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Abstract

The dcformation of the lranian plateau subjeet to the convergence "f the Arabian

shield and Eurasi:m plate. is studied by the "thin viseous sheet" nUl11erieal 1110del. The

lithosphere is approximated by a thin layer having a uniform initial thiekness. and '.he

flow of material is assumed to be governed by a power law rheology. The solutions

are calculated for velocity fields. crustal thickness distributions. stn:ss and strain mte

fields. and topography variations. The eITects of the physieal parameters (rheology.

density etc) are investigated through two non-dimensional pammeters: n. the power law

exponent in the constitutive rdation bctween stress and strain rate. and Argand number

Ar. which is a measure of the relative importance of the buoyaney force to the viseous

force. The lack of deformation in central Iran and the southern Caspian block. is

considered. by ineluding lateral heterogeneities in the rheology of the lithosi,here. The

results show that heterogeneous models with non-Newtonian matcrials for n greater than

3 and 1 < Ar < 10 can best approximate teetonie features of Iran. The models are

successful in providing reasonable agreement between the estimates of crustal thickness

and strain l''<ltes. obtained from seismic observations. and those predicted from the

theory. The topography pattern and the style of faulting in different parts of the

plateau. are explained through the eITect of boundary eonditions and lateral

heterogeneities.

IV
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Résumé

I.<:s délormations subi<:s par 1<: plat<:au iranien. soumis à la convergence des

plaqu<:s arabique ct <:urasienne. sont étudiées à raide d'un modéle numérique de type

"plaque !ine visqueuse". La lithosphère cst modélisée par une plaque fine dont

l'épaisseur <:st initialement uniforme ct la rhéologie gouvernée par une loi de puissance.

Le modéle permet de déterminer les champs de vitesse. de contrainte ct de tau.'" de

dét(,rmation. ainsi que la distribution des épaisseurs crustales ct les variations de

topographie. L'elTet des paramètres physiques (rhéologie. densité. etc...) est étudié par

l'intermédiaire de deux paramètres sans dimension: n. l"exposant de la loi de puissance

constitutive reliant contraintes et tau.x de déformation. ct Ar, le nombre d'Argand, qui

mesure l'importance relative des forces de flottabilité par rapport au.x forces visqueuses.

L'absence de déformation dans les blocs d'Iran central et Sud-Caspien est prise en

compte par l"adjonction d'hétérogéneités latérales dans la rhéologie de la lithosphère.

Les modéles hétérogènes à rhéologie non-newtonienne pour n supérieur à 3 et Ar

compris entre 1 et 10 prédisent le mieu.x les caractères tectoniques de l'Iran. Ces

modéles conduisent à un accord raisonnable avec les épaisseurs crustales et les tau.x de

déformation dérivés des observations sismiques. La topographie et le type de failles

observés dans les différentes parties du plateau sont expliqués par l"effet des conditions

aux limites ct d'hétérogéneités latèrales.
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Introduction

This study is concemed \Vith the dcformation of continent:ll lithosphere in the

lranian plateau. and makes use of the equations goyerning the now of a continUl)llS

medium. to inyestigate the characteristics of such defornlation. Plate tectonics ùescribes

the structurc of the lithosphere as a number of rigid plates in relatiye motion. inter:lcting

only at their cdges. \Vith this description. one could predict that ail of the deformation

must be happening on narrow bands on the common boundaries of the plates. ln t:'lct

this theOI'y does provide a satisfactory portrait of the processes inyolyed in the

defonnation of oceanic lithosphere. Aimost ail of the defommtion in the miù-oceanic

ridges. takes place on zones of lOto 20 km width to the sides of the riùge. However

defonnation of the continents shows a dramatic ditlèrence from that predictcd by plate

tectonics. The collision of continental plates Icads to an enonnous crustal dclommtion.

distributed over horizontal distances that far exceed the plate thickness. Il produces

considerable amounts of crustal thickening (e.g. the Tibetan plateau with 70-80 km

thickness). and develops large scale positive gravity anomalies and seismic zones of

diffuse nature. The distrib~tion of topography and seismicity in two of the largest

continental collision zones. India and central As'u. and thc Afro-Arabian plate and

Eurasia in the Mediterranean region. clearly shows that scismicity and erustal thiekening

stretch up to 2000 km inland central Asia. and a bell of active defonnation with a width

of 1000 km develops in western Asia (England & Jackson 1989).

The lranian plateau as a part of this broad zone of continental

defonnation. is a highly elevated region (with an average elevation of about 1.5 km).

located in the convergence zone between the Arabian continental mass and the Eurasian
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platc. It is ch;'ractcrizcd hO' intcnsc comprcssiona! movcments. crusta! shonening and

activc I"aulting. and is considered as one 01" the most tectonically and scismically active

contincntal collision zones in the world (Berberian 1976a). It is noticeablc that like

many othcr collision zoncs. most 01" thc del"ormation in the plateau. is taken up ;,y a

largc numbcr of reverse làults. rather than a ti.:w number of larger faults. Thcse

simultancouslO' activc fàults arc distributed over the entire belt. indicating that the

dcformation occurs more or less uniformly throughout the region.

ln order to explain the nature of the dcformation of the contincnts. severa!

approaches have been made. One way \Vhich auempts to keep the discussion in the

ïramc\Vork of plate tectonics. considers the deformation as the result of interaction of

a number of small rigid plates or "micro-continents". Studies of seismicity and

deformation of continental areas show that. althou;;h deformation is scatlered over sorne

broad zones. this distribution is not homogeneous. There are regions such as the

Aegean sea. central Turkey. central Iran and the Tarim basin. which have less seismic

activity and lo\Ver and flatter topography than their neighbouring regions. One may

presume these relatively stable blocks as the rigid microplates. which their function is

to take up the strain as they move relative to each other in response to the forces arising

at their edges. However this approach has many disadvantages. The boundaries of

these bloeks arc difticult to determine. and as England & Jackson (1989) point out in

the case of the Mediterranean and the Middle East. the relative motions of them bear

no obvious relation to those of the major plates bounding them. i.e. the Eurasian and

Afro-Arabian plates. Funhermore. it is impossible to determine the style of the

deformation from relative motions of the microplates (England & Jackson 1989). A

good example is the deformation in Iran. The convergence between Arabia and central

Iran is accommodated mainly by thrust faulting along the Zagros with nonheastward

direction. While the convergence between central Iran and Eurasia in the same

2
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din:ction. is controllcd by ;1 combination l,f thrustin:,! ;md strikc-slip Illl,til'n. :\hholl:,!h

the direction of rclati\'C vc!ocitics predieted l'n'Ill plate leetlmies arc the saille in the

Zagros and northe;lstern Iran. they do nl't lIniqllc!Y determine the slrain \\ithin the

dcforming zones. :\nother objection to this ;lpproaeh is that. the ascismie re:,!illns may

not always remain strong during the period of ddi.mnation (England & Jaekslln 19:\9).

For instance. the southern Acgean sea and the Tibetan platcau in the prescnt day look

largc!y ascismic. Noncthc!ess in the past lew million years. both ha\'C expericneed a

significant amount of dcformation. 1l' a region is rc!ativc!v strong now. it does not.... ..... ...

necessarily mean il was initially strong. or it will renmin strong. 1'\'I;my factors such as

temperalUre variations during the deformation. can ;lnect the strength of a part of the

lithosphere.

The observations mentioned abov-:. have pointcd to a ne,," way of vicwing the

deformation in the continental regions. The new approaehcs assume the stmin mte and

not the stress. as the basic constituent eontrolling the motion of the material. and tn:at

the deformation in terms of mechanics of a continuous medium. subject to Il,rces and

velocities applied at the boundaries. as weil as forces arising within the interior. The

investigations carried out in the past lOto 15 years have demonstmted tlmt. the

continuum approaches are capable of providing a satisfactory description for the di l'fuse

nature of continental deformation. and producing acceptable quantitative estimates of

the stresses and rates of deformation. involved in the collisional preeesscs.

It is in pursuit of the above discussion that this study has been eondueted; to

investigate in the context of continuum mechanics. the clTeets of the forces arising l'rom

the convergence of Arabia on the teetonies of Iran. and to assess the role of internai

processes such as the development of buoyancy forces and the presence of lateml

heterogeneities on the evolution of the deformation within the lranian Iithosphere.

3
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Chaptcr 1

Gcology and tcctonics of Iran

1.1 A bricf history of gcological and tcctonic cvolution of Iran

The lranian plateau is considered as a part of the Alpine-Himalayan orogenic belt

(Figure 1.1). Dcspite the high rate of recent tectonic activity. the plateau has relatively

simple history of deformation. and gcologieal features are mostly young. Geological

evidence (Takin 1972. Stecklin 1974. Senger & Kidd 1979. Berberian & King 1981)

suggest that during the Paleozoic era. southern and central parts oflran a10ng with sorne

other rcgions in the Middle East. formed a part of the northern edge of the Afro­

Arabian continent. bordered by the Paleo-Tethys ocean in the north. While northern

Iran and the Caucasus were to the north of the Paleo-Tethys. as a part of Eurasia. The

southern Caspian oceanic block might be a relict of this ocean.

During the Hercynian orogeny in the late Paleozoic-early Mesozoic. when the

oceanic crust between Gondwana and Eurasia was bei..,g consumed. central Iran and the

neighbouring regions travelled across the ocean as continental fragments and connected

themselves to the southern margins of Eurasia. leaving the Zagros region behind to

bccome the northern shelf of the Arabian plate. As a result. the tectonic style of Iran

during this period was divided into two regions; in the north the subduction of the

Paleo-Tcthys underneath Eurasia was taking place. a1though the continental fragments

might had been separated from Eurasia until the middle Cenozoic (Senger & Kidd

4
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Figure 1.1 A map showing the major tectonic units of Iran and adjacent reglons

discussed in the text (after Berberian 1981).

5
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1979). and in the south the structural li:atures wer~ Jllmin'lted by c'xtensil'llal

movemenlS and opening of a rift along the present J"y " main Zagros thrust line ".

Later in the Triassic. this rifting devdoped 1O what is frequently rcli:rred tll as. the"

Neo-Tethys ocean ".

Later probably in the middle Triassic. the subduction shi fted l'rom north to slluth

of central Iran and continued during the early Alpine orogeny to the end of the

Mesozoic. The result was underthrusting of the Neo-Tethys ocean beneath eentral Iran

(possibly along the main Zagros thrust). formation ofa metamorphic bdt (the Sanandaj­

SiIjan belt) and exposition of an ophiolitic bdt in the southern margin of eentm\ Iran.

and nurnercus phases of extension which ultimatcly eaused the thinning of the crust in

central Iran. During the same period when central Imn was subject to unstabIc

sedimentary environments. the Arahian cor.tinental shelf was the site of progres.~ive

subsidence. and a uniform thick. mainly carbonaceous marine sedimentation (Berherian

& King 1981).

The northward drift of the Afro-Arabian plate eventually led to the c10sure of

the Neo-Tethys ocean at the end of the Cretaccous (65 m.y. aga). and a new

compressional environment began to dominate the whole region. The onset of the late

Alpine orogeny was in the tale Mioeene. It was aeeompanied by the continental

collision of Arabia and Asia and the main Zagros thrust is bclieved to be located on the

boundary of the two plates (Stoeklin 1968. Falcon 1974). Since that time. Iran has

undergone a progressive phase of crustal thiekening and shortening by folding and

reverse faulting. The deformation reaehed its peak during the late Pliocene-early

Quatemary, when the mountain ranges gained a considerable height. 1n fact the

Cenozoie fcatures comprise mos! of the geological outcrops in Iran. The convergence

between Arabia and Asia is still taking place at a rate of 4-5 cmy" (LePichon 1968.

McKenzie 1972), and crustal thickening currently has an estimated value of 1 mmy"

6
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(Snyùer & Bara7.angi 1986). The only placc in Iran whcre ocean-continent convergence

is still happening is the ivIa~ran coast in the southcast (Farhoudi & Karig 1977.

Kaùinsky-Caùe & Barai'.angi 1982). It is separated in the west from the Zagros

collision zonc by a northward trending structural Iineament called "the Oman line·.

This subduction zone is associated with a post-cretaceous accretionary prism with an

cast-west trend. and the oceanic slab of the Oman sea is subducting northwards with

a rate of 5 cmy" (Farhoudi & Karig 1977. Berberian 1981).

1.2 Activc tcctonics and rcccnt scismicity

The convergence: bctween the rigid bloeks of Arabia and Asia. is the most

prominent factor in the active deformation of Iran. The lranian plateau is a relatively

weak zone. entrapped between the two blocks. The fault plane solutions of earthquakes

(Figure 1.2) indicate that most of the seismic deformation is taking place by reverse

Ibulting along the mountain ranges (McKenzie 1972. Berberian 1981). The dominance

of rcverse tbulting indicates that in Iran. unlike many other continental regions such as

central Asia and western United States. sideways motion away From the convergence

zonc is almost impossible due to the presence of rigid boundaries on the weSL~rn and

eastern sides of the deforming zone, and uplifting and thickening is the major style of

deformation (Berberian 1981). A less amount of strike-slip motion allows minor

sideways movement of material along the strike of the Zagros in northwestern Iran and

eastern Turkey. and sorne structural rotations in eastern Iran (Jackson & McKenzie

1984).

Studics of recent as well as historical seismicity in Iran and in the Middle East

(NO\\Toozi 1976. Berberian 1981. Ambraseys & Melville 1982. Jackson & McKenzie

1984). show that seismic activity is not lirnited to sorne small number of active faults

7
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Figure 1.2 Map of active faults and selected fauIt plane solutions in Iran and

neighbouring regions Cafter Berberian 1981). The abbreviations. Do. Db and Ku refer

to Ooruneh. Oasht-e-Bayaz and Kuh-Banan faults in eastem Iran. respectively.

8
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Table 1.1 Rotation poles and the rates for the relativcmotion between major aseismic

blocks (Jackson & McKenzie 1988).

9
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LotilUdc Lonptude Rate·1l0' 'If Sowœ

Eurasia-Turkey 14.6 34.0 6.43 J.won " MeKenzie (19801)
Eurasia-Alriea 29.2 -23.5 1.42 Owe (1978)
Eurasia-Arabia 34.9 7.2 4.93 Owe (1978)
Alriea-Turkey 9.3 44.7 S.73 J.won " MeKenzie (19801)
Arabia-Turkey -20.6 68.9 3.40 Jackson" MeKenzie (19801)
Inn-EutaSia 27.S 65.8 S.6O J.won " MeKenzie (19801)
Arabia-lran 34.5 39.8 9.55 J.won " MeKenzie (1984)
Eurasia-Aclriatie 46.0 10.2 unknown Andenon" Jaekson (1987)
Ac....-Alriea 40.0 18.0 -23.10 Le Pichoa " Anselier (1979)
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or narro\\' bands of k\\' kilom.:tr.:s in \\'idlh on th.: bll 11l1dari<:s "f rigid plate's, hut rallwr

is spr.:ad out O\W th.: \\'hok r.:gion. N.:wrthd.:ss this distribuli,'n is Ill'I \jUill'

homog.:n.:ous. A c1os.:r look al lh.: s.:ismi<:ily maps. r':\''::lls thal lh,' .:arth\juak,'s l11\1s11\

occur within th.: bdts of 100-400 km \\'id.: su.:h as. .:aSI.:rn I"urk.:y. th.: l'au.:asus.

Zagros. AlborL. Kop.:t Dagh and .:ast.:rn Iranian mountains. whi<:h in lurn surround I.:ss

deforming and kss seismieally aeti\'.: ar.:as of c.:ntral Turk.:y. .:.:ntr:1i Iran. and th.:

southem Caspian block. The rdati\\:ly high rigidity of th.:s.: blocks allo\\'s ,ln.: to

describe their motion by rotations about poks. Tabk 1.1 (Jackson & l'vkK.:nzi.: l'lXl;)

gives the rotation poles and rates or rdative motion l'or th.: m:~ior :ls.:ismi.: hlo.:ks in th.:

Mediterranean and the Middle East.

Based on seismicity. topography and deromlation patterns. Iran C:1I1 b.: di\'id.:d

into several tectonic clements. In the rollowing. scismoteelonics :md acti\\: d<:t'>rlllation

of eaeh of these e1ements is briefly discussed:

1.2.1 The Zagros mountains

The Zagros range is located on the convergence zone or the Arabian shidd and

central Iran. It has a strike of roughly N45"W and is extended l'rom eastern Turkey in

the northwest to the strait of Hormoz in the south of Iran. The estimated total thickness

of the sedimentary column in the Zagros is 6-12 km. including a thick layer (about 1

km) of infra-Cambrian evaporitic deposits at the bottom (Berberian & King 1981). The

Zagros main thrust. a northeastward dipping plane. marks the northern margin or the

Arabian continental shelf.

The Zagros mountains is the most active seismic zone of Iran. and much of the

convergence between Arabia and Eurosia is taken up in this part of country. Seismicity

maps of Iran (e.g. Berberian 1976b. Ni & Barazangi 1986) show that carthquakc

10
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"picenlr"s in lh" Zagros al''' dislribul"d 0\',,1' :l 100-300 km wid" zon" :llong lh" bd!.

S"ismi"ily is imm"dialdy cUI off in lh" nOnh":lsl of lh" m:lin lhrusl. Aiso lh"r" is :l

consid"rabk qui<:sc"nc" of "arthqu:lk" :lclivily in lh" ":lsl of lh" Om:ln lin". which

s"paral"s lh" Zagros l'rom lh" l'vbkr:ln region (J:lckson & McKenzie 1984). In gener:lI.

s<:Îsmi<:Îly increas"s l'rom nonhwesl 10 soulh":ls!. MOSI of lhe e:lnhqu:lke mech:lnisms

in lh" cenlr:ll :lnd soulh":lSlern Z:lgros. :lre indic:llive of shonening of the crust

perpendicular 10 lhe slrike. :llong m:lny high :lnglc (30°_60°) reverse b:lS"m"nt f:lults

(Berberi:ln 198 J. J:lckson & Fitch 1981). exc"pt for the region near the strait of Hormoz

where lhe p"nelration of lhe Musandam peninsular. a southern promontory of the

i\rabi:ln shidd. in 10 Iran. causes a movement of material along the strike of the

mounlain ranges (Jackson & McKenzie 1984). In the northwestern Zagros. fault plane

solulions show a right laIerai strike-slip motion a10ng an active fau1t zone which fo11ows

lhe trace of the main Zagros thrust (Jackson & McKenzie 1984). The estimated value

of slip rates in this part of the Zagros is about 1.5 cmy·l. The slip rates increase

southeastward and reach a ma.ximum value of about 3 cmy·1 in the southern end

(Jackson & McKenzie 1984).

AlI the work done on the seismotectonics of the Zagros (c.g. Nowroozi 1976.

Jackson & Fitch 1981. Jackson & McKenzie 1984. Ni & Barazangi 1986) suggest that

th" depth of the seismogenic layer is limited to 10 km and majority of the eanhquakes

occur bdow the sedimentary cover. There is no substantial evidence for subcrustal

seismicity in th~ Zagros. The relative steepness of the fault planes and their similarity

to normal làults in regions of crustal extension. has led sorne of the workers (e.g.

Jackson ct al. 1981) to argue that a considerable portion of the seismic activity in the

Zagros is taking place on sorne reactivated reverse faults. which during the pas! crustal

stretching phases in the Mesozoic. were acting as normal faults.

Studies of seismic straÏn rates on the historica1 and recent eanhquakes
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(Ambras<:ys and \klvilk 1982. Sho.ia-Tah~ri & Niazi Ill8 1. .la~b<ln & "kK~nzi~ 1<)88.

Ekstrom & England 1(89) sho\\' that th~ slip w~t"rs ~akulat~J 1r.1I1l ~arthquak~ data

ar<: kss than 10% of thos<: pr<:di~t~d hy plat~ t~~toni~ th~nry. ln <lth~r \\'nrJs. s~isl1licity

in th~ Zagros is r<:sponsibk for as littl<: as 10% of ddormmion. Th<: r~st is heing

accomplish<:d by crœp proc<:ss<:s. This <:\'id~nc<: :llong \\'ith th~ Ia~k of surfa~~ "ullting

in th~ Zagros (B<:rb<:rian 1(81) and pr~s~nc~ of a salt lay~r at th<: top of th~ has<:l1l~nt

suggest that. this plastic lay<:r is probably acting as a d~tachm<:nt surlà~~. s~parating th~

deformation of the basem<:nt from that of th~ ov~rlying s<:dim~nl. Th~rd,'r<: th~

tectonic stresses produced in th<: bas<:m<:nt do not dlici<:ntly transmit to th<: upper

layers. and while the basement und~rgoes brittl<: d<:formation. th<: s<:dim<:ntary ~olumn

deforms by aseismic folding.

1.2.2 Northwestern Iran and the Caueasus

In the Caucasus. major geological structures have a northwest-southeast trend.

The region is bounded by the oceanic crusts of the Black sea in the west and the

southern Caspian sea in the east. Seismicity in the Caucasus most of the time. (ollows

the regional trends. The majority of the earthquakes have thrust mechanism with north

or slightly northeasrward dipping nodal planes. Sorne lateral motions along the strike

of the mountains at both ends of the region as inferred from fault plane solutions.

suggest that the Caucasus might be overriding the Black sea and southern Caspian

oceanic slabs (Jackson & McKenzie 1984). The seismic zone of the Caucasus

continues to southeast across the Caspian sea into the Kopeh Dagh mountains.

In northwestern Iran. most of the available focal mechanisms indicate right

lateral strike-slip motion, with sorne normal faulting. Jackson and McKenzie (1984)

conclude that. this kind of deformation is a result of the castward expulsion of eastern
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Turk<.:y away from th~ ~ollision zon~ in c~ntral Turkey. which extends into northwestem

Iran. Th~r~f(lr~ northwest~rn Iran has a eastward motion relative to Eurasia. A part of

Ihis r~gion shows a Jaek of s~ismicity both in historical and recent record. Sorne

authors (~.g. Jackson & McKenzic 1984) regard this area as one of the aseismic regions

in lmn.

Much of the weil recorded earthquakes in northwestem Iran and the Caucasus.

have fi.)cal depths shallower that 50 km. and no reliable evidence supports the existence

of subcrustal scismicity. Aiso calculations of seismic strain rate tensors (Jackson &

McKenzie 1988) show that like the Zagros. most of the deformation in the Caucasus

is taking place aseismically.

1.2.3 The southem Caspian block

Deep seismic studies (Berberian 1983) suggeS! that in the southem Caspian sca

a relatively thick (15-25 km) column of sedimentary material directly overlies a basaltic

basement of 15-20 km thick. The evidence for lack of granitic layer is also supported

by the efficient propagation of Sn and poor propagation of L
G

waves across the basin

(Kadinsky-Cade et al. 1981). The southern Caspian is a relatively stable block with

lèeble seismicity and minor deformation. surrounded by active fold belts and reverse

basement faulls. Il is currently undenhrusting towards south beneath the northern

ranges of Iran. It is bclieved (e.g. Berberian 1983) that, it might be a piece of an old

oceanic crust, perhaps as old as late Paleozoic. and has survived the convergence of the

Afro-Arabian plate towards Eurasia. Based on fault plane solutions in the Caucasus and

the slip vectors in the Alborz and Kopeh Dagh. Jackson & McKenzie (1984) have

calculated a northward motion of the southern Caspian relative to Eurasia.
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1.2.4 The Alborz and Kopeh D:I~h mountains

Th.: AlborL and Kop.:h Dagh mark th.: sit.: "f th.: .:rustal compression "f c.:ntral

Iran o.gainsl Eurasia. Scismicity in th~st: rc:gions is not as intense ~lS il is in the: Zagn.ls.

Nonethdess a great amount of short.:ning and thick.:ning is curr.:ntly taking plac.: in

these areas. The AlborL mountains is an arcuat.: rang.:. bord.:r.:d by th.: south.:rn coast

of the Caspian s.:a. Deformation in th.: AlborL is charact.:riz.:d by s.:ri.:s of thrusl

faulting. In th.: northern part of th.: rang.:. làults al': dipping south"':ml. possibly

indicative ofund.:rthrusting of th.: southern Caspian block. In th.: south.:rn s.:elions th.:

reverse faults dip northward. as a r.:sult of compression against th.: north.:rn boundari.:s

ofIran. In the east of the Albo17_ fault plan.: solutions indicate some l.:li lat.:ml strik.:­

slip meehanism (Jackson & MeKenzie 1984). Although surlàe.: làulting in th.: AlborL

is more visible than it is in th.: Zagros. fault plan.:s are still diftieult to be determined.

The structures in the Kop.:h Dagh have a northwest-southeast trend and arc

bordered from the stable block of Turkamenistan in the north. by a làult zone call.:d

"the main fault zone" (Tchalenko 1975). Seismicity is diminish.:d immediatdy to the

northeast of this fault zone. Most of the fault plane solutions indicate thrust tàulting

with left lateral slip in the west, and right lateral slip in the cast. Ali this along with

the topographie variations. suggest that northeastern Iran is involved in a considerable

crustal shortening and thickening in the northeast direction.

The predicted magnitude of the slip rates from poles of rotations in northem

Iran is about 1-1.5 emy·l. Comparison of this velocity with those calculated from

seismic moment release rates (Jackson & McKenzie 1988. Ekstrom & England 1989)

implies that most of the deformation in the Alborz and Kopeh Dagh, is occurring

seismically.
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1.2.5 Central :mcl e:lstern Ir:m

St.:ismicit)' in œntrul Iran is sporadic and discontinuous. I-listorical records

(i\mbraseys & Melville 1982) also show a relative quiescence of earthquake activit)' in

this part of country. Most of the epicentres are located along the mountain bordering

n:verse làuIts (Berberian 1981). The major earthquakes in the northern part of central

Iran are involved in thrust làulting and !eft lateral strike-slip with a northeastward slip

\'\:etor (Jackson & McKenzie 1984). These earthquakes are associated \Vith several

major Icll lateral strike-slip faults such as Doruneh and Dasht-e-Bayaz faults (see Figure

1.2). which run from east to west. '1'0 the south of these faults. is another system of

làults striking north-south. These faults are subordinate to the tirst set and do not

intersect them. The north-south trcnding faults extend to the Makran region in the

southeast and dominate the morphology of eastern Iran. They mark the boundaries of

the Lut block. a relatively aseismic rcgion in eastcrn Iran. sometimes considered as a

small micro-continent in the literature (e.g. Nowroozi 1976. Arkani-Hamed &

Strangway 1986). Some of the north-south trending fualts such as Kuh-Banan fault (see

Figure 1.2). are active and have historical record of activity (Ambraseys & Melville

1982). Most of these faults have a dominant right lateral sense of motion with sorne

thrus! làulting towards east.

Seismicity decreases dramatically in the east of Iran-Afghanistan border (Shoja­

Taheri & Niazi 1981) and the structures in eastern Iran are directed towards the south

as Iran is being compressed against the western Afghanistan stable block.

