being from
hole 298 in accreted sediments on the inner trench wall of the Nankai
Trough.

It is impossible to say, either at what depth in the accretionary
wedge the sediments are sufficiently lithified so that the load of the
water should be applied, or what pore pressure should be used to find the
effective stresses for failure prediction. In addition it is not clear
whether the load of the water should be applied as a set of forces on
the body,therebyﬁreating a deviatoric stress system superimposed
{(non-linearly since the sediments have a visco-elastic rheology) on the
tectonic stresses, or as a simple addition of a hydrostatic stress,
-hwgﬁvg, at all points in the accretionary prism.

This thesis does not provide a solution to the above problems, and
the accretionary wedge was modelled in all cases without any-loads due
to the water, and the failure criteria of Section 2.3, Ch. 2, could not
be app]ied to the tectonized sediments in the model, because the
effective stresses could not be calculated.

However, these problems do not apply to the overriding basement
rocks, which are assumed to contain no pore water, and the failure

criteria of Section 2.3 are applied to this region both in this chapter

and in Ch. 6.
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7.2 A New Basal Boundary Condition

A1l the wedge models analysed so far (Ch. 5, Ch. 6) have had
shear stresses applied to their base. This implies that the subducted
plate is decoupled from the wedge by the basal thrust plane, with the
transmission of stress being either through a weak shear zone, or by
frictional contact, and that the basal thrust is in equilibrium with
the subducted plate sliding past beneath at a uniform rate.

This type of model is Tikely to be realistic over a length of time
of 1 Myr, but on a shorter time scale it is not such a good approximation.
Major earthquakes occur along subduction zones, and Sykes (1971) has
shown that these take place in such a way that, although displacement
of the subducted plate may vary along the length of the subduction zone
at any one time, the gaps between the aftershock regions of major earth-
quakes are gradually filled in by others, so that the average displacement
rate of the whole plate is preserved.

In order to investigate this type of behaviour, the model of the
Middle America trench used in Section 6.2, Ch. 6, was modified to obtain
more detail at the base of the overriding basement as shown in Fig. 7.2
(cf. Fig. 6.1), but the material properties and boundary conditions, other
than those on the base, were the same as those used in Section 6.2

‘(Tab1e 6.1).

The model was initialized visco-elastically, as described in
Section 4.4, Ch. 4, for 1 Myr with a basal shear of 12 MPa, and was then
deformed from this equilibrium position by applying a displacement to the
nodes along the thrust plane of 60 mm yr~! (the convergence rate at
the Middle America trench, according to Karig et al., 1978) down the basal
slope. This displacement boundary condition represents a "locking" of the

basal thrust plane, which is then released by failure along or near the

~






138

thrust.

Figure 7.3 shows the stresses in the model after 500 yr. It can be
seen that the greatest stresses are concentrated at the base of the
continental crust, the greatest compression being very large (2 GPa),
while the stresses in the sedimentary wedge are much smaller. Compressional
failure is predicted very strongly at the base with a degree of failure,
C = -3.1 (as defined in Section 2.3, Ch. 2), as is normal faulting along
the surface of the continental section, corresponding once more to a
clockwise rotation (cf. Section 6.2, Ch. 6).

Several other models were now run to find out at what stage failure
is first predicted at the base of the model. The time taken to fail
depends on the tensile strength, T, of the crystailine basement'rpcks,
as shown in Table 7.1, but is approximately 250 yr for T between 10 and

50 MPa. Thus, assuming that the basal stresses are completely relaxed by

Length of time for Tensile strength of | Degree of | Type of failure
which model was run/yr |continental basement| failure (if any)
T/MPa C
200 50 +0.27 Open crack
250 50 +0.07 Open crack
300 50 -0.16 Open crack
200 10 +0.11 Closed crack
250 10 -0.20 Closed crack
300 10 -0.56 Closed crack

Table 7.1: Variation in degree and type of failure for some models with
displacement boundary conditions. The degree of failure, C,

is negative if failure is predicted.
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each event, the model predicts a repeat time for earthquakes in the

upper part of the subduction zone (at the point of subduction) of

c. 250 yr. A shorter repeat time would result if the stresses built up on
the thrust plane are only partially relaxed by the movement during each
event.

