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ABSTRACT

An elastic finite-element analysis of the North American plate
provides a method for calculating intraplate deformation in response to
various tectonic forces. Forces considered in the modeling include line
ridge, distributed ridge, transform, convergence, and basal drag. In
situ stress, earthquake, and structural data constrain the modeling
scheme. An initial grid with 328 planar triangular elements and 190
nodes and a finer grid with 718 elements and 396 nodes were tested.
Rési_stive basal drag was used to balance net torque on the plate due to
boundary forces. Calculated stress for ridge-force and driving-drag
models agree withr the observed stress orientations in the stable con-
tinental intverior of the plate. Additional forces applied to other plate
boundaries of the ridge models yielded a better fit to observed stresses
.near the plate boundaries. Modeling results éuggested that ridge
forces are probably the dominant mechanism for driving and stressing

the North American plate.

ix



CHAPTER 1
INTRODUCTION

The Earth's lithosphere is composed of approximately 12 major
plates, which si,mpiistically can be thought of as rigid caps moving with
respect to each other on the surface of a sphere. Plate tectonics is the
science that deals with the causes and effects of this motion. Most
deformation of the lithosphere is due to tectonic processes and occurs
along plate boundaries; in fact, these anomalously high deformational

regimes, as evidenced by seismicity, are defined as the‘ boundaries.
Deformation within the interior of the plates also occurs and can be
lrelated to certain tectonic processes that affect the interplate stress
regime. The presence of diffuse seismicity patterns in the interior re-
gions of the plates suggests that the plates are in fact not rigid bodies
but should possibly be considered as deformable bodies... The relation-
ship between intraplate deformation and tectonic processes acting along
plate boundaries is not well understood. The major objective of this
thesis was to investigate the effects of pote‘htial plate-driving mecha-
nisms on intraplate stresses for the Nc‘;rth‘ American plate.

A finite-element technique was used to model the response of
the North American piate to various potenfial plate-driving forces that
act along the plate's boundaries. Various geometric and rheologic prop-
erties for the plate were incorporated into the models. These prop-

erties control the response of the plate to various tectonic loading

1



2
schemes. Boundary conditions or certain plate motion constraints also
influence intraplate _fesponse to applied loads.

_ The b,asicv procedure used in the modeling scheme is as follows.
The North American plafe was divided into a finite number of triangular
elements. Two grids with 328 and 718 eleménts and 190 and ‘396 node
points, respectively,'were used. Structﬁral properties sﬁch as crustal
thickness, topography, bathymetry, and elemental area as well as rheo-
logic properties such as Young's modulus, Poisson's ratio, and density
contrasts were ali incorporated into the problem as known values. The
plate was treated as an elastic medium. Potential driving and resistive
tectonic forces, which act along certain boundaries or on thre base of
the plate, were applied along boundary nodes or to the base of the
plate. The direction of these forces was based on reé.‘so'nable approxi-
mations of relative plate motion vectors' and other data. Almost all of
the in’graplate‘ stress data available to constrain the -modeling consisted
of the orientationsof principal ‘stressés; ‘Very little information exists
on the magnitudes of tectonic st_ressés in the plates, and thus it was
difficult to constrain the absolute magnitudes of potential forces acting
on the plates. Some potential forces are reasonably well »constlvjained in
magnitude, particularly ridge forces, but many are subject to large
uncertaintiés in lmag'nitu_de and even occasionally in sign.. Thus, most
of the models considered will assume a reasonable value for ridge forces
and attempt to constrain the relative contribution of other forces.
Different boundary conditions and torque—b‘alancing forces were tested
so that the piate remains in mechanical .equilibrjium. A combination of

boundary and basal forces was sought by comparing predicted étresses



3
from each model with the actual observed intraplate stress étates and
‘improvernents to the models were made such that a best-fit stress sol-
ution for the Whoie plate was obtained. In addition to tectonic forces,
topographic forces in the continental interior of the plate were added to
the modeling scheme in hopes of being able to predict any localized
intraplate stress featurc;s due to lateral density conti'asts.

The stress data base used to constrain the predicted stresses
was an extensive collection of inferred principal stress orientations
based on earthquake focal mechanisms, in situ stress measurements, and
geologic features. The plate was divided into a number of stress pro-
vinces, each of which is associated - with a dominant, characteristic
stress patterns of either tectonic or local origin. Initial modeling was
‘conducted in an attempt to match the dominant east-northeast maximﬁm
compressive stress trend inferred for the stable continental interior of
the plate.

The potential driving forces considered in the models included
ridge forces, shear tractions and normal forcés along transform bound-
aries, boundaries forces at subduction zones, and drivihg and resistive
basal drag forces. Three different parameterizations ‘or formulations
were used to model ridge forces. Line ridge forces were applieci along
the ridge crest and distributed ridge forces were .applied throughout
the young oceanic lithosphere by using both a gravitational sliding and
a cooling half-space formulation.

The modeling schemes presented in this theé.is are an extension
of global finite-element modeling done by Richardson (1979b). Ad-

vances to this preliminary modeling include single-plate modeling. of the



North American plate. Distributed ridge forces were also used as a
" more Aaccur»ate representation of the ri(ige force than the line ridge ap-
proximation previously used. Topography-related forces are also a new -
addition. o

A geographic description of the plate will be presented as well
as a - description of tne stress prcvinces and stress data available for
.each province in 'the plate. The modeling method will be describcd,
including specifics on grid dimensions and elastic parametei's. Each
'type of force will be discussed in detail. Numerous test cases will be
presented that were conducted to. compare modeling results from the
different ridge force foi'mulations with each other and with analytic
solutions. The validity of the formulation used to model forces related
to continental topography was also investigai;ed in test cases.

Finally, all significant fofceimodels and their resnlting .i‘ntra—
plate stresseé will be presented cnd‘discusse'd, starting With the initial
-ovérsimplified line ridge models that were run in hopes of fitting the
. -dominant mid—'piatc stress trend. ‘}Increasingl‘y cor‘nplicai:ed modeis.,
‘which reaiisticalvly repi‘esent the tectonic processes occurring ‘along all
boundaries,, along the base cf the p]ate,:vand within the continental por-
tions of the plate, will be presentcd. Eésically, improvements to fitting
"the intrai)late s-trec's 'dcta were progressive]y made with improvements to
the models until what is bclieved ‘tc 'ne' the best poésible fit to the data
as aliowed by a modeling scheme of thié nature-was Vachie\'red.‘ Conclu- .‘
sionc drawn about the significance and influence of certg.in tectonic

processes on the intraplate stress regime of the North American platve



will be discussed as well as the limitations of the modeling scheme and

possible explanations for some of the calculated results.



CHAPTER 2
DESCRIPTION OF THE NORTH AMERICAN PLATE

The North American plate is a relatively large section of litho-
sphere with a variety of different boundary types and a unique motion
in the hot-spot reference frame. Figure 1 reveals in a Mércator projec—
tion the location of this .plate with respect to surrounding plates. The
plate is chiefly composed of continental lithosphere ; however, a sub-
stantial portion of oceanic lithosphere exists. Figure 2 is an illustration
of the plate boundary on an equal-area Lambert projection; this projec-
tion was used to display modeling results so that large area distortions
near the geographic pole were eliminated. The boundary of the North
American plate is defined by seismicity; however, almost no seismic
activity is recorded that would justifiably define a boundary between
the North and South American plates. It is the differént' relative rota-
tions of the African plate with respect to the two American plates
(Chase, 1977:; Minster and Jordan 1978) that reqﬁires that these two
plates be treated as separate entities. The boundary between the
American plates is believed by. some (e.g., Funnel and Smith, 1968;
Ball and Harrison, 1970) to be located near the Barracuda Ridge, along
a left-lateral shear zone, due to its observed characteristic fracture
zone features. Seismic activity northeast of the ridge in the Barracuda
abfrssal plain may sﬁpply further evidence for the tectonic significance
of this region. For modeling purposes, a boundary between these two

6



Figure 1. Tectonic plates on a Mercator projection. — From Turcotte and Schubert (1982)



Figure 2. North American plate on a Lambert projection



9
plates was taken from the Lesser An.tilles at approximately lat 18° N. to
the African plate such that the boundary includes the 23 Oct. 1964
strike—siip earthquake, which occurred at approximately lat 20° N.,
long 56° W. From the junction of the American plates with the African
plate, the Mid-Atlantic Ridge extenas northward as the eastern bound-
ary of the North American plate. This sp.reading center continues
through Iceland, over the north geographic pole, and-flinally dies out in
the Arctic Ocean as it approaches the continental shelf of Siberia.
From this point, it is uﬁcertain where the boundary meets the Pacific
plate, but a commonly accepted trend for the boundary between the
North American and Eurasian plates as it approaches the Pacific plate is
shown in Figure 1 \(Chase, -1977). The junction between these three
plates is taken near Sakhalin, slightly northwest of the Kuril Trench.
From this point the boundary continues eastward past the Kamchatka
Peninsula at which point the ‘Aleutian Trench begins to maz_'k the bound-
ary where the Pacific plate is subducting beneath the north American
plate. Along a short segfnent of the western boundary of the North
American plate, south of Alaska, the Juan de Fuca plate is subducting
beneath the North American. Also along the we;stern boundary, - the
San Andreas transform fault extends from the Middle American Trench
near the southern end of Baja California northward to the Mendocino
fracture zone north of. San Franciscb. Along the Middle American
Treﬁch, the Cocos plate subducts beneath Central America. Finally,
south of the Yucatan Peninsula, the transform boundary along the Cay-
man Trough of the Caribbean plate begins and continues to the Puerto

Rico Trench. The small segment of the Caribbean boundary between
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Puerto Rico qnd the Lesser Antilles under which the North American
plate is being subducted is the only location at which subduction of the
North American plate occurs beneath another plate.

The internal morphology of the plate is quite éornplex. . There
are essentially three types of lithosphere for the plate: oceahic, con-
tine;ntal shelf, and continental. Each type has unique elastic properties.>
_associated with it. . All continental and shelf lithosphere was assﬁmed to
have a thickness of 1 x 105 m, whereas the oceanic lithosphere was
assumed to be 5 x 104 m thick. Within each of these different litho-
spheric types, especially the continental, there are a variety of terrains
and regions with varying rheologic properties, topographic and geologic
features, and lateral density contrasts. Hence, certain assumptions ahd
generalization used in a modeling scheme for a certain type of litho-
sphere may not apply to work well for all regions within the plate.
Certain regional provinces within the plates, defined by their unique .

stress patterns, will be discussed in the next chapter.



CHAPTER 3
INTRAPLATE STRESS DATA AND PROVINCES

Intraplate stresses are the result of the tectonic processes that
act along plate boundaries and the internal plate mechanisms that in-
fluence stress trends on a local scale. Delineation of regional versus
local stress trends is essential to be able to evaluate the tectonic forces
that influence the intraplate stress field. In general, tectonic stresses
have a more coherent, consistent, and bfoad_-scale pattern than local
phenomena. Dominant stress provinces and stress indiéator techniques

for the North American plate will be discussed.

Stress Indicators

Seismicity is probably the best indicator of active intraplate de-
 formation (Zoback and Zobaqk, 1980). Fault-plane solutions provide
information about principal stress orientations at a seismic source; they.
sample stress over a greater volume of lithosphere and depth over a
great range than other in situ stress indicators. Inherént un‘certainties
associated with inferred stress orientations from a single fault-plane
solution exist. However, these uncertainties are minimized if a number
of consistent fault-plane solutions can be used to infer a characteristic
pattern of stress orientations for a lregion. However, stres's,orientaf '
tions inferred from fault—i)lane 'solufions may not uniquely represent the -

state of stress throughout the entire thickness of the lithosphere
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12
because most intraplate earthquakes occur at relatively shallow depths
"in the lithosphere.

There are two in situ methods that may be used to estimate
stress: strain relief, or overcoring, and hydrofracturihg. The strain-
relief technique is based on the relaxation response of a surface after a
stress has been removed. After the elastic parameters o-f a sample have
been determined in the laboratory, Hooke's law can be used to calculate
stresses from measured strains. In the hydrofracture techﬁique;
étresses ére measured directly by applying pressure to a closed bore-
hole section until the borehole fails (Zoback, Tsukahara, and Hickman,
1980) . |

Large .geologic features may provide additional information on
principal stress orientations. For example, inferences -about stress
fields may be made from horizontal slip directions on faults. Linear
volcanic structures usually lie along planes perpendicular to axes of
least principal stress and hence are another type of geologic stress
indicators (Nakamura, Jacob, and Davies, 1978). The trends or orien-
'ta;tions of postglacial buckled structures can also be used to infer per-
pendicular directions to maximum compressive stress trends (Sbar and
Sykes, 1983).

Interpretations of stress data based on these measurement tech-
niques depend on the technique(s) used and the consistency in the
data. Several other factors such as residual strains; loading histories,
tﬁermally induced stresses, and effects of local topography may affect

regional stress patterns or completely overmask regional trends.
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Stress Provinces

intraplate def‘ormation generally occurs at a lower rate and in a
more sporadic fashion than interpiate deformation. Within the interior
of the North ’American plate, a stress province can be defined as a co-
herent pattern of stress orientations. Node spacing of the coarse grid
(Figure 3) constrains the amount of resolution attainable in calculating
intraplate stresses. Becauée the distance between nodes ranges from a.
few hundred' to a thousand kilometers, stress provinces are defined
such that they encompass a sigﬁificant number of elements. Some of
these large-scale provinces are defined by characteristic regional stress .
trends due to the tectonic processes driving the plate; other provinces
represent 'stress étates that are possibly related to these tectonic proc-
esses but are probably influenced tc; a greater degree by local or remé.-—
nent phenomena. Specific stress provinces of the plate weré specified
and individually investigated in terms of the processes thai; attribute to
their characteristic stress states. These provinces are outlined in
Figure 4.