The combination ofa dominant east-west left lateral faulting with a subordinate

system of north-sOUÙl right lateral faults in northeast and eastern Iran. and thrust

faulting \Vith northwesterly strike in northeastern Iran. has led Jackson & McKenzie

(1984) to propose that.. the eastern parts of Iran are experiencing sorne structuraI
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rotations as Iran is bdng comprcsscd at ilS northcrn and caslcrn bl'undarics. Thcy

suggest that the rotation results lt1 a j,ner'll mo\'Cment l,f materiai away l'n'Ill th,'

compression zone towards sollth to the ?vlakran region on the strike-slip t'lUitS. The

possibility of structural rotations in eastern Iran is also supported by palcolll'Ign,·tie data

(Conrad et al. 1981). These data indicate an anticlockwise rotation of 'lO" since the

Miocene in the southern Lut block.

1.2.6 The Makran region

ln contrast to the Zagros. the Makran region shows a tèeble and scaltered

seismicity. The focal depths of earthquakes increase l'rom very shallo\\' ( < 10 km) 'lt

the coast of the Oman sea. to intermediate depths (80 km) inland (Berberian 1981).

There are only two earthquakes located at depths greater that 100 km. Neverthcless this

fewevidence of intermediate seismicity has not prevented some workers (e.g. Farhoudi

& Karig 1977) l'rom proposing a subduction modcl for the Makr..m. The sporadic

nature of the seismicity has been accounted for the very shallow angle (about 1" as

proposed by Farhoudi & Karig 1977) of the subducting slab. Fault plane solutions

suggest IWO different types ofearthquakes (Berberian 1981). The lirst group is shallow

earthquakes associated with east-west trending and northward dipping reverse taults.

which characterize the deformation of the sedimentary cover. The sccond group is

intermediate earthquakes accompanied with nonual faulting produced during the

deformation of the subducting oceanic crust. The predicted slip vectors in the Makran

are directed NIoo-15°E. with a magnitude of 4 cmy·1 (Jackson & McKcn7le 1984).
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Chapter 2

Modelling the continental deformation

2.1 A bricf introduction to the continuum approach

One of the lirst attempts in continuum medium modelling of the deformation.

taken by those working on the Himalayan collision zone (e.g. Tapponnier & Molnar

1976). was to compare the patterns of strain with the slip line fields produced during

the indentation ofa rigid-plastic thin plate. by a rigid indentor. Specifically. central Asia

was taken as the thin plate with a highly nonlinear viscoplastic rheology. and the Indian

subcontinent was assumed as the indentor. One of the main arguments of this mode!

was that. the major strike-slip fault zones in the central Asian collision site. correspond

to the slip lines developed in the deforming plate. This model assumed a plane

horizontal strain condition and the deformation was controlled by the regional stress

fields applied by the indentor.

Although this approach can explain the large scale deformation and is relatively

successtùl in matching the calculated slip lines with the orientation of major faults. it

has many limitations. as England & McKenzie (1982) and Tapponnier & Molnar

themselves have mentioned. First. in the regions of excessive crustal thinning or

thickening. the condition of plane horizontal strain fails. since considerable amount of

deformation takes place in the vertical direction. Second. forces due to the gravitational

potential differences between columns of lithospheric material. have no role in this
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modd. Third. the calculated slip lines arc appropriate only I,'r the beo:innim: stao:es "f. -......
indentation. They change direction :lS the dct,'rmation proeeeds. Furthermore this

modd predicts a uniform stress lidd. ",hile the nonunil,'rm distribution of the 1:lult

zones in e<:ntral Asia. is indicatiye of existence of a nonunit'lrI11 stress lidd.

New approaches (e.g. Bird 1978. Bird 8:. Piper 1980. England &. Md\.enzie

1982. England &. Houseman 1986. Vilolle ct al. 198::!. 1984. 1986) emphasize on the

importance of the kinematie constraints. in the dcl,)rmation of continents. and re:lson

that the deformation is controlled by strain rate and not stress. These modds take the

advantage of numerical techniques. to include the effects of crustal thickness variations.

buoyancy forces. different rheologies and more realistic boundary conditions. These

techniques have been significantly suecessful in providing reasonable descriptions l"r

deformational processes in the continents. both quantitativdy and qualitativdy. The

thin viscous sheet model essentially devdoped by Bird &. Piper (1980). England &.

MeKenzie (1982). and Viloue et al. (1982. 1984. 1986). is one of the most succcssfui

of these. This model has been able to carry out quantitative measurements on stress

and strain rate fields in the Himalayan collision zone. with resulls which arc làirly in

agreement with the observations. In the current study. this model has becn taken as a

basis to investigate the deformation history in the Iranian plateau. In the following. the

mechanical formulation of the thin viscous sheet mode! is presented:

2.2 The thin viseous shect modeI

The fundamental idea of the thin viscous sheet model is that the deformation of

the continents. is the response of a viscous medium to the forces applied at ils

boundaries. and to the buoyancy forees arising within the medium from elevation

contrasts. A quasi-three-dimensionai plane stress condition is adopted and buoyancy
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!()rees arc taken into aeeount by allowing strain in vertical direction. The buoyancy

I()rees arc halanced against the ambient stress field defonning the viscous medium. The

numerical approach permits the calculation of the time dependent defonnation. stress

anù strain rate liclds and the crustal thickness dcvelopment in time. By applying

ùifTerent stress-strain rate constitutive laws and different viscosities. the effect of

rheology on the defonnation can be studicd. Aiso the relation between the calculated

stress. str.lin and strain rate at each stage of deformation. with the styles of the observed

discontinuous defonnation can be investigated. A detailed description of the thin

viscous sheet model is given by England & McKenzie (1982. 1983). In the following.

a summary of the assumptions and fonnulation of the model is presented:

2.2.1 Assumptions

1. The lithosphere is approximated by a thin sheet. with a horizontal expansion

of at least ten times the thickness of the plate. overlying an inviscid medium. This

assumption is bascd on the fact that the lithosphere is underlain by an asthE'nosphere

much wcaker than itself. As a result. the shear stresses on the top and botlom of the

shcet are assumed to be negligible.

2. If the gradient of crustal thickness. Le. the topography gradient is small. the

vertical variation of horizontal velocity \vithin the thiekness of the

lithosphere \vill he insignificant.

3. The defonnation of the lithosphere is assumed to be govemed by rheological

propcrties of its strongest portion. presumably the upper mantle or the lower crust.

Thcrefore the discontinuous behaviour of deformation of the upper crust is ignored.

The reasons for neglecting the role of faulting in the deformation are a) the nature of

the continuum approach does not allow us to take into account the brittle deformation
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of the lithosphere and b) although faults are outst:mding features "f the surl:lee "f thl'

earth. fracturing is restrictcd to the upper 20 km of the erus!. We assume here that

faulting in thc uppcr crust passivdy follows the ductile dcformation in the deeper parts.

4. A fc,," rcliable measurements on the rheologieal propertics "f the lithospherie

material arc availablc (GoelZc 1978). Ncvcrthdess this littk infoml:llion succests tlmt

the upper mantle is probably thc strongcst part of thc lithosphere. tmder the temperature

and pressure conditions existing in the collision zones. Bene.: by aeeepting a vertically

averaged over the tllickness of the lithosphere. rather than a detail rheology. we assume

that rheological properties of the lithosphere is controlled by those of olivine. the

dominant constituent of tlle upper mamie. Studies on the defomlation of the earth

materials at laboratory scales (e.g. Goetze 1978) show that steady state creep of most

materials obeys a law of tlle fOml:

2.\

where È is tlle strain rate. C. Q and n are experimentally detemlined constants of

materials. cri and cr) are the greatest and the least principal stresses. R is the gas

constant and ais tlle absolute temperature. By vertical averaging on material properties

and tlle deviatoric stress and strain rate. a more useful constitutive law is obtained:

BE' O/n-I) •
T: ij = eu 2.2

where B represents aIl temperature dependent temlS in equation (2.1). throughout the

litllosphere. and "tij and Èjj are the eomponents of tlle deviatoric stress and strain rate

tensors. respeetiveIy. The strain rate tensor is defined by:

au... -')
ëJxi

2.3

•
where u; is tlle component of veloeity vector aIong tlle itll coordinate axis. Ë in
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~quation (2.2) is th~ second invariant of the strain rate tensor:

2.4

Equation (2.2) is th~ constitutiw relation b~twe~n stress and strain rate. For Ne\\10nian

mat~rials n is unity. and viscosity is constant and strain rate is proportional to stress.

Wh~n n is gr~ater than unity. the material is called non-Newtonian or power law. and

viscosity (= BÈ"·n - Il) is strain rate dependent. In most geological situations where

condition of shear thinning holds. viscosity decreases with increasing stress. and the

llow of material tends to concentrate in the regions of highest stress.

5. The llow of the material is considered to be incompressible in three

dimensions:

2.5

in which u is the vclocity vector.

2.2.2 MathcmatiC".l1 formulation

Becausc of very high viscosity of the Iithosphere. the acceleration term in the

force balance equation is negligible. and the components of the Navier-Stokes equation

become:

=0

=0 2.6

pg

a0::<
+--

a~

ao:y
+--

a~

ao:: =
a~

aovx+-'-
ay

aoV\'+_._.
ay

aoy •
+ --' +ay

a0.u

ax
ao.,.
ax

aox:

ax

•
where cr is the stress tensor. p is the density and g is the gravitational acceleration.

With the assomptions of zero shear stress at the top and bottom ofthe sheet. and
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• negligibk topography gradient at the surlàee. gradients "f cr,.. and cr, .. arc ncgligibk and

the third component of equation (2.6) will reduec to:

aa" =
a: pg.

indicating that cru is a principal stress. and equal to the lithostatie pressure within the

lithosphere. The stress tensor is detined by:

2.8

where "t;j are the clements of deviatoric stress tensor and P = -Vo(cr" ... cr" -1- cru) is the

pressure. Il is assumed that the condition of isostatie equilibrium holds fix the erust:,l

thiekness variations. Figure 2.1 shows a sketch of the lithosphere. Below the depth of

compensation the horizontal gradient of cru is taken as zero. At the base of the

lithosphere (z =0). cr" is chosen to be equal to -P" (compressional stress is assumed to

be :1egative). The top of the lithosphere having crust. is at a kvel of z = L ... h. where

L is the thickness of the lithosphere without crus!. Normal strèss at the top is zero.

Equations (2.7) and (2.8) yield:

a•• = 't •• - P =CJ' pd: + I(x,y).
........ 0

Using the conditions;

a••(: =0) = -p.,
a,,(: =L +h) = 0,

2.9

2.\0

and isostatic equilibrium. the normal stress at the base of the lithosphere is given as:

f(x,y) = -p = -CJL'h pdz =
• •

2.11

•
Substituting for cr in the first two of equation (2.6) from equation (2.8) yiclds:
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Figure 2.1 "A sketch of vertical structure of the lithosphere.
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2.12
cl: a: ôP" "
ôx oy oy

1\11 th~ z-d~p~nd~nt t~rms ar~ omill~d sinc~ u" = u" = u" = u" = O.

Th~ n~xt st~p is to adopt a vertical averaging over the thickness of the

lithosph~n:. of th;: pressur~ and d~\'iatoric stress. Using equations (2.9) and (2.11). the

av~ra!.!ed pressure PM' is obtained as:
~ .

P = ~ • P - -.LJL'. d· Ji pd:.
cU'1: :::: fi L .... /z 0 .... 0

2.13

where 't 'J is the average of normal stress. The condition of isostatic equilibrium gives:

2.14

with P, and Pm as the crust and mantle densities respectively. and s is the crustal

thickness. \Vith the help ofequation (2.14) and assuming h ~ L. equation (2.13) after

dropping the subscript and the bar from P and 'tu. becomes:

2.15

Puning for 't;j and P in equation (2.12) from equations (2.2) and (2.15) and using the

continuity equation (2.5) yields:

2.16

•
with summation convention over the repeated Cl and ~ indices. The right hand side

reprcsents the horizontal gradients of forces due to the weight of material. and the terms

in the left hand side. show the gradients of forces arising from the arnbient strain rates.
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Equation (2.16) ean he \Hitten in the n,)tl-Jimensi,mal (Mm lIsing the 11llrmalizati,'n

factors:

(x'.s!) = (x.s)/L. u = u/u... r'=ru/L.
"

2.17

where t is time and u.. is a eharacteristie velocity. taken to he the eol\isi,m vel,'eity.

The lïnal non-dimensionalized force halance equation is:

where the Argand number. Ar. is delïned by:

2.1S

Ar =
gpcL(l - pc/Pm)

8(u
o

/ L) l'n
2.1')

which signifies the relative importance of buoyancy forces due to erustal thickness

contrasts. and viscous forces required to deform the medium.

Equation (1.18) gives the spatial variation of velocity lïeld at each instant of

deformation. Once the velocity field is determined. the tempoml variation of crustal

thickness ean be obtained. using the non-dimensionalized continuity equation:

os ': -v. (su).
or

2.20

•

Equation (1.18) shows thaL for a given set of boundary conditions. the !low of

material is controlled by two factors: the exponent n in the power law rheology. and the

Argand nurnber Ar (England & McKenzie 1981). When Argand number is small. e.g.

the viscosity of the lithospherc is large. deformation is controlled by the kinematic

constraints imposed at the boundaries. On the other hand. large Argand number

indicates that the Iithosphere is weak. and it can not sustain appreciable crustal

thickness differences.
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2.2.3 The results of the model in ecntr.lI Asia

Th<: formulation m<:ntion<:d above \Vas used by several authors to model the

history of deformation in the collision zone of central Asia. since the beginning 30-40

m.y. ago. In ail of these works velocity field. principal stress and strain rate fields. and

crustal thickness distributions at various stages of deformation for different sets of

houndary conditions and rheologies have been ealculated. England & Mekenzie (1982)

carried out finite di fference technique on geometries of fixed boundaries. Houseman

& England (1986) and Vilone ct al. (1984.1986) used finite clement method with more

realistic boundary conditions. by choosing a moving boundary. as an effeet of a rigid

indentor. Aiso. the effect of lithospheric heterogeneities was studied by Vilone et al.

(1984. 1986) and England & Houseman (1985). The main achicvements of these

experiments can be outlined as follows:

- Ali the modcls have been successful in simulating the diffuse nature of the

deformation. The calculated crustal thicknesses span over regions with dimension at

least as great as the collision boundary.

- The significance of buoyancy forces in the flow even when the lithosphere is

capable of supporting large shear stresses is confirmed. For small Argand numbers. the

deformation tends to focus ncar the influ.x boundary. producing large e1evation

contrasts. While for large Argand numbers. the influence of buoyancy forces increases.

and deformation shows a more diffuse nature and extends to greater distances away

from the indenting boundary. producing smaller elevation contrasts. For Newtonian

materials. the scale of sideways flow exceeds the dimension of the influ.x boundary,

while in the case of power law materials. the flow is more restricted and its lateral

extension is comparable to the size of the indentor. The models predict that a power

law material of n equal to 3 or larger. and Argand number between 1 and 10 cao
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approximate the present day teetl'nie sellings and erustal structure' in central :\sia.

_ The values for stresses and strain rates oht:lÏned in these experiments. are' in

accord with those ohtained l'rom other ohserv:nions in the collisil'll mnes.

_ These modds also notice lhe devdopment of the large along-strike extensi'Hls

in the regions of substantial crustal thickening. a phenomenon whieh sccms to he a

prominent feature in the last stages of dcfom1:ltion of the Tihetan plateau.

Before proceeding to modd the dcformation of Iran. 1 tested the continental

collision of central Asia. \Vith the geometries ~:1d boundary conditions used hy England

& McKenzie (1982. 1983) and Houseman & England (1986). using the computer

program 1 designed. The results agrce with those of the above mentioned :lUthors to

better than 5 percent. In Figure 2.2 the vdocity fidds and crustal thickness

distributions for sorne of the calculations. carried out for the modd of Iioliseman &

England (1986). are illustrated.
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Figure 2.2 Plots of velocities and crustal thickness distributions after 40 m.y. of

deformation in Asia. calculated for the models given by Houseman and England (1986).

The dimension of the box is 5000 km in each direction. The position of the indenting

rigid plate is drawn in the lower left corner of the box. (a) velocity field for a model

\Vith n = 1. Ar = 1. (b) crustal thickness distribution for n = 1. Ar = 1. (c) velocity

field for n = 3. Ar = 1. (d) crustal thickness for n = 3. Ar = 1. (e) velocity field for

n = 3. Ar = 3. (f) crustal thickness for n = 3. Ar = 3.
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Chapter 3

Numerical modeIIing of deformation ID the Iranian plateau

3.1 Initial assumptions

The (ranian plateau is considcred as a nearly wedged shape piece of lithospheric

plate. located in the convergence zone of the Arabian shield and Eurasian plate. Ali the

numerical studies have been restricted to the investigation of deformation ofIran during

the Himalayan-type collision of Arabia and Eurasia. spanned from the Miocene period

to the present day. a time interval of 15 million years. It is assumed that the

deformation is exclusivcly controlled by the northeastward motion of Arabia in

southwest. Although the importance of ail the prc-Neogene deformations is quite

evident in the geology of Iran. due to insufficient information on the structure of the

crust in the past periods of time. and also to avoid complexity in the models. ail the

previous orogenic phases have been ignored. and the lithosphere is modelled as a thin

flat plate having a uniform initial crust on top. The crust is assumed to be in isostatic

compensation. which is supported by the presence of negative Bouguer anomalies (-100

to -200 mGal) over the plateau (Basavaiah et al. 1991).

ln order to asscss the influence of lateral heterogeneities in lithospherie strength

on the tectonics of the plateau.. greater rheologies have bccn assigned to the lcss

dcforming blocks of central Iran and southem Caspian. Although some of the smaller

features such as the Lut block. could be of signifieance in smaller scale deformations..
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agam. it is altempted to keep the lithospherie structure as simple- as p,'ssible-. Th,'

evidencc for greater rigidity in central Iran is supported by the t,'p,'graphie distributi,'ns.

and scismic and geopotential studies. ln the southern Caspian hloek. the existence "t'

a basaltic oceanic crust has been inli:rred through scismie studies.

3.1.1 Geometry of the models

The final geometry of the region ot' interest is taken to he a pentagonal hody

surrounding Iran. eastern Turkey. the Caucasus and the southern C:lspian hlock (Figure

3.1a). The Arabian plate has been excluded t'rom the mode!. lt shows only minor

deformation (which is not relevant to the current convergent motion) and no scismicity

(Nowroozi 1971). It ean effeetively transmit the forces produced atthe Red sea oceanie

rift. to the deforming zones in southwestem Iran and eastem Turkey. Therct"ore instead

of plaeing the southem boundary of the mesh at the Red sea axis. southwestern Iran is

taken as the boundary of the grid. where it is the site of the contact of a rigid maS5 and

a deforming belt.

The southem boundary eonsists of two segments. The longer segment runs

a1most paraIlel to the southem foothills of the Zagros mountains and stretches from the

vicinity of the conjunction of the northem and eastern Anatolian faults in eastern

Turkey, to nearby the strait of Hormoz in the Persian gulf. The shorter segment lies

on the southem border of the Makran ranges along the northem coast of the Oman sca.

The eastem boundary is a south-north trending line paratlel to the fault zones of western

Pakistan. and lr.'U"ks the boundary between the western Afghanistan block and eastern

lranian ranges. The northem boundary draws the border between the Eurasian plate in

the north. and Kopeh Dagh. southem Caspian block and Caucasus in the south. Finatly

the western boundary is taken as a \ine in the direction of shortening in the Caueasus•
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Figure 3.1 (a) The geometrical configuration of the finite element grid and its location

on the geographic map. The two polygons inside the mesh. correspond to the central

Iran and southern Caspian inclusions. (b) The finite element grid and the velocity

boundary conditions on each side of the mesh. Each triangle consists of four three-node

triangular clements. The grid has a total number of 855 nodes. and 1616 elements. At

each boundary aIl the vclocity boundary condition sets are defined. The lines AN and

BB' are used to draw profiles of velocity and crustaI thickness. In the subsequent

figures the x and y components of the coordinate system are in west-cast and south­

north direction, respectively.
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and s~paral\:s it from central Turkey and the Black sea.

Th~ initial shap~ of the mesh is then construct~d. by stretching the southern and

w~st~rn boundari~s. back to their position in 15 n: 'Ilion years ago. assuming that the

conv~rg~nce has had a constant rate over the defonnation period. This assumption is

supported by th~ data derived from magnetic strip anomalies (Mohajer-Ashjai et al.

1975). ln Figure 3. la the actual location of the mesh before and after defonnation. is

depicted on the geographic map. For heterogeneous models the shape and dimensions

of central Iran and the southern Caspian block. are inferred from topography patterns

and earthquake epiccnter distribution in Iran. Both regions show low relief topography

and sparsc earthquake activity. Central Iran is bounded by sorne major fauit zones

(Takin 1972) such as Doruneh fault in the north. and Naiin fauit in the west and

southwcst (sce Figure 1.2).

3.1.2 Initial and boundary conditions

Ail thc boundary conditions in the models are given in tenns of prescribed

boundary velocities and crustal thicknesses. The estimated convergence rate between

Arabia and Eurasia ranges from 5 cmy·1 (Ni & Barazangi 1986) to 4 cmy·1 (DeMets et

al. 1990) in the north-northeast direction. Here. a constant velocity of 4 cmy·1 in the

N45"E direction along the southern boundary (the Zagros ~art) is taken. and it is

assumed that velocity does not change during the time of defonnation. As for the

Makran subduction zone. although the rate of subduction is at least equal to the rate of

continental convergence in the Zagros. nevertheless since there is no flow ofcontinental

materia1 inland Makran.. the boundary velocity is assumed to be linearly decreasing to

zero towards the eastem end. On the eastem side. two possible boundary conditions

are considered: a) fixed boundary with zero velocities and b) free slip with zero nonnal

..,
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• velocitv alone the boundarv. fhe second choice is assumed. in "l'der III sludv the... . .

possible effects of north-south trending strike-slip zones in the east l,f Iran (J:lcksl'" &

McKenzie 1984). The northern boundary is kept lixed (i.e. zen' prescribed wlocityl

where it is believed to be the site of compression of northern Iran and the Caucasus

against Eurasia. As for the western boundary. again. two different boundary condilil"'S

are investigated: a) zero motion normal to the boundary and prescribed t:lI1gcnli:l!

velocity linearly decreasing to zero towards the northern end. and bl lrce-stress

condition. The logic behind the tirst option comes trom the observation that most of

the motion in the Caucasus is taken up in the form of folding and thrust làulting in the

northeast direction. The second option is chosen to examine the inl1uence of

overthrusting of the Caucasus on the Black sea.. on the stress lields in the western part

of the models. In Figure 3.1b all the boundary condition sets are specilied.

For all of the nurnerical experiments a constant initial crustal thickncss of 35 km

everywhere in the mesh is selected. and is assumed to be lixed on all the boundaries.

3.1.3 Physical paramctcrs

The characteristic pararneters which govern the dcformation with a glvcn

boundary conditions are n. the exponent in the power law rhcology and non­

dimensionaI Argand nurnber. Ar. In this study the influence of diifcrent values of n

and Ar on the deformation is systematicaIly studied. The choices of n are 1. 3. 5 and

10 and those of Argand nurnber are O. 1. 3. 10 and 30. In the hctcrogeneous modcls.

the rheology contrast of the inclusions are expressed in terms of Argand numbers:

3.1

•
where R is the rheology contras!., and nurnbers 1 and 2 stand for the tinite clements
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associated with the inclusions and the rest of the mesh. respecti\'cly. Ha\'ing ail other

physical parameters constant. smaller Argand number means stronger lithosphere.

Rheology contrasts of fàctor of 2 and 5 arc examined in the experiments.

ln addition to power law exponent and Argand number. other physical

parameters used arc:

Lithospheric thickness.

crustal density.

mantle dcnsity.

gravitational acceleration.

3.2 Rcsults of numcrical cxpcrimcnts

(L = 100 km).

(p,= 2950 kg m·3
).

(Pm= 3300 kg m·3
) and

(g = 9.81 m s·~).

•

The tinite clement formulation of equations of flow are discussed in detail in the

Appendix. The linite clement mesh representing the lithosphere consists of 855 nodes

and is divided into 1616 three-node triangular clements. For each experiment. the flow

Iicld. crustal thickness variation. rate of vertical deformation. principal stresses.

ma.ximum shear stress and strain rate fields. and surface topography maps and profiles

in various stages of deformation are calculated. The results are presented as isovalue

contour maps. vector maps and cross sections. Velocities and crustal thicknesses are

calculated at the nodal points of the grid. and ail the stresses and strain rates are

calculated at the elemental Gaussian quadrature integration points. Only some of the

clements are considered. to avoid crowding on the syrnbol maps.

ln the following. the results of calculations for homogeneous and heterogeneous

modcls with different values of parameters n and Ar and different boundary conditions.

arc presented and discussed.
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3.2.1 Homogeneous modeb

3.2.1.1 Models with Al' = :J

When Argand number is zero. the yiscosity or the mcdium is undclincd. and thl'

effects of crustal thickness contrasts on the deformation an: ncglcctcd. llndcr thesc

circumstances. equations (2.18) and (2.20) decouplc. and the now will be c,>ntrollcd

only by vclocity boundary conditions. and will he independent ,,l' timc lproyided thc

boundary conditions do not change in time). Incompressibility of thc m:ltcrial howcver.

will produce crustal thickness differences. as a result of variations in the gradicnts of

fiow in the medium.

Velocity field

ln Figure 3.2 the velocity fields for l1uids \Vith dilTerent values of n. dinèrent

boundary conditions. and at different ~1ages of delormation are illustr.lted. The Figure

implies that even in the initial time steps. the extent of deformation reaches the northern

boundary. and the choices of large numbers of power law exponent do not prohibit the

deformation in the areas far from the indenting (i.e. southern) boundary. This ean be

due to the faet that the length of the indenting boundary is much larger than the width

of the deforming zone. There are two factors that control the now Iield: the boundary

conditions. and rheology. with the first one being the dominant one. The effect of each

of these faetors on the veloeity patterns is deseribed separ.ltely.

The general sense of motion in aIl models is a southwest-northeast direction

arising from south. with a monotonie deerease in magnitude towards the northern

boundary. As it is expeeted, both eomponents of the veloeity vector vanish at the fixed
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Figure 3.2 Vclocity fields for homogeneous models with Ar = 0 at t = 0 and t = 15

m.y.• (a)-(b) vclocity field for a Ne\\10nian material and boundary condition set 1. (c)­

(d) vclocity ticld for a non-Ne\\10nian material (n = 3) and boundary condition set 1.