However, this does not necessarily represent the repeat time for all
major earthquakes at the subduction zone, since the majority of these, for
most subduction zones, have much deeper hypocentres than the point of
subduction, so that the repeat time must depend more on the interaction
between subducted crust and overriding mantle.

The displacements of the surface after 250 yr (which are not shown
since they are so small) correspond to the rotation of the continental
crust, together with subsidence, of up to 4 m, in the upper slope, and a
general movement of the Tower slope parallel to the basal thrust of
c. 60 mm yr-!, However these displacements, which would be large if
continued for 1 Myr, are almost purely elastic (since the Maxwell time
for the sediments t, = 6 x 10 yr » 250 yr, the length of time for which
the model was run) and must be released, at least in part, when the basal
thrust "unlocks", that is when there is an earthquake. These displacements
appear to be rather large when compared, for example, with the vertical
displacements recorded in the Japan arc associated with earthquakes (Kato,
1979, gives displacement values of less than 0.4 m for the period 1900-1974).

Another prediction of this model is that there should be widespread
normal faulting in the upper part of the continental basement (in this
part, C = -2.7 after only 50 yr). This prediction casts some doubt on the
method of modelling the basal thrust with displacement boundary conditions,
since extensive normal faulting of this type is not shown on the seismic

reflection profiles published with the D.S.D.P. Leg 66 results (Moore et al.,
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1979; Moore and Watkins, 1979; Shipley et al., 1980).

However, if this locking and unlocking of the basal thrust is a
valid mechanism for earthquake generation, its time scale is geologically
very short. It is proposed that the shape of the accretionary prism is
determined by the type of equilibrium shown in Ch. 5 and Ch. 6, and that
this type of modelling represents an average of the discontinuous type

of basal movement modelled in this section, over times much longer than

500 yr.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

The finite element method has been used to model the stresses and
deformation within the prism of accreted sediments in a subduction zone.

The application of numerical techniques to model regions, in which
physical quantities (e.g. material properties and stress distributions)
are so poorly constrained by direct observations, poses many problems,
the first of which is to choose a rheology and the associated parameters
to represent the behaviour of rocks realistically. A visco-elastic
rheology was chosen, and was considered to be more realistic than an
elastic one (there were found to be significant differences in the results
obtained), but an extension to non-linear viscosities was not thought
to be justified, because previous work has shown the consequent changes
to be small (Bischke, 1974; Cathles, 1975; Melosh and Raefskv, 1980).

A plastic, or elasto-plastic, rheology might also be modelled with finite
elements (Zienkiewicz, 1971), but yield stresses and the plastic flow
law would be difficult to predict at deoth in the crust.

The next difficulty to be faced was how to model correctly the effect
of the weight distribution in the lithosphere. Previous finite element
models of the lithosphere have not dealt with this nroblem satisfactorily,
and it is particularly important in accretionary drisms where one of the
main causes of deformation is the weight of the wedge. A new method for
taking these body forces into account was developed, which involves finding,
by iteration, a hypothetical starting model which deforms, either elastically
or visco-elastically for a prescribed Tength of time, to give an initial

model with the dimensions required. The visco-elastic deformation, resulting
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from the application of external tectonic stresses or fixed displacements
to this initial model, then gives displacements which are free of
deformation occurring before the application of tectonic stresses, such as
that due to compaction, but also gives stresses which include the effects
of density contrasts within the model.

To 11lustrate the effects of this initialization, models were run of
an At]antic—typevpassive margin, where an average shear stress of 60 MPa
was found to be set up in the crust due to lateral density variations
across the margin.

An analysis was made of a simple model of the toe of the Middle
America accretionary prism to investigate the interaction between shear
stress along the thrust plane between the wedge and the subducted oceanic
crust, and the visco-elastic subsidence of the wedge in response to its
weight. Two types of basal stress were modelled, one corresponding to
transmission of stress to the base of the wedge through a weak viscous
shear zone, the other to frictional shearing on the thrust plane.,It was
found that these models could not be distinguished by the model used, but
that both gave realistic results.