The abundance of intraplate stress data for continental North
America is overwhelming. ‘The sources of these data are (iuite numer-
ous. Thorough compilations of such data are included in a few
sources: Zoback and Zoback (1980), Zoback and others (n.d.), and
Richardson (1987b). By using data from these sources, large-scale
characteristic stress regions were established for the North American
plate. A deécription of characteristic stress trends and the data used

to define these trends will be discussed for each province.



a. Coarse grid with 328 elements b. Fine grid with 718 elements
and 190 nodes and 396 nodes

Figure 3. Finite-element grids
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Mid-Continent Stress Province

The Mid-Continent stress province in the stable continental in-
terior is the largest area of the North AmericAan plate for which a rel-
afively consistent trend for principal stresses exists. This stress
province encompasses the central and eastern portions of North America
east of the Rocky Mountains, north of the Gulf Coastal Plain, and west
of the Appalachian fold. belt.‘ The province includes the western
Canédian basin énd the Canadian Shield north to the Arctic coast.
Chairac‘teriétic maximum horizontal Acompress}ive‘ principal stresses in this
fectc)nically stable region trend northeé.st to east-northeast. The uni-
formity of this stress pattern over such a large area suggests that
these inferred stresses are probably of tectonic origin.

- Fault-plane solutions fqr this province typically indicate strike
slip and thrust of reverse movement along fault planes. Deviations
from this trend,\ e.g., in the New Madrid area in southeastern Missouri,
are assumed to be the result of localized effects and are not indicative
-‘pf lithospheric response to tectonic processes.

Consistent with the focal mechani's‘m‘solutions, stresses inferred
from in situ measurements provid'e valuable information in seismically
inéctive areas. Numerous hydrofracture and strain-relief measurements
were taken in the mid-continent region .of North Ameriéa. References
and descriptions of these measurements were taken from Zoback and
Zoback (1980) and Richardson 1978b). Sbar and Sykes (1973) found
‘geologic features such as post-glacial buckles and pop-ups that trend
northwest. The trends of these features sugAg,est that maximum com-

pressive stress orientations should be northeast.
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In situ work done by Gough, Fordjor and Bell (1983)A and
Fordjor, Bell and Gough (1983) suggest that this stable continental 1n—
terior province extends to the Arctic coast through the western Cana-
dian sedimentary basin. They used alignment of fractures or "break-
outs" in oil wells to infer horizontal compressive stress orientations in

this region.

Atlantic Coast Stress Pfovirice

Zoback and Zoback (1980) defined their Atlantic Coast stress
province as that region including the Atlantic Coastal Plain, the Pied-
mont province of the southern Appalachians,' and all of the Appalachian
fold belt in the northeast. Farly investigations by Sbar and Sykes
(1983) revealed their stress states in the Atlantic coastal region are
consistent With the stable contiﬁental interior. Recent studies in South
Carolina indicated that stress trends in the southern Appalachians may
be consistent with those in the stable continental in;cerior (e.g.,
Talwani, 1981; M. L. Zéback, 1984, personal commun.) The most re-
cent stress indicator near Auburn, New York, is a hydrofracture mea-
surement in a 1.6-km d_eep well (Hickman, Healy, and Zoback, n.d.).
From orientations of hydraulic fractures at 593—&1 and 919-m depths;,
maximum horizontal principal stress azimuths are inferred to be N.
820 + 15° E. However, Zoback and Zoback (1980) and Zoback and oth-
ers (n.d.) have compiled a wealth of stress data thaf suggest that max-
imum horizontal compressive stresses in this region trend northwest.
The evidence for this trenci in the southern pﬁrtion of the Atlantic =

Coast is not as convincing and overwhelming as the abundant data
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north of lat 40° N. The orientations inferred for the southern region
by’ Zoback and Zoback (1980) are based primarily on fault offsets in
post-Eocene sediments. Numerous in situ measurements as well as focal
mechanisms have been gathéred for thé northern Atlantic coastal region.
~ Fault-plane solutions suggest that earthquakes in this region are usu-
ally characterized as thrust and strike-slip motion along | their fault
planes. The orientations of the fault planes suggest compression per-
pendiculaf ‘to the coastal margin in a northwest direction.

Stress trends in this province are most recently believed by M.
L. Zoback (1984, personal commun.) to be consistent with the Mid-Con-.
tinent stress ﬁrovince in the southern Appalachians up to lat 37° N,
and along the northeastern seaboard above Maine. However, she be-
lieves that maximum principal stress orientations in the northern
Appalachians south of Maine and east of the Adirondacks and the
. Auburn well trend northwest.

The continental shelf of North America is also included in this
stress province. Continental shelves mark the bm_mdary between conti-
nental and oceanic lithosphere. ‘These passive margins are unlike plate
boundaries in that 'they lack abundant seismic éctivity. However,
stresses associated with the subsidence of sedimentary material and

lateral density inhomogeneities along the shelf may exist.

Gulf Coast Stress Province
The Gulf Coast stress province includes the southern portion of
the Gulf Coastal states and extends into the Gulf of Mexico. Within’

this region, a sediment-loading phenomenon appears to be the dominant
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process affecting the stress states. Throughout the province, ‘the
'greatest principal stress is in the vertical direction; the least principal
s'.tress‘ is oriented perpendicular to the continental margin (Zoback and
others, 1978), thus 'suggesting thg.t an éx‘tensional stress regime char-
acterized by ﬁormal faulting exists for this province. The stress data
used by Zoback and ZoBack (1980) to infer stress orientations include -
orientations of recently active faults and Late Tertiary normal faults.
- Other 'in 4s‘itu indicators are restricted to the shallow sediment layers
and do not sample the underlying bedrock, hence they reveal stress'
conditions for local, shallow phenomena and not regional téctonic
processes.
One well-recorded earthquake occurred in the Gulf of Mexico in

1978. A focal mechanism for the event indicates north-south compres-
sion instead of tension as inferred fr'om earlier studies of fault planes
in that regioﬁ (Frohlich, 1982); ‘however, the magnitude of this earth- |
quake is probably too small to indicate anything about the regional

stress regime.

!

Oceanic Stress Province

Both continental and oceanic types of lithosphere exist for the
North American plate. The continental margin is represented by the
offshore shelf, which is included in the coastal provinces for the pur-
pose of this kinve.stigation.‘ The Oceanic stress province includes all
oceapicllithosphere less than approximately 100 m.y. old in the North .
Atléntic and Arctic Oceans. The oceanic material is less susceptible to

focal phenomena such as glacial buckling and sediment loading. At
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present, investigators of the Oceanic stress province are limited to
earthquake focal mechanisms, although ocea.nic wellbore breakout data
from the Pacific plate (Newmark, Zoback, and Anderson, 1984) indicate A
that other techniques may soon be available for inferring stress in an
oceanic plate. With the possible exception of thermally induced stresses
caused by- cooling of the oceanic lithosphere, oceanic stresses in the
North American plate are probably related to tectdnic processes occur-
ring at the Mid-Atlantic Ridge. Maximum horizontal compressive
stresses are oriented approximately parallel to downdip or increasing-
age directions from the ridge. The magnitudes of these compressive
rstresses due to forces from the elevated ridge are analytically deter-
mined to be on the order of several tens of MPa (e.g., Lister, 1975;
Richardson, Scloman, and Sleep, 1979; Turcotte and Schubert, 1982;
Fleitout and Froidevaux, 1983). Localized normal faulting events near
the ridge crest are probably the result of local effects related to the
upwelling of mantle material at the spreading axis. Another local effect
that may dominate tectonic stresses occurs along the Reykjanes Ridge in
Iceland. Haimson and Voight (1977) claimed that thermoelastic proc- .
esses caused maximum horizontal compressive stress orientations to be

P

oriented parallel instead of perpendicular to the ridge in Iceland.

Northeastern Streés Province

The Northeastern stress province encompasses the northernmost
part of North America, the Baffin Bay, and the Labrador Sea, and it
extends over to Greenland. The greatest concentration of data for this

prov.ince lie in the Baffin Bay area. Zoback and others (n.d.) are E
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presenting extensive focal mechanism data throughout the region. From
their éompilation they determined that a wide range of stress states
appears to exist' for this province. They also indicated the wide vari-
‘ety of local processes Athat could possiblé contribute to the range of
observed stress orientations and deformational styles. Some of these
mechanisms are believed to be related to preexisting faults and fracture
zones and sedimentary léading phenomena along continental shelves.
The data are quite diffuse in this province, and no characteristic trend
can be inferred from the data base. With the inclt_lsiéns of this prov-
ince, all regions in the eastern portion of th}e North American pléte
(east of the Rocky Mountains) have been defined or incorporated into

some stress province.

San Andreas Stress Pro;;rince

East and west of the Rocky Mountains lie two seemingly inde-
pendent tectonic regimes. Tectonic process that appear to be affecting
the western region are probably the result of Pacific apd North Amer-
ican piate interactions. The Svan Andreés transform boundary between
these two plates is the most seismically active region in the North
" American plate and is thus being considered as an individual prov-
inée——thé same province as defined by Zoback anrd Zoback (1980). The
major fault trends northwest with conjugate, faults striking at angles
oblique to this trend. The orientation of the maximum horizontal com-
pressive stresses are approximately north-south (Zoback and Zo‘t-)ack,r
1980)., The general style of deformation is strike slip, thus the least‘

principal stresses are characterized by deviatoric tension in an
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east-west direction. This style of deformation changes near the Big
Bend region of the San Andreas fault. Here thrust and reverse faﬁlt-
ing predominate, thus stress in the vertical direction is the least
principal stress. Near the Big Bend area, compressional features _sub-
par'allel to the fault suggest that a normal component of compression
exists alongAthe fault (Zoback and others,b 1978).

The Garlock fault, south of the Big Bend, is includedrin the
-San Andreas stress province. This left-lateral fault extends eastward
to the boundary of the Basin and Range stress pfovince. North of the
Garlock fault, the Sierfa Nevada Range marks a transitional zone in
which the chiefly sfrike—slip deformational style observed in the San
Andreas stress provincé changes to an extensional tectonic regime in

the Basin and Range stress province.

Basin and Range Stress Province

The Basin and Range stress province is bounded by the Sierra
Nevada in the west and the Intermountain Seismic Belt in central Utah
and Arizona to fhe east. It extends north into Oregon and south in
Central ‘America to fhe Cocos bounciary.. The stress pattern observed
in the Rio Grande Rift in New Mexico and Colorado is similar to that in
the Basin and Range stress province, so this area to the east of the
Colorado Plateau is included in the Basin and Range stress province.

The Basin and Rangé stress province ié characterized by a rel-
atively thin crust,; high Iheat flow, and regional uplift and extension
(Stewart, 1977; Zoback and others, n.d.). Normal and strike-slip

faulting is the characteristic deformation style inferred for this region.
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Deviatoric tensionalstresses are generally oriented weét-nqrthwest.
Cbmpqnents of sfrike-sli‘p motion on the normal faults are observed in
the southern portion of the province (Zoback and Zoback, 1980).
'i‘hese stress orient>ations are constrained by numerous focal mechanisms
determined for this region. Little or no seismic data exist for Mexico,
so northern Mexico is included in this province simply due to lack of
evidence to claim it an individual stress province. Perpendicular com-
pressive stresses related to the subduction of the Cocos plate beneath
Mexico may occur landward from this boundary. The northern Rocky
Mountains are also 'included in this province because stress states in
this region are consistent with those in the Basin and Rang.e stress
province. Smaller stress provincés in between these two afeas, e.g.,
fche Snake Rivef plain, are assumed to be due to very localized phenom-
ena and are not indicative of regional processes. Also areas of this-

' small size are not within the resolution of the models. .

Colorado Plateau Stres_é Province

The Colorado Plateau stress province is most easily described as
the interior of thle Colorado Plateau, excluding a few hundred kilometers
on both sides of the physiographic province and including the Wyoming
Basin and porfcions.of the Southern and Middle Rocky Mountain physio-
graphic provinces. - A 90-degree rotation of least principal stress axes
occurs in this province from the Basin and Range stress province.
Seismicity in the province is rare, except in the northern portion of the
plateau. The abéeﬁce of substantial éeismic activity may suggest rela-

tively small differential stresses (Zoback and Zoback, 1980). Horizontal
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compressive stresses are generally oriented west-northwest. Both

strike-slip and thrust faulting occurs in the province.

Southern Great Plains Stress Province

| The Southern Great Plains stress province includes .north;
central Texas, eastern New Mexico, and Colorado. The region is a
uniform transitional zone between the extensional tectonic regimes to the
west and the compressive tectonics observed to the east. Numerous
references of geologic and in situ stress indicators as well as focal.

: mechanisrhs for this province are cited by Zoback and Zoback (1980).
Most of these indicators reveal normal faulting events throughout the
region., The least principal horizontal stresses are oriented approxi-

mately north-northeast.