(cl-(t) vclocity lield lc.r a non-Ne\\1onian material (n = 5) and boundary condition set

1. (g)-(h) vclocity lield tor a non-N~wtonian material (n = 10) and boundary condition

set 1. (i)-(j) "clocity tield for a non-Newtonian materiai (n '" 3) and boundary condition

set 2. (kHI) "clocity field for a Ne\\10nian material and boundary condition set 3. The

"clocity "cctor at the southem boundary is equal to 4 cmy·l .
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northern boundary. ln the eastern boundary. repbein:; the lixed hl1undary with '1 slip­

free one. produces a nl'rthward Ilow of materi,1i all1l1:; the houndary (el1mpare th,'

directions and magnitudes of \'docity \'CClllr:-; in the \'k;i:~ty çlf the caSh:rn hnundary in

Figures 3.2h and 3.21 with those in Figure 3.2j). lInlike the eastern end where the

inlluence of different boundary conditions is restricted tl> the eastern l'art of the mesh.

the choicc of stress-free side on the western boundary has a pt"llflllllld el1i:et llll the

entire Ilow ticld (Figure 3.2k-I). The lixed boundaries in the cast and north. cause a

divergence of the vclocity vectors towards west. allowing the Iluid to escape tht"llu:;h

the western boundar)'. The vclocit)' vectors in the middle p'lrt of the mesh arc :;enerally

in N45"E direction. Towards the western end of the mesh. the y-eomponent (in the

south-north direction) of the vclocit)' gradually increases. rcsultin:; in an anti-doekwise

rotation in the velocity lield.

In Figure 3.3 proliles ofabsolute vclocity and its two components alon:; the lines

AA' and BB' in Figure 3.1 b. for dilTerent boundary conditions and dil1i:rent rheulogies

at time t = 0, are shown. On the AN line. the proliles have more or less similar

shapes. In the case of boundary condition set 3. the magnitude of x-component of

velociry is decrcascd (about 0.2-0.4 cmy" lor highly non-Newtonian materials)

compared to that of the y-component. which is the result of westward rotation and

outflow of material through the western boundary. On the BB' line. the el1i:ct of

boundary conditions on the velocity field is more visible. For experiments with

boundary condition sets 1 and 2. the magnitudes of the two components of vdoeity in

most parts of the mesh (the region between 500-2500 km from the western boundary).

are almost equal and both fall in the range of 0.5 to 1.0 cmy·'. Whereas for the

boundary condition set 3, the profiles have different shapes. and thcrc is a significant

decline in the magnitude of x-velocit'j (0.3-0.5 cmy·l) while the absolute magnitude of

y-velociry remains almost unchanged. Ali these differences in the vdocity fidd. result
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Figure 3.3 Vclocity profiles for homogeneous materials \Vith different rheologies and

boundary condition sets along the profiles AA' and BB' in Figure 3.1 b.. (a) models

\Vith boundary condition set 1. (b) models \Vith boundary condition set 2. (e) models

\Vith boundary condition set 3.
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in gn:ate:r gradie:nts of crustal thicke:ning in the western side of the deforming mesh.

The vc:locity lic:ld is also affected by rhe:ology of the medium through the

e:xpone:nt n. The e:lTe:ct of nonlinearity is similar for ail kinds of boundary conditions.

Figure: 3.3 (pro1iles along AA') shows that. as n increases from 1 to 10. the flow of

material progressivc:ly concentrates in front of the southern boundary. For Newtonian

material the: viscosity of the medium is independent of stress and constant everywhere

(pulling n equal to unity in equation (2.18) reduces the viscosity to a constant number).

However when n is greater than unity. viscosity becomes a function of stress. As a

result. viscosity decreases with increasing stress. and deforrnation tends to concentrate

in the regions of highest stress. Therefore. for increasing values of n the gradient of

velocity becomes steeper near the southern boundary where stress is at ma'dmum. The

shapes of vclocity profiles along the line SS· can be explained in a similar way. Near

the eastern and western boundaries where shear stresses are large. gradients of velocity

are also large. With incrcasing distance from the boundaries, shear stresses decrease

and the medium becomes highly viscous in the center of the mesh. resulting in

smoother gradient of velocity and flatter curves for large values of n. As a general

conclusion. as the viscosity becomes more dependent on the stress field. the flow of

material becomes more concentrated around the boundaries of the mesh.

Str.lin rate fields

Figures 3.4-3.6 show the time evolution of the vertical strain rate. &",

(instantaneous rate of thickening or thinning) and maximum shear strain rate fields. for

different rheologies and boundary conditions. The patterns of instantaneous vertical

deforrnation in Figure 3.4 are almost similar for boundary condition sets 1 and 2. The

main differenct' is that for the free-slip boundary in the east. the greater velocities along
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Figure 3.4 Vertical strain rates for homogcncous modcls with Ar = O. at time steps or

5 rn.y. AlI the contours arc in units of 10·I·S·'. (a)-(d) non-Ncwtonian matcriaI (n = 3)

with boundary condition set 1, (e)-(h) non-Newtonian matcrial (n = 3) with boundary

condition set 2. (i)-(I) non-Newtonian materiaI (n = 3) with boundary condition set 3.
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the houndary k3d tn pronounced motion of crustal material towards the north.

Therefore. strain rates be<:ome greater and have smoother gradients along the boundary.

The thickening of the crust at ail times tends to concentrate around the southem

hnundary. and in the narrower part of the mcsh near the western boundary. The

smallest rate of thiekening 0ccurs close to the northeastern corner of the mesh. where

the !low rate has the lowest magnitude. As time proceeds. the rate of crustal thickening

in ail of the models shows a steady increase everywhere in the mesh. The location of

the ma.'(imum thickening rate seems to be in front of the hinge point on the southem

boundary. This is due to the nature of the boundary condition at that point. The reason

for greater r.lte of thiekening in the western part is that. as the southem boundary

advances northward. the horizontal area of the mesh decreases l'aster in this part than

in the other parts of the mesh. Therefore there is increasingly Jess space for horizontal

!low and more chance for vertical deformation. A reverse process takes place when the

western boundary is free to move outward (Figure 3.4i-I). In this case the absence of

a confining boundary makes the buoyancy forces strong enough to prevent the crust

l'rom extensive thickening.

The etTect of rheology on the vertical rate of deformation is depicted in Figure

3.5. in which contours of vertical strain rate are ploned at t = 15 m.y.. for four different

values of n and boundary condition set I. The same as the velocity fields. the transition

l'rom New:.onian materia! to a highly non-Newtonian. results in progressive

concentration of deti.)rmation around the indenting boundary. However as the

nonlinearity decreases. horizontal variations of vertical strain rate within the mesh

become smoother. and the regions far l'rom the indenting boundary (e.g. northeastern

parts). experience more crustal thickening.

The maximum shear strain rate fields are presented in the forrn of isovalue

contour maps. Figure 3.6 shows the results of calculations for experiments with n = I.
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Figure 3.5 Vertical strain rates lit t = 15 m.y. for homogcncous modcls with Ar = 0

and boundary condiùon set 1. (a) n = 1. (b) n = 3. (c) n = 5, (d) n = 10. Contours

are in units of 1O'16s" .
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Figure 3.6 Shear str:lÏn rates at t = 15 m.y. for homogcneou'- modcls with Ar = 0 and

b<)Undary condition set 1. (a) n = 1. (b) n = 3, (c) n = 5. (d) n = 10. Contours are

in units of 1O·I·S·I .
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3. 5 and 10. Similar patl~rns to those 01" the yenieal strain r:lle ean he sec'n in thc'sc'

plots. l\'lost 01" th~ sh~aring happ~ns near the nllwing houndaries in the south and \\ est.

The maximum is along the smalkr seglllelll 01" the s"Ulhern b,'undary. where there is

a major gradi~nt 01" yelocity al,ltlg the bound:lry. ln the r~gion imlllediatdy in I"r,'nt "I". ... .... . ... .

th" n boundary. pure sh~ar strain tends to inerease. This is be~allse. the

adY'\I1c~ment of lIle boundary produces a gre:ller amount 01" eOlllpressiye shorlening in

southwest-northwest direction and a kss amount 01" extensi,ltl in nnrthwest-s,'utheast

direction. Comparison of the results I"or different yalues 01" n reyeals th:lI. the gradiellls

of maximum shear tend to deyciop in northwest-southeast direction. I"or smalkr

numbers of n. whereas shear strain rate in this din:etion for larger yalues of Il. is more

uniform and the gradients are in the direction of Ilow. This is in accord with the

velocity fields described in the previous section. It can be seen tlmt. power law

materials have gentler gradients in the middle of the mesh along the profile HW.

Shear strain rates in gcneral. increase as deformation proceeds. The extenl of

the deforming mesh in the northwest-southcast di ..ection relllains almost uneh:mged

during the deformation. while there is a persistent shortening in the direction of Ilow.

Thus the difference between horizontal principal strain Mes continues to inere:L~e in

timc. and greater shear deformation develops. This is bcst seen in the western part of

me mesh in the cases of a tixed boundary (boundary condition sets 1 and 2). where the

rate of shonening is at the maximum. On the other hand. a free houndary signilicantly

decreases the rate of northeastward compression and. subscquently. the rate of shearillg

along the western bC)undary.

Crustal thickness

The crustal mickness variations follow. but do not exactly match, me vertical

44



•

•

Figure 3.7 Crusml thickncss development at time intervals of 5 m.y.. for homogeneous

modcls \\~th Ar =0 and boundary condition set 1. (a)-(e) n = 1. (d)-(f) n =3. (g)-(i)

t'l",7 5. (j)-(I) n = 10. Contours arc in unilS of 1 km.
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strain rate tidd. This is because a) thc ,'enical strain ratc is a mcasurc' ,,l' Ille'

instantaneous venical ddi.'rmation \\'hik crustal thickncss is the intcgra! ,,1' the t,'I:li

d<:fomlation since the time zero. each carries dirt".:rel1t informati,'n :lb,'ut thc c,\,ltui,'n

of the d<:formation. and b) the continuity equation (2.21)) is solvcd in l.:lgr:mgian

description. and the time variation of the crusta! thickncss is cakul:tted \\'ith rC'spect to

the moving points \\'ithin the no\\'. rather than 10 a point tixed rd:lli"e to the l11esh.

ln Figur<: 3.7 the crustal thickness devdopment of thc mesh :ll tin1<: intcrv:lls of

5 m.y.. for four values (lf n and boundary condition set 1. is illustmted. The Figure

suggests that. although the lithosphere is chosen to be arbitr.lrily strong. the extcnl of

deformation quickly r<:aches to the nonhern edge of the mesh. ev<:n \\'hen n has v<:ry

large value. The area of ma.ximum thickened crust is loc:tted in front of the soulhern

boundary at ail times. and the intensity of thickening in this area incr.:ascs as n is

increased. The ma.ximum thickness alter 15 m.y. of ddi.'rmation in the southern

boundary. increases l'rom 54 km for n = 1 to 63 km for n = 10.

The choice of a fixed eastem boundary (boundary condition set 2). crc:llcs somc

differences in the gradients of crustal thickness in the castcm parts of thc mesh. Thc

effect is the formation of a thicker crust in the south. and a thinner crust in the north.

since the northward transport of material is diminished compared to the case of fi'ee-slip

boundary. As for the free boundary in the west. the westward escape of the material

causes an overall reduetion in crustal thickening. which at t = 15 m.y.. is in the nmge

of 3 km (for a Newtonian material).

3.2.1.2 Models with Ar > 0

The influence of Argand number on the deformation can be discussed in terms

of two parameters. the effective viscosity of the lithosphcre. and dcnsity contrast
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h~tw~~n th~ ~rust and lh~ mantk. \Vh~n Argand number is smal!. there arc two

possihiliti~s; ~ither th~ viscosity of th~ m~dium is tao high. in which case great amount

of vis~ous forc~s will d~wlop. or the density dilTerence between the crust and the

mantle is not large enough ta build up sufficient amount of gravity forces during the

process of isostatic compensation ta overcome the viscous deformation. Very large

Argand numb~rs on thc other hand. imply that the lithosphere is tao weak even ta

support modest gravity forces. or the buoyancy forces arc sa large that arc capable of

rcIaxing wry high viscous llows. For a normal lithosphere wherc viscous and gravity

forces arc of the same arder. the role of huoyancy forces is of considerable importance.

Velocity field

The elTect of Argand number on the velocity field is ta sorne extent

overshadowed by the geometrical dimensions of the mesh. Regardless of the choice of

Ar. the now of material always reaches the northern edge of the mesh. and the profiles

of the vclocity arc quite similar ta those with zero Argand number. However sorne

features arc reeognizable. Figure 3.8 shows the velocity fields for models with

boundary condition sets 1 and 3. n = 1 and 3. and Argand values of 1. 3. 10 and 30.

For larger Ar values. buoyancy forces become stronger in the medium and exert a

driving force on the material towards the eastern parts. where the crust has not

thickened significant1y. The eastward rotation of velocity vectors for large Argand

numbcrs is the result of this process. The effect of higher Argand numbers is most

noticeable in the case of free-velocity boundary condition on the western side. As the

strength of the lithosphere decreases.. more material is diverted towards west and the

rate of escape of material through the boundary increases (compare the area of the

portion of the mesh ta the left of the western boundary. for different values of Ar).

47



•

•

Figure 3.8 Velocity fields for homogcneous modcls with Ar> 0 at t = 15 m.y. (a)-(d)

models with boundary condition set 1 and non-Newtonian matcrial (n = 3). (a) Ar = 1.

(h) Ar = 3. (e) Ar = 10. (d) Ar = 30. (e) boundary condition sct 3. n = 1. Ar = 3.

(f) boundary condition set 3. n = I. Ar = 10. The vclocity vcctor at southcrn boundary

is equal to 4 cmy·' .
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Figure 3.9 Time evolution of the vertical strain rates at time intervals of 5 m.y. Illr

homogeneous models with boundary condition set 1 and n =3 and different Ar values.

(a)-(e) Ar = 1. (d)-(t) Ar = 3. (g)-(i) Ar = 10. (j)-(I) Ar = 30. Contours are in uniL~

of 10·16S·\. In (1). a zone of negative strain rate develops inside the eontour 5 x 10''''.

It is not shown here since the rate of crustal thinning is one order of magnitude smaller

than that of crusta1 thickening.
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Strain rate fields

Th~ ralt~rns or \~rtical strain ratcs arc similar to those described in the previous

scction li'r Ar (J. Howcvcr as Ar is increased gravity forces introduce sorne

di ffcr~nc~s. 1n Figure 3.<) the time evolution of ..ertical strain rates for models with

houndar\ condition set 1. n = 3 and Ar: 1. 3, 10. ar:d 30 is presented. In ail cases

vertical strain rates tend to localize in front of the southem bou;;dar)·. and there seems

ln he no limit on the thici-:ening of crust as time proceeds. However as Ar is increased.

an clongated /.l:!1e with smaller rate of thickening is produced parallel to the advancing

houndary. For Ar =30 and at t = 15 m.y.. the rate of thickening in this zone becomes

negative. and an area of net extension devclops. As a resulL a Irough-like structure

with a thinner crust is procluced towards the end of deformation. The effeet of increase

in the strength of buoyancy forces for large Argand numbers is also seen in the

northwest-southeast gradient of vertical strain rates. As Argand number is inereased.

the lithosphere becomes less capable of supporting grcat crustal thicknesses in the

westcm side of the mesh. and vertical deformation expands towards eastem parts.

resl:lting in more unifoml crustal thickcning inside the mesh.

The elTect of Argand number on the shear strain rate has been stuà:ed. and the

results of sorne of the expcrimems are shown in Figure 3.10. As Ar is increased l'rom

1 10 30. the lower viscosity of the medium allows more matcrial to move inside the

mesh. This will result in a progressive inerease in the gradient of velocity vectors

I10mml to the influx direction. Consequently. greater shear zones will develop on the

southem part of the mesh. The strain rate fi::lds have been calculated for other values

of n (1. 5 and 10). They are not presented herc since they lead to similar conclusions.

The etTects of dilTerent bound3l")' conditions also. resemble those discussed in the

previous section.
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Figure 3.10 Shear strain rates al t = 15 rn.y.. for homogcncous rnodels with boundary

condition set 1 and n = 3. (a) Ar = 1. (b) Ar = 3. (c) Ar = 10. (d) Ar = 30.

Contours are in units of 10.16
5" •
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Figure 3.11 Crustal thickness distributions at t = 15 m.y.. hl homogcncous modcIs with

AI> 0 and boundary condition set I. (a)-(d) non-Ncwtonian matcrial with n = 3. (a)

AI = 1. (b) Ar = 3, (c) Ar = 10. (d) Ar = 30. (c)-(h) Ncwtonian matcrial, (c) Ar =

I. (t) AI = 3. (g) Ar = 10. (h) Ar = 30. Contours arc in units of 1 km.
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Crustal thickncss

Figure 3.11 shows the crustal thickness distribution for different rheologies and

di I"ferent Argand numbers at t = 15 m.y. As the strength of the lithosphere is decreased

(iarger Ar values) the gradients of the thickness in the eastcm direction diminish

(compare the results \Vith those with zero Argand number. where substantial thiekness

variations exisl in this direction). This is best visible in the case ofNe\\10nian materiaI.

where the !low has greater tendency ta extend into the interior of the mesh.

For large Argand numbers the crustal thiekness immediately in front of the

southern boundary. shows rather large values. whieh is not expected. This is probably

duc ta the choiee of fixed crustal thickness boundarv condition which leads ta large. . -
gradients near the bc.undary (England & McKenzie 1982).

Stress fields and style of faulting

The stress field can be used to assess the style of faulting in the deforming

mcsh. Il is assumed here that two of the principal stresses always lie on the horizontal

plane. Although the ealeulatcd stress field. prevails in the strongest part of lithosphere

where the velocity lield is continuous. as mentioned in the previous chapter. it is

accepted that there are sufficient number of randomly distributed preexisting faults in

lhe upper crust. Therefore the response of the brinle crust to the underlying ccntinuous

stress field is isotropie (McKenzie & Jackson 1983. Houseman & England 1986).

The horizontal principal deviatoric stresses for n = 3 and 5. and Ar = 1. 3. and

10. calculated at t = 0 and t = 15 m.y. and for boundary condition set 1 are illustrated

in Figure 3.12. The magnitude of the stress field for a fixed Argand number increases

as the nonlinearity of the flow increases. For example. the maximum compressional
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Figure 3.12 Plots of the principal horizontal deviatoric stress axes. :ll t = 0 anù t c, 15

m.y. for homogeneous models \Vith bouJ1dary condition sets 1 anù 3. Thiek lines

correspond to tensional stress. and thinner lines to compressional stress. The small bars

on the upper right corner of the boxes are the scales of the magnitudes of the stresses.

Superimposed on the plots are the contours of the quantity tan"(i:,1;:,) separating areas

of different styles of faulting. \Vhere i:: and i:, are the principal horizontal str..lin mtes.

TI refers to thrust faulting on planes striking par..lllcl to eaeh principal a.xis. TS. thrust

faulting striking perpendicular to the major principal axis \Vith minor strike slip làulting.

ST. strike slip faulting \Vith minor thrusting. A full discussion of ca1culation of styles

of faulting is given in Houseman & England (1986). (a)-(I) modcls with bounùary

condition set 1 and n = 3. (a) t = O. Ar = 1. (b) t = 15 m.y.• Ar = 1. (c) t = O. Ar =

3. (d) t = 15 m.y.• Ar = 3. (e) t = O. Ar = 10. (1) t = 15 m.y.. Ar = 10. (~)-ü>

models with boundary condition 1 and n = 5. (g) t = O. Ar = 3. (h) t = 15 m.y.• Ar

= 3. (i) t = O. Ar = 10. ü> t = 15 m.y.. Ar = 10. (k)-(I) modcl with boundary

condition set 3 and Newtonian. material. (k) t = O. Ar = 3. (1) t = 15 m.y., Ar = 3.
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slr~ss al 1 15 m.y. I,)r modds wilh Ar = 1 incr~a.s~s l'rom 50 MPa for n = J. to 120

:Vll'a I;,r n 3. and 10 155 Ml'a là n = 5. This is expected since for highly nonlinear

materials viscosity strong\y depends on the strain rate. The magnitude of the stress for

a lixed power law rheology decreases as Argand number increases (i.e. crfective

viscosily decreases). For examplc. the maximum compressional stress at t = 15 m.y.

I,'r modds with n = 3. decreases l'rom 120 MPa for Ar = 1 to 40 MPa for Ar = 3. and

lo 1() Ml'a lor Ar = 10.

The major principal deviatoric stress is always compressiona1 and oriented along

the direction of Ilow. It has a monotonie gradient towards the northeastern corner of

the mesh. The minor principal deviatorie stress. however. has magnitudes far 1ess than

those of the major principal stress (most of the time at least one order of magnitude)

and shows more complieated patterns. Several distinctive regions in the stress field arc

reeogni7.ab1e. In the western part of the mesh. the minor principal stress is tensionai and

the tension as weil as compression inereases as the deformation proeeeds. In front of

the southern boundary in the center. a state of unia.'(ial contraction or isotropie

contraction endures. Tensiona1 stress does not devc10p in this region un1ess the

lithosphere is too weak (Ar> 10). Further to the cast. again a tensional field in the

north\Vest-southeast direction develops as a consequence of large velocity gradients in

the eastern direction. From center of the mesh to\Vards the northeastern corner. both

principal stresses become compressional. \Vith a gradt:l increase in tl1P magnitude of

the minor principal stress relative to that of the major principal stress. The deve10pment

of contraction regime in this part is because of the convergence of the velocity field

towards the northeast.

Based on the stress field described above. and relative magnitudes of the

principal horizontal strain rates. the deformation in the mesh can be divided into three

distinct regions regarding the styles of faulting. In Figure 3.12 the contour lines
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separating the areas of different types of (;lUlting arc' superimpllsed lln th,' stress lidds.

Eaeh of the symbob on the plllts rcl'crs to a dirt'crem regil'll llf discontinullus

dcformation: 1) in the west and nortl1\wst. dcfnrmation is aceoml'Iished mainly by

thrust làulting on planes striking in northwest-southeast directi,'Il. accllmpanied by S,llll,'

minor strike-slip làulting (style TS). 2) in the south. <:cnter and northeast. thrust

làulting in planes paralld to both principal axes (style TT) t:lkcs up thc cmire erustal

thiekening. ln the case of very weak lithosphere where lateral eOmpl'lletllS "f now arc

of relative importance. some strike-slip motion exerted by buoyaney Illrecs. o<:curs in

the direction normal to the now. and 3) in the southeast the motion is taken up along

the predominant thrust làulting in east-northeast direetion along with s,'mc strike-slip

motion parallel to the thrust làults (style 1'5). The :Imount of strike-slip motion in this

part is at the maximum in the mesh.

The styles of làulting are also inlèrred l'rom the variations of the maximum shear

stress. The greatest shear zones are loealized in the western and southeastern parts of

the mesh (Figure 3.13). where principal stresses are of opposite signs. For very still'

lithosphere (n = 5 and Ar = 1). shear stress ::an rc':leh to as mueh as 100 Ml'a. For very

weak lithosphere (n = 1 and Ar = 30) it is of the order of 1 Ml':l.

With the boundary condition set 3. the state of stress dramatie:llly ehanges. ln

this case while the major horizontal principal stress is stW wmpressional in the

direction of shortening. pure compression is contined to a small region in the northeast.

and tension along the minor principal mds dominates the western and southern parts of

the mesh. This l~ads to an cnhancement of the strike-slip component of d<:lormation.

especially in the WI.Sl. and shearing bccomes morc important in front of the southern

boundary. The extension in the west ean reaeh up to one third of compression in

magnitude.

56



•

•

Fi~urc 3.13 Ma:'(imum shear stresses at t = 15 m.y. in homogeneous models. (a)-(d)

modds \Vith boundary condition set 1 and non-Newtonian materials: (a) n = 3, Ar =

I. (b) n = 3. Ar = 3. (c) n = 5. Ar = I. (d) n = 5. Ar = 3. (c)-(t) boundary condition

set:3 and Newtonian material: (e) n = 1. Ar = 3. (t) n = I. Ar = 10. Contours are in

unilS of 1 MPa.
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3.2.2 HCicrogcncous modcls

In this section the ctl"ccts c,)f t""O hctcrogcncou:, inciu:,il)n:, :,ho\\'n in Figure.: ~.l.

are discussed. The inclusions are dclined hy assigning a gre:ller Yaiu~ "f ef!<:clin:

yiscosity to them. compared to that of the surroundings. The rcsllits show lhat. ,,'cn

a strength contrast of factor of 2. has profound efl<:cts on the stn:ss and slrain rate

fields. In the following. models with one inclusion (i.e. central Iran) as weIl as two

inclusions are presented. It should be memioned that the Caspian inclusion is

considered fixed to the northem boundary. Oth.::rwise the presence of a narrow zone

of deformation bctween the inclusion and boundary. leads to a huge gr-ldient of crustal

thickness which ultimately causes numerieal instability.

Velocity field

Figure 3.14 shows the velocity field and the linal geometries of the two

inclusions for models with n = 3. and different Argand numbers and rheology contrasl~.

It is easily seen that aIthough the rheology contrast is not very high. the inclusions

deform aImost like a rigid body and the gradient of velocity inside them is very minute.

While the eorresponding regions in the homogencous models (Figure 3.8) experience

shear deformation and larger gradient of velocity.

Strain rate fields and erustal thiekncss

The presence of the heterogeneities significantly changes the panems of the rate

of thickening. The main fcature is that crustaI thickening is inhibited within the strong

regions. whcrcas it is enhaneed in the other parts. Figures 3.15 and 3.16 show the
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Figure 3.14 Velocity fields at t = 15 m.y. for heterogeneous models with boundary

condition set 1 and a non-Newtonian material (n = 3): (a) Ar = 3, R = 2. (h) Ar = 3.

R = 5. (c) Ar = ID. R = 2. (d) Ar = ID. R = 5. The final shapes of the inclusions are

shO\\TI in the figures.

59



•

•

a

c

Ar=3
R=2

Ar= 10
R=2

b

d

Ar= 3
R=5

Ar= 10
R=5



•

•

.... - ..........

Figure 3.15 Vertical strain rates at t = 15 m.y.• for heterogeneous models with

boundary condition sct 1 and Ar = 3: (a) n = 3. R "- 2. (b) n = 3. R = 5. (c) a one­

inclusion (central Iran) model \Vith n = 3. R = 2. (d) a one-inclusion model with n =

3. P. = 5. (e) n = 5. R = 2. (t) n = 5. R = 5. The contours are in units of 1O-'6s·' .
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Figure 3.16 Crustal thickness distributions at t = 15 rn.y. for heterogeneous rnode1s.