An equilibrium stress was found in each case which supported the
wedge sufficiently to hold its surface still. The average basal shear
under these conditions was 12 MPa in both models, the viscosity of the shear
zone was estimated to be 108 Nsm~2, which is consistent with the values
obtained from stress-strain curves for sediments, and the coefficient of
friction on the thrust was inferred to be c¢. 0.25 (assuming the fault to
contain gouge with a pore pressure of 60% of lithostatic), which is typical
for residual shear strengths in clays.

It is considered that this equilibrium position represents the steady

state for an accretionary prism, and that a larger basal stress leads to
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the building of a larger wedge. If the basal shear is smaller than the
equilibrium value, then the wedge tends to subside and flatten out up
the basal slope (an example of gravity spreading).

The strains in the equilibrium model are all small (less than 5%),
which indicates that most of the strain observed in accreted sediments
occurs as they are scraped off onto the toe of the prism, and that thereafter
the strain rate drops considerably while they migrate up the trench slope.

It was found that the equilibrium basal shear depends on the slope
of both the upper surface and the base, in disagreement with Elliott's
(1976) work, and analysis of the potential energy of the wedge (considering
it now to represent a thrust sheet) led to the conclusion that, if there
is to be motion on a thrust plane up the basal slope, then supporting
stresses are needed at the end of the thrust sheet lower down the basal
slope. These stresses must be at Teast equal to lithostatic, in which case
gravity spreading of the thrust sheet may occur up the basal slope, but if
the thrust sheet is to move as a whole in this direction, then larger,
tectonic, driving stresses are required, and such motion cannot be driven
by graVity alone.

An instability was discovered in these models when attempting to find
the behaviour of sediments with low viscosity. It was found that if a
wedge model was run for a time which was much Tonger than the Maxwell time,
tm, for the sediments, then the stress distribution and surface
displacement became unstable (the model was still stable after times of
10 tm, but 100 tm was too large). This instability was interpreted as
arising from the presence of the free, sloping upper surface of the wedge,
combined with the plane strain analysis using a Maxwell rheology, and could
not be avoided by any of several methods used.

The model of the Middle America accretionary wedge was extended to
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include part of the overriding continental crust, and the basal shear
needed to support the toe of the wedge in equilibrium in this model was
found to remain unaltered at 12 MPa. By observing the patterns of surface
deformation in models of this type where fhe material properties of the
wedge were varied, keeping the better-determined properties of the
continental basement constant, it was concluded that the effective viscosity
of the sediments is c. 1022 Nsm™2, and that their Young's modulus is

c. 10 GPa.

A comparison was made of this model with one of the accretionary
complex in front of the central Aleutian Island arc, where the equilibrium
basal stress was found to be only 5 MPa, due to the shallower angle of
the basal slope arising from the greater width of the complex. It was
deduced in both cases that one of the most significant factors in determining
the deformation of the accretionary prism is the shape and extent of the
overriding basement, and that this was the cause of marked differences
between the two models.

In the Middle America model the basement is undercut and supported
in part by the accreted sediments forced underneath it, the degree of
support depending on the density and rigidity of the sediments, and on the
basal stress. In the Aleutian model, on the other hand, the igneous arc
crust underlies the sediments, and it was shown that the latter are pushed
upwards immediately above the point of subduction, where subducted crust
comes into contact with the leading edge of the overriding basement. It
was deduced that this uplift represents the edge of the terrace basins
in the central Aleutians, and that the arc crust extends beneath the entire
terrace, the point of subduction being immediately below the terrace edge.
This feature is thought to be distinct from the trench slope break, which

represents the height to which sediments are lifted in response to the basal
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shear on the wedge.

Behind this region of uplift, there is subsidence of the terrace
sediments, which was also found in the upper slope of the Middle America
model, just seaward of the continental crust. This is in agreement with
observational evidence that the upper slopes or terraces of many subduction
zones are subsiding.

A further difference between the two models Qas that faulting at the
base of the continental basement, of a type thought to lead to tectonic
erosion, was only possible in the case where it was undercut. The shape
of the underlying crust in the Aleutian model could not give rise to the
stresses necessary for this type of compressional faulting.