Pacific Northwest Stress Province

’I“he area included in the Pacific Northwest stress province is
slightly larger than the Pacific Northwest stress province of Zoback and
Zoback (1980). It includes most of Oregon, Washington, and southern
British Columbia. The greatest horizontal principal stress direction is
consistent with orientations of this stress component in the San Andreas
stress province. Both strike-slip and thrust faulting occurs as a result
of north—south compression in the region. These conclusions: are drawn

from numerous focal mechanisms given by Zoback and Zoback (1980).

Alaska Stress Province
With the exception of Alaska and the Aleutian arc complex,

stress data in the northwestern portion of the North American plate is
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nonexistent. This region of the plate, including Alaska, the Bering
Sea, and the northwest corner of Asia,‘ will be considered the Alaska
stress province. Numerous geologic and volcanic, in situ "breakouts,"
and seismic stress indicators exist for the Bering Sea and Alaska., Most
data consistently reveal maximum horizontal compressive stress orienta-
tions in an approximately northwest direction (Nakamura and others,

. 1977: Jacob and Perez, 1982). These orientétions are approximately
subparallel to the relative motion vectors between the Pacific and North

American plates.



CHAPTER 4
MODELING METHOD

In using a finite-element technique to model the North American
plate, the plate is treated as a linearly elastic continuum. The dis-
. placement method of finite elements is used in the modeling scheme.
The fundamental constraint in the modeling is that the elastic plate
remain in mechanical equilibrium. Hence, all exfernal loads applied to
the plate must be balanced by internal strains. In the displécement
method, the céntinuous medium is divided into a number of triangular
elements of finite area. These eletnerits are interconnected by & finite
number of points called nodes. Wheﬁ external loads are applied to the
medium of know rh“eologic'.and geometric properties, unknown displace-
ment of the intvernal node points may be calculated. -Displacement within
an elemental area may be evaluated from nodal point displacement‘st
The number of node's-‘per» element determines the order of the polynomial
functions that uniquely define the displacement within an e‘lement in
terms of the elements nodal displacements. - Because displacements with-
in the tfiahgular eiem’ents vary lihearly in x ahd y, the strain within a
.given elemeht is independent of location within the element and has a
consfant value. Thé dimension of the matrix éontaining the polynomial
functions is deternﬁned by the degree of freedom or coordinate diréc—
tions of displacement for any interior point of an element. = The tri-
angular elements used to model the North American plate have two

26
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degrees of freedom at each nede point: one in the latitudinal and one
in the longitudinal direction., The total degrees of freedom per element
is therefore six. The degrees of freedom for any interior pointb of an
" element are a function of the corresponding nodal degrees of freedom
for the element. Rigid-body motion is constrained by "pinning" specific
- node points. By pinning a node, certain degrees of freedom for that
node are constrained.

The relationships between displacement within an element i and

the elemental strain is given by:

{e} = [B,] (53¢

where: {e} = strain vector
{8} = nodal displacement vector
[Bi] = strain operator matrix containing derivative operators of

the nodal displacements.
The displacement functioﬁs define the strain within an element which, in
turn, determines the state of stress throﬁghout and along the bounda-
ries of an element. The elastic relationships between- s‘éress and strain

is linear and is given by:

{o} = [D,] {e}

where: {o} element stress vectors

[Di] elasticity matrix that contains certain material properties.
From stress-strain relationships given by Hooke's law for plane stress,

‘the elasticity matrix is given in ‘the form:
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E 1v O
Dl =7 _v2 [v1 o0
1-v
005
where: E = Young's modulus
v = Poisson's ratio.

" An element stiffness matrix dependent on the geometry and the
elastic properties of the element .is then calculated from the relation
(Zienkiewiez, 1971):

K] = [ [Bi]T [D.] [B,] h dx dy
© Area :

where: . h = thickness of element.
. )

Each elemental stiffness matrix in a local coordinate system is
transformed to a__Aglobal stiffness matrix [K] representing the entire
uplate. In addition, a global matrix [U] is established as the vector of
unknown nodal displacements for the whole plate. The matrix [F] is
defined as a vector that contains all equivalent nodal force information
in the global coordinate system. The term "equivalent nodal force"
refers to the static equivalence of thé‘nodal loads to the boundary
stresses and the distributed loads (acting on a unit volume within an
elemenf in the same direction as the-displacements of the volume) on the
element (Zienkiewiez, 1971). These three matrices are used to establish

the equilibrium condition for a finite-element approximation to an elastic

medium givén by Bathe and Wilson (1976):

K] [U] = [F] B (4-1)
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Evaluating this expression involves making reasonable assumptions for
[F], providing the information necessary to develop [K], and through
inverse techniques solving for [U]. |

Solving finite-element préblems entails multiple matrix operations
on relatively large linear systems. Efficiency in developing the problem
is essential for time and economic reasons. It is thus advantageous to
use constant-strain triangular elements to model the plate. Higher
order elements Would‘increase. the number of degrees of freedom and
hence drastically increase the size of the problem. Also, triangular
elements of a plate on the 'Earth's surface best approximate the spher-
icity of the Earth.

The coarse grid is composed of 328 elements and 190 nodes,
which yields 380 degrees of freedom (Figure 3a). The finer grid has
718 elements and 396 nodes for Wh.ich there a're 792 degrees of freedom
(Figure 3b).

The wave-front solution technique of Irons (1970) is used to
" evaluate the equilibrium condition of equation (4-1). This technique,
based on Gaussian elimination, requires the assemblage in in-core
storage of a stiffness matrix of elements having a particular degree of
freedom. Back substitution coefficients from this matrix are then
transferrbed to external computer storage as this degree of freedom is
removed from the problem. The transfer of in-core stiffness matrix
elements for a cexf‘cain degree of 'freedom to external storage is contin-
ued until all degrees of freedom have been removed. Before any one
' ~degree of freedom is eliminated, a minimal number must be simultaneous-

ly assembled. This number is called the front width of the problem.
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Optimizing the element numbering écheme in a problem minimizes this
- value and increases the central processing unit (CPU) time necessary to
perform the calculations. |

The front width of the coarse North American grid ranges from
35 to 38, depending on the degrees of freedom specified for a given
model; for the fine grid the front width "increases to 90. The CPU
time necessary to execute program SOLV, which performs the finite-
element analysis, increases from about 10 seconds for the coarse grid to
66 seconds for the fine grid on the University of Arizona's CYBER 176
computer. . |

Once all degrees of freedom have been eliminated, back substi-
tution is used to evaluate the nodal point displacements in an order that
is the reverse of the degree of freedom elimination scheme. Once [K]
has been constructed, it is left in outside storage iﬁ order to minimize

compilation time.

Elastic Models

The North American plate is treated as an elastic medium for
which oceanic elements are assigned a thickness of 5 x 104 m and conti-
nental elements a thickness of 1 x 105 m. A value for Yo;lng's modulus
used for all lithospheric elements is 7.0 x 1010 N/m?; however c;nly a
spatial contrast in the value of E affects calculated stresses because
forces rather than displacements are applied. Poisson's ratio, v, is
taken to be 0.25.

The finite-element technique allows for wvariable elastic param-

eters and material properties to be used for different elements. A more
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realistic way of modeling the relatively warm mantle material at the
Mid‘-Atlantic Ridge would be to use a smaller value for Young's modu-
lus. Likewise, convergent zones and transform faults may ~act as
soft regions as well as some intraplate regions such as the Basin and
Range stress province. Variable Young's moduli may be assigned to
‘éhese regions to better model their rheologic properties. For the
pufpose of this inv‘estigation, however, all models assume a homogen-

eous elastic medium.



CHAPTER 5
POTENTIAL PLATE DRIVING FORCES

The forces that act én the Norti'l American plate can be divided
into atrleast four types: (1) ridge forces related to the gravitational
potential of the elevated Mid-Atlantic Ridge, (2) forces that act along
shearing or transform boundarieé and provide resistance to the relative
motion between the North American and adjécent plates, (3) forces that
act on the plate across subduction zones, and (4) basal drag forces
that act along the bottom of the plate. The basal forcé types may in-
clude driving drag__and resistive drag -b_oth of which are a function of
‘ the relative motion of the lithospheric plate over the less viscous as—v

thenosphere.

Ridge Forces

The Mid-Atlantic Ridge accounts for about two-thirds of the
length of the boundary between t_he_ North American plate and sur-
rounding plates. Ridge forces thus substantially dominate any other
boundéry force type in terms of area over which the force acts; This
areal dominance suggests a great potential for ridge force to be a major
contributing type of fqi‘ce in the mechanical process that drives the
North Americén plate.

| The‘ Mid—Atlantic Ridge becomes a topographic feature marking a
.bzone of plate divergence. The ridge is elevateci when the upwelling of
the hot rﬁantle material increaseé the buoyancy of the hotter, thinner

32
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plafe at the ridge axis. As the plate moves away from the ridge, it
cools and thickens and becomes more dense; hence it sinks deeper into
the mantle. Lateral density cbntrasts associated with the spreading
plate induce a gravitational potential throughout the length of the pléte
whéi‘éby a component of the gravitational field causes it to spread away
frorﬁ the crest by gravity sliding. The occurrence of the gravitational
sliding phenomenon can also be explained as the elevated ridge's having
excess pptential energy and spreading out in order to obtain a lower
‘energy state (Fo>rsyth and Uyeda, 1975). The ridge‘ force acts é.long »
~the gradient of steepest slope or in the direction . of most fapid age
'incréase from any given point along the ridge crest. . By choosing a
‘reasonable value for the force exerted on the surface plate due to |
gravitational sliding, the importance of lithospheric thickening to the
total driving mechanism is determined. Using simple flow models, Hager
and O'Conﬁell (1981) showed that thermall}; induced demnsity comntrasts in
the lithosphere are sufficient' to drive plates a few centimeters a year
and .‘stress the interior regions of a plate. Hager and O'Connell also
believed that ridge body forces are more important contributors to the
total driving mechanism than the net body forces associated with a
sinking slab. Previous work done by; Artyushkov (1978) and Richard-
son (1976a) also supported this hypothesis. Lister (1975) and Turcotte
‘ and Schubert (1982) believed that the total force due to elqvated'fidges
andAthe net force from subducting slabs are on the same order of mag-
nitude; without any subducting slab attached to the North American
plate, ridge forces appear to have the greatest potential to drive the

plate.’
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The forces acting‘ ovn the plate due to the elevated ridge may be
evalu;ted by considering the fotal force balance foz; the surface plate
(Artyushkov, 1973; Lister, 1975; Turcotte and Schubert (1982). This
‘net horizéntal force on the lithosphere is found by subtracting the total
force on the upper sﬁrface of the lithosphere and the integral of the
pressure in the lithosphere from the total lithostatic pressure beneath
the ridge (Turcotte and Schubert, 1982). Using both gravitational
sliding and thermal rpodels, estimates of the rﬁagnitudes of ridge forces

14 40 5 x 1012

per unit length of ridge are found to range from 1 x 10
N/m, depending on the fqrmulation used té obtéin the estimate and
values chosen for wvarious thermal constants (Lister, 1975; Richz;rdson,
1976a; Turcotte and Schubert, 1982). -As first appro#imation to this
total ridge force acting on the North American plate, a ;']ine—ridge"

formulation was used to 'thain an idea of the significance of ridge

forces in the total driving mechanism.

Line Ridge Forces

Preliminary ridge models were conducted using a line-ridge ap-
proximation. In these models, a force per unit length- of ridge (sub-
sequen;cly referrea to as :Fr/&') of 1 x 1012 N/m is applied at the ridge
boundary in the direction of relative plate motion. The North American
piate is movin.gb clockwise with respect to the Eurasian plate about a
rotation pole at 65° N., 132.4° E. at a rate of 0.23 °/m.y. (Minster and
Jordan‘, 1978) . The total force applied at any node point a}ong the

12

ridge crest is the product of 1 x 107" and half of the distance between

the two adjacent nodes on the ridge. A’ force of this magnitude applied
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over a 5,0 x 103-m—thick plate produces a stress across the plate of 20
MPa. | |
The node point locations are converted from constant radius

polar coordinates to Cartesian coordinates by the relations:

M
]

cos(lat) cos(long)

cos(lat) sin(long)

«
I

N
H

sin(lat)

vwhere lat 'is the latitude and long is the longitude of a given node
point. The arc cosine of the dot product of the position vectors i;q
Cartesian space for two adjacent nodes to a node in which a force is '
being applied are then calculated in order to determine the angular dis-
tance between the nodes. The half-arc distance for the two nodes is
the appropriate length of ridge corresponding 1n the intermediate node
_by which the cqnstant line-ridge force. Fl/JL, is multiplied to obtain a
total force to be applied at that node. |

The force applied at any node is in the direction of relative
plate»imotion between the North American plate and the adjacent plate to
the ridge. The relative motion poles are taken from Minster and Jordan
(1976) . Tor determine the direction in which to apply ridge forces at
each nodeé point, the relative motion pole corresponding to a given node
is translated into Cartesian space. The relative velocity for each vnode
point is then calculated as the cross product of the Cartesian position
vector for the node and the relative motion pole. ‘

The relative velocity vectors are then translated back into con-

stant radius polar coordinates by the conversion:
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Ulat = VX cos(long) s}n(lat) - VY sin(long) sin(lat)
+ VZ cos (lat)
and
Ulon = VY cos(_long) -V, sin(long)

The wvelocity wvector, U corresponding to each node is then

lat’Ulong’ 7
normalized and multiplied by the ai'c distance corresponding to the
node. This product yields a vector with a magnitude given by ”the
length (in radians) of the ridge corresponding to a node point that acts
in a direction parallel to the relative motion of the two adjacent plgtes.
This vector has a magnitude of 1.0 x 1012 N/m, which is equal to an
average stress of 20 MPa averaged across the 5 X 104-m-thick plate.