Ali the parameters are as same as those in Figure 3.15. Contours are in units of 1 km.
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wrticai strain ratc and crustal thickncss of thrcc hctcrogencous cxperiments with n =

3. Ar = 3 and R = 2. 5. i\ comparison of thesc ligures with those of a corresponding

hnmo~cncous modd (Fi~urcs 3.9 and 3.11) indicates that in addition to the area of- -
intcnsc thickening in the southern boundary. vertical deformation is significantly

ir.crcascd in the rcgion between the two inclusions. while there is much less thickening

in:>lde the inclusions. Maximum crustal thickening in front of the southern boundary

for R = 5 reaches up to 75% and for R =2 to 68%. the thiekening of the homogeneous

modcl never excecds 60%. ln the region between the inclusions. the total thickening

is now 15% more than that of a homogeneous mode!. In the innermost parts of the

inclusions. the initialthickness. even after 15 m.y. of deformation. is retained (in cases

of highly nonlincar materials or very stiff inclusions. the inclusions may even

experience sorne slight crustal t1linning). In the one-inclusion models (Figure 3.1 6c and

3.16d). the second region of intense vertical deformation to the northeast of the

inclusion. is still noticeable. The intense thickening in this region. is partly due to the

discrete nature of the finite elements at the corner of the inclusion. The development

of crustal thickening beyond the central Iran inclusion is because oftwo factors; 1) the

transmission of horizontal stresses by the rigid inclusion to the northern parts and 2) the

compression of material in the narrow region in between the inclusions. or in the case

of one-inclusion models. between central Iran and the northern boundary. The presence

of lateral heterogeneities (especially the Caspian block) also affects the crustal thickness

gradient in the western side of the mesh. The direction of the gradient. changes from

northwest-southeast. to southwest-Ilortheast.

ln order to reduce the steep slopes of crustal thickness in the areas surrounding

the central Iran inclusion. which is not supported by observed topography. a transitional

rheology structure has been considered. A zone of intermediate viseosity has been

placed in between central Iran and the neighbouring regions. For the case of R = 5, the
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Figure 3.17 Time development of the crustal thickness in a heterogeneous modcl with

boundary condition set 1, n = 3, Ar = 3. and an intermediate rheology between the

central Iran inclusion and its surroundings. The initial geometry of the modcl is

depieted in (a), where Rz =1.5 refers to the rheology contrast between the intermediate

zone and the medium. Crustal thickness is shown in times; (b) 5 m.y., (c) 10 m.y.,

(d) 15 m.y.

63



•
R, =2
R2 = 1.5

,".,
o

•

t = 15 rn.y.



•

•

viscosity of this zone is assumed to l'e half of that of the inciusil)IJ. Figure ~.17 Slll1\\$

the conliguration of this modci and the resulting erustal thiekness. .\ltlll1ugh the sll)pes

are somewhat smoother ,md the (lrea of less thiekening has expanded by this

modilication. the maximum crusta\ thickness is inereased bolh in the south and Ill)rth

of central Ira". mostly due to the fact that the area of the weakest lithl)sphere is

diminished. and horizontal deformation becomes more restrieted. Neverthcicss the

patterns of tcpography resulted from ihis crustal thickness distribution arc closer tll

reality. than those from the other modcls.

The effect of Arganrl number on the crustaI thio::kness is studied through the

profiles of thickness along the Hne AA' in Figure 3.1 b. The proliles arc shown in

Figure 3,18. As Ar tncreases. thickening in regions both in front and behind the eentr.lI

Iran depression decrease. while the depression itsclf is shortened and undergoes a

slightly more thickening. The areas near the boundaries of the depression show greater

rate of thickening. since these parts are the site of ma:'(imum compression against the

rigid inclusion. In the north. maximum compression gradually moves towards the

northern boundary as time proceeds. and so does the area of ma:'(imum thiekened crus!.

The patterns of shear strain rate are aIso strongly aflècted by the heterogencities

(Figure 3.19). Zones of strong shearing begin to develop. as a rcsult of extrusion of

material from regions between southern boundary and central Iran. and ccntral Iran and

the Caspian block (see Figure 3.14). whercas shearing is reduced inside the central Iran

inclusion, due to its rigid body deformation. In comparison to a homogeneous modcl.

shearing near the southern boundary in heterogeneous models (R = 5) is raised by 50%.

Stress fields and style of faulting

The eff-:cts of the power law exponent and Argand number on the stress fields,
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Figure 3.18 Profiles of crustal thickness for heterogeneous models. along the line AA'

in Figure 3.1 b. at timc intervals of 3 m.y. A rheology contrast of 5 is chosen for the

central Iran inclusion. The sIight increase in the crustai thickness, in the south of the

(left in the profiles) inclusion is due to the intermediate rheoIogy in this part (Rz = 2.5).
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Figure 3.19 Ma.ximum shear strain in a heterogeneous model \Vith boundary condition

set 1. n = 3. Ar = 3 and R = 2. at times: (a) t = O. (b) t = 5 m.y.• (c) t = 10 m.y.•

(d) t = 15 m.y. Contours are in units of 1O'16
S·

I
•
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an: similar la those in the homogeneous modds. I-Iowewr the heterogeneities bring

ahout several signilicant changes to the stress patterns whieh result in different styles

of faulting other than those of the homogeneous modds (Figure 3.20). These changes

eoulù be ùcscribed in terms of three major effeets: 1) The magnitudes of str<'sses arc

inereaseù inside the inclusions and in their immediate vieinity. For cxample. for a

modd with n = 3. Ar = 3 and R = 5. the ma:-:imum stress at t = 15 m.y. is about twice

that of a cOITesponding homogeneous modcl. and is located in the Caspian inclusion

rather than in front of the southern boundary. 2) There is some rotation of the principal

stress axes near the inclusions. whieh is resulted from the changes in the gradient of

vdoeity licld. indueed by the presence of the inclusions. 3) The veloeity gradient also

alTeets the styles of the principal stresses (especially the minor principal stress)

throughout the mesh. Figure 3.20 shows thaL tensional stress in the direction of minor

principal a.xis. is inereascd in the surroundings of the rigid inclusions. which in an

otherwise homogeneous plate would be the site of essentially uniaxial compression

(Figure 3.12).

The flow fields. ultimately affect the style of surface faulting. The comparison

of contour lines scparating regions with different styles of faulting. in Figures 3.20 and

3.12. reveals major differences between the heterogeneous and homogeneous models.

ln the homogeneous models. the predominant style of faulting in the west is thrust

faulting plus minor strike-slip (style TS) and it remains sa for ail tÎmes. In the

heterogeneous models. however. thrust faulting on both principal planes (style TT)

dominates the western part of the mesh. but the extend of the area under the style TT

decrcases slightly as time proceeds. The increase in strike-slip faulting in the western

parts at the final stages of deformation. is more tangible when the viscosity contrast

between the inclusions and the mesh. or the Argand nurnber is increased. The

dominance of style TT in the west could be attributed to the fact that the rigid
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Figure 3.20 Plots of principal horizontal deviatoric stress axes and contours of styles

of faulting for heterogeneous models. (a)-(d) the time variations of the stress field for

a model with boundary eondiùon set J. n = 3, Ar = 3 and R = 5, (a) t = 0, (b) t = 5

m.y., (c) t = 10 m.y.. (d) t = 15 m.y. (e)-(h) stress fields at t = 15 m.y. for models

with boundary eondiùon set 1 and different pararneters; (c) n = 3. Ar = 3, R = 2, (1)

n = 3, Ar = 10, R = 5, (g) n = 5, Ar = 3. R = 5, (h) one-inclusion model with n =3,

Ar = 3, R = 2. Ail the symbols on the plots are as same as those in Figure 3.12.

68



•
130 MPa

a b

t = 5 rn.y.
Ar=3

•



•

•

130 MPa

e

130 MPa

9

110 MPa

f

130 MPa

h

One incl.

Ar=3
R=5



•

•

inclusions aet as some barriers. eonlining the l10w to the western regions and preyenting

the material to move tO\vards the cast. Indeed. the examination of the yelocity lields

shows that there is less castward component of velocity in heterogeneous models than

il is in a homogeneous one. This observation is aftirrned if one of the inclusions (i.e.

the Caspian inclusion) is removed (Figure 3.20h).

1n the southern. central and northeastern regions. thrusting is the principal forrn

of faulting in the homogeneous models. However. in the heterogeneous models. the

regions surrounding the inclusions undergo some strike-slip faulting (style TS) and

thrust faulting is concentrated inside the inclusions. The proportion of strike-slip

motion in the south of the Caspian block is so high. that at early stages of deforrnation

style ST (strike-slip faulting plus minor thrusting) develops in that region. The bener

development of a strike-slip zone to the east of the central Iran inclusion in models with

larger rheological contrast. is due to the fact that the rigid body rotation of a stronger

inclusion causes more slip along its boundary. and therefore the stress patterns become

Jess uniforrn inside and outside the inclusion.

The enhancement of strike-slip motion in the heterogeneous models is also

visible in the plots of ma.ximw, shcar stress. Figure 3.21 shows that strong shear zones

develop around the inclusions as the convergence proeeeds. The growth of shear zones

in the region belWeen the two inclusions.. and in the southwest of the central Iran

inclusion is attributed to the lateraI extrusion of material away from the zone of intense

thickening. ln the cast of central Iran. the shearing is the result of rotation of the rigid

inclusion. The rheology contras! also affects the intensity of the shearing, the greater

the ratio R. the greater the shcar stress becomes.
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Figure 3.21 Time development of the maximum shear stress in a heterogencous modcl

with boundary condition set I. n =3. Ar =3 and R =2. at (a) t =O. (b) t =5 m.y.,

(c) t = 10 m.y., (d) t = 15 m.y. Contours are in units of 1 MPa.
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Chapter 4

Discussion and conclusions

4.1 Comparison of results with tcctonic obscn"ations in )r:1D

ln this chapter attempts are made to compare the results of numerical

experiments derived in the previous chapter. \Vith the observations of topogrolphy.

crustal structure. fault plane solutions and rates of deformation. calculated from seismic

and gravity studies in the lranian Plateau. 1t should be mentioned that the l1umerical

results of the models presented here. are the outcome of numerous simplil1cations on

the physical properties and geometry of the lithosphere. For example. the elTect of

vertical variations in the lithosphere (rheology. temperaturc promes etc) on the

deformation has been ignored. and laterai heterogeneities are kept at the simplest leveI.

The role of previous phases of orogeny and the pre-Miocene crustal structure of Iran

are neglected. Erosion and faulting in the upper crust and friction at the base of the

lithosphere are not accounted for. and the resolution of the I1nite clement grid is such

that. the resolution of the results is not better than 70 km. Therefore these results do

not simulate the fme details of tectonic characteristics of Iran. However, there is a

reasonable agreement between the calculations and observations in the scalcs of

hundreds of kilometers, and the diseussion will be confined to comparisons in such

large scales, and to point out the influence of different pararneters on the deformational

processes.
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4.1.1 Crustal thickness and topo~raphy

Although the knowlcdge of crustal thickness distribution in the Iranian plateau

is not comprehensive. the few investigations carried out so far. have resulted in more

or less parallcl information. The study of phase velocity dispersion of surface waves

and "-wave vclocity data in Iran (Asudeh 1982) shows that. the crust in southwestern

Iran has a thickness of about 43 km. and thickens byabout 10 km in the north-northeast

direction across the Zagros mountains. A gravity modelling by Snyder & Barazangi

(1986) supports the results of other seismic studies (e.g. Asudeh 1982) that the Moho

dips about 1" to the northeast beneath the folded belt of Zagros. and increases in dip to

5" near the main Zagros thrust (MlT): the depth of the Moho increases from 40 km in

the southwestern edge of the Zagros. to 58-65 km beneath the MlT. Seismic refraction

studies (Geise ct al. 1983) estimate the crustal thickness in the Zagros to be around 55­

60 km. The results of ail these investigations are suggestive of presence of a

northcastward thickening crust in western and southern Iran. and a thickness of 65 km

is an upper limit. Table 4.1 shows the average crustal thickness in the region of the

mesh corresponding to the Zagros mountains. and the maximum crustal thickness at the

northeastem border of the Zagros for homogeneous and heterogeneous models with

different values of pararneters n and Ar. This table and the crustal thickness plots in

Figures 3.12 and 3.16. and the observations mentioned above revea1 that ail the

homogeneous models fail to reproduce an acceptable crusta\ structure in the Zagros

mountains. The average crustal thickness in the homogeneous models is SI-53 km.

which is about 5 km less than the estimated thickness. Furtherrnore. these models

predict that the thickness of the crust is decreased in the northeast direction, rather than

bcing increascd. Hcterogencous models. on the other hand. result in crusta\ structures

that are doser to observations. both in average thickness and the gradient of thickening.
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Table 4.1 Calculated crustal thicknesses in the Zagros region. The average thickness

in the zagros are in the third column. The fourth column presents the thickness of the

crust on the border of the Zagros and central Iran.
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• n IIrgand Numbcr en"tal thiekness in the Zagros (km)

Ilomogcncous modcls

NE border

•

51.5 52

3 53 52.5

3 3 52 52

3 10 50 51

5 54 53

5 10 52 51

10 56 53

Hetcrogcncous modcls

3 55 55

3 58 60

• 3 59 60~

3 10 S3 53

5 62 63

5 3 59 60

10 63 65



• Th~ :l\'t:ragc thicknc$s in the Zag,fI.),s mOllnt~tins prcdktcd by hctcrl'~Cnl..·l)lIS 1l11'dds is

53-63 km. and in most of th~ modds. th~ ~rust thi~k~ns toward nllrth,·asl. l'ahk 4.1

impli~s that. th~ param~t~r r:mg~ b~st ~apabk of r~pmdu~ing lh~ ohs~rv~d ~rllstal

thickn~ss distribution in th~ Zagros is. n b~tw~~n 3 :lIld 5. and :\rganJ numb~r b~t\w~1l

1 and 3. N~"tonian mat~rials or \"~ry \\'~ak lithosph~r~ (:\r - \(l) ar~ ulllikdy to

produce the suflicient crustal thickn~ss ben~ath th~ Z:lgms mountains. and stmngly

power law materials (n > 5) in heterogeneous modds result in thi~knesses which cx~c~d

the observations. As for the parameter R. rheology eOlltrasts gre:ller lhan 2 r~sull 1Il

extensive crustal thickening in the regions of intense compression.

To the north of central Iran in the region of north~rn ranges of Iran. crustal

thiekness is estimated to be around 46 km (Asudeh 1981). The thickncsses prcdicted

by both homogeneous and heterogeneous modds in this region. 1;111 in the range of 47­

53 km. with those of heterogeneous models of slight1y grealer values. In centr:11 Iran

however the thicknesses calculated from the heterogeneous modds. :lre considembly

less than those inferred from the observations. The thiekness of lhe crust in most of

the models even when rheology contrast is not too large. does not exeecd 40 km. This

suggests that the contrast between the rigidities of central Iran and the deforming bdts

could be of much less value than is used in the numcrical experiments. lt should bc

mentioned that the final evolution of the crust is subject to many uncertainties in the

initial assumptions of the problem. for example uncertainty in the initial thickness. or

uncertainty in the time period and rate of convergence. Any modification in these

parameters, may produce significant differences in the crustal thicknesses.

The ehange in the topography is related to the change in crustal thickncs.-; by:

4.1

•
where e. S. Co. and So are the final and initial surface topography and crustal thickncss.
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anu 1\ anu Pm an: th~ ~rustal anu manlk u~nsiti~s. r~sp~ctivdy. :\ crust of thickness

or :;5 km is assum~u to prouu~~ z~ro d~vation. \\ïth this assumption and the density

valu~s given in ~hapt~r 3. th~ ~orr~sponding topography map for various heterogeneous

mouds is obtaineu rrom ~quation 4.1. The results of calculations and a topography

Illap of 1ran ar~ shown in Figur~s 4.1. Most of the heterogeneous modds with two

inclusions ar~ ~apabk of rerroducing the surface devation distribution in the lranian

plateau similar to the observ~d topography. The regions of highest dcvation in the

plaleau include the central and southem parts of the Zagros. and the central part of the

Alborz ranges. located to the southwest and north of central Iran. respectively. The

clTecl of the two rigid inclusions on the topography distribution of the models. is clearly

eviuent from the presence of two distinct elevated regions around the inclusions. The

modds have also been successful in predicting the low relief topography in central Iran.

and the !css devated Kopeh Oagh mountains and the eastem ranges. The choice of

boundary conditions especially in the. westcrn side. significantly alters the topography

patterns.

Although there are many similarities between the results of the experiments and

the patterns ofobserved topography. the amount of~~~e elevation predicted by most

of the modds is somewhat greater than the observed. For models with strong

lithospherc (e.g. n = 5. Ar = I) the average topography in the region of highest

devation in the soutllern part of the mesh is as much as 1 km more than the average

e1evation in the Zagros mountains. The average topography is still 500 m above the

average elevation in western Iran when the Iithosphere is very weak (e.g. models with

n = 3. Ar > 10). Again. it should be emphasized that the initial assumptions and the

ehoices of physical parameters. can significantly change the results of the caIculations.

For example. \\ith the densities adopted. a difference in crustal thickness of 9.4 km can

produce a surface e1evation of 1 km. Thus if an initial crustaI thickness of 30 km had
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Figure 4.1 Plots ofsurface elevation at t = 15 m.y.• (a) surface elevation map of Iran

estimated over 0.5" x 0.5" elements. (b) topography map for a homogeneous modcl

\Vith boundary condition set 1. n =3. Ar =3. (c)-(f) topography map for heterogeneous

models \Vith boundary condition set 1. (c) n = 3. Ar = 1. R = 5. (d) n = 3. Ar =3. R

= 5. (e) n = 5. Ar = 1. R = 5. (f) n = 5. Ar = 3. R = 5. Contours arc in units of 1 km.
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Figure 4.2 A three dimensional topography map of heterogeneous model with

bounclary condition set 1, n = 3, Ar = 3 and R = 5.
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been used. the average clev:ltion in the modcls would h:l\'C heen 530 III kss than that

in the present modcls.

4.1.2 Str.lin r.ltcs and vertical dcformation

In this section the calculated horizontal and vertical strain r:lles. along with the

rate of crustal thickening and the rate of uplift of the surlàce. arc compared with the

observed strain rates in Iran and the Caucasus. Jackson & McKenzie (1988) exmnined

the relation between seismic moment rate tensors in the region of distribUled

deformation in the Mediterranean and the Middle East. and calculated the strain rate

tensor and overall velocities for the region. They divided the region in to seveml sub­

regions (e.g. Zagros. northeastem Iran. Caucasus. etc). In each sub-region. the summed

seismic moment rate tensor was calculated from 70 ycar seismicity data. and compared

with the moment rate tensor obtaincd from slip directions and relative velocity

magnitudes predicted by global plate motions. Jackson & McKenzie suggested that in

t.lte Zagros and Caucasus sub-regions seismic deformation can account for only 10-20

percent of the total motion. whereas in northeastem Iran most of the deformation (more

than 50%) in the upper crust is accommodatcd seismically. In table 4.2a the strain mtes

caIculated by Jackson & McKenzie (1988) from scismic moment rate tensors (rcferred

to, as the matrix. M by the authors) in three sub-regions, the Zagros mountains.

northeastem Iran (including the Alborz. Kopeh Dagh and castcm Iran), and the

Caucasus and eastem Turkey. are listed. Aiso prcsented in the table. are the strain rates

caIculated from the moment rate tensor, predicted trom plate motions (matrix N) by

Jackson & McKenzie. The latter values of strain rates are caIculated, to show, what the

range of the strain rates would be, ifall of the deformation were taken up aseismicaIly.

In Figure 4.3 the horizontal components of the strain rate field for the final ûme
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Table 4.2 Seismic and overall deformation in Iran and the Caucasus (taken from

Jackson & McKenzie 1988). (a) In the fjrst column. the magnitudes of the horizontal

normal components of the seismic moment rate tensor, M for each region are given.

The horizontal normal components of the strain rate. calculated from M, are given in

column 2. In columns 3 and 4. the components of the matrix N and the corresponding

calculated strain rate are listed. respectively. The moment rates are in units of HP

dyncmy·'. and the strain rates are in units of 10·16S·'. (b) The uplift rates (vJ and

crustal thickening rates (vJ in units of mmy·l. calculated from the vertical component

of the matrix M. at different areas of the deforming zone.
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Sl"p of som" of th" modds ar" plolled. The time step is of order of 100-300 thousand

y"ars. and th" strain rates arc assumed to be constant oyer the time step. Although it

is difficult to relate the short term seismic deformation to deformation over geological

tim" spans. comparison of the figures in table 4.2a with the plots of Figure 4.3.

provides several valuable points: First of aIl. the moment rate tensors and the strain

rates calculated from both seismieity data and plate motions. show an overall

compr"ssion and thickening throughout the lranian plateau. a feature that is eonsistently

arrived at. by the stresses and strain rates obtained from the numerieal models. Second.

the magnitudes of the strain rates derived from the models are in reasonable agreement

with those calculated from the moment rate tensor N. and. as Shoja-Taheri & Niazi

(1981). Ambraseys & Melville (1982). Jackson & McKenzie (1988) and Ekstrom &

England (1989) concluded there is in fact a shortage of seismic deformation in the

Zagros and the Caucasus. The typical values of &yy and &,.., in the regions of extensive

deformation. for most of the models are about, 5-10 x 10.16 5.1• which fall in the range

of strain rates calculated from the tensor N. and far greater than those calcuiated from

scismic moment rates. It can be scen that, strain rates in the Zagros, obtained from the

tensor N have greater values than those calculated from the models. This couid be due

to the fact that the width of the seismogenic layer in the Zagros. chosen by Jackson &

McKenzie (1988). is considerably less (200 km) than the width of the region of

deformation in front of the southern boundary of the numerical models (400 km). Still

the strain rates from the models are at least an order of magnitude greater than the

observed seismic strain rates in the Zagros mountains. Also noticeable is that the

values of the seismic strain rates in the Caucasus and eastern Turkey are suggestive of

crustal thinning. This is because the shortening in the Caucasus and normal fauiting

in eastern Turkey are considered together. The strain rate field of a model with free

boundary in the west (Figure 4.3e-f) clearly shows that the sideway motion of material
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Figure 4.3 Horizontal components of strain rate C&"" and &yy) at t = 15 m.y. for

different models. (a)-(b) &"" and &yy respectively. for a heterogeneous mode! with

boundary condition set 1. n = 3. Ar = 1 and R = 5. (c)-(d) &"" and &yy respectively. for

a heterogeneous model with boundary condition set 1. n = 3. Ar = 3 and R = 5. (c)-(f)

&"" and Ëyy respectively. for a heterogeneous model with boundary condition set 3,

Newtonian material. Ar = 3 and R = 2. Contours are in units of 10·16S·1 •
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nom1al to the direction of thickening. e,'uld result in thrust I;llliting with strik<'-slip

motion in the Caucasus. and crustal extension further in the s,'uth.

The moment rate tensors can also be used to determine the r"esent day \'erlieal

strain rates and vdocities in the crus!. Tabk -I.:!b shows the thiekening rate "f the crust

(taken to be 40 km) and the corresponding rate of surface uplili c:lkulated by Jackson

& McKenzie (1988). The rate of surface uplift is obt:tin..:d from:

where Vc and Vc are the rates of surlàce uplift and crustal thickening. resp..:ctivdy. In

Figure 4.4 the distribution of v, and Vc for sorne of the heterogeneous modds arc

illustrated. The average rate for crustal thickening in the modds is about 2 mmy·l. and

for that of surface devation. around 0.2 mmy·l. Again. the results show that in th..:

Zagros and Caucasus seismic deformation can not produce more than 10% of the

thickening and surlàce uplift. while there is no serious discrepancy b..:tw..:..:n the s<:Ïsmi<:

observations and numerical model1ing in northcastem Iran. Increasing th..: crustal

thickness to 55 kn1 (which is observed in most of the numerical modds). and adopting

a smal1er crustal density. will increase the vertical thickening in the seismic ealculations

at most by a factor of 2.5. which is still not satisfactory. However. the numerical

results are not perfectly in accord with geological measurements. The rate of I-Ioloeene

uplift in the strait of Hormoz is measured. 1.8-6.6 mmy·1 (Vita-Finzi. 1982). and the

estimated average uplift rate in the Zagros since the early Pliocene is about 1 mmyr·1

(Falcon 1974). These rates are four times greater than those shown in Figure 4.4.

4.1.3 Tectonic styles and fault plane solutions

As it was discussed before. although the continuum approach adopted in this
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Figure 4.4 uplift rate (v.) and crust:l1 thickening rate (vJ at t = lS m.y. for

heterogeneous models \Vith boundary condition set 1. (a)-(b) n = 3. Ar = 1. R = S.

(e)-(d) n = 3• .AI = 3. R = 5. Contours are in units of 1 mmy·l.
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study. does not aecount fllr discontinuities in the crust. there are many parallel features

het"cen the deformation of the viscous iithospheric materia1. and that of the overlying

hriltle crus!. Comparison of the stress fields calculated from the models with the P a...es

ohtained from earthquake data shows some of these similarities. Figure 4.5 shows the

direction of the horizontal projection of the P a...es of some of the earthquakes in the

period of 1970-1981 (Jackson & McKenzie 1984). on a topographic map. Also shown

are the distribution of the principal horizontal strcsses at t = 15 m.y.. superimposed on

the contours of topography for two heterogeneous models \\ith n = 3. Ar = 1. R = 2

and n = 5. Ar = 3. R = 2. There is a general correspondence between the orientations

of the P a...es. and the directions of the steepest gradient of topography. The same

lcature is seen in the numerical models. the principal compressive stress axes are in

general aligned in the direction of gradient of topography. and in most regions (the

Zagros. Caucasus. Albon and Kopeh Dagh) their orientations agree to \\ithin 20° with

those of the P axes. The major disagreement between the calculations and observations

occur in the Makran region in southeastern Iran. where the trends of the P axes are

considerably towards the ncrth. whereas the nurnerical models yield eastward

compression. This is most likely due to the boundary condition assurned in the

southeastem part of the models. which predict more eastward gradients of motion in

eastem Iran.

The credibility of the results of the nurnerical models. can also be examined

through the qualitative comparison of the style of faulting derived in the previous

chapter. with the available earthquake focal mechanisms. In Figure 1.2 a seismicity

map of Iran and the region between the Caspian and Black seas is shown. which

includes the t'ault plane solutions of sorne of the large earthquakes in the region. as weU

as the direction of motion on the major fault lines. The principal features of this map

was discussed in more detail in chapter 1. As mentioned the lranian plateau is the site
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Figure 4.5 (a) Comparison of the orientations of the horizontal projection of the P-axes

ofsome of the large earthquakes in Iran.. during the time interval of 1970-1981 (taken

from Jackson & McKenzie 1984). and the surface elevaùon. The final boundaries of

the numerical models is shown on the map. (b)-(e) the principal compressionai axes

superimposed on the topography plots for two of the heterogeneous models with

boundary condition set 1, Ar = 3, R = 5; (b) n = 3, (c) n = 5.
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of dominant shortening and thickening. Strike-slip l11otion is suhordinatc t" thrust

làulting. and takes plaœ to some extent in the north\\'cst Zagr,'s. castcrn :\Iborz.

northern Caucasus and to the east and north of central Ir:lI1. TI1C style of 1:llllting in

Figure 3.20 reyeals major characteristics of the Iranian tectonics. In the ccntral and

southern Zagros style T5 (thrusting in the northeast direction \\'ith minor strikc-slip

parallel to the strike) for ail values of n. Ar and R. is the domin:mt fOrtll of

deformation. and the fault plane solutions in this region support this conclusion. In thc

northwestern Zagros however. the style of faulting is more dependent on the choicc of

lithospheric strength. Decrease in the viscosity of the medium (i.e. increase in Ar).

causes the weaker material to move more easily away l'rom the impinging zone in the

west. Therefore. it appears that greater Argand numbers can beller explain the strike­

slip motions in northwestern Iran and the Caucasus. Also. smaller rigidily contmst

between the inclusions and the deforming zones allows for more sideways motion in

the western part of the region.