An attempt was made to investigate the faulting in the accretionary
prism and leading edge of the continent by using displacement boundary
conditions at the base, instead of shear stresses, with the aim of finding
out how much decoupling there is along the basal thrust, and what length
of time is needed to cause faulting. However, the water pressure in sediments,
at several kilometres depth in the sea, has a complicated effect on the
stresses in the sediments, which proved too difficult to model accurately,
as far as calculating the degree of failure in them was concerned.

Therefore only the fracture of the continental basement could be
investigated, and 250 yr was found to be the time necessary to build stresses
up to the point where fai]ure occurs at the base. However, this model also
made predictions of the displacements of the surface of the continental
crust, and of the degree of failure there, which seem to be unrealistic,
and it is thought that the only way to make a realistic model of this type
is to include both mantle material in the overriding plate, and at least
part of the crust below the basal thrust.

However, despite these difficulties, the visco-elastic finite element
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method has produced some interesting results from the models analysed,
and there is scope for further work of this kind.

[f the problem of pore pressure and effective stresses could be resolved,
then modelling might reveal how much of the basal thrust is ever locked
together, and over what length motion might occur in earthquakes. The
intervals between major earthquakes and their magnitudes might then be
modelled as an aid to prediction of seismic risk near subduction zones. The
surface displacements predicted might indicate whether tsunamis were likely.

The inclusion of faults in the model would increase its realism,
and remove the simplifying assumption of material property isotropy made
in the models in this thesis (some work has already been done on the
modelling of faults using finite element analysis; see, e.g., Bischke,
1974). 1t might then be possible, again if effective stresses could be
calculated, to predict how the imbricate thrust faults in the sediments
at the toe of the wedge propagate, and perhaps to model the shearing of
slices of sediment from the subducted plate at depth to discover how under-
plating occurs.

There are therefore many more results, essential to the understanding
of tectonic processes at subduction zones, that might be obtained from
the application of finite-element methods to more sophisticated models of

such regions.
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APPENDIX 1

ANALYTICAL MODELLING OF A PLASTIC THRUST SHEET

This appendix contains a summary of the equations derived by

Chapple (1978) which were referred to in Chapter 5, Section 5.5.2.

A1.1 The Model and Boundary Conditions

Chapple (1978) made an analytical investigation of a model of a
thrust sheet, assuming that it consisted of a perfectly plastic material
yielding in compressive flow, underlain by a weaker shear zone of the
same rheological type.

The plane polar co-ordinate system used (r,s8) is defined by Fig. Al.1,

but otherwise notation is as used in Ch. 5.

I

Fig. A1.1: Definition of polar co-ordinates used in modelling a thrust

sheet analytically. (Chapple, 1978)
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The boundary conditions used are:
a) the top surface is stress free
Oy = Trezo at 6 = -o Al.1
b) the basal shear is constant, and equal to the yield stress of

the weaker shear zone underlying the wedge

Trg = T0 = constant at 6 = B Al.2

Chapple found that the restraint of maintaining the surface
slope fixed, while specifying that the material beneath it was yie1din§,
over-constrained the model. To avoid this, he modelled the wedge in
two parts, divided by a horizontal surface which he prescribed to be
free of shear stress,
Teg = 0 ato =0. A1.3
The Tower part was then analysed as supporting plastic flow, and the
angle of the surface (o) was found by assuming that the upper part
gave rise to the stress distribution derived normal to the dividing
boundary, s = 0.
The condition that the wedge is yielding plastically, implies that
e, ] = K | A1.4
everywhere, where K is the yield stress of the wedge material and T
is the maximum shear stress (see Ch, 2, Section 2.3).

By using similar equations to those in Ch. 2, Section 2.3, Equation

Al.4 may be rewritten as
(0, = o) + 412 = 4K2 A1.5

which gives
TFU = K 51n2¢ Al.6a

(OY - 00) = -2K C052¢ Al.6b
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for the point P at (r,6), where y = y(g) is the angle between -, (the minimum

principal stress) and r at P.