As a first approximation to modeling ridge forces, the line-ridge
method is suffi‘cient. These forces are shown in Figure 5. Along the
elevated region o.f oceani.c lithosphere, however, the total cumulative
force should increase from zero at the ridge to a value in the deep
ocean basin of similar magnitude to the forces used in the line ridge
model. Another shortcoming of the line-ridge model is that the total
ridge force corresponding to a certain age of spreading lithosphere is
applied on the plate at the spreading center and not at the distancé
away from the ridge corresponding to this age. Also, ocean bathymetry
or ridge topography is not a factor in the line ridge model even though
they are essential parameters in a gravitational sliding formulation for
ridge forces.
| Because ridge forces are related to the cooling and sinking of

the plate as it moves from the ridge, the force is not constant



Figure 5.

Line ridge forces
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thréughouf the length .of the ridge, as assumed by the line ridge model
but a function of tﬁ,e distance from the ridge, and so a model that dis-
rtribu'tes ridge force>s’.t_hrough the entire topographic expression of the
elevated oceanic lithosphere is a more realistic representation of the

potential plate-driving ‘phenon.nenon .

Distributed Ridge Forces

Distributeé ridge force models are designed to provide a more
realistic method pf modeling ridge forces. Incremental forces are com-
puted for each _element‘ of the oceanic lithosphere. The total cumulative
ridge force grows with distance away from the ridge. Both a gravita-
tional sliding and a cooling half-space formulation were used to inodel
the distributed ridge fércés. Both ﬁae‘thods were then compared and |
contrasted in a test case. Description and procedure of the modeling

techniques and the test case follow.

_ Gravitational Sliding Formulation. Modeling ridge forces as a

gravitational sliding -ﬁhenomenon requires knowledge of lateré.l density
differences due. to the cooling, spreading plate sinking deeper into the
mantle. The density ‘con‘tr‘ast associated with a certain column qf ocean
and lithosphere is a fﬁnction of the coo\ling history of the lithoéphere,
which, in turn, depends on the distance of a column from the ridge and
the amount of subsidence that has occurred for the lithosphere. This -

water depth (w) in meters from the ridge level to any point along the

'lithosphere is found by the relation (Turcotte and Schubert, 1982):

-5 ‘1
w =5.80 x 10 " ¢
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where: t = age of oceanic lithosphere in seconds
= X/v
X = distance of spreading center, in meters
v = spreading rate at ridge .

and reasonable values have been adopted for thermal properties of the
plate. A gravitational sliding model is proposed that depends only on
water depth as an unknown parameter.

The gravitational force acting on an element in the vertical
direction is designated AF_g sine The component of AFg_ parallel to the -
slope of an element is AF_& siné where 6 is the dip angle from horizon-
tal. Thus, the magnitude of an increment of ridge force depends on
the magnitude of 6 for a given element. The total ridge force acting on

an element of oceanic lithosphere is given by:

AF_g = Apgh siné area

where: Ap = density contrast between water and lithosphere,
. g = gravitational acceleration
h = lithospheric thickness

area = area of an element.

This equation is in agreement with a simplification of Frank's (1972) and
Lister's (1975) formulations of the gravlitational force. The incremental

force per unit length of ridge is:

AF5 = Apgh sin® £, (5-1)
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where %, is the length of the side of an element that is in the local
downdip direction, essentially perpendicular to the ridge.

Bathymetric information for each node point in the oceanic litho-
sphere is used in the finite-element program to obtain the slope of each
element, angle 6. .The bathymetric Aata were obtained from a Rand/S10
Global topographic list, which includes averaged bathymetric values for
evervy:v one degree square on the Earth's surface. Bathymetric values
~ for each node point are interpolated from thé encompassing l-degree
.re'ctangles. Each elemental force is distributed equally among the ele-
ment's three node points. AF_g_ is set equal to zero for elements with no
net slope. Also, no force is applied to pinned nodes. These forces

~are shown in Figure 6,

Cooling Half-space Formulation

The ridge forces due to density contrasts are ultimately the
results of thermal cooling of the plate. Hence, this force can be de-
sbcribed in terms of thermal parameters. The total FC/!L as a function of

age from the ridge given by Parsons and Richter (1980) is:

FC/-.Q,»= gap T kt
where: a = volume expansion coefficient
Py = mantle density
k = thermal diffusivity
Tm = temperature of mantle.
t = age of the lithosphere.

For t = 50 m.y. and reasonable values for k and T ., the magnitude of



a. Gravitational sliding formulation

b. Cooling half-space formulation

Figure 6. Distributed ridge forces
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FC/,Q, is 2 x 1012 N/m. Thermal models from Lister (1972) and Turcotte
and Schubert (1942) yield comparable results.
As in the gravity model, the cooling lithosphere model can be
formulated in terms of the known parameter, water depth. Using the

relationship for w in terms of t from Turcotte and Schubert (1982):

me oc(Tm - To)
w = (

=;|>r'
[l

)%

to express the cooling lithosphere formulation, also from Turcotte and

Schubert (1982),
- - 2 ‘ -
F.loa=gl -p,) (W2/2) + go ofT - T) kt
in terms of w, an equation for the total Fc/l with no dependence on t

results and is given by:

, (°m ~ pw5 (pm - pw)n

Fc/2,=_gw ——__2—[1+ 2p ao(T —T)]
m m o

Using reasonable values to evaluate the above expression, FC/JL = 3,45 x
101 w? N/m, with w being water depth below ridge crest in meters.

An expression used to calculate incremental forces,AFC/R, for

each element is obtained as follows:
AF /% = F _(w)) = F_(w,)

where: .Fc(wl) = total ridge force per unit length corresponding to
the deepest node point of an element at water depth

w 1 ’ . N
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FC(WZ) = total ridge force per unit length corresponding to
the shallowest node point of an element at water
depth Woo :

Therefore,
— 1 2 _ g2
AFC/R, = 3.54 x 10 (wl Wo ) N/m

Next, letting wy = W and W, = w - Aw, (wl2 - sz) = 2WAw - Aw?,

Therefore as a first approximation:

AFC/!L = 7,08 x 101 WAw N/m

where W is the average water depth for an element below the ridge
where the ridge is assigned a constant depth of 2.5 x 103 m. The total
force for each element is calculated by multiplying AFC/!L by ‘some frac-
tion of (area)J‘z to obtain a fofce in newtons. The value for this multi-
plication factor depends on the aspect ratio of any given element.
Therefore, by using AFC/JL x (area)? as an expression for the total ele-
mental cooling force, AFc/ L, fo?ces for elements with relatively long

sides normal to the ridge will be underestimated and vice versa. These

forces are shown in Figure 6.

Ridge Force Test Case. A test case was conducted to compare

and contrast modeling results obtained from the line-ridge gravitational
sliding and cooling lithosphere ‘formulations previously discussed; A
further goal was to choose which formulation would be the best one to
use in modeling ridge forces. A test grid (grid 1) was developed,

which is highly refined near the ridge and becomes increasingly less



44
refined away from the ridgeo | The grid is shown in Figure 7.. Nodés,
on the i‘ight boundary of the grid afe pinned from motion as well as the
top and bottom row of nodes being pinned from motion in -the latifudinal
- directions. |

The total length of the grid is 18 degre‘es, corresponding to a
lithospheric age of 80 m.y. for a spreading rate of 2;5 cm/yr. The
grid was extended to 80 m.y. because beyond this age the square root
law of ridge topography due to thermal contracﬁon of a uniformly flow-
ing material is no longer valid (Lister, 1975). Henc_ﬁe,' thé cooling
lithosphere model is not an accurate approximation for the oceanic
lithosphere beyond this point. .Beyond th_is age, the ridge force no
longer increases linearly with distance fi‘bm the ridge but begins to
asymptofically ‘approach a maximum value in a similar fashion to the
ridge force defined by gravitational sliding. -

- In formulating the test case,l it was desired that all models yield
equivalent total forces for a 80-m.y.-old ‘oceanic lithosphere. When a-
1ithospheric thickness of 5 x 104 m was used for the gravity model, the
-total ridge force per unit length, F /z, at 80 m.y. for both the gravity
and coollng models was 3 x 1(}2 N/m. The 11ne-r1dge forces, being a
constant with distance from the ridge, was set equ.al to this value.

Finally, total Fr/,Q values at every . lb-degree increment away
from the ridge were analytically calculated using the following equa-

tions:



RIDGE

DISTANCE FROM RIDGE (degrees)

b. Test grid 2

Figure 7. Test grids
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F,/% =3 x 10" N/m, for the line ridge model,

FC/Q, 3.54 x 100 w2 N/m for the cooling lithosphere model

FE/,Q, Apghw for the gravitational sliding model. .

These solutions are plotted in Figure 8.

The gravity equation used to calculate the analytical solution
was obtained from the previously derived equation (5_—1) for the incre-
rﬁental force per unit length by substituting W for &, sinf. Because
sino = w/X, where w and X are the total water depth.an‘d distance from
the ridge for a certain age, %, sin® = VJZ,,_ (w/X), which is approximately
equal to W for small 8.

In Figure 8, the linear dependence of the cooling force on the
age of the lithosphere is shown. The change in I‘c with- X or t is a
constant. The gravitational sliding plot indicates that F _ is propof—
tional to X. These results also indicate thaf X% dependence of water
depth with distance from the ridge that suggeéts a parabolic shape for
th’e ocean—lithosphere interface.
| Stress is equal to force/area. However, to determine the
resulting stress‘esb from the nonconstant analytic gravitational and
cooling force . solutions in "thé test case, the chan.'ge in Fr/ £ with
.distance for both models had to be integrated over the nodal distance.

The stresses were calculated using the expression:
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Figure 8.
test case
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x
o(x) = % [ ((3F_/9)ex)8x
o
The stresses for all three force rﬁodels were found to increase with dis-
tance away from the ridge in the same fashion as the forces (Figure 8).

The same test was conducted using the computer algorithms
previously discussed. The results for both the cooling and gravity
models show that the compﬁter—calculated forces when summed together,
accurately match the analytical solution with only one stipulation. In-
cremental forces for an element are calculated as functions of area and
the total change in water depth across the element. Although the
calculated elemental forces may best be assigned to the element
centroid, the best agreement of the analytic with the calculated
solutions is obtained when the forces are plotted at the age or distance
corresponding to the deepest node point. The computer-calculated ele-
mental stresses for all three models for an element are then plotted at
the distance corresponding to the element centroid (Figure 8). These
stress values reasonably approximate the analytically determined
stresses.

In conducting this test case, the actual values for £ were in-
cluded instead of using the approximation for £, of (area)%. A second
test grid (Figure 7) with elements of comparable dimensions to the
coarse grid (Figure 4) ridge element was used to test whether these
elements could sufficiently approximate the curvature of the lithosphere
near the ridge. The approximation of £, in terms of area and the large

element sizes near the ridge were found to be sufficient to yield force
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and stress results for all three force models approximately equal to both

the analytical and computer solutions from the first test case.

Contiﬁental. Topography Forces

In addition to ridge fdrces; forces acting on the lithosphere,
arise from density heterogeneities in the continental crust and upper
mantle. As to the case for the elevated ridge, potential energy is
stored in elevated continental regions as well as in compensating root
systems. This gravitational potential associated with crustal thickness
(variations yvields a horizontal‘force tha‘t‘ acts to reduce the thickness
heterogeneities in the continental crust. - Accordiﬁg to Artyushkov
(1978), the stresses related ‘to varying crustal thicknesses, énd conse-
quently lateral density inhomogeneities, range from a few tens to a
hundred MPa. 1In additioﬁ, the compressive stresses induced by the
cold root of a mountain are alone able to sustain mountain-building
. processes independent of transmitted forces from a great distance, i.e.,
’fro-m the ridge. Stréss orientations in the northern Appalachian and
Rocky Mountains are inconsistent with ;the broad east-northeast
compressive stress trends of the‘stabl'e continental interior (Zoback and |
Zoback, 1980) and indicate that in addition to the ridge force a .force or
forces related to mountain systemé is possibly acting on the continental
lithosphere. |

Analysis of intracontinental stress states due to topography
requires consideration of lateral variations in the mechanical properties,
density contrasts, and geometrical constraints for the lithosphere

(Fleitout and Froidevaux, 1982). A formulation dependent on unknown
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parameters similar to those in the gravitational sliding ridge forcé
formﬁlationvwas sought that would express. horizontal stress in the con-
tinent as a function of continental topography and lateral density dif.—
ferences.

The horizontal force per unit length due to lateral differences
in density is the integral evaluated from the topographic values to the
compensation depth, d,'of the difference between the. lithostatic pres-
sures for a lithospheric column and a ‘r-eference column. This force

expression is given by (Richardson, 1978b):

d
F =[] Pgp(z) - P (2) dz (5-2)
topo
where PR = pressure in the reference column
PL = pressure in an arbitrary lithospheric column.