In the region between the Caspian bloek and centml Iran. and to the northeast

and east of central Iran. the fault plane solutions show thrusl faulting with sorne slrike­

slip motion. Thrust faulting takes place on the planes striking northwest-southeast. and

strike-slip motion happens on two sets of faults. the first set runs l'rom cast to west and

has left latera! sense of motion. and the second set is right lateral faults stretching in the

north-south direction. These fcatures can be traced in the modcls. Figure 3.20 shows

that while the motion inside the rigid mass of central Iran is taken up by pure lhrusl

faulting. the stress concentrations on its edgcs arising l'rom rigidity contrasts. lead 10

appreciable extensions along its boundarics. Consequently. narrow zones of strike-slip

motion develop in the cast and north of central Iran. The strike-slip motion is more

profound in the region between the rigid inclusions. sinee the stress concentration

around the Caspian block contributcs to the total strike-slip motion. However the
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seismieity data do not show significant amount of strike-slip motion in the Albor/_ and

this could be suggestive of less compression in northern Iran than that calculated by the

modcls. The strike-slip motion in eastern Iran is greatly affeeted by the viscosity of the

deforming zones and the rigidity of central Iran and the Caspian. For moderate rigidity

contrasts of R = 2. the strike-slip zone may not devdop at ail. unlcss the mcdium is too

weak. Argand numbcrs greater than 3 and rheology contrasts greater than 2. produce

results which are in bctter agreement with the surface faulting in eastern Iran. It is a1so

noticeablc that the presence of a rigid central Iran also affects the strike-slip faulting in

the central Zagros. The intense compression between the Arabian shield and central

Iran drives the material away l'rom the zone of thickening. in the direction of the strike

of shortening. This process is enhanced by larger rheology contrasts. and is best seen

when n = 5.

4.2 Conclusions

;he thin viscous sheet mode! used in this study. can provide reasonable

expIanations for many of the tectonic processes invoIved in the lranian plateau. The

results of the numerical experiments imply that. indeed the deformation of Iran is

primariIy controlled by the northward convergence of Arabia. Perhaps it is one of the

main achievements of this study. to show that the deformation of northern Iran. is the

direct result of convergence in the south. and central Iran has a considerable capability

in transmitting the deformation from the south to the north. The role of buoyancy

forces arising l'rom crustal thickness contrasts is shown to be of importance. However.

the effect of buoyancy forces especially in the last stages of the defonnation may not

be as profound as that in central Asia. suggested by many authors (e.g. England &

McKenzie 1982. England & Houseman 1986. Vilotte et al. 1986). The distribution of
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instantaneous rate of thiekening. sho\\'s that the area of maximum wrtieal dd<lfInati,'Il

even \\'hen the lithosphere is too \\'eak. :11\\':1\'s rem:lÎns close to the h,'und:lrv "f the'. .

Arabian Shicld. in the Zagros. and there is no indication of north\\'ard shift of this ,,'ne

into central and northern parts of Iran. This indic:ltes that the Zagws. is still the regi,'n

of maximum rate of uplift in Iran.

The scales of deformation predicted by the models are in aeeord \\'ith the aetual

crustal (topography) distribution in Iran. The modcls sho\\' that regardless of the values

of the rheological parameters. the extent of the deformation quiekly reaehes the northern

parts of Iran. and crustal thickening takes place over the entire plateau. This indieates

that the geometrical configuration of the plateau. has a great influence on the amount

of crustal shortening in the north. and perhaps overshadows the effect of rheology.

In the formulation of the thin viscous sheet mode!. the vertical1y avel"".Jged

rheology is presented in the form of two non-dimensional paramelers. n and Ar. The

numerical models show that for some range of parameters the results of ealeulations

could better approximate the observed crustal deformation. Il appears that. while for

the homogeneous models highly nonlinear materials (n - 10) can produce cruslal

thicknesses that are close to the thickness of the crust in the Zagros. in the

heterogeneous cases smaller nonlinearities such as n =3 or n =5 can producc the same

amount of crustal thickness. In general. nonlinear materials with n = 3 to \0 and

Argand number between \ to less than \ O. are preferred.

For the range of parameters seleeted above. the shear stress sustained by the

medium for mos! heterogeneous models is of the order of 5 MPa for n = 3. Ar = \ O.

to 20 MPa for n =3 • Ar =3. to \00 MPa for n =5. Ar = 1. The typical vertical strain

rate is about 5-\5 x \0·'6S·'. and vertical rate of crustaI uplift is around 2.5 mmy·'.

The orientations of the principal compressive stress axes caleulated from the

modeIs are in good agreement with the observed present day axes of compression in
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Iran. Thl: modds arl: also sUl:cl:ssful in describing the tectonic styles in different

rl:gions of the plateau. The overall shortening and thickening along the nonhwest­

soulhl:asl trl:nding rl:wrsl: làults are clearly observed. and the absence of any normal

làulling in lhl: modds is in fair agrl:ement with the observations. Aiso the development

of thl: shl:ar zones in eastern and nonheastern [ran and the low relief topography in

I:l:ntral [ran. is expiained through the effects of lateral heterogeneities in the strength of

thl: lithosphere.

4.3 Future work

The study of the deformation in Iran can be improved. by applying more

sophisticated mechanical formulations. Two dimensional modelling does not account

for the venical variations in stress and material propenies. or the kinematic detachment

at the base of the crust (Bird 1989). Three dimensional modeIs can provide means to

ineorporate these features in the calculations. The discussions in the previous chapters

showed that more accuracy is achievable. by adding more compIexity to the structure

of the lithosphere. Therefore by applying more realistic geometries and boundary

conditions. more viable results can be obtained. Funhermore. the thermal evolution of

the lithosphere as the deformation proceeds. can be evaluated by soIving the heat

transfer equation. The thermal states can have substantial effects on the rheoIogy of the

deeper parts 0 f the crust and the uppermoSl mantIe.
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Appendix

Numerical solutions of the equations

The coupled equations (2.18) and (2.20). arc solved numerieally. using a tinite

element technique. In the following. alier a brief description of the tinite clement

method. the numerical formulation of both equations is presented.

A.I The finite clement method, a general background

The prime conception of the finite clement method is to replace a set of

differential equations with an equivalent. but approximated. set of algebraic equations.

where the unknown variables are evaluated at sorne spccitic points. There arc scveml

distinct steps which are to be pursued (sec Hughes. 1987 for details);

1. The fjrst step is to establish a weak or variational form of the problem. which

converts a differential equation to an integral equation. Two sets of functions arc

characterized in the weak form. The first set called the trial solutions. is to satisfy the

velocity boundary conditions. The derivatives of the trial solutions must be square

integrable. The second set called the weighting functions. possesses ail the properties

of the trial solutions except that they vanish on the part of the boundary where the

velocity is prescribed. The weak form obtained by multiplying the weighting functions

to both sides of the differential equation. and integrating ail the terms over the domain.

using the divergence theorem to reduce the order of the derivatives of vclocity under
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2. l'hl: sl:cond stl:p is to obtain an approximatl: solution to the weak statement.

This proœss invo!vl:s discreti7.ation of the domain of the problcm and conslructing

linitl: dimensional approximation for the trial and wcighting functions. The resu!ting

I:quation is known as the "Galerkin approximation" which is an example of the so catled

weighted rl:sidual methods.

3. The next step is to subdivide the region of the analysis in to a finite number

of appropriately shap;:d clements. each with a number of nodes. Sorne or atl of the

nodes are interconneeted to those of the neighbouring elements. The physical variables

of the problem (e.g. vclocity) are determined at the nodes.

4. The solution to the Galerkin problem is sought by approximating the

weighting and trial functions in the elemental level. This is done by sorne interpolation

functions which are smooth in the interior and continuous across the boundaries of the

clements. insuring that the integrals are weil defined. The interpolation functions are

usually simple polynomials. expressed in terms of the value of the variables at the

nodes. The polynomial presentation of the weighting function wi is of the form;

A.l

•

where Nno<k is the number of nodes in each element. NA is the polynomial called the

shape function which is only position dependent. viA is the velocity at node A. and the

subscript i stands for the ith component of the Cartesian coordinate system. The

elemental matrix is constructed by substituting the polynomials in the Galerkin formula.

The size of the matrix is Nnd•r x NnodC' where Nndof is the degree of freedom of the

physical variables at the nodes (e.g. equal to 2 for IWO dimensional fiow problerns).

6. The integration is carried out numerically. the Gaussian integration ruies are
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7. Once the clemental matrices arc obtained. they ha\'e 10 be assembkd tl' lh,'

global matrix. The numbering of the clements should be earricd out in a pn>per way

in order to achie\'e the maximum S:l\'ing in the computation.

8. The last step is to s01\'e the global matrix for the physical p:lramders.

A.I.I Finite clement formulation of the force balance equation

Equation (2.18) allows us to make use of a constituti\'e rclation of the form:

"'.P = 1,2. A.2

with effective viscosity and the strain rate tcnsor as:

Tl = Ë(I/n-I), + au~)
a 'x.

A.3

respectively. Equation (2.18) then can be writlen in a simpler form:

as
= Ars-,

ax. "'.P = 1.2 A.4

The weak statement is formulated by multiplying each component of equation (A.4) by

eomponents of the weighting function w, and integrating both sides over the domain:

J. (ao" aoXY )w -- + -- da
c x ax ay

J. (aoyX aoyy )
w -- + -- da

c y ax ay

J. as= w.t Ars-.
c ax

A.5

•
Using the divergence theorem to reduce the order of differcntiation on the velocity

functions yields;
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• (aw aw)-'0 • _.fa dO.fe ax U ay x)'

[
aw aw)-'0 • -)'0 dQJo ax" ay"

- 1, w (0 n • 0 n )dr = - f w Ars as dO. .
fil x xx.t xy y Ja x ax

-1,w(o n -0 n)dr=_fwArsasdo..
fil }' YX X :o'y Y Ja~' ay

A.6

in which n is the unit vcctor normal to the boundary. Substituting for stress from

formula (A.2) and discretizing the vclocity function as:

u/' = Vi' + ~II

/l'' =0 + Kil
en
E ri,

A.7

the x and y components of the Galerkin statement of the problem become:

aw, av, J, aw, (av, av, ) J, aw, av,4J. T]--do. + '1- - + -' dO. + 2 T]--do.
a ax ax a ay ay ax a ax ay

1, J.
as 2 J, aw, ag,=2 whdr- wAr-do.-4 T]--do.

r, ' , Q' ax a ax ax

J, aw, av,. J, aw,(av, av,) J. aw, av,4 T]--do. + T]- - + - dO. + 2 T]--do.
Q ay ay Q ax ax ay Q ay ax

f, J.
as2 J, aw ag

= 2 wh dr - wAr-do. - 4 T]-'-'do.
r, ' , a y ay Q ay ay

J.
aw, (agy ag,) J, awy ag,

- '1-' -' + - dO. - 2 T]--do..
Q ax ax ay a ay ax

A.8

•

The superscript h in formula (A.7) (dropped in equation (A.8) for convenience) refers

to the characteristic length of the discretized domain. In equation (A.8) !li is the ith

component of a given function satisfying the velocity boundary condition. and h,. and

~. are components of the prescribed traction at the boundary.
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• .-\.1.2 Finite clement formulation of the conlinuit)' equ:llion

The Lagrangian description of the equation of eontinuity IS as:

Ds
= -s'l.u.

Dt
A.9

The technique of solving this problcm is to calculale the unkmn\'ll function s al time

tn.'. from the kno\m values of sand u attime tn. The weak form of equation (A,9) is:

A.10

where s is the Lagrangian time derivative of s. and w is the set of crustal thicknes.<

weighting functions. w. s and u are represented through the interpolating lùnctions :ml!

are known at time tn. The equation is solved for the time derivativc of the erustal

thickness at the nodal points. using the same techniques discussed in the previous

section. Once s is calculated. the crustal thickness at time t"" is obtained by:

A.II

•

A.2 Computer programming techniques

The solution domain in Figure 3.1 b is divided into 1616 triangular clements. and

w. U, g and s functions are approximated by bilinear polynomials. Ali the finite

integrals are calculated by Gaussian quadrature rule with four integration points inside

the elements (Figure A.I). The accuracy of the results was ascertained by ronning the

computer program with a coarser mesh, and also using interpolating functions of higher

orders. In the models involving nonlinearities in the rheology. the velocity field is

solved iteratively. A simple iteration scheme is used, where the entries of the global
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Figure A.t A sketch of a triangular element with four integration points.
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• lI1atrix at eaeh iteration step are calculated l'rom the vdocities at the previous step. For

a modd with n ~ 3. about X tn 10 iterations were required.

The total lime of the deformation is divided to rdativdy small steps. For the

size of time steps. the eriterion given by Houseman & England (1986) was used. where

lhe maximum strain in any dement at each timc step should not exceed 10%. i.e.:

tH(lcJu'I·lcJu:'IJ ~lO%.
GX a) max

.-\.12

•

At each time step. the equation of motion is solved for the vclocity field. while

crustal thiekness is kept unchanged. Once the vclocity field is determined. the grid is

updated. and the crustal thickness is calculated for the new configuration using the

continuity equation. The matrix in the left hand side of equ:uion (A.10) is converted

into a lumped mass matrix in order to reduce the computer storage requirements. The

structure of the FORTRA.N program developed in this study. has been adoptcd from a

linite clement code called DLEARJ'J. written by Hughes (1987) for structural mechanics

problcms. The computer program is given in the following pages.
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COOlmon "hpl1int' I11liN.ml:l:'\t.lt\h1I.iprcc
common ;\(1 tlllllO()(l)

mlirst '. 1
rntlll """' 1OOUOOU
rn\;l:,t· ml01

ir:-cc "", ~

opcn(S.lik= 'thin.dat')
lli'll.:n(9.lilc"" '(!lin.out·)
llpCO( Î .liIe='(hin."cl')
opcn( IO.lik='thin.ct'$l')
opcn( i J.liIc:;'thin.xy·)
opcn( 12.liIc,;:"thin.plol\")
opcn( 13.1i1c:=·thin.cnc·)

cali !lo\\'

c!osc(S)
closc(9)
c1osc{i)
closc( la)
c1osc( II)
closc( 12)
c1osc( 13)

e
cod

e--------------
e

subroutinc now
<-
c... ndof = no. of dcgn:cs of frccdom
c... nsd .. no. of dimensions
c...

charnctcr*4 titlc.ciaq
e

numnr = no. of nod~...
numel J:: no. of dcmcnl'"

comman Ibpoint/ mlirst.mlast.mtot.ipn:c
comman Icalhle! m:q,ncqs
comman fioro 1 icxcc.ipnin.nsd..ndot:numnp.nlv\.'"Ct.nlwcs
eommon Ispoint! mpd.mpg.mpx.mps.mpid.mpf.mpdiag.mpngrp.
1 mp.lhs.mpbrhs.mptim.mpdpn:.mpdig.••
1 mp.lss.mpbrss.mpids.mpcps.mpsdot
eommon Ititlccl titl«20)
eommon .(1)

e

e
c... input phase
e

100 continue
n:ad (8.1000) title
if (titlc(l) .eq. ei.q) n:tum
rcad (8.2000) icxec.ipn.in.nsd.ndof.numnp.nl\'ccLnh'ccs­
\\'rile(9.3000) title.icxee.ipnin
\\'ritc(9.4000) nsd.numnp.ndof.nlveet

•
e
c...
e

initialization phase
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L

c. input initial l:nl",tal lhil.:klll:...... l:7'

1.::111 l.:nl'.( laflllp-,'.numnp.ipninl
L

1.:... input clement dal:l
L

l.::dl dClIllll (input" _. '.;llmpngrpll
L

l.: ... :lIlocOIII: 1I11:mnry li Ir l;lnhal l.:quatinn system
L

c:III cq ...ct lncq.ncqs,numnp.nalhs.n;lbs)
L

c... solutiun phase
<

if fir.:xcc .Cl]. 1) cali driver (nr.:q.llC'qs.nalhs)
L

c... print mcmnry puinh:r dictionary
<

<'III pn~<

<
g,n ln I{)O

<
IOOU li.mnal(2();14)
2()()() limnat( lOiS)
3(J()() funmu( '('.2Uaotlll

l' EX ECU T ION CON T R 0 LIN FOR MAT ION '115<.
l'EXECUTION CODE (IEXEC ) ~ '.:5115<,
l' EQ. O. DATA CIIECK '. 15<,
l' EQ. 1. EXECUTION '. 115<,
l' INI'UT DATA l'RINT CODE . , , , , , , , , .. (IPRTIN) = ·.i5115<,
l' EQ. O. l'RINT NODAL AND ELEMENT INPUT DATA 15<.
l' EQ. 1. D0 NOT PRINT '10DAL AND ELEMENT INPUT DATA '. 15<)

..oou fomml(5x.
r NUMBER OF SI'ACE DIMENSIONS , (NSD ) = '.i5115<.
l' NUMBER OF NODAL l'OINTS ". (NUMNP ) Q ·,i5115<.
l' NUMBER OF NODAl. DEGREES OF FREEDOM .". (NDOF ) ~ '.i5115<.
l' NUMBER OF LOAD VECTORS (NLVECTl = ·.i5/15<)

coud
e--------------
<

~uhmulinc addlhs (:llhs.clclTm.idiag.lm.ncc)

c... rmgr.lm (0 add clement stinness mOltrix 10 global matrix
<

implicit double precision (a..h.o--z)
~imensil\n alhs( 1l,eleOin(nce.1 ),idiag(1).Jm(l)

do :WO j= I.nc:c:
k = ImÛ)
il' (k .gt. 0) .hen
~L> WU ialJ
11\ "" Im(i)
il' (m .gt. 0) then
il' (k .ge. m) then
1 p i~iag(k) - k ;. m
.:l:i':
1 = i~iag(m) - m + k
I:ndif
alhs(1) = alhs(1) + deI1in(i,i)
cndif
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100 c\)ntinlll:
I:'nJif

:!(}O continu!.:

rctllm
end

e------------
e

suhmulinc ~IJlhs:, l;llhss.ch:s.lm:-,.ncn)

implicit douhil: precision (Ol-h.ll./)
dimension :llhsstl tc1cSll ),Ims( 1)

Jo Ion i ::..; I.nen
k = Im«i)
il\k .gl. 0) alh«(k) = ..Ih«(k) + d«(;)

100 continue.:

rcturn
end

c:---------------
c

subroulinc nddrhs (brhs.clrcst:lm.ncc)
c
c... progr.lm to Oldd c:!cmcnl rcsidunl loree wctllf III r.hs \'cclor
c

implicil douhle precision (a..h.l).l.)
dimen<ion brh« 1l.d"'<I\ 1).Im( 1)

do 100 j = I.nce
k = In/j)
if (k .gl. 0) brh«k) = brh«k) + d"'<I1j)

100 continue
c

rctum
endc-----------------

c
suhroutinc adrhss (brhss.clrhs.lm.ncn)

e
c... program to add c:lcrncnt n:sidual force \'cclar to r.h.s vcctor
c

implicit double precision (01·h.o-z)
dimension brhss( 1).elrhs(1).Im( 1)

e
do 100 j-I.nen
k œ Im(j)
if (k .gl. 0) brhs.«k) œ brhs.«k) + elrhs(j)

100 continue
e

retum
endc---------------

c
subroulinc adtimc (lime)

c
c... program to calculaIt total clapscd lime
c

implicit double precision (a-h.o-7.)
dimension time (1)

c
timc(2) ~ time(2) + timc(l)
",rite(".1000) 2.S"timc(2)
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• n:lunl
IOllOlilrlll:llf'c1apo.;cJ lime ",lïA: \ota')

cul!
<••_••••-._._.-------_••__._-_._---

<
SUllrlltllinc hac\.;, (a.h.idi;'I/;.nc'!l

<
1.:.. pru!!r.utl III pcrftlnn fUr'\\,;'lrù n:Juclion and IKlck suhSlitulinn

<
implicil duuhle precisiun f:l-h.n-z)
Jillll:nsiull :l( 1).he 1l.idi:lg( 1)

C... l(u"v,InJ n:Jucliun
<

ii (J

du JOlI.i Loc,!
.iil:lst .ii
.li idiag(j)
jculht .ii· .iil:tsl
if ticnlht .1;1. 1)

1h(il .• h(j1 • c"ld,,'(aW1asl+ I).h(j·jeollll+ 1),ie""11-1)
1(Jl) cuntinue

c
c... diOll;on:11 sCOIling.
c

do 2l)() .Î" I.ncq
aii ~ a(idiag(j))
if (a.li .nc. 11.(1) h(jl ~ h(jl/ali

20U continue
e
c... hOiCk substitution
e

if (n!:,! .cq. 1) rctum
.üncxt "" idiOlg(ncq)
do 4011 j=neq.2.-1
.ü "" ]ncxt
.line" = idiag(j-I)
jcolhl ... .ü -.üncxt
if (jeolhl .gl 1) lhen
hj = h(j)
b.tan <= j - jcoJ!tl + 1
jlcmp =z .üncxt - istnn +
do 30U i=ist:lnJ-1
h(i) ~ h(i) .a(jlemp+i)·bj

300 continue
cndif

400 continue
e

rctum
end

e------------------
e

•

e
c...
c.•.
e
c .
c .
c .
c .
c..•

suhroulinc h\lnd (id.ids.ndot:numnr.neq.neqs.ipnin)

rrogr.JD1 to n,.":!d 3nd gcncratc boundal')' condition d:&t:l :&nd
1.~t.,b1ish cqu:&tion numbcrs

n numbcr of tit'$t node in sequc:nce
ne numbC'r of 1:1..;t node in Sl:quc:ncc
ng - gcncralion incn:mcnl
ih(ndol:n) • d.o.f ndof boundal)' eode for node n. 1 • spccified
\'clocÏl)'. 0" unspecifioo \'cklcity
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•

dimension il!(nJuC Il.iJ:,( Il.ih(3)
logic;1l pl1'1!,.:.

Coill id:ar (iJ.nJor-numnp)
c;.l1 iclt:ar (ids.numnpl

100 Cl~lllinUl.:

n:;IJtS.IOOtl) n.nc.n~.(ih(i). I.ndon
if (Il .C4. 0) go tu S"ü
if (ng .cq. 0) tl1l.:'l1
ne.:.:: n
ng = 1
cise
ne :;:: ne - mod(nc-n.ng)
end if

do 200 i :::: n.nc.ng
cali iml.l\'c (id{ l.i):ib.nJol)

200 continue
go 10 100

c
c... rcad s boundm')' condition data
c

50 continue
n:ad(S.lOOO) n.ne.ng.ib( 1)
if (n .eq. 0) go 10 70
if (ng .eq. 0) lhen
ne:. n
ng ~ 1
cise:
ne ~ ne - mod(nc-n.ng)
end if

c
do 250 i :r;;:; n.nc.ng.
coll imove (ids(i).ib.l)

250 continue
go 10 50

c
70 if (iprtin .eq. 0) Ihen

nn :z 0
do 400 n B I.numnp
ptlag B .folse.

c
do 300 i - I.ndof
if (id(i.n) .ne. 0) ptlog - .true.

300 continue
e

if (ptlag) then
nn=nn+1
if (mod(nn.SO) .eq. 1) wrile(9.2000) (i.i-I.ndol)
wrile(9.3000) n.(id(i.n).i~ I.ndol)
endif

400 continue
endif

e
c... cstablish cquation numbcrs
e

ncq • 0
do 600 n • I.numnp
do 500 i - I.ndof
if (id(i.n) .eq. 0) then
ncq-neq+1
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•
alli,ll) Ileq
che
Idli.lI} Il
cndif

SIlO l:olllillllC

Mill l:tllllillllC

ncqs n
do (,:iO Il I.llllltlllp
il' (idslll) .cq. 0) lhl.:11
Ilcqs I\cqsl 1
iJs(nl I\cqs
cise.:
it.blnl Il
cncJir

650 cUlltinue

n:lum
IIHIU li.mual(hi51
:WlIll 1;',"11:11('1': N () () A 1. Il 0 UND A Rye 0 N DIT ION

le 0 J) E S "f1l5,: NODE NO:.3'.6(6,:DOF·.il:)!/)
]()(){) li.mmll(6x.iS.5x.6(5x.i5»

end
c----------------
c

suhruulinc btdh (still:b.db.ncc.nrowb.nstr)
c
c... progrilm 10 multiply Ben-nB. tlking account of symmctry
c... :mJ accumulatc inle dcmc.:nt slillhcss matrix
c

Împlicit dllUhlc precision (a-h.o-z)
dimension stilllncc.1 l.b(nnm'h.l ).dh(nrowh.l)

do 200 j:::: I.nec.:
do IOU Î"'l.ncc.:
,till\iJl ~ 'tin\i,il + coldol(h(l.il.dh(lJl.n'tr)

100 cllnlÎnUl:

:!OO continue
c

n:tum
enù

c----------------
c

suhroutinc c1car (a.nl)
c
c... rrogr..lm 10 c1car a l10ating point arrJ.~·

c
imrlicit dllUbh: precision (a-h.o-z)
dimcnsion a( 1)

c
d~l 100 j::zl.m
:I(i) ~ 0.0

1UU continuc
c

n:tum
cnd

c:------------------
C

•
c
c...
c

functi\ln cold~lt (a.b.n)

J'Inlg.ram to compute dot produet of \'l:Clors stnn:d column-wi.'iC
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implicit l.hlUhh: rrlo:~i:,ilm l<l-l1.\\-/1
Jim~n:,il'n ~l( 1l.h(!)

c
~lllJlH 0.0
Ju Ion j:-I.n
culliul clllJot..- :Jli)'"hlil

1(JO c\lntinuc
c

fclUnl

cnd
c-----------------
c

:-:uhrllutinc clllht (idiug.hn.ncd.ncn.null1cll
c
c... progrJ.m t~ compute column hdghts in gloh.ll Idt h;lIlù sidc m;lIri:-.;
c

dimension idiug( 1l.lm(ncd.ncn. J)
comman Icolhtcl ncq.ncqs

c
do SOO k~ I.numcl
min.::: ncq
do 200 j= Locn
do 100 i~ I.ncd
num ~ Im(i.j.k)
if (oum .gt. 0) min::::: minO(min.num)

100 continue
200 continue

do 400 j= I.ncn
do 300 i= I.ncd
num = Im(iJ.k)
if (num .gl. 0) thcn
m=num .. min
if (01 .gl. idiag(num)) idiag(num) ~ 01

cndif
300 continue
400 continue
500 continue

c
rctum
endc---------------

c
subroulinc compar (d.dpn:.l1g.ndot:numnp)

c
c... program to caleulate '(d - dp",)/d'
e

implicil double precision (a-h.o--z)
dimension d(ndol: l).dp",(ndof.l)
logieal Ilg

Ilg = .true.
p.O.O
do 200 j • I.numnp
do 100 i - I.ndof
if (dp",(iJ) .cq. O.) go to 100
",Icrr - abs«d(iJ) - dp",(iJ»)/d(iJ))
if (",Icrr .gl. p) P - ",Ierr

100 continue
200 continue

if (",lerr .il. .01) Ilg ••false.

rcturo
end
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1.: -•••- ••••••----•••••-----------------•••••--••- ••- ••-.