Summary of the Analysis and Results

Through application of the boundary conditions (Section Al.1, above)

to the equilibrium equations for the wedqe,

r 9% 4+ 9Tpg 4 <°r - 06) +0gr sing =0 Al

ar 08
r%Trg + %% + 2¢__ +pgr cose = 0, Al.

re

ar 38

Chapple obtains relations between y and 8 dependent on a model parameter,
fOY‘C>];
o =y - ¢ tan'l[ ¢ -1 tan%] Al
/€2 - 1 C+1

for -1 < C < 1;

0 =y - __E__~ tanh™! 1-C tanq,—I , Al
v - C? 1+C J
¢ - hypg tana , Al.
2K tang

where h; is the depth to the base of the wedge from the boundary at
g = 0 (Fig. Al.1).

The basal shear is taken to be

T0=XK Al.

where X is the ratio of the yield stress of the basal shear zone to that
of the wedge, and using Equations A1.10 and Al.6a applied to the base

of the wedge (where y(8) = y(B) = wg)

Yo = b sin~lx . Al.

Using Equations A1.8 to Al1.11, assuming a set of model parameters,

.7a

7b

C

.8a

.8b

10

1
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the basal shear stress t, may be found for different values of o and g.

In order to achieve agreement with the finite element results
(Ch. 5, Section 5.5), the best value of the yield stress K was found to
be 12 MPa, which is consistent with the discussion in Ch. 2, Section 2.3.4.
The depth to the base of the wedge (h,) was taken to be 5 km, and its
density was taken to be the reduced value, p = 1500 kg m~3 (being the total
density, 2500 kg m~3, less the density of water, following the rheological
assumptions made by Chapple).

An apparent inconsistency arose in using these values, because the
yield stress calculated for Chapple's shear zone is close to that for the
whole wedge, i.e. x = 1, so that the shear zone is no longer a well-defined
region, distinct from the rest of the wedge. However the analysis is
nonetheless valid and the results are presented (to the nearest 1 MPa)
in Ch. 5, Section 5.5.2, Table 5.4.

It should be emphasized that the agreement between Chapple's results
and those using the finite element method can only be regarded as
qualitative, because of the difference in rheology between the two models

(the finite element analysis was visco-elastic; see Ch. 3).
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APPENDIX 2

COMPUTER PROGRAMS

A2.1 Introduction

The finite element program develoned for this research uses the
methods described in Chapter 3. It was written (in IBM FORTRAN IV) in
modular form, with a main calling program (filename FEVER) and a subroutine
Tibrary (PRIMA). The advantage of this system is that the sequence of
subroutines called may be changed easily, by using comment characters
(C in column 1 of the relevant line in FEVER), and only the main program
need be recompiled.

The external subroutines required are MAP7BD (in the Harwell sub-
routine library; Hopper, 1973), an inversion routine for banded matrices,
and the graphical subroutines in the GHOST library. In addition, contour
nlots require the CALCOMP General Purpose Contourina Package (GPCP). These
are commonly available at computing centres.

It has been assumed that S.I. units will be used for all input,
but any consistent set of units may be used (bearing in mind the default
values of certain variables, e.g. the gravitational field strength, and
that the nodal coordinates (X,Y) are multiplied by 103 on input to convert

from km to m).

A2.2 Input
The program reads data from 4 device numbers:
1. Initial stresses, og (see Ch. 3), generated by a previous program
run (unformatted).

3. Unformatted input of all variables necessary to perform further
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time increments on a model. This file must be generated by a
previous run of FEVER or by the initialization program, SETUP
(see Section AZ2.6).

4. A1l input data describing the model and its boundary conditions.

5. Interactive input for controlling each job, e.g. the title and
the number and Tength of time increments.

The input on Devices 4 and 5 is shown below, in detail. All integers

are read in under Format (I4), all real numbers under (E10.3).

Device 4

NNOD, NEL, MOHO, G: number of nodes, number of elements, flag for
Moho, gravitational field strength. MOHO determines whether the Moho will
be drawn on plots of rectangular models, and must be the number of the
node on the Moho at the left-hand side of the model. Its default value is
@, in which case the Moho is not drawn. G defines the direction of the
y-axis (if G is positive, y is measured downwards), and defaults to + 9.81.