This pressure, P(z), related to the weight of overlying material at a
given depth z can be expressed as:
z
P(z) = [ ge(z")az' (5-3)
topo
where p(z) is the density at depth z. Similariy, the average vertical
stress in a column of lithosphere is related to the difference in the
. lithostatic pressure in the column and a reference column and is ex-
pressed as:

d

f ghp(z)zdz
topo

e

0zz =
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where p(z) is taken to be (p - p ) in order to comply

reference column

with the convention used in the gravity sliding modeling for a ridge in
which a force impressed on an oceanic column from a ridge reference
column has a pdsitive' sign. If . is positive in a given column, the
column is exerting a radially outward force, which acts to compress

surrounding lithosphere and create a state of deviatoric tension with

respect to the refei'enée column in the column itself.

A physical quantity known as density moment has a value that
is a function of c;rustal thickness and topography. Crustal thickneéss
and topography are ideal model parameters with which to formulate an
expression for horizontal stresses due to crustal thickness inhomogen-
eitiés for the céntine:ita]' and- shelf portions of the plate. An expres-
" sion for o, in terms of these two parameteré thus yields an expression
of o, in terms of moment M. Fleitout aﬁd Froidevaux (1982) related
o, and M by the equations: |

L |
M= [ 2p(z)zdz (5-4)
topo ‘
The physical significance of the density moment is apparent by compar-
ing equations (5-2) and (5-4). The quaﬁtity (Mg) is thus a horizontal
force per unit length equivalent to the force expression in terms of
préssure differences /(equation 5-2).

To model these forces related to the density moment for conti-
nental lithosphere, crustal thickness values for each node point are
interpolated from a global ‘thickness map (Soller, Roy, and Brown,

1983). This map is a contoured compilation of various crustal thickness
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determinations from surface wave refraction studies. Contoured crustal
thicknesses are shown for the North American plate in Figure 9. In
addition, topographic values for the same nodes were obtained from the
same global data set and were interpolated in .the‘ same fashion as the
bathymetric data for the oceanic lithosphere. A three-dimensional plot
of topographic and Bathymetric values for the plate was generated to
visualize the relative differénces in elevation throughout the plate that
contribute to some form of gravitational sliding forces. The plot
(Figure 10) is on a Mercator projection, and fherefore ar‘eas near the
‘north geographic pole (top of figure) are highly distorted.

In the modeling scheme developed to evaluate these forces, the
density moments for »each element were calculated using equation (5-4).
The average topographic and crustal thickness values for each element
were first evaluated from the three nodal point parameters. Each ele-
ment vcan'be thought of as a vertical column having a cerf_ain elevation
above or below sea level, a certain crustal thickness, which includes
topography and a resultant mantle thickness equal to the compensation
depth minus the crustal thickness below sea lével.. A refergnce column
or element representing the vertical density structure of the Mid-~
Atlantié Ridge was ﬁsed in the modeling scheme. The referencé column
~includes 2.5 x 103 m of water of density 1.03 x 103'k‘m/m?‘, no crustal
material, and a constant mantle densify of 3.23 x lO3 kg/m?3 for. a total

thickness of 1 x 105

m for the column. The mantle density value was
chosen so that the reference column would have the same weight as the

ridge reference columns of Hess (1972) and Fleitout and Froidevaux

(1983).



Figure 9. Contoured crustal thicknesses for
plate. — From Seller and others (1982).

North American
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Figure 10. Three-dimensional topography of the North American plate on a
Mercator projection
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By assuming an oversimplified crustal density structure--a con-
stant density of 2.76 x 105 kg/m?3 for all continental crust--an average
mantle density for each elemental column can be calculated by equating
the average density for the whole column with that of the reference.
Thus, in this approximate mode1~ of the vertical density structure for
the continental portion of the platé, a constant density for allr crust was
assumed and a variable mantle density was established that enables all
elemental columns to be in isostatic equilibrium with the r>efe1:ence col-
umn and hence bwith each other.

Once a horizontal force per unit length equal to (Mg) is calcu-
lated for an element, it is applied in the direction normal to the three
elemental faces. The force per unit length acting in the directions of
the three unit vectors normal to the faces is converted to a total force
by multiplying the three radial forces by the length of their cori'espon—
ding side. The normal unit vectors and the vectors between node points
for each element are determined in a local X,Y plane by ignoring any
'component in the Z direction, because the horizontal force for an ele-
ment corresponds to a constant average elevation and crustal thickness
in the Z direction. The sum of the three radial forces for an element
in its local coordinate system should equal zero in order for the column
to be in equilibrium. These force components are then transformed into
the global cdordinate system for the plate. It is the addition and sub-
traction of radial forceé from adjacent elements that produces net forces
that act in gradient directions to minimize potential energy associated

with crustal thickness inhomogeneities of the continental lithosphere.
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Contineﬁtal Topography Force Test Case
Before modeling continental forces due to density heterogenei-
ties was done, a test case was conducted that used the density moment
formulation to approximate ridge forces. As in the gravitationalsliding
and cooling hal(f-space‘ formulations, the moment equation depends on
bathymetry, ~Also a constant thickness of 5 x 104 m was used for the
oceanic lithosphere; the compensation depth was also at va 104 m. The

3 m of ocean with the rest of

ridge reference column included 2.5 >< 10
the column down to 5 x 1‘04‘ m being a constant density, 3.1 x 103
kg/m3, mantle material. This average mantle density for a 5 x 104—m-
"~ thick column was also ascertained from wvarious cited density models of a
ridge (e.g., Hess, 1972; Fleitout and Froidevaux, 1983). However, the
moment equation is an integral of vertical density contrasts Between an
'oc‘eani’cAcolumn and the ridge reference, unlike that gravitational sliding
formuiafion, which assumes a constant density for all oceanic lithosphere
and uses only the contrast between this dehsity and that of the ocean
to defermine the gravitationaliy‘ induced force due to change in water
depth from the ridge to any pceani-c 1ithosphere element. Substantial
differences in these two approximations for ridge forces exist, but it is
difficult to determine which“ approximatibn allows for a more accurate
and reélistic method of modeling ridge forces.

A total cﬁmulative force at 80 m.y. was determined from calcu-
lated demnsity moménts for the test grid elements of Figure 7 to compare
- the miagnitude of this total force with the presentlyv determined 3 x 1012
N/m total forée Avalvue for that ége (see ridge force test case). In this

test case, horizontal density contrasts and hence horizontal forces for
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the oceanic lithosphere were found to be highly dependent on .the den-
sity profile used for the elemental columns. The density moment
scheme, which produced total cumulative forces away from the ridge of .
approximately 9 x 10,12 N/m, had a constant oceanic crustal thickness of
7 km with a 2.76 x 103 kg/m3 densify., The mantle material was deter-
mined to satisfy isostasy. This total force magnitude is three timeé
larger than that predicted by a ‘c.ooli'ng half-space; therefore, the as-
sumptions made about the density structufe of the oceanic lithosphere
were not accurate.

All of the calculated moments for oceanic lithosphere had a

negative sign. This sign was dependent on the convention chosen to

The sign convention is related to the

calculate Ap, i.e.;, Pref ~ Peol’

moment vector about some origin point but is arbitrarily chosen to sat-
isfy the direction of forcés acting on oceanic lithosphere from the
ridge. All columns with associated negative moments are modeled to
have radially inward forces acting on the column that compresses the
column. Positive moments yield radially outward forces, which produce
tension in a column. Figure 1.1 is an illustration of an arbitrary oceanic
column énd the ridge reference column. Also shown is a piot of the
density moment for the oceanic colﬁmn as a function of depth z. As
bthe graph illustrétes, the ridge is applying a radially outward force
proportional to the moment, M, which acts to compress the oceanic col-
umn thi‘ouéh the entire thickness of the column. This force increases
until it reaches a depth where M is maximum; then. fhe ridge force

decreases until there is no force at the base of the oceanic column from
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OCEANIC COLUMN RIDGE REFERENCE

2000

4
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DENSITY MOMENT (kg/m)

Mavg= JAp,ydy +| Apgc)y+}Apydy

WHERE Apj =pridge ~ fdocean

Figure 11. Schematic of the density moment for an oceanic
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the ridge and both columns are in isostatic equilibrium. Mavg is the
value of the density moment for the oceanic column with respect to the
ridge column. A number of test cases were developed to test the roles
of crustal thickness and topography on density moments. In one test
case, continental lifhosphere was assigned a constant crustal density of
2.76 x 103 kg/m3®. The continental mantle material was also assigned a
constant density that satisfied isostasy. The continental lithosphere
was chosen to be 1 x 105 m thick. The ridge reference column was '
extended to 1 x 105 m also. The test was conducted to simulate the
situation of a point or element mass having a positive elevation with
respect to surrounding reference elements; the horizontal force and
resulting stresses induced by the elevated topography Were‘ analyzed.
"The elevated.region was found to be in a state of deviatoric tension, -
because the den‘éity moment for this column was positive, which resulted
in radially outward horizontal forces for the element. Consequently,-
surrounding elements were in a slight state of compression, and ele-
menfs farther from the elevated ones became more compressional in
order to balance the loads impressed on the sufrounding elements due
to the potential that the elevated topography had to spread out. This
test also revealed that the addition and cancellation of radial horizontal
force components resulted in net force directions along density inhomo-
geneity gradients. ‘ So, unlike oceanic lithosphere, which appears to be
in a state of compression due to the ridge, continental highs appear to
have a potential to spréad out.

The results frdm these density moment test cases revealed the

general, oversimplified effects of positive and negative relief with
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respect to the ridge on de_nsity moments and resulting horizontal_ forces.
In both tests, the effect of varying crustal thicknesses was ignored but
was jnvestigated in a third test casev. This test was deSiéned such that
adjacent elements increased in thicknes.s from 5 x 10,4 m. to 1 x 105 m in
1 x 104 m increments. Topography was held constant at sea level for
eaCh element. The result from this test revealed that the thinner crus-
tal columns induced an 1ncreasmgly greater force on the thicker col-
umne so that the stress states in the test grid varied from extensional
tectonics in the th1nner crustal columns to compress1ona] features in the
th1n_ner columns. ‘ In fact, the 1nﬂuence of varying crustal thickness on
the moment magnitudes in ‘ general appears to outweigh the effects of
t'opographic variations for the -North American plate. It can be ob-
served on ‘Figure'12 that the stres's'es'in regions in which crustal thick-
ness values are constant are a filhotion of density variations due to
topography changes; howeve_r, in areas Where crustal thicknesses_are‘
_ changing, horizontal forces‘tenci' to be oriented alongAgradients of the

‘th'ick__ness' contrasts and in the directioh of the areas withv greatest
crustal thickness. kThus‘,‘ e\fen though ‘topographic highs aopear to
have a tehde‘ncy to expand, as was ‘villustratecl in the second test case,
the large vcrustal thicknesses 'u’sually associated with high topographic
relief result in ‘compressional instead of tensional '_stress states for high
regions of the continent. This effect posetbly exp’lains_Why not all
mountainous or elevated regions on the continent are characterized by
extensional tectonics. ‘ |
Elemental coluﬁlns for the continental ltthosphere were modified

such that mantle densities at the base of the lithosphere were equal to
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the relatively low mantle density of the ridge reference column, or 3.23
X 103 kg/m®. As was discovered when conducting the test cases, the
deeper mass anomalies are concentrated in a 1ithospheric' column, the
larger the associatéd density moment. Decreasing the mantle density
with depth, however, raises the center of the mass anomaly, and
because density moment is a function of depth squared, this decrease
. reducés the resultant stress magnitudes by at least half an order of
magni‘tude,‘ It is because of this dramatic effect of density aﬁomalies at
depth and the supposition :that continental root systems are compensated
By very high, shallow upper mantle densities that the mantle layer in
conrfinentalr columns is divided into fwo layers. As a first approximation
to modeling the questionable mantle density structure under continental
crust, the lower half of the mantle lithosphere was assigned the
constant density of 3.23 x 103 kg/rﬁ3 and the density for the upper half

was chosen to satisfy isostasy.

Continental Topography Related to the Geoid

It is apparent that in using a density moment scheme to model
the effects of continental topography on the tectonic stress regime of
the North American plate, bold assumptions and generalizations must be
made as to the density structure of the lithosphere. The iﬁodels are
highly dependent on the reference broﬁle, compensation depth, crustal
thicknesses, and the nature of the mantle geotherm' assumeafor the
plate. For the continental portion‘of the plate, reasonable attempts to

" model the effects of‘density heterogeneities were tested. The only
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constraint to these moment magnitudes for the continental lithosphere
can be obtained from information about the geoid.

Geoid anomalies have been shown to be a function of dipoie
moments of density distributions in the crust and upper mantle (Haxby
and Turcotte, 1978; Parsons and Richter, 1980; Turcotte and Schubert,
1982). Figure 13 is a contoured map of undulations in.the geoid.
Numerous factors such as thermal structure of the lithosphere and
glacial phenomena contribute to the nature of these contours. Deep
long-wavelength features generally control Aundulations in the geoid.
However, short-wavelength shallow features in the lithosphere such as
thickness inhomogeneities can cause slight deviations in the trends of
the long-wavelength contours. These deﬂections across continental
margins cén be used to determine now the geoid changes along trav-
erses normal to continental margins and hence how moment magnitudes
along these traverses should differ.