,
~,Ilhn lut Ille (,;t 1I1lphc 1id. ids. d.cps.g.r.lllltlCnumnp.nl \'cct.nl\ ces l

l:.. prngr.11Il III compute "c!m:ity htlunJary condition:,

illlplil..:Ît dOllhh.: pn.:çisioll (a·h.o-/.)
dimensioIJ id(nùol: 1),id,,( 1).d(ndu[ 1).g(nJnl: 1I,CPS( 1l,
1 UndoJ:numnp.1 )

!llnl nlveel 1 nlveçs
dn ·If)U i I.nonf
do 30ll j I.numnp
k idli,il
if (I..: .g.t. li) l;() 10 :WO
\':11 0.0
do 100 Iv I.nl\'el.:t
\':a1 \';11 + Ili,i.lv)

1011 continue
d(i,il - val
gti,j) ~. v:1I

::!Oll cuntinue
3lJO continue
·lCJll continue

du son j'e I.numnp
k " id'ti)
if (k .gt. 0) go ln 600
v:11 :-: n.n
du ion Iv :::: nlvect + l.nlot
val ~ val + Il IJ.lv)

iOO continue
cp'Ol =val

600 continue
sun continue

C

reUlnl
endC----------------

C

suhroulinc crusl(s.numnp.ipnin)
C

c... pl\)~r.ml to ston: inititll crustal thicknt."S.to;«."S

implicit double rn.:cisillR (a·h.ll--z)
dimension s( 1)

do 100 i e I.nurnnr
sei) '= .35

100 continue
C

illipnin .cq. (l) wrilc(9.IOOO) ,( 1)'100.

rctum
1Il(l(l Ihmtal(lI: INITIAL CRUSTAL 1lllCKNESS • ',1'6.2: Km')

endc----------------
c

subn.lutinc dctnr~,' (narnc.ndim l.ndirn2.ndim3.rnpoint.ipr.mIOlSt)
c
c... rn.lgrJ.m h,l stlln: flt.lintcr inlt.lMllation in diction~'

c
Jinll.."t\sion narnc(2)
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111\;IS1 - mlast • i• i:l{mlast-t- 1)
i:llml'lst+:!l
ia(mlast....3)
Î:l(m!.ls1+4)
ia{mlast-r 5)
Î;l(ml:l~a.,..h)

i:l(mlast+Î)

n:tum
cnd

n;lnl~{ Il
n:une,:)
mpoinl

c oùiml
ndim~

.-: ndim3
:-: ipr

c:----------------
C

subroutinc dcttim ltimc.tlim)

c... progr.1m to compare the lol.li lime with cl:lpscd lime
c

implicil double rrccision (:1-11.0-1:)
dimension lime( 1)
logical Ilim

c
tlim = .truc.
if (lime(2) .gc. timc(3)} Ilim '" .I~tlsc.

c
rctum
end

c---------------
c

subroutinc diag. (idi:'lg.ncq.n)
c
c... prugrJm to compute diagonal ."ddrcsscs of tcll h:.md sidl: nmtrix
c

dimension idiag( 1)
c

n = 1
idiug(l) = 1
if (ncq .cq. 1) "'tom
do 100 i "" 2.nt:q
idiag(i) = idiag(i) + idiag(i-I) + 1

100 continue
n = idiag(ncq)

c
n:tum
end

c----------------
c

subroulinc drivcr(ncq.ncqs.nalhs)
c
c... solution driver program
c

•
c
c
c

logical Ilg.llim
charnctc~ 1 ans
comman linfa 1 icxcc.iprtin.nsd.ndof.numnp.nlvccl.nlvl:cs
common /spointl mpd.mpg..mpx.mps.mpid.mpt:mpdiag..mpng.rp.
1 mpalhs.mpbrhs.mptim.mpdprc.mpdigs.
1 mpalss.mpbrss.mpids.mpops.mpsdol
common a(l)
ians <= 2

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
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•

Till-. Si XIIC I·.C.II :.YII()~

l.:all t:!l:;tr fOl(lllrdl.ndur"'nulIlnpl
\::111 çkar t;lflnp;.:l.nlhlr·numnp)

1:... t.:lIl1lputc Ihl.: vdocily hnunrJary conditions

l.:aU I.:omphl.: (:Ir mpid I.af mpids J.Ol( mpd ).•If Illpsuut l.'llmpg ',.11 mpO.ndnf
1 .IIUlTlllp.lll\'l:cl.nl\'ccsJ

çall clc:lrl<l(mptinlJ.31
o
c... n::lll 101:11 lime
o

cali n.llîmc (;llmplil11))

print·, '1s thi:- :1 !1onlillcar prohh:m ? (yin)"
10 rcm,!(·:(:I)'1 'II1S

if (:ms .cli. 'y') ians 1
if (:ms .cq. '11') i:ms -. ()
if (Î:ms .cq. 2) then
print"'. 'Rc-entcr the ans\\'cr. (~'/n)'

gn to 10
end if

o
c... :Issign the initi;d ,,:duc or \'docil)" 10 the.: nodes (nonlincar case)

if (i:ms .~q. 1) cali inti:ll (Ol(mpdl.a(mpid).ndlll:numnp)
o
c... loup on linh: stcrs
o

itimc ~~. 1
20n continue

o
prinl·. itimc. 'th lime: stcr :"
rrinl"' •

o
c... ih:r.ltion l~.lr nonlin..:ar cas..:
e

il..:r "" 1
1(JO continu..:

o
if (ians .0'1. 1) cali m,wc (a(mpdpn:).n(mpd).ndol'numnp)
oall de:" (a(mpalhs).nalhs)

o
c... lÎ.lml th..: stillhl:S." matrix
o

c:111 cI.:mnt (·I~.lnn_lhs·.a{mpng.rp))

o
..:... pcrtÎ.lml 111ctoril.ation of th..: stitlh..:ss matrix
e

cali làclor (a(mpalhs).a(mpdiag).noq)
o

c:\11 dc:" (a(mphrhs).ncq)
e
c... (Î.lml c1..:mcnt contribution to n:sidual torcc "cclor
o

o
c... sl'll\'c thc cqu:uion ~·stcm. ton\'3rd n:duction. back substitution
e

cali haok (a(mpalhs).a(mphrhs).n(mpding).ncq.ilcr)
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•
1.:':111 il~nlr (atll1riJ).a{mrJ).a(mr~rh"ttldl'Lnlllllllr)

if tian:, .eq. 1) Ih~n

print' .it~r.·th ih:r.ltil\J1 I.:'llt1lrkted·
iter iter" 1

c
e... I.:'omp;m: lh~ \ ~hlciti~:, \\jth lh~ rr~\ ilHI:' \'I1,,'S

e;111 ~omr:tr (;I(mpJ).;I(mpJpretI11;..llLil1t:nlllllllp)
if (.not. I1g) go 10 10 1
end if

c

c
c
c
c

if (ians .eq. I)goto Ion
_...._...................•...•.................... ~... ..•.•...•

EQUATION OF CONTINUIT\,
c
c... detennine the time intel'\'al
c

tOI continue
c

cali elemnt (·Jet_time·.:I(mpngrp»
c
c... updute the grid
c

e;'lll update (a(mpx).u(mpd).:I(mptim).n$d.llollt:numnp)
c
c... .11.11.1 the Ia....t time intervul to the tot:ll time
c

c.1I .dlimc (.(mplim»
c
C... soh'e the continuit)' equalion
C

caU c1car (:llmpalss).neqs)
cali clcar (a(mpbrss).neqs)
cali ch:mnt r~o"·_con·.a(mrmg.rp))

cali sol\'cs (a(mpalss},a(mphr:,s).a(mpcps).ncqs)
cali cxpo (a(mps).:l(mpids).3(mphrss).:l(mpsdotl.u(mptim I.n lIIunp1

c
·.itime:th lime step '.:omplctcd·

c
c... dccidc wether to stop the time stepping. or not
c

c.1I dcttim (.(mplim).I\im)
if (.noL I\im) go to 300
itimc I!I itimc + 1
go to 200

c
c... wriu: cruslal thickm:ss and velocity data
c

300 continue
c.1I printc (.(mps).numnp)
cali printv (.(mpd).•(mplim).ndoI:numnp)

c
rctum
cnd

c--------------
c

•
c
c...
c

subroutinc clcard (npar)

prog.iJJJ1 to rcad clemenl control c;'lrd
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•

dilw.:n ... iOll nparlll

n:adIX,IOlJll) (npanî). i I.~l

\\ rildlJ.2111 lOI

rclum
WOU limnat( l"i5 J
2000 li.mn:lll ï '.J/;' E 1. Jo: 7\11 E ~ T Il:\ T A '/i.')

cnLl

suhnHllÎllc elel1lnl (l'lsk.ngrp)
c
c.. prngr:lln lu calculate clement t41sk numhcr

c1J:lm~lcr·X t:lsk,dlask(")
dÎmcnsiull ngrp( 1)

Ctll1U1HlIl linfu / icxcc.iprtin,nsd,nùoCnumnp.nlvccl.nl\'ccs
cummun i:l( 1)
d'Ila ntask.cIt4lsk/5,· input_o.·loml_lhs·.'fonn_rhs·.
l 'dct_timc':soh'_conï

du IOU ic-·I,nt:l...k
if (t:l...k .eq, ch4lsk(i» it:l...k ~ i

100 cuntinue

if (it:lsk ,cl}, 1) thcn
mpnp4lr =' mpointCnpar ',16.0.0.1)
n~rp( 1) ~ Illpnpar
caU c\canl (ia(lllpnpar))
cbe
mpnpar == ngl'J'l{ 1)
cndif
C:1U chnlih (mpnpar.itask)

rcturn
end

c:---------------
c

suhmutine clmlih (mpnpar.itask)
c
c.. , progrJm tu cali clt:mcnt routim.'S
c

cOlllln"n :Il Il
c

caU q"adc (ila.<k.a(mpnpar).a(lllpnpar+ 16))
c

rctum
end

c------------------
c

suhroutinc cqsct (neq.ncqs.numnp.nalhs.nalss)
c
c," prugrnm 14.." :lltocatc storage n,"r global cquation :.;'stcm
c

charnctc~4 titlc
C~lmm,,'n Ibp"int! mfirsl.mla."LmtoLiprcc
conlm"," Ispoint! mpd.mpg.mpx.mps.mpid.mpf.mpdiag.mpngrr.
1 mpalh••mpbrhs.mptim.mpdprc.mpdig:;.
1 mp31ss.mpbrs....mpids.mpC'ps.mp~ ....ot
common Ititlec.' tittc(20)
common a(l)
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•

o
c... J~t~mlinl.: ;IJdn:ss~s llf Ji;l:':'llIl:lb in kit Il:llld :,id,,' m;ltri,

1;;111 Ji:.lg (;I(l11pJi;lg).llcq.nalhs)
mp;llhs mpllil1t( ';lll1s ..n;:lhs.{J.{l.irrc..:)
mpbrhs -- mpoint('brhs ',l1Cl) .O.O.ipr..:cl
mpalss .~ mpoiOl(";l1hss '.ncqs.O.tl.ipn..·cl
mpol'$s . mpoint( 'brhss ..llcqs.lI.11.iprcl; l
mcanhw = Il:1111$.'111.:4
nwords "." l11ltlt • mklsl t mlil':'t -

o
c... write Cl)U:.ltÎl1n sysh:m Jal;l
o

"'n1cl9.1000) titlc.:.ncq.n.llh:-:.mcanow.IlWlln.b

n:tum
1OOt) format(·I·.~O:l.WI

l' E QUA T ION S y STE i\l 0:\ T :\ '. i/S... ,

l' NUMBER OF EQUATIONS, , , , , , , , , ,,(l'El,) ). '.iS!!S,.
l' NUÏ\,tBER OF TERMS IN l.EFT BAND SmE ~'IATRIX lNAl.IlS ·.iS/;S...,
l' MEAN HALl' BANDWIDTH " , , , , , , , ,,(MEANB\\') '.iS!/S"
l' TOTAL LENGTH OF I~LANNK COMMON REI,)UIRED , (N\\'ORDS) ',iS
end

0------------------
e

subroulinc cxpo (s.ids.brss.suoLlimc.numnp)
e
c... progrJm to calculatc s from d:JOl (cps) .Il nllôe.:s
e

implich double.: precision (:l-h.ll-Z)
dimension s( 1),ids( 1),sdo,( 1),brss( 1),timo( 1)

c
do 100 i = I,numnp
k = ids(i)
if (k ,gt. 0) sdot(i) m blSs(K)

100 continue
e

do 200 i = I,numnp
s(i) ~ 'imc(1 )'sdol(i) + s(i)

200 continue:
e

rctum
e.:nd

e---------------
c

subroutinc: factor (a.idiag.neq)
c
c... program to pertonn Crout factori:t.ation on 01. A "'" Urn-O-U
e

implicit double precision (a-h.o-z)
dimension n( 1),idiag( 1)

e
.ü - 0
do 300 j-I.ncq
.ü1ast cs .ü
.ü = iding(j)
jeolbt = .ü • .ülast

e
if (jeolht ,gt. 2) then

e
e.., for eolumn j nnd i .le, j-I. repince n(ij) with d(i,i)'u(ij)
e

istart 101 j - jcolht + 2
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•
,:::1 • 1
Il 1;1;1'-

Il J, !l;1 ~'Il -. :.Ir:· 11

l!" ]f)!1 : i~l.I~"ml

Ili.I'.: Il

Il Il!l;l;'fi)

Il,.01111 II· ll!.I':

IJll~'lll l' l',Ln' . 1

10.:11:..'111 rlllll! li 11.:'IIht.I.IIll;'!]ll

Il (kll;..'lll _~'1 Il,

1 ;J(II J ;l( Il 1 - i,,;11!J'lll;lf ii-kll;.:lh t.:Jf ij.ll:n:;tlil.J..:n:;lh)
Il lj' 1

[00 i,,;nllllfllll:

l,.°lldif,
,
..: lilnn lo:lllmUIl ;ml! i .k. j-I. n.:pbl.:t: ;I(i.j) "ith Uli.j),

lllo:lllp i - ,ii
dl' :2011 ij j t1;I~t • 1. ii - 1
Il iJi;I~I.ih:ltlr· i.i)
il' (;llii, .Ile. lUI) lh..:n
h:mp ;llijl
al ij 1 h.:mp. ;11 ii 1
;Iljil ;IÜil· h:l1lp·~(i.i)

cnLlil"
~Otl ":~lntinuc

l:nJif
:WlI cUlllinu..:

n:lunl
end

c----------------
c

~uhrllutinc li'rmlm (iJ.ids.icn.hn.lms.ndoCnl:d.ncn.numdl
c
..:... pn.1gr.ml 10 limll the ckmc.:nt:tl ·l.~r "mlY
c... II1I(ncJ.ncn.l) lllCOItilln rr.atrix
c

dimension idtndol: 1l. kntn..:n.I). Imlncd.ncn.1 l.ids( 1l,
1 Ims(n..:n.l )

Llo 3UO k.:.l.numc.:l
LI,} 100 j..:: I.nen
ntll.1e .~ ienti.l,)
100:,ti.k) id:,(node)
Lill IOU i::.l.ndof
Im(i,i.k) ;-: id( i.nodl:l

lUU Clll1tinul:
1un continul:
:;UU cnntinue

rt:tum
cnd

c----------------
c

•
c
~...
c
~ .
~ .

:,uhrllutinl: Ihnien(icn.ncn.nurnc:l)

icn\ncn.nurnc:l) :::: dcrncnt nlld~ arr.lY
numc.:l ".. nurnh~r l,r ckrn""tllo;.
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• implidt dl'ubk rr~':I;o;il'l1 (;1-.1 .•'-/)
Jil1l.:n:,i~\O i':ll( nen.1 }

J\.l 100 1 I.oum..:!
n:;IJ (1~.1t1(l1l1 k.(il.:nli.it.i I.I\.:n1

IOn I:l'Iltinu.:
rr.:tum

o
10,)0 ù'ml~t(":i5)

cod
0----------···-----
o

suhrllutinc: g..:nr.:l (il'l1.m;.It.nc:n.numc:l.numat)

c... pro~r.lm hl gc:nr.:r.lIr.: c:h:mr.:nt noJr.:s ;Il1J l11all.:ria! numh.:r.­
c... Îcn(nr.:n.numl:1) - r.:h:mcnt 110\.11.: numbc~

c... matlnumdl -- dt:mc:nt m:lh:rial nunll'lcr:-

dimension ir.:nlncn.l ).malt 1)

cali fl1Tlien (ic:n.ncn.numdl

Jo 100 n:.:.l.numd
matIn) Co )

1UO continue:
if (numat .C4. 1) relum

c
200 continue:

rcad(8.IOOO) nlirst..nla...;,t.I1lOlll1un:
i1l:nnrst .cq. Ol rctum

ù:! 300 j "'" nlil':'t..nlast
m:ll(j) = matnum

300 continue
go to 200

c
1000 lonnat(3i5)

end
c---------------
c

subroulinc gcn11 (:l.nrJ.)
c
c... program to n:ad :md gcncr.uC' noating poinl nod:11 dat"'
c... a = input arra~'

c... nrJ. = numb~r of NWS in a
c... n ::l:I nod~ numb~r

c... numgp .: number of g~ner.llilln point..
c... ninc(i) =' numbcr of incrcmcnt.. Itlr directiun
c... inc(i) = incn:mcnt for direction i
c

implicit double precision (a-h.o-z)
dimension a(nra.l ).temp(6.20).ninc(2).inc(2).sh(20)

c
read(S,') n.nu;ngp.(tomp(i.I), i~ ),nm)
if (n .eq, 0) return

c

•
c

cali muvc (a(l.n).tomp,nm)

if (numgp .nc. 0) ilicn
du 100 j ~ 2,numgp
read(S,') m,mgon,(tcmp(iJ). i~l.nm)

if (mgon .no. 0) cali muvo (tcmp(lJ).a(l.m),nr.)

III



• ,
1.:, lopl l. f!l.:'llcra1ion aloll!: ;1 linl.:
L 2. g":lIcratiurl ;t1(lIl~ a ~url;H:1.:

ior1 2
Ir (nind2) .t:q. 0) iopl

dr 0.0
li... Il Il

if (rlÎIlI.:(: 1 .n..:. 01 ùr
il' (nÎIll,:12J .m: 01 lis

ii nin!;( 1)

LI nilll:f21

IIi "nj "

:!.l1/nincf 1)
2.0/ninc(2)

•

s • LU
~Iu 300.i I..ii
r - -LU
do 211H j·-I.iÎ
..::111 gCIl=-h (rs.sh.numgp.iopl)
c:III mullah (h:mp.sh.'I( l.ni),{l.::W.nr.l.numgp.nra. t.1 )
ni ni + inc( Il
r r" dr

200 continue
nj . nj + inc(2)
ni nj
s-:-~~b

:H1n cuntinuc

cncJif
rctum

c
loun l\mnatI2i5.6f1U.U)
::!Ot!U lf.mmH( 16i5)

c
end

c-----------
c

SUhr\lutin..: gcnsh (r.s.sh.numgp.iopt)
c
c... progmm 10 cali sllupc function mutine lor isoparnmctric
c... gcncr:llion
c

irnp:idt double pn:chiior. (a-h.o-z)
JirncnsillO shi 1)

go 10 (1 UO.200).iopt

WU c:\l1 gcnshl (rsh.numgp)
rclum

:wn c:~ll gcnsh2 (r.~,h.numgp)

rclUm

endc---------------
c
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• ";\lbrllulin.: :-:':11:-111 \r.:-:l.lll

.:... prl\:;ï.llll to ':l,mrU1..: ID ..;!l;lp... Üllh.:ti')I,:' l~lr l:'\lp;lr;lllli..·lri..·

...... :;.:n':ï.lliol1

imrli.:il lh.ubk pr':l:i..;i\lll (;l-h.n-.fl
Jim.:n:,illll shI 1)

..;h(:!) Il.:;·r
sht 1) - 0.5 - sh\~)

:~t:!) -- O.:; 1- shI:!)
(n .Cl1. 3) th.:"

sh(3)·- 1.0· r··:!
sh( 1) -- sh( 1) • 0";-sl1(3)
sht.2) .C sl1(.2) - 0.5-sl1(3)
cmlil'

n.::lum
cnd

<------------------
<

suhroutinc g.:nsh2 (r.s.sh.l1)
.:
c... progr.lm to Cllmputc 2D sl1:IP': fun..:tÎons fllr iSllr:1r:unclrÎc
c... gcncïJtion
<

implicil douhll: precision (OI·h.o-!.)
dimt:nsion sh( 1)

<
r2 =:. O,S·r
r1t:."0.5-r2
r2""0.5+r2
s2 "" O.5·s
si =: 0.5 - s2
s2 .... 0.5+ s2
sh(l) ,., ri-si
sl1(2) = r2-s!
sh(3) "" r2 il1 s2
sh(4) = rl",;2
if (n .cq. 4) rclum

c
r3 a::: 1.0 - r- ilI 2
s3 ;:: 1.0 - s·-2
sh(S) :::1 r3-sl
sh(6) c: s3-r2
sh(7) = r3",;2
sh(S) • sJ"r!
sh(l) = sh( 1) - U.S"(sh(S) + sh(S))
sh(2) = sh(2) - O.S"(sh(6) + sh(S))
sh(3) = sh(3) - U.s"(sh(7) + sh(6))
sh(4) • sh(4) - O.s"(sh(S) + sh(7))

c
rc1um
t:ndc---------------

c

•
c
c._
c
c .
c .
c .

subroutine Srid (x.nsd.numnp.ipnin)

program 10 construct a recumgu!ar griJ

nsd :::z numbcr of spacc dimensions
numnp œ numbcr of nodes in the grid
x(nsd.numnpJ ... nodal coordinatc arrJ)'
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• illlp!il.:11 dllllhh,: prcl.:i"illll la-luI-J'I
:!lllICII'\llfl '\(II ...J,I)

c
'- rcad ;.orid paralllctl:r"
c

c

do 100 i
rC;ldf Il.·'

Ion c:onlintlc

l.nmnnp
Ii..X( I.iI..x(2.i,

c

if liprtin .cq. Il n:lum
do ~flll Il 1.1H1I1lnr'
il' (lIlodln.501 .cl). 1) writc('J.3lJOO: li, l.n:-l!)
wrilc(I).·llJllfl) n.(:\(.I1). i 1.I1:'dJ

200 l.:untÎnl1l.:

•

rclum
11111(1 li.mnat(211Il.5)
~1I11(J li.mn:ufi5JIOAJIOA)
3UlIU lèmn:ltl" l': ~ 0 D :\ 1. C () () R D 1NAT E D ,\ T t\ 'll/5x.

l' NODE NO,".::!( 13x: x',il:',:)///)
·JI)l)(1 li.mllaU6x.i5.6x.:2<f1 5.3.1 xl)

end
c-----------------
c

suhroutinc ide,lf lia.m)

c... prugr.lI11 10 c1cOIr ;;m inh:gcr arrJ.)'
c

dimension Î.I( 1)

ùu IOn i~-I.m

i:t(i) ~ ()
WU cuntin\,,:

n:tUn1
end

c------------------
c

suhroutinc iml1\'c (ia.:b.n)
c
c... progrJn1 10 mu\'c an intcgcr array
c

dimension ia( 1l.ib( 1)

du 100 j'I.n
i:lli) ~ jhli)

IOU continue

n.:lum
end

c----------------
c

suhroutinc inlia! (d.id.ndot:numnp)

c... pnlgr.int 10 input initial \'docitics
c

implicit d~)ublc precision (Ol·h.~z)

dimo:nsion d(ndol:l l.id(ndol:1)
c
c... n,:OIJ the initial \'alue
c

prim-, 'Input "Gucs."". the initial ,'clochy'
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• Jel O.
J\l ::!{I() j I.numnp
Jo 100 i I.nJllf
if (iJ(i.il .n~. (1) J{i.i) ~lIC:-~· dd
Jel . Jd ~ .00llOI .