IMESH, NNODB, NELB, WIDB, NSID, NNODA, NELA: Information for the
regular rectangular mesh generating subroutine, MESH. If IMESH is
positive then MESH is called. NNODB, NELB are the numbers of nodes and
elements whose properties are to be read in, WIDB is the width of the
block to be repeated, NSID is the number of nodes down each end of the
model (if different from the main part of it), and NNODA, NELA are the
repeat numbers for nodes and e]ementé, respectively (see comment cards
in the listing of subroutine MESH). If IMESH is set to zero, the mesh
generating sdbroutine is not called, and the rest of the card may be
left blank. _

JNOD, X(JNOD), Y(JNOD): The number of each node, together with its
x and y coordinates in km. '

NMAT: The number of different material types in the model.
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EM(IMAT), PM(IMAT), RHOM(IMAT), ETAM(IMAT), TS(IMAT), IPORE(IMAT):
The Youhg's modulus, Poisson's ratio, density, viscosity, tensile strength
and pore pressure marker for each material type. If ETAM is zero, the
material is elastic. The default value for TS is 5x107 (corresponding
to T = 50 MPa). If IPORE = 1, then pore pressure, due to the head of
water above the centroid of the element, is added, using Subroutine PORE,
to all the stresses (reducing compressional stresses) before application
of failure criteria.

JEL, (NODEL (KEL, JEL), KEL = 1,3), ITYP(JEL): The number of each
element, the numbers of the three nodes at its corners, and the material
type.

NLOAD: The number of nodes at which external forces are applied.

LOAD(ILD), FLOAD(2*ILD - 1), FLOAD(2*ILD): The number of each node
at which a force is applied, and the x and y components of that force.

NFIX: The number of nodes at which displacements are to be fixed.

NOFIX(IFIX), (IFLAG(JFIX, IFIX), DFIX(JFIX, IFIX), JFIX = 1,2),
ANGLE(IFIX): The number of each node whose dispiacement is to be fixed,
the marker and value of the fixed displacement for each component, and
the angle of the coordinates in which the displacements are given. If,
for a particular component, IFLAG is

§ that component is not fixed;

1 it is a fixed dispjacement in global coordinates (Xx,y);

2 it hés a fixed velocity of DFIX per time increment, in global

coordinates;

3 it is a fixed dfsp]acement in coordinates which make an angle to

(x,y) given by ANGLE;
4 it has a fixed velocity, DFIX per time increment, in rotated

coordinates.
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If Subroutine ISOS has been called, it reads in information on the
isostatic compensation to be applied at this stage, and if Subroutine
HYDRA has been called, it also reads in the relevant data here (for details
of these options, see subroutine listings).

NOUT(IOUT): A 1ist of the numbers of the nodes forming the outline
of the body to be drawn on the graphical output. The list must be closed by
making the last number equal to the first, and must be taken anticlockwise
if y is measured downwards. If NOUT(1) = @, then the body is assumed to

be rectangular.

Device 5

TITLE: The title of the job in Format (4A8).

NTIME, DTIME: The number of time increments and the length of each.
If NTIME = @ an elastic solution is given. These variables may be given
in the main program before the call to Subroutine VISEL, in which case
they are not read in.

ITCON: If a time increment does not converge, the program prompts

(on Device 6) for the entry of the number of extra iterations.

A2.3 Output
The program produces output on 7 device numbers:
p. A file for input to the contouring package, GPCP.
2. Unformatted output of stresses for input to the next run on Device 1.
3. Unformatted continuation datawritten out by Subroutine MORE.
6. Interactive output, prompting for input to Device 5, and giving
information on the progress of the job, including error messages.
7. Written output echoing input and presenting results.

8. Information on the convergence of each time increment.
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9. Plotfile containing graphical output generated.

The output on Device 7 includes verification of the input to the program
and of which subroutines were called, but the main part of it consists of
tables of the results calculated. The first of these is a table of the
nodal displacements, and the second of the resultant stresses and failure
states for each element. The two principal stresses in the plane of the
model are given together with the angle that the first makes with the
x-axis. Following that is the stress in the z-direction (perpendicular
to the plane) 9,5 and a marker, MZ, which is -1, @ or +1 according to
whether o, is the minimum, intermediate or maximum principal stress. The
final three columns show the failure state of the element (calculated by
Subroutine FAIL according to Section 2.3, Ch. 2); CFAIL, the degree of
failure, IFAIL, the type of failure, and 6, the angle of failure (stored
in array FANGL).