In fig. 13, contours due to long-wavelength features fortui-
tously traverse the Australian continent normal to its eastern and
western continental margins. Deflections on the order of 10 m can be
observed. Unfortunately not all deviations of contours can be observed
for continental margins of all continents, especially the Atlantic; coastal
margin of North America. However, 10 * 5 m is accepted as a goéd
estimate for a change in the geoid anomaly across almost all conti-
nental margins (Chase, 1984, pefsonal commun.). The difference in the
moment magnitudes between a characteristic continental’ shelf column and

a coastal plain column was computed and compared to the difference in
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the density moments expected by an assumed 10-m geoid anomaly be-
twéen the t§vo columns.

| From Parsons and Richter (1980), an expression that approxi-

mates the geoid anomaly relative to the ridge crust is given by:

= 217G L k _ 21G,,. ' | -
N == [ bo(x,2) dz = = M o | (5-5)
where: G = gravitational constant
Ap(x,z) = difference in the vertical density profile for a column at

a distance x from a ridge reference column.

From equation (5-5) and calculated values for the density mo-
‘ments of a characteristic coastal plain column and a continental shelf
column, a value for the geoid anomaly expected between these two col-
umns was determined. An anomaly of 7 £ 2 m was calcul.afed and found
to reasonably agreerwith observed anomalies that occur over the area
between the coastal plain and shelf regions of the Atlantic coastal
margin of North America (Figure 13).

As a result of this conclusive evidence, the density moment
formulation used to model topography forces due to lateral density in-
horbogeneities in the continental crust is believed to yield deﬁsity
moments »of relatively accurate magnitude. These forces are shown in

Figure 12.

Transform Boundary Forces

A substantial portion of the North American plate is bounded by

transform faults. Along these transform boundaries, the relative motion
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between adjacent plates is resisted. The relative motion vectors at most
transform boundaries are essentially parallel to the boundary, as they
are for the San A'ndreas transform boundary and the boundary between
the Caribbean and North American plates. The magnitudes 'ofr shear
stresses along the transform boundary segments of the plate are uncer-
tain., These magnitudes are influenced by a combination of rock pro-
perties and ambient stress conditions. Transform boundaries, especially
the Caribbean transform, possibly provide balancing resistance to the
ridge forces.

Transform forces were applied along the Caribbean and San
Andreas boundaries, antiparallel to the relative motion vectors of the
North American plate with the Caribbean and Pacific plates, respective-
ly. These forces are shown in Figure 14. A constant arbitrary force
per unit length was applied at each node point along the transform
boundary. Total forces were computed as a force per unit length
multiplied by the length of the boundary over which the force acts.
The magnitude of the force per unit length depends on assumptions

made about the magnitude of shear stresses along the boundary.

Caribbean Transform Boundary

The relative rate énd direction of movement of the Caribbean
plate with respecf to the North American plate can be determined from
the slip vectors of shallow earthquakes that occur along the transform
boundary. In general, the North American plate is moving in a wester-
ly direction with respect to the Caribbean plate. The Caribbean plate.

is a small bufferlike plate between the North and South American



a. San Andreas and Caribbean transform forces

b. Aleutian and Cocos convergence forces

Figure 14. Boundary forces for the North American plate
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plates, and its motion is essentially controlled by the motion of these
two surrounding plates. The tectonic processes occurring along the
boundaries of the Caribbean plate are quite complicated and not well
understood. Numerous angular velocities and rotation poles have been
proposed for f:he plate. One of the major difficulties in determining
these parameters is that, with respect to North America, the Caribbean
boundary changes from transfdrm at the Mid-Cayman spreading center
south of Cuba to a transitional type of boundary nearque‘rto Rico and
finally to a subduction zone complex alon'g the Lesser. Antilles. For
simplicity in modeling and because the length of the segmént of the
Vsubduc.tion boundary is relatively insignificant, forces related to this
subduction process are not considered in the modeling.

Motion along the northern side of the Caribbean plate appears
to be distributed along more than one major. fault system (Sykes,
McCann, and Kafka, 1982). Discrepancies in estimated angular veloci-
ties and rotation poles are due .to' the various motions of different
segments of the northern boundary. Minster and Jordan (1978) used
magnetic profile data across the Mid-Cayman rise to determine a relative
motion pole and rotation rat.e for the Caribbean—North American plate
pair. Théy do not consider slip vectors from the Puerto Rico trench
and Hispanola regions where they beiieved the stress and strain fields
aré complex and that data show internal scatter. Sykes and others
(1982) believed that Minster and Jordan's rate and rotation‘pole repre-
sent only a pdrtion of the relative motion betwéen the It\x;o plates.
‘Sykes and others claimed to have obtained a ﬁzore accurate estimate of

the full rate of motion along the northern Caribbean boundary. They
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deménstrated that the North American plate ié moving in a v;vest—south-
west direction along the Puerto Rico trench at a rate of 0,36.°/rﬁ.y° .
clockwise about a center of rotation at 66° N., 132° W. According to
Minster and Jordan (1981), the North American plate is moving counter-
clockwise with respect to the Caribbeaﬁ plate about at pole at -33,8°
W., -70.5° E. at a rate of 0.29 °/m.vy. -

The relative plate motion information of Minster and Jordan
(1981) §vas used in modeling shear tractions along the Caribbean—North
American boundary because a more simplified relative motion model, as
used in this modeling écheme, v?as assumed to arrive at the motion pPa-
rameters and because the rela;tive plate velocity obtained from using
Minster and Jordan's pole are approximately parallel to the transform

boundary.

San Andreas Transform Fault
Anéther major transform b_oundar;f of the North American plate

is the. San Andreas fault, which marks the southern portion of the
boundary between the Pacific and North American plates. Along this
fault system, the North American plate is moving in a southerly direc-
tions with respect to the -Pacific plate. With reépect to the Pacific'
plate, the North American plate isAmoving counterclockwise vat a rate of
0.5 °/m.y. about é pole of rotation at 48.8° N,. -73.9° E.

| Some estimates of the magnitudes of the shear stresses along
the San Andreas fault have been made. Heat-flow measurements across
the fault, along with ‘aA model .of shear heating, indidate that a maximum

shear stress of a few tends of MPa is acting on the fault (Brune,
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Henyey, and Roy, 1969; Lackenbruch and Sass, 1980). Zoback ahd
others (1980) suggested that the mean shear stress on the fault excéeds
several tens of MPa‘ at seismogenic depths.

Thé Juan de Fﬁca plate, west of the State of Wa’shington, is a
small platelet between -the Pacific and North American plates. It is be-
liéved to be spreading away from the Pacific plate and subducting be-
ﬁeath the North American plate; however, recent coupling of the plate
with the North Amel;ican plate is also possible (Atwater, 1970). Be-—
cause of the small size of the Juan de Fuca plate-and its questionable
Atectonic relation to the North American plate, no bdundary forces were
" included along this segment of boundary.

Even though significant relative motion exists betweeﬁ North
‘and South America according to Minster and Jordan (1978), observétion-—
al evidence, i.e., seismic activity, is minimal. For this reason no
forces were applied along the segment of the North American boundary

marking the distinction between the two American plates.

Normal Forces

A major shortcoming in single-plate modeling is that tectonic
forces acting on a plate from outside the plate's boundaries are not
incorporated into a modeling scheme that approximates the tectonic
forces due to tectonic mechanisms associated with the plate alone and
act within and on the periphery of the plate. Some potentially sub-
stantial forces transmitted from neighboring plates, which may be acting
on the North American platé, are normal forces at transform boundaries

and forces related to the subduction of adjacent plates beneath the -

’
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North American plate. Specification of these forces is not stfaightfor— :
ward; these transmitted forces depend not only on-boundary type but
on: global stress patterns (Richardson, Soloman, and Sleep, 1976).

7 For forces mormal to transform boundaries, Forsyth and Uyeda
(1975) suggested that the sign of these boundary forces cannot be as-
sessed without prior knowledge of the other stresses acting on the
plate. They also believed that large normal forces could not exist
without causing a substantial readjustment to the relative motion of the
plate. However, in modeling the North American plate, the incorpora-
tion of some semblance of these transmitted forces from neighboring
plates appears to be a necessai'y boundary condition in order to realis-
ticalljr represent the tectonics of the plate. Forces normal to the San
Andreas and Caribbean transforms were applied at each node point per-
pendicular to the transform force for that node such that the normal
force vectors pointed inward on the North American plate. For an
‘initial approximation, the magnitude of the normal force at a node point

was set equal to the corresponding transform force.

Convergence Forces at Subduction Zones

A second type of force transmitted from an adjacent piate to the
North American plate occurs along subduction zones. Along the Aleu-
tian arc complex and the Cocos boundary, portions of the North Ameri-
can plate are overriding the Pacific and Cocos plates, respectively.
Whether the subducting slabs attached to the Pacific and Cocos plates
are transmitting compressive stresses to the overriding North American

plate or whether the upper plate is being pulled toward the trench,

1



72
forces approximately parallel to the relative motion between the sub-
duéting plate and the North America plate probably exist. 'The mechan-
ics of plate collision at a subduction zone would suggest that some sort
of suction force on the overriding plate may exist from the trench due
to the void of material caused by the subducting slab (Forsyth and
Uyeda, 1975). However, because this is a zone of convergence, each
plate is essentially pushing on the other so a net compre‘ssive force on
the overriding plate could result. Or the pull of the North Anﬁerican
plate into the trench could simply be due to the ridge force pushing
the plate into the trench from the ridge. Basically, regardless of
whether the overriding plate is being pulled toward or pushed away
from the trench, it is probably the net effect of this unknown
convergence force with the ridge force across the plate that produces-
the bbserved stress states in the north and sOufhwest corners of the

North American plate.

Aleutian Convergence Forces

Despite the localized tensional character of earthquake foci ob-
served beneath the Aleutian trench (Stauder, 1968), which are probably
located in the subducting plate, the general tectonic stress states ob-
served farther inland from the trench are compressional with maximum
- compressive stresses oriented approximately parallel to the relative
velocity vectors of the Pacific and North America plates (Nakamura and
oth'ers,' 1977 Jacob and Perez, 1982). Initial models of the forces act-
ing along the Aleutians due to Pacific plate subduction have forces

pointing toward the interior of the North American plate parallel to the
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relative motion between ;che plates. The magnitude of these forces is
arBitrary but was initially chosen to have the same magnifude per unit
length of boundary as the transform forces. The relative motion pole
and counterclockwise rate of rotation of the North Ameriéan plate With
respect to thé Pacific plate are 48.8° N., -78.9° E. and 0.85 °/m.y.,

respectively (Minister and Jordan, 1978).

Cocos Convergence Forces-

The Cocos plate is subducting beneath the North American plate
along Mexico in a relative direction approximately N. 58° E. (Chael and
Stewart,' 1982). Cémpressional tectonics are also observed inland from
the Cocos—North American plate_ convergence boundary. Therefore,
trahsmitted» compressional forces from the Cocos plate were iﬁcorporated
into the modeling scheme. These forces were applied in a direction
away‘frorn th'e Middle American trench in directions parallel to relative
motion vectors. The relati\}e rotation pole and rates of the Cocos plate
with respect to the North American plate were given by Minster and
Jordan (1978) as 29.8° N., -121.3° E. and 1.49 °/m.y., respectively.
_The> convergence forces at the Aleutian and Cocos subducj:ion complexes

are shown in Figure 14.

Drag Forces

The flow pattern of asthenospheric material is the most crucial
phenofnenon to understand to be able to accurately assess and under-
stand the driving ﬁlechanism for plate tectonics. Unforfunately,' this
phenomenon is poorly known and the subject of much debate. A con-

trast in the viscosity of these two layers results in the existence of
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viscous shear forces at the base of the plates, 1f in fact the plates are
moving with respect to the- asthenosphere. These shear forces may
either contrlbute to the plate-driving mechanism, ‘or they inay ‘act to
resist such a process., The direction of these forces depends on the
relative velocity between ‘the surface ‘plates and sublithospheric mantle
flow. The magnitude of the forces depends on plate ve1001ty and area

and the viscosity “of the asthenosphere

Driving Drag

Flow of mass in the asthenosphere is essential to balance the
mass transportof the North Avmericanr plate as it moves from the ridge.
This mantle counterﬂow- isv o,bviously ‘not simple and uniform_ as evi-
~denced by the wvariable rates,- sizes, and boundary‘ types of the ’surface
plates. Mantle convection is one possible m'echanism to drive the
plates; however, a chief argument against convective'shear being a
' major plate-driving 'force is the amount of time required for the flow
pattern to change (Richter, 1973). Directional and rate changes of the
plates occurv on a much shorter time scale. Artyushkov .(1973). argued
that the lotv viscosity of the asthenosphere is not sufficiently substan-
tial to produce enough shear stress on the base of the plates to drive
thefn, provided convection  currents existvi-n the mantle._
4 | A driving drag model was proposed in which .for'ces proportional
_to the absolute angular velocity of the plate, 0.247 °/m.,vy’. (Minster and
Jordan, 1978)- were applied in a -direction counterclockwise about an
absolute pole of rotation at -58,3° N., -40. 7-° E. The absolute tnotion

parameters were obtained from the hot-spot reference frame. A linear
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drag law was used to obtain a first-order estimate for these ‘drag
forces. The driving drag forces, Fdd’ are proportional to and act in

the same direction as the absolute velocity of the plate such that:

F =cV =cW X r (5-6)

dd abs

where: ¢ = an arbitrary constant determined such that a plate

velocity of 1 cm/yr produces a shear stress of 0.1 MPa

Vabs = is the absolute velocity at any point on the plate with
radius r
Wabs = absolute rotation pole for the plate determined from the

torque pole of the nondrag forces.