100 continue
2tJO continue

c
rctum
c=nJ

c-----------------
c

suhroulim: influt (Cnl.1oCnul11l1p.j.nln:ct.nl\'ccs.ipnin)
c
c... progr.lm 10 rcad. gcnCr:.lh: and wrile n\lJ:l1 input J;II;,
c... llnJoCnumnp.nl\'cctl :::.. pn:scribcd ti.m:cs/ killcm;ltic d;H;I. j 0
c... ~ inili:11 \'docitic:-;• .i ., 1
c

implicil double pn:cision (a-h.o-z)
logical Izcro
dimcnsion 1\ndoCnumnp.l)

c
olot = nl"cet + nl\'ccs
cali ch:ar (I:nlot-numnp·ndol)

c
do 100 ni\'= l.nl\'ccl
cali gcnll (Il 1.I.nl\'l.ndol)
cali ztcsl III 1.1.nl\').ndot"'numnp.lzcro)

c
100 continue

c
do 200 ni\' :: nlvect + 1.0t01
cali gcnll (IU.I.nl\').I)

20Q continue
c

rcturn
end

c----------------
c

subroutinc Ih:rup (id.d.brhs.ndoCnumnp)
c
c... program to mo\'c the nodal vclocilics ta 'D' arr.J)'
c

implicit double precision (a-h.o-z)
dimension id(ndot:1 ).d(ndof.l ).brhs( 1)

c
do 200 i'a l.ndof
do 100 j-I.numnp
k· id(iJ)
if (k .gt 0) d(iJ) • brhs(k)

100 continue
200 continue

c
retum
cnd

c--------------
c

•
c
c...
c

subroutinc 10c;l1 (ien..x..xl.ncn.nrowx.nrowxl)

progrnm to localizc a global arra)'

Ils



•

•

1Il1plil..:ll dUllhk pn':Ci"jllll la·h,o-/J
dllllCll"iclIl jl;lllll,'>,.(llnl\\'\.II.'\llnrtl\\\I.11,
do 2llll.i \.111:11

uud..: icnl.iJ
du 100 i l.nrow.\l
xlli.j) ,1i.llnd!.:)

100 cllntinue
211fl conlinuc

c
rclurn
end

c----------------------
c

~UhrtlUlillC 1(lc:lll (icn.x.:'\I.ncn)
c
c... pnlgr.lI11 ln luc:dizc :1 gluhal :1rr.IY

illiplicit douhle prc:ci:,iun 1:1-I1.o-zl
liimensiun ic:n( Il.x( 1l.xl( 1)

Jt) 100.i I.ncl1
lIuJC icn(i)
:-.10) x(nUlIe)

11111 cuntÎnul:

rcturn
end

c----------------
c

suhroutinc mat:lùd (a.b.c.m:Llnh.mc.m.n.iort)
<
c... prog,r.Utl hl :IJd n.:ct:mgular mmriccs
<

implicit double pn:cision IOl·h.o-;r.)
diml:nsion OI{ma.1 ).h(rnb.l ).c(me.l}

go 10 (1lI00.2000.30001.iopl

c... iOJ'l1 '-=' 1. :ldJ cnlin: rn3tricl"."S
<

1lI00 do 1200 j·l.n
do 1100 i""'l.m
«ijl ~ lllijl + b(ijl

1100 continue
1:WO continue:

n:lum
<
c... i{'rt:.:: 2. :Idd lo\\'cr triangul.lr :and diagonal matrices
<
:WtlO do 22tlO j"" I.n

d(l 2100 i"'i.m
«i,il • ll(ijl + b(ij)

210U conlinue
22Un c()ntinuc

rcturn
<
c... j(lpt = 3. add upper lriang.ular and diag.onal .::Il:mcnl"
<
30110 c,I(l 3200 j::al.n

do 3100 i~lj
«i,il • :t(i,il + b(ij)

3100 cllnlinuc
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•

.':!(}O l.:\lnlillll~

rclUnl

end
<---------
<

suhwutinc 111ll\l,: {~I.h.n)

<
c... prllgr.lnl to Imm,: ;t llo:lling point :Irr.l~

implicil Jouhh: pn.:CiSÎllll (:t-h.ll-Z)
dimension ;'I( 1th{ t)

do 100 i:::l.n
"(il ~ b(i)

1nn continue
e

rctum
c:nd

e------------------
e

function mpoinl (narnc.ndim l.ndim2.ndim3.ipr)
e
c... program to c:llculah: stOr.lgC pointer
e

dimension narne(2)
common fupointl mli~t.mtast.mtoliprcc

e
mpoint ;::: mlirst
if (iprcc .cq. 2 .and. mod(mpoinL2) .cq. 0) mpoint :.: mpoint +
cali dctnry (namc.ndim l.ndim2.ndim3.mpoinLirr.mhls0
mtirst =- mpoint + ndim I-ma.'XO( l.ndim2)-maxll( 1.11l1im3 )-ipr
if (mlirst .gc. rolasl) cal1 $\:n'Or (narnc.mlirst-ml:lst)

e
rclum
ende---------------

e
suhroutinc: mullab (a.,h.c.ma.mb.mc.l.m.n.iopt)

e
c... progrJm to multipl)' IWO matrices
c... 1= r.mgc of dot-product index
c... m::;: numbcr of activc rows in C
c... n'" numbcr of aClivc columns in C
e

implicit doublc precision (a·h.o·1.)
dimension a(m.. 1).b(mb.1 ).e(me.ll

e
go 10 (l000.2000.3000AOOO).iopl

e
c... iopt ... 1 c"" a-b
e
1000 do 1200 i= I.m

do 1100 j=l.n
e(iJ) = rcdol(a(i.I).b(lJl.m..l)

1100 continue
1200 continuc

n:tum
e
c... iopt - 2 c .... a(t)-b
e
2000 do 2200 i-1.m

do 2100 j=l.n
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•

•

1.:11.11 l.:oIJlltlall.il.h( l.i).1)
21{JlJ l.:lllltilllll.:

22lJfi c.:ollliJllll.:
rcturn

<
1.:.. iopl :;

<
1110fl lin 3200 i Lill

du 3100 j I.n
cfi,il rowo"t(:lfi.I).h(i.ll.Il1:l.mb.l)

1100 l.:olllinuc
321111 c.:olllilltlC

n.:1Unl

<
c... inpl ..
<
4000 lin ·1200 i Lm

dt,·~!lI(Jj 1.11
c(i,i) rCd(lt(h(i.J ),il( I.i).mb.ll

·IIOa continue
... :WO cuntinue

<
rclum
end

<-----------------
<

suhmutinc prine (s.p)
<
c... pm,grmn tu calcul"tc principal values
<

implicit double precision (a..h.o"z)
dimension s( 1l.p( 1)

X :": O.5·(s( 1) + s(2))
)' ~ O's"(s(\) - s(2))
r '" sqrt()·u2 + stJi·-::!.)
p(1)~x+r

p(21 ~ x - r

relunl
endc----------------

c
suhnlUlinc printc(s.numnp)

c
c... pnl,gr.ml 10 print crustal thickncsscs
c

imrlicil doublc precision (a-h.o-z}
dimension s( 1)

do IOU o""l.numnp
if (lllod(n.SO) .cq. 1) wrilc{9.IOOO)
wrilc(9.2000) n.s{n)"IOO.

100 CllntÎnuc

n:tum
11100 ",mml{"!"J!" CRUSTAL 1lIlCKNESSES'"

l' NODE NO. llIlCKNESS'//Sx)
2000 I,'rmal( Ix.iSAx.1l7.S)

I:no

c:------------------
c

~ubnlutinc print\'(a.lirnc.ndot:numnp)

Ils
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•

", prngram hl j'lrillt cnlslal Ihidncssl."s

" implicit JlHlhk: pn:cisinl1 l;l-h.~)·.Il

dimension 'l(nol1Cll.tÎmc{:!)

t -_0 timcl:!)-:!.5
wrile (9.IllOn) t
do 100 n:..:ol.numnp
il' (l1l11d(n50) .cq. 1) writcl9.101Hll
writc(9.3000) n.tali.nl, i oc I.nJol)

100 continue

rclum
IllUU lurmauT.I!" T1ME : '.f;.~: ~IILI.IO~ YE,\RS'/)
~UUU lormal(l' VELOCITIES//

l' NODE NO. DOFt I)OF1'//)
3000 fomlat( Ix.i5.5x.2(t1S.S.2:r-.:»

end
e--------------
e

suhroulinc pmtel (m:ILÏI.:n.ncn.numcl)

c... progrnm to print J.H:'I li.)r c1cllh:nt with "ncn" noJes
c

dimension m:ll{ 1l.ien(ncn.l )

do 100 n= l.numel
if (mod(n.SO) .eq. 1) wrile(9.1000) li. i~ Lnen)
\\'rite (9.2000) n.mat(n).(icn(Î.n). j==l.ncn)

100 continue
e

rctum
1000formal(T.I/

l' ELEMENT DAT/\ '.115••

l'ELEMENT IVlI\TERl/\L·.6C NODE ·.il.:.2'I.lS••
l' NUMBER NUMBER'/I)

2000 formal(6••iS.7(S••iS))
endc----------------

c
subroutinc prop2d (ar.oumal)

e
c... program to n:ad. wrih: and ston: materi.tl propenies
c

implicit double: precision (a-h.o-7.)
dimension ar( 1)

c
do 100 ns: I.numat
if (mod(n.50) .eq. 1) wrile(9.lOll0) numal

c
c... read &. wrih: viscosities
c

n:ad(S.") m.ar(m)
wrilc(9.3000) m.ar(m)

100 continue:
c

n:tum
1000 formal(TJ/,. M /\ TER J /\ L SET D A T /\ '/15••

1 • NUMBER OF MATERJ/\L SETS INUM/\T) = ·.iS
1///.7.:SET'.S.:/\RG/\ND NUMBER·.I)

3000 formal(S••iS.Sx.JpclO.4)
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•

cru..!
l.: •••••• ----••••--- _ •••_ •••_._-_._._--

,
~llhrllll!illC prtm;

c.. rro~r.llll lu prinl lllClllllr: pointer dictitlllôU;'

Ct JlIll1llllll'hpll in Illlllif":'i1.1I1las1. mItlI. ipree

l.:oI1l1ll011 ia( 1)

Il (lIIlnl· mlaslJ/7
mIni -, 1

du 100 i I.n
iHlIludli.50) .l.:ll. 1) wrile: (9.1000)
J .i. 7

l'ôlll pndc 1(i.i'lli>.i'l(j+:2 1.1;1(j'1".3 ),i;lli+4 l.iu\Î +>5)••;10+6)
100 cUlltinue

c
rclum

10110 fuml:IU'!'JI
l' IlYNAMIC STORAGE ALLOCATION'. INFORMATION'I/
112X:ARRAY NO:. S,. 'ARRAY' .8,. 'ADDRESS '.6'. 'DIMI '.6'.
11JIM2 ·.r,,:DIM3·,6,:I'REC. '11)
end

c----------------
c

suhroulinc.: pndc 1 (i.inarnc.iadd.ndim 1.ndim2.ndim3.ipr)
c
c... rro~U':lI11 III rrint rncmot)' pointcr inlbmmtion for an alT'J.Y

dimcnsior. in:rnlc(2)
s:.1\'C ncg
dma nclp:lr.h.:lthsfnp:lr'.'ülhsï
il' li .C4. 1) ncg ~ 1
il' (imullc( 1) .cq. nclparl thcn
writc(9.IUOO} ncg.
ncg == ncg + t
codit"
if (imm1":( 1) .":~l. idlhs) writc(9.2000)
writc(9.3()()O) i.inamc.iadd.ndim l.ndim2.ndim3.ipr

n=lUn1
IllOO fonllat(1J4': .. ····.7':BEGIN ELEMENT GROUP NUMBER·.iSI' ')
2000 t<lm'al(1J4':······.Î':END ELEMENT GROUI' DATA'J' ')
3000 fonnat( 14x.iS.7x.2.14.1 x.6i 10)

cndc---------------
c

suhroutill": pns2d (xinLstn.."Ss.strJin.nn.nntoLn..:l.lint)

~... pnlt;ram lo print stl'\."S.'i and sU'Cain rates

implicit d~lubl..: precision (a-h.o-z)
diml.:nsioll xinl(2).stn."Ss(3)....trnin(3)

nn~nn+1

il' (m,>d(nn.nnlot) .<q, 1) wril«9.1000)
\\'ritl.:(9.2000) nd.linLxinLstl'\."$....strain

return
WOU limuatt" 1',///
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1" F 1. F \1 1·: >.: r ~ T R E ~ S F ~ .\. S r R .\ 1:'\ R\ r r s·
1
l' E1.E\IE~T I~r. l'T. \1 \' '.;,.
\' STRESS SlRI':SS STRFSS
l' NlI\lIlER ~1:\lIlER '';,.
" Il''''' 12 .~·h..
l' ST. RXn-: ST. RATE ST. RA 1"1-: '".19'\.
l' 11 :!2 12')

20110 li.mn<lt(/2\.i5.6x.i2.Sx.2{ \\..lpcllA)5\.3{ 1pc: 12": 152\.~ll pcl~..ll)

end

~ubroulinc ~Idch lshg.b.nn,w:ih.nw\\ h.ncnl

c... progr:.111l 10 sd up thr.:: str.lin r:.UI.: \"l:tucit~ m;uri\ "b"

implicit douhle precision (;I-h.o-I.)
dimension shg(nrowsh.1 ),h(nrowh.l)

do 100 j= I.nen
j2 =0 2-j
j2ml=j2-1
b( 1J2m 1) = shg( 1.j)
b( 1.j2) = 0.0
b(2J2m1) = o.n
b(2.j2) = shg(2,il
b(3.j2m 1) = shg(2,il
b(3J2) = shg(l.jl

100 continue
e

rctum
ende-----------------

e
subroutinc qdcbod (w.dct.shg.sl.cln.-st:\\'ork.constnl.ncn.nill1.ncu.
1 nrowsh.ncl)

e
c... progrnm 10 fonn body li.uccs
e

implicit doubh: precision (a-h.o-z)
dimension w{ 1l.del( 1).shg(nrowsh.nen.1 ).el",sn 1l.sl{ 11.
1 work(1)

e
c... loap o\'cr intcgrntion point.>;
e

do 300 1= I.ninl
tr.::mp • constm·w(1)·dct(l)
cali mullah (shg(1.I.I).sl.work.nmwsh.ncn.nrowsh.ncn.nnlwsh.I.1 )
work(1) ~ O.
work(2) a O.
work(3) a O.
do 50 j a I.nen
work(l) = work(l) + shg{IJ.I)'sIGl
work(2) ft work(2) + shg(2J.I)'sl(j1
work(3) a work(3) + shg(3J.I)'sIGl

50 continue
e

do 200 j "" I.ncn
do 100 i ft I.ned
ip ft ncd'(j • 1) ~ i
cln:sltip) ,. drcsftip) + temp·work(i)·work{3)·shg(nrowshJ.l)

e
100 continue
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2lJO l'Ol1liJlll~

1110 l.:Ulltilllll':

n:IUfil

end
l'------.···--------------··--------------------------.,

sUhrtllltinc qJckl w.Ùl:l.sI1~.h.dl.strain.JllIal.Jh.sli n:l.:Ollst.
1 C~;r.III:Il.l1il1t.ncsd.nnl\\ sh.nnm h.nstr.ncc.nc Il

1.:... program hl sel ur the l\lt;;11 slifnl:ss m:ltrix

c. slilHllcc.m:l..") 101::11 slinilCSS ln:Jlrix

<
ÎllIplicit dnuhlc pn:cisiull (Ol-h.thl.l

dimensioll !..Ict( 1).\\'( 1).:-i.llgfl1nlwsh.I1I:Il.ll.hlnrowh.1 l.dl( 1l,
1 dm:ll(nrtlwh.1 J.dhllmlwh.1 ).slilllncc.1 ).slmin( Il

<
Co. loup nll inh::gratinn roints

dn !on l' I.ninl
Icmp cOlIsl·w(I)-dct(l)

c... sel ur stri:ll1 r:lte • \'docil)' m:ttrix 'B'

c:III tldeh (shg( 1.I.I).h.nrowsh.nrnwh.ncn)

c... c;akulatc slr:lin mtes Olt the intcgrnlion rninl";

cali l11ultah (h.dblr:lin.nruwh.ncc.nstr.nc~.n:_:tr.l.l)

C, :_:ct up thc cun:-:tituth'c nmtrix

c;111 :-:ctupd (drnm.:-:lr.lin.tcmp.nrowh.cxp)
<
c... muhiply I)-U
<

cilll 111l11t'lh (dlmu.h.dh.nrowb.nrowb.nrowb.nstr.nstr.ncc.l)
<
c... l1IultiJ'lly Ben-DB. taking. account \lI' symrnctl')' and J'lut in still"
<

cOIII hhJh (still:h.dh.nec.nmwh.n:-:tr)
100 cuntinue

relurn
end

<----------------
<

:_:uhr\lutinc qdckd (w.dct.:-:hg..h.gl.str:lin.dmaLstn:ss.work.
1 c1n:sl:dl.dhstin:const.cxJ'l.
1 nen.nint.nmwsh.ncsd.nrowb.ncc.nstr)

c... J'lmgrJ.m tu I~lnn intcmOlI ltm:c (-I,-D)
c

implicit duuhh: J'lrecision (a-h.Ooo7.)
dim<nsi<ln Wli1.d<ll1 1.shslnrowsh.n<n.1 l.b(nrowh.1 l.SI( 1l.
1 str:lin(1l.Sln:ss(1l.w<lrk(1l.cln:slt1l.dl(1l.
1 db(nrowh.Il,stilltncc.Il

c... lllf.lp on intcgrJ.tic.m point."
<

dl) 100 1'-: I.nint
tcmJ'l <:<. -cllilst-\\'(l)-dct(l)
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,
ç ... :'l:l ur ;o;trian r.lh.' - \dll.:it~ malri, '1\',

calI qOl:b (:,h~t 1. 1.1 l.h.nnl\\:,h.nrl\\\ b.lll:ll),
l; ':Ih:U!;Ul: :,traln rai..:::, ~ll th..: lll!"~ralilln pll;n!S,

I.:all ll1ultah (h.Jl.strain.nnl\\ h.nCl.:.llslr.nl.:l.:.nstr.l.1 ),
c... :'l.:l up thr.: constitutive m:l\rix

,
10:... multiply I)-B,

c~1l mult:\b <dmaL.h.dh.nn\wh.nrllwh.nmwh.l\str.nstr.ncc:.l)

c... multirl)' Bcn- DB. l:.lking :ICCllunt 01' syml1\l,;ll)' anù l'lit in still'

c.ll1 btdb (stin:b.db.ncc.nrowh.mar)
1(ln continue

c:1II multab(stillgI.clrcst:ncc.nc:c.ncc.n.:c.ncc.l.l),
n:turn
c.:nd

,---------------,
subrOUlinc qdcl'$f (ic1no.isidc.prcss.sltcar.mmrl),

c... progrJm 10 !"C;ld \\'rite and store surface.: furce d:lIn,
irnplicit douhle precision la·l1.lN~)

dimension iclno( 1).isidc( 1).prcss(3. t l.shcmt3.1),
do 100 n-.::::; 1.nsurf
il\mod(n.SOl .'q. Il \\'ril,(9.1000) nsurf
read(S.2000) iclno(nl.isid,(n).pre,,'( l.n).pre",,(2.n).press(;.n).
1 shcar( l.n).shl.."3r(2.n).shcm(3.n)
writc{9.3000) iclno(n).isil!l...{nl,press( I.n ).pn:$.~(2.n l.presse3.fI),
1 sh,ar( l.nl.sh,nr(2.nl.shc:u(3.n)

100 continue,
n:tum

1000 lannal('!'.
l' E LEM EN T SUR FA C l' FOR CES D A T A ·J/S,.
l' NUMBER OF SURFACE FORCE CARDS (NSUR:') c ·.i5111
IS,: ELEMENT SIDE '.3(' PRESSURE ').
13(' SI·IEAR ')J
IS'.3(' NUMBER ').3(' NODE 1 NODE J NODE K ')J)

2000 fonnal(2iS.6t10.0l
3000 fonnal(6,.iS.S,.i2.2x.6( l,.c12.4))

end
,---------------
c

•

c
c .
c .
c
c.•.
c .
c .
c•..

subroUlinc qdcshg (xl.dct.shl.shg.nint.ncn.ncl)

program to calculalc glabai dcrivativcs of shape functions .mc.1
Jacobian dClcnninanl'"

xl{j.i) liII global coùrdinal'-"S
clet(l) El Jacobian dctcnninant
shg(1.i.l) .. global 'x' dCriv3tivc of shape functions
shg(2.i.1) !::I global 'y' dcrivativc of shape functions
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,::~,( 'l,II ~'l'lh,d -.!I;ljl-: :::n.:lll'::

',',11.: 1 !:u;'lhl::n :t1:I:rl\
Dln: lltn:lho.:r ,Il I:lh.:~r;ltll'n p'linh

IlllplKll dllllhk Pfl.;l.:l'.hlll la-I:,I)-/)

dllll('ll'llll~ ,hll'.l1Cll.ll.,h;.!I,'.ncll.1 J. ':-12.2l.\.h:ll1 l.\h 2.11

1,;.111 1Il11\(' ( ... Il~."hl.~"lll:lI·llil\lI

,Il. r,l/n 1 LuinI
do ·WH i 1.2
dn .,011 il .."
'-,Il.]l Tll\\dtIU,he-i: 1.ll,:'\Il,j.ll.:;.2.tlCIII

\ou ctll;tillllC

·Ion ('llnlllHlI:

if (deUil .le. O,II) thl.:n
wrilc(".IOOO) nd
~ltlr

cndil
<

du 500 .i 1.2
LIu -150 1 1.2
\Sli.j> :\sli,j)/I,!l:U1)

·1511 cuntinlll.:
SOli Ct"'llium:

<
du 550 i I.I1CI1

!":mp \s(2.2)-shg.( t.i.I> • ,"st 1.2)·shg(2.i.I1
shg(2.i.l1 - -xs(1.II"shg( I.UI ... xs( 1.1)·shg(2.i.l)
shgll.i.I1 h:mr

5."itl conlinm:
hOU continue

rctum
IO(JU li.lml:t1( ·SIIG. ~ON·POSITIVE DETER:'\UNANT IN ELE:'\·IENT NU:,\,tBER ·.iS)

~nd

<----------------
<

suhr\lutln~ qdcshl (shl.w.n~n.nint)

<
c ... progr.un 10 calcul;),t~ int~grJtion - rult.: \':dghL.... shape funetions
c... 'lrl..i 10c;,1 deri\'atin,"S ti.lr six-node triangular ck'ment

c.,. r.s.o:; 10c..1c1emenl coordinatcs
c ... shl( t.ï.1) =: local 'xi" d~ri\':'ti\'C of shapc tùnction
c,.. shl(2.i.l) '" 10c:1I 'cta' deri\'a:;,'c of shape tùnction
c... shlt:U.1l -""' local shape function
c .. , \\'(1) '" inlcgrJtion - Nic wdght
c,.. i --- Ille,,) mlde numher
c.. , 1..::. inlegmtion nodc numlxr
c... nint '-'. nlltllher of inlcgr.llinn pllinl'" ( cq, to 3)

implidt douhh: pn:..:ision (a-h.l'-z)
dimcnsilln sI11(3.ncn.1 ).\\'(1 ).rJ(4l.sa(4)

J'U'1 r.1l-.5•.5.,5.-.5/.$;1/..,5.-,5•.5.5(
g :- :.Isqnl3,)
"lll c L
\\'l:) :::< 1.
\\'(3) 1.
"l~) Cc L
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• dll :t111 1 I.!lin!
r ~"ral!l, ~":':ltll,
J., 100 i 1..'
h:mpr .5 . r..1( i )"r
tlo:J11p:' 5 . :,:l(il"s
shli J.i.l) ra(i)""l.:mps
shIt2.i.ll It:mpr"':-;;I(i)

shl(3.i.ll tcmpr""lcmps,
100 clmtinuc

h:mpr ·.5 ~ r:.l(·l)""r
lcmjl=' .5'" :-:1(4)"":-;

shl( 1.3.1) .C: shlt 1.3.1) r.U-lI""lcmp=-
shll:!.3.!) ~: :-111(2.3.1) lcmpr"sat-n
sl1l(3..3.1) ,.~ shI!3.3.1) h:mpr-h:mp=-

c
:WO Cllntinur.:

c

c
c

.•ubroutille qrJcsuf {idno.ir.:n.x.xl.isidc.prcss.shc;lr.drcsC
1 hrhs.lm.nsurCncn.n:,ù.nc:-:d.ncd.nl.:'t.:)

c
c... pn'g.rnm to compute consist:mt surf:lcc 10:lds.
c... lhn:c-point guassian qUOIdr.nun: b cmpk)ycd
c

implicit double precision (a~h.o..z)
dimension z(2).work(2).ic.:lno{ 1).icn(ncn.1 ).x(llsd.1 l,
1 xl(ncsd.1 ).isidc( 1).pn.::-:sI3.1 ).shc<ln:3.1 l.
1 dn:sIlncd.1 l.brbs( 1l.lm(ncJ.ncn.1 )

c
II 1) = . 1Jl/sqn(3.0)
z(2) = ·z(1)

c
do 300 1'" 1.osurf
nd '" idno(l)
cali local (i~n( l.n~l).x.xl.o~o.nsd.n~sd)

cali cl~ar (~Ircst:n~~)

i = isidem
k = i + 1
if (k .cq. 5) k = 1
j=i·4
dx = xl( \.k) • ,I(I.i)
d~' = xl(2.k) • xl(2.i)

c
do 200 m:lll.~

shi =0.5·z(m)·(z(m) • \.0)
shk =O.s·z(m)"(z(m) • \.0)
sbj = \.0 • z(m)·z(m)
p .., (shi-pn."s'~(I.I) .,. shk-prcss(3.1) + shj-prcss(2.1)
s = (shi-sh~ar(l.I) + shk-sh~ar(3.1) ... shj-sh~ar(2.1»

c
work(1) = 0.5·(·p·dy • s·dx)
work(2) =O.S-( p-dx - s-dy)

•
c

do 100 o"'t.1
~1n."Stlo.i) = ~Ircstln.i) ... shi-worken)
c1n."St(n.k) 1:1 ~In:stlo.k) • shk-work(n)
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.dl

.nsd .nc.osd .nint

.nrowh .nstr .ncc)

•

•

..:ln:'.t1Il.]J cln.:·,Hn.\)· "hj-'\(lrUn)
1!J11 (111111111:":

2111) \:nlllll11H:

~aJI :lt!drll"> Ihrh.... dro: ...Lll1lll,l.ndJ.llccl

WU I.:lllllillll\:

n:lunl
cnl!

\: ..._-----------------------------
L

"uhrlltllinc qu'tl :shl.w .WIIl .:lr .icn
Illal .id .Jm ,idi:li;. .idno .
i:-;idc .pn;ss .s!lc:lr .
ids .Jms
lllllnC'l .llUlU:!l .nsurf .ninl .nrowsh.
nrowh .nen .nuor .ncu .ipnin}

c... pmgr.ull 10 reill.! gCI1Io:'r:llc :ml.! wrÎli.: dala for nille-node c-h:mcnl

implidl duuhlc precision (:I·h.t)·~)

dimension shI( nrowsh.ncn.l ).wC 1).wm( 1l.art 1).
1 icn(ncll.1 ).mall 1).id(mlol: 1l.lm(ncd.ncn.l ).idiOlg( 1l.
1 icll1u( 1).isidc( 1).prcss(3.1 ).shcmi3.1 ).
1 ids! 1).IOls(nen.l)

writl:(9.loOn) l1umcl.num:n.nsurf
cnll ~Idcshl (shl.w.ncn.ninO

cali prup:2d (:lr.num:ltI

c:III gcncl (icn.nmt.nen.numd.nunmt)

if (irnin .cq. Ul c:lil rrntcl (m:ILien.nen.numel)

L':lll l~lmlhn (id.ids.icn.lm.hns.ndo[ned.nen.numel)

e:111 clllht (idiill;.lm.nco.nen.numel)

if (nsurf .1;1. 0) c:l1I lloersf (ielno.iside.pl'\.ossshear.nsurO

n:lurn
WOU li.mmlt(llf NIN E NOl) E '.