Finally if Subroutine STRAIN has been called it writes out the principal
strains in the plane of the model with their angle of orientation, for

each element.

Subroutine Calling Sequence

The sequence of subroutine calls from the main program is shown below.

Those subroutines which are optional are indented.

Solution Phase

READ reads in data from Device 4.
READ?Z as an alternative to READ, reads in data from a previous

" run, on Device 3.



ECHO1
ECHO2
KFORM

INSTRS

FBODY

IS0S
BOUNDS

ROTOR
VISEL

SOLVE
STRESS

HYDRA

PORE
FAIL

ZERO
QUTPUT

STRAIN

MORE

Plotting Phase

PSCALE
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echoes nodal coordinates and element topologies.

echoes material properties and boundary conditions.

forms the stiffness matrix.

incorporates an initial stress distribution (from Device 1).
applies body forces due to the weight of the model.
applies isostatic compensation.

applies fixed displacement or velocity boundary conditions
in global coordinates.

as BOUNDS, but in rotated coordinates.

solves for the visco-elastic displacements.

solves for elastic displacements, as an alternative to
VISEL (it is called by VISEL if the number of time
increments input is 9).

finds the principal stresses in the body, from the
displacements.

adds a lithostatic stress distribution.

takes off pore pressure.

app]ies_the failure criteria of Section 2.3, Ch. 2 to
each element.

subtracts the initial displacements at the end of a
previous run (e.g. using SETUP; see Section A2.6).
writes resulting displacements and stresses in Device 7.
calculates principal strains and writes them on Device 7.

writes information for continuation on Device 3.

calculates plot scaling factors, reads in the outline

array from Device 4 -and initializes the plotfile.



GREND

SCON

PLON
QUTLIN

VECPLT

SURF
DISTRT
GRDPLT
PROPS
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writes out (on Device @) input data for GPCP to

plot contours of maximum shear stress.

writes out data for contours of minimum principal stress.
draws an outline of the body prior to the plotting of
vectors.

plots principal stress vectors or principal strains if
STRAIN has been called previously.

plots the displaced surface of the body.

plots the deformed outline of the whole body.

plots the finite element grid, with element numbers.
plots the grid with material property numbers.

a GHOST subroutine to close the plotfile.

A2.5 Common Block Organisation

Variables are passed to all the major subroutines in common blocks,

as part of the modular arrangement of the program.

There are 11 common blocks, listed below with the most important

arrays within them.

Common B

NOD

EL

MAT

FIX
SP

lock

Principal Contents
nodal coordinates (X,Y); the displacement vector
(DISP); the force vector (FORCE).
the material type of each element (ITYP); a list of
the nodes on each element (NODEL).
material properties.
fixed displacement data.
initial stresses (STR@). This block is also used to
transfer failure information from Subroutine FAIL to

OUTPUT.
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K the global stiffness matrix (GLOBK); Tibraries
containing the element areas (DELIB), B matrices
(BLIB) and D matrices (DLIB).

ST the principal stresses and their orjentation (PRINC).

CR the creep vector (CREEP); information on time
increments.

WK used to provide work space, but also to transfer
applied force data from READ to ECHO2, and to store
scale factors during the plotting phase of the program.

IN _ initial displacements (DISP@) and nodal coordinates
(X0, Y@) for continuation runs.

MIS miscellaneous arrays, including the title (TITLE)
and date (IDATE) of the job.

A2.6 The Initialization Program

The initialization program based on the theory developed in Chapter 4
is in file SETUP. This program solves for an initial model, using the
Subroutines in PRIMA, and writes all the information necessary for contin-
uation onto Device 3 by calling Subroutine MORE (the continuation run should
then call ZERO, to subtract the initializing dispiacements, before OUTPUT,
but after STRESS).

The input for this program is exactly as for the main finite element
program (read in by READ), except that the number of solution iterations,
NSOL, is read in from Device 5 (NSOL = 5 is found to be the maximum
necessary for the models in this thesis). The output is also the same, with

the addition of information on conveérgence to the initialized model.
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A2.7 Program Listings

The subroutines in the library file PRIMA are listed in the order
given by the main program FEVER, and are followed by a listing of the

initialization program, SETUP.
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