Resistive Drag

The North American plate is assumed for modeling to be moving
at a constant velocity; thus it is not a'.ccelerating.r Ridge forces
driving the plate from its eastern boundary would supply a substantial
torque on the plate. This torque must be balanced for the plate to‘be‘
in mechanical equilibrium. Transform forces and normal forces supplied
from adjacent plates may provide some of this balancing resistance to
the ridge force; however, this resistance may not be gréatrenough or
be supplied in the appropriate directions to completely balance the ridge
torque. Therefore, shear strgss on the base of the plate may be
appealed to as a free parameter balancing force to this net torque.
The resistance drag. forces are proportional but opposite in sign to an
aBsolute velocity defined for the plate due to the net torque acting on

the plate from other forces. The pole of rotation about which these
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drag forces are applied is a function of the net torque pole of the other

tectonic forces acting.oﬁ the plate. The same linear drag law, equation
’(5-6), was used for resistive drag as for driving drag except that the
resistive forces are antiﬁarallel to the Vabs vectors. Shear tractions
equivalent‘ to the calculated drag force acting on a unit arear were -ap—

plied at all node points.

Variable Drag

The asthendsphere underlying continental lithosphére is more
viscous than oceanic asthenosphere (Artyushkov, 1973). 'I“hkerefore,r
the shear tfa?:tiéns on the base of the continental lithospheré should be
greatér‘than those for oceanic 1ithosph¢re,' Variable drag models in
‘which gre_éter' shear tractions along the base of continental lithosphere
are assumed may illustrate the e‘ffef:t of this wvariable viscosity. ADrag'
forces may also vary within the contine’ntal and ’oceanic asthenospheres.
‘>For simplicity and lack of data to prov1de accurate est1mat10ns of these
differences, only constant drag forces were used in this modeling

scheme.



CHAPTER 6
MODELING RESULTS

Numerous tectonic force models were tested to analyze the ef-
fects of different loading schemes on North American intraplate
stre’sses. Models are classified according to the boundary and internal
force types applied to the plate; The classification scheme used to
specify model type is given in Table 1. A description of the models
aﬁd results will be discussed below. Table‘Z is a list of torque and

rotation rate poles and magnitudes for each force model.

Ridge Models

Ridge forces may be one of the most significant tectonic forces
acfing on the North American plate. They are also the best understood
forces in terms of magnitude and direction. In initial models, the ef-

fects of these forces on the intraplate stress regime were analyzed.

Line 'Ridge Model

In the line ridge model, line ridge forces were applied along the
length of the ridge (Figure 5) and the western boundary of the plate
(24 nodes) was pinned from motion in the latitudinal and longitudinal
directionso The plate had a constant thickness of 5 x 104 m. Pinning
the western boundary is a simplistic means of constraining the plate so
that it will deform internally and not accelerate. It is equivalent to as-

suming that there are forces acting on the North American plate from
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Table 1. Description of force models

a
Force Parameters

Model F F F F F F F F F Figure

LR “GR 'CR P s N ‘T "RD “DD
LR 1 0 0 o o0 o0 0 0 0 5
DR1 0 1 0 0 0 0 0 o 0 6a
DR2 0 0 1 0 0 0 0 0 0 6b
DRD1 0 1 0 0 0 0 0 10 16
DRD2 0 0 1 0 0 0 0 1 0 17
DRD3 0 1 0 0 0 0 0 1 -0 18
DD 0 0 0 0 0 0 0 0 1 19
DP 0 1 0 1 o0 0 1 0 20
DPS 0 1 0 1 1 0 0 1 0 21
DPSN 0 1 0 1 1 1 0 1 0 22
TD - 0 0 0 0 0 0 1 1 0 25
BT 0 1 0 1 1 1 1 1 0 24
a. Magnitude for FLR is 3 x 101.2 N/m, which is equivalent to a

stress of 60 MPa across a 5 x 104-nj-thick plate.

Magnitudes for FP’ FS’ N

and F ., are 5 x 104 N/m, which is
equivalent to a stress of 5 MPa across a 1 x 105—m—thick plate. '

Magnitudes for F are given in Table 2.

DR
Magnitude for FDD produces 0.1 MPa shear stress for an abso-

lute plate velocity of 1.0 ecm/yr.



Table. 2. Toi‘que baramlenters for force models

Nondrag Torque

 Balancing Drag®

Magnitude Latitude Longitude

Rate ~ Latitude Longitude

as c is constant over the plate.

b.

Absolute rotation pole from Minster and Jordan ( 1978) .

Model Nem . degrees degrees °lyr degrees degrees Figure
LR 9.03 x 102°  33.13 s. 41.07 W. — — —— 5
DR1- 5,40 " 51.25 S. 57.20 W. - ——- ——— ba
DR2 4.23  57.95S.  66.16 W. — —— ——- 6b
DRD1 5.40 51.25 S. 57.20 W. 2.73 x 1077 77.84 S. 3.07 W. 16
DRD2 4,23 - 57.95 S. 66.16 W. 12.43 81.93 S. 33,07 W. 17
DRD3 5.84 48.14 S. 58.96 W. 2.7 75.66°S. 20.22 W. 18
DD 2.72 38.48 S.  53.99 W. 1.0 58,31 N.® 40.67 W. 19
DP 6.28 73.42 S.  109.46 W. 4.86 . . 74,68 N.  98.17 E, 20
DPS 3.95 . 60.92 8.  156.56 W. 2.95  69.91S.  120.% E. 21
DPSN 5.19 33.02 S. 172.86 W. 2.77 56,95 S.  147.07 E. 22
TD 4.87 . 8.89 N. 13.57 W. 2.02 32,99 s. 34,54 E. 23
BT 2.68 50.48 S. 77.93 W. 1.24 81.33 S. 47.62 W. 25
a. Rate depends on choice of c in equation (5-6), but pole located is independent of ¢ as long

6L
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the Pacific plate that keep the bqundary nodes fixed. This is not a
realistic model from which to obtain accurate stress magnitudes, but
resulting stress orientations are in approximate agreement with the ob-
served stress trends in the Mivd-Co'ntinentv stress province. The re-

sulting stresses from this model are shown in Figure 15.

Coarse-grid Distributed Ridge Model

Distributed ridge forces were applied to the plate by using both
the gravitational sliding and cooling half-space formulations. These
forces are shown in Figure 6. As discovered in the ridge-force test
case discussed in Chapter 5, the gravitationall sliding forces increase at
a more rap‘id rété near the ridge than cooling'half-space forces. Be-
cause the amount of oceanic lithosphere for the North American plate
away from the ridge decreases northward, so dbes the cumulative dis-
tributed ridge force. In fact, the amount of oceanic lithosphere nérmal
to the ridge above lat 50° N. is so small that ridge forces derived from
the cooling half-space formulation are essentially nonexistent. Also, the

magnitudes of cooling half-space forces may not be approximated very

)

accurately for elements in which (area)® is not a good approximation for

L

.. The net force directions for both ridge-force models are approxi—
mately parallel to the increasing—age gradients for the oceanic litho-
sphere. |

For the coarse grid, nddes above 60° N. were spaced so far
apart that ridge forces near Creenland and the North Pole actually -

pointed toward the ridge. For these elements, one node was located on

the ridge, whereas the next node was at a higher elevation because it



Figure 15.

50 MPa

Force model LR

50 MPa

b. Force model DR1

Resulting stresses from ridge force models
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was.located near Greenland or on the continental shelf of North
America. Thus, ridge forces for these elements were eliminated from
the co-arse-gr.id tests.

For both of these models., the western boundary was pinned as"
in the line ridge model. The only s_ubstantiél difference in the stress
results from the line ridge model, LR (Table 1), and the distributed-
ridge models, DR1 and DR2 (Table 1), occurs near the ridge. Also,
the general trend of the line ridge streAsses in the Mid-Continent stress
province is N, 70° E. for model LR and N. 80° E. for model DR1 (Fig-
ure 15). A compaﬁson of the torque poles and magnitudes for these
two models can be made by Areferi_'ing to Table 2. |

Additional distributéd ridge models, DRD1 and DRD2 (Table 1)
with different boundary conditions were also tesfed._ In these models,
three degrees of freedom were constrained. Node 184, near the North
Pole at 80° N., 110° W., was constrained in the latitudinal and longi-
tudinal directions, and node 7, along the southern plate boundary at
19° N., 183° W., was éonstrained in the longitudinal direction to pre-
vent the plate from spinning about node 184. Resistive drag forces
were called upon to ‘balance the torque due to ridge forces. A conse-
qﬁence of the largevelement size above 60° N, is the apparent' large>
Amagn.itude of the vdrag'- forces. This is‘ah artifact of elemental area,
because drag forces per unit area are constant.

The gravitational sliding distributed ridge forces and balancing
drag forces for model DRD1 are shown in Figﬁre 16. The stresses from
this model. are also shown in Figure 16. Likewise, the coolirig half-

space forces and stresses of model DRD2 are shown in Figure 17. The
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Figure 16. Force model DRD1 and resulting stresses



Figure 17.

Forces

50 MPa

Stresses

Force model DRD2 and resulting stresses
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total torque on the plate due to forces in model DRD'l’is 5.4 x 1025 Nem

(N°m = newtons times metefs), which is slightly larger than the value
- for the total torque, 4.23 x 102}5 Nem due to forc.es in model DRD2.
Slight differences in stress mégnitudes and orientations were
observed near the ridge. A few differences should be noted in com?ar—
ing the stresses from both of these distributed ridge.models with drag
to those from model DR without drag (Table 1). The principal stress
orientations away from the ridge remain relatively §0nstant for the DR
| model (Figures 15). However,. for the DRD ‘models (Figures 16 and
17), the stress orientations from the mid-plate regions westward vvary
from east-west in the southern portion td east-southeast in the northern
portion. The reason for this change in stress. trends éway from the
ridge is obviously related to theé drag forces in the model. Ridge
férces Vappear to control the stress trends in thé eastern portion of the
'platé; hbwever, in the west, drag forces. aépear ‘to dominate the effect
of ridge forces and hence étresses in this region are api)ro'ximately
subparallei to the drag forceé. fI‘he depfendé'nce bf_ stresses on drag
~ forces could be reducéd by incorporating other torque-balancing f‘orces'
in the modeling scheme. In all subsequent models that include other |
pl'ate> boundary foi'ces", however, resistive drag forces were called updn

" to balance net torqueS'aéting .on the plate.’

Fine-grid Distributed Ridge Model
7 Because of the inherent problems associated with coarse-grid -
modeling such as the- 1imitéd resolution .of stresses and the’inability to

:accurately model forc.e_s that v'ary spatially in or along the boundaries of
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the platé, a finer grid was constructed. All initial ﬁlo-dels were con-
ducted using the coarse grid, which allowed for econbmical tests of each
model. The gravitational sliding distributed ridge forces calculated
using the fine grid are shown in Figure 18. Forces above lat 60° N.
reveal thg tépographic effects of Iceland and ‘Greeriland. The resultant
streéses from this model, DRD3 (Table 1), are shown in Figure 18,
The only éignificant differences in the stresses of thé coarse-grid model
DRD1 and the fine-Agrid mo.del DRD3 are the presence of stresses in the
northernmost portion of the plate for DRD3 and a ‘slightly north of east
orientation for mid-—latitude DRD3 stresses near the ridge. Maximum
principal stre_és _6riéhfations in the Mid-Continent stress province are
oriented approximétely east-west, an orientation that differs by approx-
imately 23 degrees in a clockwise' direction frém observed orientations.
The forces from model DRD3 result in a slightly larger nondrag torque

magnitude of 5.84 x 10°> Nem than the 4.5 x 10°° Nem magnitude for

model DRD1. The torque poles (Table 2) for both of these models are

however very similar.

All subsequent modeling results are presented from fine-grid
models; all models that incorporate ridge forces have ridge forces ac-

cording to the gravitational sliding formulation.

Driving-drag Model

In additioﬁ to the pinned ridge-force models, a driving-drag
model, DD (Table 1) was found to also fit the dominant east-northeast
Mid-Continent stress trend. In this model the North American plate is

driven by viscous drag forces that act in the direction of absolute plate
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motion at an absolute rotation 'rate' of 0.247 °/m.jr. (Minster and
Jordan, 1978). The ‘western plate boundary was pinned from motion.
These drag forces are shown on Figure 19a, These forces act in
approximately the same direction as the ridge forces; therefore, the
orientations of the stresses (Figure 19b) are similar to those of the
stresses from the LR and DR models. The major difference between
model DRD and model DD is that the DD stresseé'inc'rease from null
valuesnear the ridge to very large values in the western portion of the
plate in contrast to stresses from the DRD1 model,-which decrease in
magnitude from east to west. Heﬁce,_ if driving drag forces haa been
used instead of ridge forces to fit thé east-nortﬁeast comﬁreésive stress
trends in the Mid-Continent stress province, models that included all
other boundary forces would have resulted in large stresses in the
western portion of the plate and relatively insignificant stresses in the
eastern portion. Also, resistive drag forces could not be used as a

free balancing force to assure mechanical equilibrium for the-plate.