\' R E C T ,\ N G U-l. ARE LEM E N T S', /15"
\' NliMIlER OF EI.EMENTS (NUMEL) ~ ',i5/15x,
\' NliMIlER OF ELEMENT MATERIAL SETS (NUMATl ~ ',i5//5"
\' NliMIlER OF SURFACE FORCE CARDS (NSURF) ~ ',i5/1)
end

c----------------
c

suhrllllline qdct2 (eletlin.ien .x .xl .lI
1 det .shl .shg..w .b
1 :-otrain.dm:lt .db .allls .idiag.lm
1 :Irg:md.mat .tim
1 11l1l11cl .ncc.osq .nen
1 nnl\\'sh.ndof .ncd

c
c... pl'l.lgr.ml III c:t1culalc stitlness matrix lllr the six node triangular
C... c1I:ment ;,md :lssL.'tllble into global leHJmnd._side matrix
<

imrlicil doubk:",n..-cision (:I-h.4....7.)

Jirnensilln ch.:Œn(nce.l ).icn(nen.1 )..'\(nsd.1 l.xl(nc.osd.l)'
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J..:t( 1bhl( Ilnm:,h.n..:n.ll.:-h~\Im.\\\~h.ll..·n.II.\\ lil.
t'!{I",fll\\ h.l l.J(n~l\ll:1l.J\(n..: ..l.ll.:-lr;l1lH 1J.
dmal(nnm h.1 I.Jh\I1W\\ 11.11.alh:,( Il.ldi;l!.!.\ Il.
Im(n..:l1.n..:n.ll.ar~JllJ{1l.m;l1l 1Uilll( Il •

l.:Xp IÎIll(Sl

Jo 100 ne! I.numd

..:;111 dC;lr (dd'lin.ncc$~p

c;111 local (icn( 1.l1cltx.xl.ncl1.n$J.n":$o1
c;111 local licnt l.llcltJ.Jl.n..:n.nJ\ll:ncdl

c... It.lrm $til1nc$$ m:nrix
c

cali qdc$hg txl.dctshbhg.ninl.l\cn.nd)

m ::. mattnc\)
con$t = arg:md(m)
cali qdck (w.dcLshg.b.dl.$tr:.lin.dm:lt.dh.ckllil1.C\lll$t.CXp.
1 ncn.ninLnc$d.nrow$h.nmwh.n$tr.n..:..:.ncll

c
c... a$$cmblc clement $titlnc$$ matnx inlo glohal slillnes$ m:ttrÎx
c

cali addlhs (alh$.c1cllin.idi:'lg.lm( 1.I.ne!}.n..:e)

100 continuc
c

return
cnd

c------------------
c

subroutinc qdcû (icn.1,; .gl .c1n.-sI:x
1 xl .dct .shi .shg.w .h
1 strJ.in.dmal .stn.-ss.work .brhs .lm
1 iclno .iside .press .shcar .mal .s
1 si .a'Band.dl .db .c1el1in.d
1 lim
1 numc1 .nc.:d .nc.:n .ndof .nc.:c.: .n...-sJ
1 nsd .nint .nmwsh.nrowh .nslr .nsurf)

e
c... progrnm to calculale.: n..-sidu<l1 force.: \'ce.:tor <lnd assemhle into
c... r.h.s \'I.octor
c

implicil double.: precision (a·h.o·7.)
logical 7.erod
dimension ienlnen.1 ).gl(ned.1 ).c1n:sft 1l.xlnsd.l 1.
1 xl(nc-sd.l ).del( 1l.shl(nrowsh.nen.1 l.shglnmwsh.nen.1 1.
1 work( 1l.w( 1).b(nrowb.1 )-<lrain( 1l.s( 1).sl( 1).a'B,mdi 1).
1 stn."$S( 1).brhs( 1).lm(ned.ncn.1 l.dmallnmwb.1 l.mal( 11.
1 iclno( 1).iside( 1).p........(3.1 ).shcar(3.1 ).g(nd"I:1 ).lime 1).
1 d(ndol:1 ).dl(ned.1 l.db(nmwb.1 ).c1ellin(nee.1 1

c
exp - limeS)
do 100 ncl:l:l I.numel
coll local (icn(l.nel).g.gl.nen.ndor.ncd)
coll clcar (cln.-sr.ncc)
cali clcar (ch:1Tm.nec-nee)
cali local (icn( I.nd)..x.xl.nen.nsd.ncsd)
cali local (icn(1.ncl).d.dl.nen.ncd.nd"O
cali locall (icn( I.ncl).,;.sl.ncn)
cali qdcshg (xl.dc~shl-<hg.nin~ncn.nc1)

cali Zlcsl (gl.nec.zcrod)
c
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l..: ltlrlll lIilcm;!l for.:..:,
1/ Lnol. /crodJ Ihen
III llIalflld)

l,;on ... t ;tr;!;IllUllll,

cal [ qlkl-.d (w .l!ct.sht;.h.;!I.:-tr.l ill.dmaL'>tn:ss.\\ ork.cln:sCd l.dh.
1 clclfm.t:tlns\.l:xp.nclI.nÎnUlrtl\\sh.nl:sJ.nnlwh.ncl.:.llstr)
cndif,

c.. filml hudy forl;C

1,;;111 lldl:htld ,\\ .dt:l.shg.sl.cln:sl:\Hlrl\.cllflSll11.ncn.nint.ncd.
1 nruwsh.nd),

c... :Isscmhk ln thc r,h.s. \"c..:lor,
ç;111 ;llldrhs (hrhs.c=lrcsl:lm( 1.I.nell,necl

J1I11 cnntÎnuc,
C... 1i.,"11 surl;'c..: l(lrCe,

il' (Ilsurf .gt. 0)

1c;111 lldcsuf (iclno.icn.x.xl.isidc.rn:ss.shcar.,:lrcsCbrhs.
1 Im.nsurt:ncn.nsd.ncsJ.ncd.ncc)

rctum
end

,----------------,
suhroulinc qdcl-l (ien.ù .dl .shi shg. .h

1 :-ar.lin.x .:"1;1 .lime .det
1 numel .111.:0 .ndor .nr.:d .nrowsh.nrowb
1 ncc .mar .nsd .nesd .nint)

c... rrogr:lI11 10 dclcmlinc the timl: intl:n:al
e

implicit douhll: pn.:ci:iion (a·h.o·7.)
L1imcn:iion Îl:n(nl:n.1 ).d(ndol: 1).dl(nl:d.I).
1 shl(nnm':ih.nl:n.l )_"hg(nrowsh.ncn.l ).b(nrowh.I).
1 x(nsd.1 ).xl(ncsd.1 l.<lrain( 1l.lime( 1l.d'l( 11
d:l':I d,1l0.075!

<II • 0.0
sC '"- 0.0,

1:... Iind thl: m:L'\: (;lhs(duJdx) + "hs(L1\'/dy)! in thl: grid
C

do :!On nd ::0; I.numd
0:,11 luc:l1 (i,n( l.n,l).d.dl.n,n.ndul:n,d)
c:III l\lc,,1 (il:n( 1.nl:l)_'X..xl.nl:n.nsd.nl:sd)
c.lIl qdcshg (xl.dI:LShl.shg.ninLncn.nl:l)

C

do 100 1 ::: I.nl:n
C

"::111 'loch (shg,( l.1.I).~.llnlw:ih.nrowb.nen)
cali multah (b.dl.:itrain.nnlwb.nee.nstr.nce.nstr.l.l)
if (:lb«<lrain(1)) .gL <II) <II ~ :lb«<train(l))
il" (:Ib:i(str.lÎn(2» .gt. s11) s11 "" ab:i(strain(2»

1UU continue,
2UU cllnlinul:,

:il =:: :i11 + s11
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•

<
1.: ••• aitl.:ril'l1 lllr lilll~ int~";ll Illr Ilm... ~h:r illl1h:
<

timc{ 1) J",C:'1

if (lim..:( 1) .It. 0.0.1) liml.'( 1) ll,t)·l
il" (timc( Il .gt. Al timl.'( I) ..;
i1"(timc(1) .gt. 1imc(3) a timC'(2)) timl.'tl) tÎm.':I.') -1:n:C{::)

Wrltl:(·.1 (00) timc( 1)
<

n:lum
1000 fllnn:ltU:timc illlen';\1 ',n.·:" ~1;1')

cnd
<------_._-------
<

suhroutinc qJct5 (des .icn.x .xl .\1
1 JI .S ,:,1 .Jet .shl .shg
1 \\' .lime.h .str.IÎn.:llhs:'O.
1 Ims .drh:-: .hrh:-os .cps .crs! .
1 ournel .0('0 .nsJ .ncsJ .nJllf .11...d
1 oint .nrowsh.nro",b .nec .nstr )

C
c... prog.ram 10 sol\'e the lime dcpcnücnt cqu:uion with \umpcJ mass
c... maInx
C

implicit doubh: precision ('lah.~z)

dimension ck.~{ t ).icn{ncn.1 }.x(nsd. J).\\'ork( )O).\\,urk I( 1().
1 xl(ncsd.1 l.d(ndol: 11.dl(ncd.1 1.'( 11,,1( 1l.dcl( 1l.
1 shl(nrowsh.ncn.1 )shg(nl\l\\'$h.ncn.1 ).\\( 1).Iimc( 1).
1 b(nrowb.1 ).strJin( 1).all1ss( 1).lms(n~n.I).
1 clrh,( 1l.hrh,,! 1l.cp,! 11.cp,l( 1)

c
do 400 ncl ~ I.numel
cali clcar (~Ics.n~n)

cali c1car (c1rhs.n~n)

c311 c1~ar (work.n~n)

cali ck.-ar (\\'ork l.n~n)

cali local (i~n(l.n~I}.x.xl.n~n.nsd.n\""Sd)

cali local (icn( I.ncl).d.dl.ncn.ndot:ncdl
cali locall (ien( l.ncl),,_,I.ncn)
cali locall (icn(l.ncl).cp'.cp,l.ncn)

c
c... tonn th~ 'N' and '01' matric~s

c
cali qdcshg (xl.dcLShl.shg.ninLncn.ncl)

c
dsum 11:1 O.
totmas = O.
divv • O.

c
do 200 1~ I.nint

c
c... calculatc divcrs~nce of vclocity Olt integrJlion pOinl'i
C

cali qdcb (,hg( 1.1.I).b.nrowsh.nrowb.ncnl
cali multab (b.dl.stroin.nrowb.ncc.nslr.ncc.nslr.l.l)
divv • str"'in(1) + ~1J'ain(2) .
ss =: O.
do 50 j =: l.ncn
" ~ " ... shg(3J.llo,lG>

50 continue
c

tcmpl • w(l)·dl.':;:-'
totmas "" tounas + lcmp 1
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(!n 1no ,1 I.T1Cll
!i;ll1p2 tClllp 1· ...h~(llru\\~h ..i,ll"" 2-
d'IIIII d"'lllTl' h:mp2
\\orl-.:lj/ \\orkt.iJ· Il:mp2
clrb-.fjJ drh...fj) - tcmp 1· ...hgfnnmsh.j.1 )"di\ \'''s ...

11IIJ l.:lIntÎullI:
2lJlI cOlltinue

c
1;.. ...t.::i1c dia)!onal

Itllm:ls/dslIIll

do 3(JfI i 1,1lC'1I

c!cslj) . 1t:IIlP 1· \\ork(j)
:lOO cOlltinue

c
c... :uJl! the the ~1(ln:i1 1ll:IS:; matrix :md r.h.s n:ctor

c:111 :IlJlhss (:llhss.clcs.lms( I.nell,nen)
c:III :Idrhss (nrh:-:s.clrh:-:.lms( I.ncl).ncnl

c
·HlO clmlinuc

reilln!

end
c--------------
c

suhmUIÎliC lJll:tdc (it:lsk.np:lr.mp)

c... pmgmm 10 S;.:t stor.lgc :mll cali t:L"k,." f(lr Lhe nille-nod..: clement
c

dimension np:tr( 1).mp( 1)

CUl1l111nn Ibrointl flllirst.mlast.mtotipn:c
coml11on linli..l 1 kxcc.ipnin.nscJ.ndc..ll:numnp.nl\'ccLnl\'ccs
commun !spoint! mpd.mpg.ml"x.mps.mpid.mpt:mpdiag.mpngrp.
1 mp:llhs.mphrhs.mptim.rnpdprc.rnpdigs.
1 mp:tlss.mphrs...;"mpid....mpcps.mpsdot
ClUllmon :I( 1)

111\\' --= 1
m\lct -~.2

m~hl -~.3

mshg :c--l
I1lOlr =: 5
mien ';:;; fl
l1uu:.tl := 7
mhn :.; ~
midno ~ 9
misidc ~~ Hl
mprc:i..... "" Il
l11shcotr := 12
m..:1c1in 0: D
I11xl '" 14
111\\'\lfJ,;, •.;:r 15
I11h ..., III
Il,~:1ml .~. Ii
mJh '... IS
mdrcs '"" 19
mill == 2n
mstnl :.;; ~l

I11Stno :.; 22
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Ill:,l 1;
mg\ ~-l

mpwl' 25
misJ 26
mdcs .. o·.,
mlms 2S
mdrhs . 29
1l1wm 30
mersl 31
mpstrn .. '0.'.
mpst~ ·c :;3

c
numel ..::: np;lr( 1)
oumat ::0' np;Ir(::!:)
"surf:.::: opart(3)

c
c... set clement paÎ.lmctc~

c
nen ::: 3
m:d::: 2
ncc = ncn-ncd
nl..-sd. ::: 2
nro\\'sh = :;
nccsq == ncc· ncc
nro",b ::: :;
nSIr :..; :;
oint =-1

c
if (i101sk .cq. 1) then

c
c... set rncmol'Y pointers
c... the mp array is stol1cu allef the "l'ml' arrJ.Y
c... bcgining al location rnpnpar + 16
c

c
junk = mpoinl("mp ',33 ,0 ,0 ,1)

c

mp(mw ) "" rnpoint("w
mp(rnwm )::: mpoint('wm
mp(mdcl ) = mpointCdct
mp(mshl ) = mpointCshl
mp(mshg ) = mpoinl("shg
mp(mar ) = mpoinlCargand
mp(micn ) =- mpoint('icn
mp(mmat ) "" mpointCmat
mp(mlm ) = mpoinlClm
mp(mlms ) = mpointClms
mp(miclno) :Ill mpointCiclno
mp(misidc) :;; mpoint('isidc
mp(mpn."S.'\) = mpointCpn.~

mp(msh""r) = mpoinl("shcar

',nint.n .n .ipn:c)
••nen .n .U .âpre..:)

',oint.O .n .iprec)
..nrowsh .nen .nint .iprcc)
•.nrowsh .nen .oint .ipn.:c)
'.oumal.n .n .iprcc)

••nen .numd.n .1 )
·.numcl.O .n .1 )
·.ned .nen .numel.1 )
•.nen .numel.O .1 )
·.nsurf.O .U .1 )
·.nsurf.O .0 .1)
'.3 .nsurf .U .ipn:c)
'.3 .nsurf ,0 .iprcc)

•

mp(mclcfm) :::: mpoint("elcffm "nec .nce.O .iprcc)
mp(melcs ) - mpointCch..-s ·.nen .0 ,0 .iprcc)
mp(mxl ) .... mpointCxl ·.n\.osd .nen.O .iprcc)
mp(mwork )..,. mpointCwork '.18 .n .U .iprcc)
mp(mb ) = mpoin~'b '.nmwb .nec.O ,iprcc)
mp(mdmat ) ... mpointCdmat ·.nrowb .nrowb.O .iprcc)
mp(mdb ) - mpoinl("db ',nmwb .ncc ,0 .iprcc)
mp(mcln::s) • mpointCclrcsf ·.nce .0 .0 .iprcc)
mp(rnclrhs) ... mpointCclrhs ·.nen .0 .0 .iprcc)
mp(mdl ) - mpoinl('dl ',ncd ,ncn ,0 ,iprcc)
rnp(rnstm ) = mpointC"strain ·.nrowb.O .0 .iprcc)
mp(mstrs ) - mpoinlC'sm:ss ·,nrowb.O ,0 ,ipn:c)
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Illpllll.,1 ) lllpoillll' sI .:lcn .0 .0 .ipn:l:)
IlIpllllCp... l ) mpllinU'cpsl .nen .0 .0 .ipn.:c)
lIIplmgl ) IlIptlintl'~1 .ned ,nen .0 .ipn;ç 1
mpfmpwr ) mpoinlf 'puwr .nen .0 .0 .iprcc)
mpl 'llisd ) IllpllinU'isd .nume! .11 .0 .1)

• II1pllllp"trn )
lllpllllp... tr"l

cntlif
o
Co, la...k ç;a1b
o

mptlint/·p...lm '.l1ftl\\h .Il
mpolllU"p..,trs ',nnmh ,0

.11
.11

.iprcc)
.ipn:cl

•

if IÎt:ISk .gl. 5) n.:tum
go 10 (1011.201l.301lAOOjO{Jl.ilask

IOU continue
o
c... input clement d:lt:a lïnput_')
o

cali tldet! C:l(rnpcmshl ».a(rnp(mw )}.a{mp(mwm )l,
1 :l(mp(nmr )).;I(mp{micn )).a(mp(mmal n.
1 a(ll1pi~ ).almp(mlm ».a(mp~iag ).
1 :I(nlp(mÎclno».:l(mp(misidc».:l(mp(mprcss».
1 :1{mp(mshcOIr».
1 a(mpids ).:l(rnp{mlms H,
1 numd .numal .nsurf .oint .nro\\'sh.nrowh
1 ncn .ndof .ncd .irrtin}
relum

o
20() continue

o
c... I(mu clement stil1it~"s'''' matrix ;ml! a........cmblc into global
c... Id\ hand :,idl: matrix CltmnJh:,O)

0,111 '1~ct2 (o(mp(mclclinn.o(mp(micn n.:I(mpx l.
1 :I(mp(m,1 l~o(mp~ ~o(mp(m~1 l~

1 a(mMmdot n.a(mp(mshl ».
1 :I(mp(mshg ».o(mp(mw n.o(m!'(mh n.
1 o(mp(mSlm n.a(mp(m~mat n.a(mp(m~h n.
1 :I(mpalhs l.olmpdiag ).a(mp(mlm »).
1 a(mp(mar n.a(mp(mmal n.a(mptim l.
1 numd onc.."\.~ .ncn .nsd .nl::'d onint
1 nnl\'..:,h.ndof .nl:d .nrowh .n:,tr .ncl:
r\:tum

o
3UU c\lntinuc

o
c... ltlml dcmcnt r\::,idual Ibn:c \'I:ctllr and a..'iScmblc into
c.. gloh;1I rigllt hand :,idl: \'I:ctllr
o

oall '1~CL' (:I(mp(mion n.a(mpg l.a(mp(mgl ll.
1 a(mp(mdn:'ll.a(mpx l.o(mp(mxl n.
1 a(mp(m~ot n.a(mp(mshl n.a(mp(mshg l).
l 't(mp(mw n.almp(mb n.a(mplmstm.1-
1 :I(mplm~mat l~a(mp(m<t'" n.a(mp(m\\"ork l~

1 :I(mphrhs l.a(mp(mlm n.a(mp(miclnoll.
1 a(mp(misi~cll.almp(mp""" 1l.a(mpC.mshcorll.
1 :I(mp(mmal l).:I(mps l.o(mp(msl ll.
1 :I(mp(mar n.a(mp(mdl ».a(mp(mdb ll.
1 :I(mp(mclclinn.a(mpd l.
1 :llmptim l.
1 numet .nc:d .ncn .ndof .ncc: onl."Sd
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n:;J .ninl .nr~l\\ :,h.nr~l\\h .11:-1r .11:,urll
rl.:lum

c
~()O I.:ontinul.:

C

1.:... l,kll.:nllinl.: thl.: timl.: intl.:r\':l1
c

I.::t\l qJl.:t.J (:I(I11p{Olil.:ll )).:l{l11pd ),:I(Illp{mJt H.
1 :1(I1lPlm:;hl )).:llI1lP(I1l:;h~ )).a(I1lp{lllb n.
1 a(mp(l11:;tm H.:I{mpx ta(l11p{lllxl Il.
1 atmplim LHl1lp\mdct H.
1 nllml.:! .nen .nool" .nl.:J .nrl1w:;h.nrll\\t't
1 nee .n:;tr .n:;J .ne:-J .!linO
n;tum

e
500 continue

e
c... solve the time dc:pcndc:nt c:quation
e

e:l!1 qdctS (a(mp(mclcs )).a(mp(micn n.
1 a(mpx ),a(mp(mxl n,a(mpd l,
1 a(mp(mdl n.a(mps l.;,(mp(msl n.
1 a(mp(mdel )l.a(mp(mshl n.a(mp(msh~ n.
1 a(mp(m\\" n.a(mplim ),a(mp(mh n,
1 a(mp(mstm n.:l(mpalss ).
1 a(mp(mlms n.a(mp(melrhsn.a(mphrs.' l.
1 a(mpeps ).a(mp(mepsl n,
1 numc:1 .nen .nsd .ncsd .ndor .nco
1 nint .nrow:;h.nrowh .ncc .Ilstr )

e
rc:turn
c:nd

e---------------
e

runetion redot(:!.b.m:!.n)
e
c:... program to comput..: the dot-producl Ill':l \'cclor stored row-wi:;c:
c... with a "cetol' stored column-wisc
e

implic:it double precision (a-h.o-z)
dimension a(ma.! l.h(\)

e
redot ~ 0.0
do 100 i~l.n

redot ~ redot + a(l.i)'b(i)
100 continue

e
rctum
end

e----------------
e

subroutinc rdtimc (time)
e
c... progrnm ta t'Cad total time
e

implicit doublc precision (a-h.Q-l)
dimcnsion time( 1)

e
print·. 'Enter the total time of the problem. (million years)'
t'Cad (••• ) totime
timc(J) ::1 totimc·O.4

e
rcturn
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I,,:'IHI

1,,; •• - •••••••••••_-.- •••••••_ ••_ ••••••••••••••••_ ••_.__._••

,
flllli,,;lltlll TlI\\l.hlt (a.n.ma.mh.ll),

1:.. prngr.ull III l.:llmpulC' lb!,,:' uol proJUl.:! uf \'C'l.:t(l~ ston.:J nm-\\lsl:

illlplit..:il JouhlC' pn.:cisioll (,.-h.o-/.)
dimension alma.1 J.h(mh.11

TlmJul 0.0
UU 1(JO i Ln
ftl\\JOI nmdt)1 '" :t( Li)-hf I.i)

1011 l.:ClIIIÎIHll:

rclum
end

,----------------
<

suhroulinc scrror (namc.:.i)

<
c... prugr.ml ln print C'm>r mC'ssag:: if 3\':lilahlc slor-Jgc is c:'\cccdcd

Jimcnsitln n:ul1c:(2)

c:11I pndc
wrilC'(9.1 nUll) i.nmnc
stop

<
IIlOO ",m,al (Ix,SCO'):STORAGE EXCEEDED BY ',ilO,

l' IVORIlS IN ATrEMI'r1NG Ta STORE ARRAY'.2-4)
end<-------------_._----

<
suhroutille sctupd (dm:u..str.lin.consl.nrowb.c.:xp)

<
c... progr.un M cOilcul'lh: the D miltrix

implicit Jouhh: precision (a-h.o-z)
dimcnsit.lI1 dmal(nrowh.1 ).strainll)

Il ::: OoS-(l.O/exp .. 1.0)
str.lin(3) -; n's-str.lin(3)
1:1Im ;:'1 2.0-(stmin( 1)--2 + str':lin(::n--2 ... strain(3)"2 ... strain(l)
l-str.lin(2))
I:tha >.= l:t1m--p
I:tlm ... I:tha-CllOst

ul1lat(I.1l ; 4.110 otha
dm:lt(l.2) "'" 2.0-l:lha
dmat( 1.3) ::: n.n
dnml(2.1) :ë 2.n-l:tha
dnmtl2.2) '" 4.0-l:tha
dmal(2.3) :..: n.n
dmal(3.1) ;,,: n.n
dmal(3.2) '"" n.n
1.111131(3.3) ;:; 1.0-l:th:l

n:tum
I:nù

<----------------
<

suhruulinl: smuh la.h.c.mb.mc.m.n.iopt)
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<
1,:... prngr.Ull 10 pc:rllmn :-:..";lbr nHI11irli~";ltillll {lI' a maln\
<

implici! Jouhk pn:ci~i\\f1 ta-b.lh')
Jimcn:-;il,lfl h(mh.ll.c{mc.l)

go 10 t IOOO.2UOO.:;Ollll) iOpl

C". iopt- 1. Illultirl: cntin: m:ltrÎx
<
1000 do 1200 j:--I.n

dl) Il 00 i~~ Lm
c(Î\j) -:: :t-h{i\i)

11 OU cllnlinuc
IZOO continue:

n:tum
<
c... iopt::: 2. multipl~' IO\\'l.:'f tri:mg.ll: :md Ji:lglllmi c:lcnh.."nb;
e
2000 do 220() j= I.n

do ::!lOO i=j.m
e(iJ) = a"b(i.jl

2100 continue
2200 conlinul.:

n.:tum
e
c... il'pt = 3.multir')' upper tri:.mgh: und diagon:tl dCl1lcnt:­
e
3000 do 3200 j=l.n

do 3100 i=l.j
e{iJ} = a"b(iJl

3100 continue:
3200 continue:

c
rclum
end

c-----------------
c

subroutinc solvt."$ (:.dhs.-;.hrhss.cps.ncqs)
c
c... progrJ.m 10 solve the lumpcd 's' malrix

implicit doubh: precision (a-h.o--z)
dimension alhss( 1).brhss( 1).eps{ 1)

e
do 100 i = I.ncqs
brhss(i) = (lJalhss(i))" brhss(i)

100 continue
e

~um

ende'-----------------
C

subroutinc statin (nt:q.ncqs)
c
c... progrom to sct ml.'11lory pointers for data arrJ)'S and cali a."i..;ncialcd
c... input routines
c

common Ibpointl mlirst.mlast.mtot.ipn:t:
common linfo ! iC."'l\cc.iprtin.nsd.ndof.numnp.nl\'ccl.nl"ccs
common Ispointl mpd.mpg..mpx.mps.mpid.mpf.mpdiag.mpngrp.
1 mpalhs.mpbrhs.mptim.mpdprc.mpdigs.
1 mpalss.mpbrss.mpids.mpcps.mpsdot
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<
~.. pfll~ral1l ln ~kl..:mlin..: il' ;lll~ ;ItT;I~ 1o.',11l!;1ll1:- ,11l1~ /i"'!,,l l,,·nln ...·:"

<
impliL'it J,'ubk rr..:..:i~i'lI1 (:I-h.II-/)
Jillll:l1:,i"ll at 1)

ItlgÏi::i1 Il'':n.)

I/l.:w .lm..:.
dn lOti i 1.1\
il(:I(Î) .n..:. tl.Ol th..:n
l/..:rll .1~1l:'i":.

rcturn
cndil'

1(lD continue

n:tunl
end
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