Pacific-Boundary Model

In model DP ('Table 1), forces were applied alohg the Sén
Andreas and Aleutian segments of the Pacific-North .American plate
Boundary. These forces are described in detail in Chapter 5. Varioﬁs
magnitudes for these boundary forcesgw'ere tested. A shear stress of 5
MPa applied across the 1 x 105—m plate thickness along the San Andreas
vfi'ansform was found to be sufficient for the boundary forces to control
stress trends in the San Andreas stress province. It is unlikely thét

most of this shear stress along the fault is supported equally across the
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entire 1 x 105—m thickness of the plate. It is more likely that most of
the stress in the lithosphere is concentrated in the upper 10 km;
therefore, stresé magnitudes as large as 50 MP# or more could exist
near the surface of the‘ plate along the San Andreas transform. A few
hundred kilometers away from the fault, however, unless decoupling
exists in the crust, actual partitioning of the shear tractions over
depth along the San Andreas transform is pfobably averaged out so
that these forces could appear as if they are équivalent to 5 MPa
throughout the entire 1 x 105—m plate thickness.' ‘

It was only in this province and in the southern Basin and
Range stress province that stresses appear to be affected by these
transform forc_:és., ‘The forces applied along the Aleutian arc complex
wefe scaled such that an average compresvsivle stress magnitude of 5
MPa for the a 1 x ‘105—m plate thickness resulted near the trench.
These Pacific boundary forces along with the fidge and. resistive drag
forces are shown in Figure 20.

Landward from the Aleutians, the calculated maximum principal
stresses trend approximately perpendicular to the plate boundary and
agree with observed stress states, although there is now an indication
that stresses in Alaska may be more complex than can be explained by
model DP (Cdok ‘and others, 1984). (See Table 2). In the San
Andreas stress provihce, principal stress trends fit the data quite
accurﬁtely, Maximum principal stresses are ériented approximately
north-south to north-northeast. East-west deviatoric tensional stresses
in the San Andreas stress province become the leasrt principal stresses

in the Southern Basin and Range stress province; when shear stress
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magnitudes -greater than 5 MPa are applied along the San Andreas
transform, large north-south principal compressive stresses increase in
the northeast Pacific stress province. For shear stresses as la\Lrge as
10 MPa, stress sfates in the entire Wesfern region of the plate appear
to be most greatly affected by the transform forces. It is unlikeiy that
shear sti’esses along the .San Andreas transform could be transmitted
west of th>e thin, soft Basin and Range stress province (Richardson,
1974); therefore, models for which shear tractions applied along -the
San Andreas transform are greater than 6 MPa averaged over the 1 x
105—m—thick plate result in unrealistic stress magnitudes and orienta-
tions east of the Basin and Range stress province.

The magnitudes of balancing drag forces for médel DP are even
>1arger than those in model DRD 3 (Table 2). This result is due to the
effevct of ridge and Pacific forces both acting in directionsthat cause the
plate to rotate clockwise about the torque pole. Additional forces along
the southern boundary would act to oppose this rotation and partiaﬂy

“balance the net torque due to these other forces.

Southern Boundary Model

In addition to tectonic forces acting along the eastern and -
Pacific boundaries, forces due to plate interactions along the southern
boundary of the North American plate should also be considered in the
niodeling scheme. Compressional forces related to the subduction of
the Cocos plate beneath Mexico. and shear tractions‘along the Caribbean
transform were discussed in Chapter 5 and shown in Figs. 14. The

magnitudes of these forces are unknown and poorly constrained by
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inferred stress magnitudes. Therefore, a consistent scaling factor was
used for southern and western boundary forces. The model, DPS
(Table 1), which incorporates riAdges, subduction-related, transform,
and resistive drag forces, is illustrated in Figure 2la. Resulting
stresses from this model are shown in Figure 21b. The magnitudes of
the nondrag torque and the balancing drag rate are substantially re-
duced from those of DP model (Table 2).

The maximum principal stresses appear to have reasonably ac-
céptable orientations. In the Mid-Continent stress province, these
sti‘ess"orientations trend approximately N. 70° E. It s‘héuld be noted
that very little data exists in this southern region to constrain the
results. Normal to these maximum principal streéses, ~h0\yever, devia-
toric tensional stresses appear to be too large and too widespread as
evidence by the large south-west deviatoric tensional stresses in the
San Andreas stress province, which are larger than the north-south
maximum compressive principal stresses. These tensional features
appear to be the direct result of the San Andreas and Caribbean shear
tractions essentially pulling the plate apart about its southwest corner.
The necessity of forces acting normal to the transform boundaries was
realized from observing this effect.

Forces normal to both transform boundaries were applied at
each node along the transforms. The normal forces were iniﬁally given
the safne magnitudes as their corresponding transform forces. The re-

sulting transform forces are equal to the wvector sum of the normal
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rforées and the shear tractions. They are shown in Figure'ZZ along
with the other forces used in this model, DPSN (Table 1).

- To this end, this model seems to be the most realistic, and it
produces stresses that best fit the data (Figure 22)‘.' Calculated
stresses fhroughout the entire Mid-Continent .stress province consis-
‘tently fit the data. Predicted stresses inward from all boundaries are
also in agreement with observed stresses. Possibly the only regions in
whi‘ch stress orientations are not in agreement with the observed
stresses include those provinces for which siresses are '-believed to be
due to localized effects. These regions include the Atiantic Coast
stress province in the east and the Basin and Range, Colorado Plateau,
and Southern Great Plains stress provinces. Attempts to fit the stress
data in these regions were done by incorporating forces due to conti-

nental topography into the model scheme.

Continental Topography Model

Topograéhic forces based on the density moment formulation
‘discussed in Chapter 5 were incorporated into the modeling scheme in
hope of better fitting stress trends in the western and continental shelf
portions- of the North Americah plate. These topographic forces are
shown in Figure 12. A few patterns should be noted. One is the con-
sistent downdip alignment of forces on the continental svhelives.r Forées
emanating from the Basin and Range stress province are generally
pointing toward the east, éohsistent with' the idea that Athe Basin and
Réngé acts like a mid-ocean ridge due to the gravitational potential

associated with its elevation. It should also be noted that the apparent
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,magnitudés ‘of forces near the North Pole aré large because of the large
elemental areés, In general, forces appear to agree with the results
obtained in the topographic test case in which forces point away from
higher élevations for regions of constgnt crustal thickness én/d point
toward thicker crust for regions of constant topography.

Model TD (Table 1) contains only continental topography forces
and balancing drag forces (Figure 23a). The resultant stresses (Figure
23b) do not appear to fit the observed data well. This poor fit to the
data could possibly be explain_ed by the bala;ncing‘drag forces controll-
-ing. the stress trends in the continental portion of the plate. Another
explanation could be that continental topography does not affect the
intraplate stress regime or that topography only affects sﬁ*ess trends
on a local basris., Another possible explanation may be fhat a combina-
tion of tectonic and topography forces is responsible for the nature of
the intraplate stresses. These forces were added to the DPSN model to
obtain é more realistic approximation of the tectonic anci intraplate
forces acting on the North American plate. ‘Stresses from this model,
BT (Table 1) are shown in Figure 24. These rest;llts are not signifi-
céntly different from those from the DSPN model. The force pldt
(Figure 25) reveals the significaht]y smaller magnitude of the conti-
nental topography forces as compared to the othér boundary forces.
As discussed earlier, the density moment férmulatidn used to model the
topography forces is based on poorly known subsurface density struc-
tures in the lithosphere. This model pi‘oduces the smallest nondrag
torque on the plate of 2.68 x 1025 Nem and a relatively small balancing

drag rate of 1.24 x 107 °l/yr.
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Figure 25. Model BT forces



CHAPTER 7
DISCUSSION AND CONCLUSIONS

It had been the purpose of this thesis to model features of the intra-
plate stress field for North America in terms of the potential plate~
driving and resisting forces that act along the edge and on the base of
the plate. An attempt was also made to investigate the possible effects
of intraplate forces related to continental topography on localized stress
patterns.

Although the details of the dri;ving.mechanism of piate tectonics
are uncertéin, some form of thermal convection due to excess heat
energy in the earth is ﬁrobably responsible for motion and deformation
of the plates. Ridge forces are one such force that may be directly
related to the upwelling of hot mantle material at plate divergence
" zones., D.rag forces acting on the base of the lithosphere are another
type of force that is a direct effect of mantle flow on the base of the
lithosphere.

These tectonic forces affect not only the interplate stress
?egime but the intraplate stress field as well. Intraplate stresses may
also be related to residual effects of past activity along transform and
subduction boundaries. The complexity of the western stress field of
North America can be attributed to present plate interactions along the
Pacific boundary (Zoback and Zoback, 1980) and to residual effects of
past subduction of the plate along its western edge (Atwater, 1970).
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In this modeling scheme, only boundaLfy and basal forces related to
present plate tectonics are »modele’d for the North American plate. In-
ternal plate mechanisms related to the vérying rheologic and geologic
properties of different physiographic provinces also affect intraplate
stresses.

Although attempts to model infraplate stresses in the western
portion of f.he plate are made in this modeling scheme by including
topography—re}atéd forces, not all of the factors which contribute to
intraplate deformation have been modeléd such as rheoloéic changes
.éssociated with the anomalously‘ hot uéper mantle material caused by
cessation of subduction in the west (Zoﬁack and Zoback, 1980). Other
dynamic' effects related to initiatioﬁ of ‘transform faulting in the west
and second-order effects related to active kinematics for surrounding
regions of the Colorado Plateau and Great Plains areas seem to compli—
cate the stresses in these areas (Zoback and Zoback, 1980) and were
nbt considered in this modeling scheme.

The source of stress' causing a rotation of principal stresses .
along the Atlantic Coast north of Virginia -_an,d south of Maine is also
‘uncertain. Thé possible orientation in this area of principal stressés
approximately normal to the inferred stresses of the mid—continéhtal and
oceanic regions could be related to localized effects superimposed on the
effect of ridge.forces that are believed to possibly control the orien-
tations of stresses in surrounding regions. Sedime_nt—loading phenomena
and lateral density changes normal to the continental margin may ac-
count for vsor‘ne of these inferred orientations normal to the margin.

Stress orientations may also be related to the pattern of gravity
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anomalies in the region, which can be explained by éurface and subsur-
face loads along the length of the‘Apvpalachian fold belt (Karner and
Watts, 1983). Thesé loads are probably related to fold and thrust
blocks; therefore, different tectonic structures in the northern and
southern Appalachians may account for the different stress orientations
in these two regions of the Atlantic coastal stress province. Litho-
spheric flexure and lateral density ‘contrasts associated with a conti-
nental margin predict extensional features for shelf regions (Bott and’
Dean, 1982; Zoback énd Zoback, 1980). However, the inferred stressés
for the Atlantic coastal margin are cornpr_essional. |

The extensional tectonics predicted for the continental margin
by Bott and Dean among others is the result of oversimplified models
that consider only changes in the mechanical properties of the shelf,
e.g., lateral density contrasts; the "pushing" effect of the ridge on
the shelf is not considered. Modeling the shelf according to a density
moment scheme, as shown in this thesis, incorporates the relative effect
of density moment changes associated with the shelf superimposed on
the effect of fche ridge pushingr on the shelf. The shelf effect, as
modeled with density moments, predicts a decrease in compressive
stresses normal to the shelf.

Even though attempts were made to fit local features of the
intraplate stress field of North Americ; by modeling lateral density.dif-
ferences within the plate and refinihg the finite-element ,grids to in-
crease the detail of the loading schemes and increase resulting stress
resolution, many stress features are not resoived and are believed to be

due to complex localized past and present processes acting within the
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plate. However, modeling of the boundary and basal forces acting on |
the plate is quite conclusive. An outline of the modeling results is
presented and major conclusions that have been drawn ‘concerning the
validity and versatility of this modeling scheme will be presented.

1. Distributing ridge forces throughout the- entire topographic ex-
pression of the oceanic porﬁon of the North America plate is a more
_realistic and,accﬁrate way to apprbximaté forces due to the gravitational
pot‘e‘hvtiAal of the elevated Mid-Atlantic Ridge thaﬁ the p?eviously used
~ line: ridge approximation method of Richardson (1978b). However, the
line ridge model was found to be a good first approximation to the dis-
tri.butedbridge models with the exception of the resultant stresses .near
‘the ridge. For the line ridge model, the near—ridgé stress magnitudes
remain - almost constant, unlike those for the DRD models, which de-
creases as the total cumulati%fe force decreases toward the ridge.

2. It w#s determined that expressions that quantify ridge forces as
a function of distancelfrom the ridge could be formulated according to
_either a cooling half-space phenomenon or according to the gravitational
" potential associated with the lateral changes in density associated with
the cooiing sinking lithosphefe. ‘Expressions vof both types were formu-~
.lated and found to yiéld comparable results in both magnitudé and
" direction. However, because the cooling formulation depends on knowl-
‘edge about the past cooling history of any point along the lithosphere'
and an approximation has to Be used to estimate the length normal to
the ridge for ~any element, the gravitational sliding formulation was
chosen for use in all subsequent models that had ridge forces. All

.ridge models approximately fit the dominant east-northeast
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mid-continental compressive stress trend. However, there were signi-
ficant differences in those models in which resistive drag forcés kept’
the plate in mechanical equilibrium. Models in which drag forces were
applied seemed to indicam_te that drag forces along wefe probably not a
viable balancing force because the‘y-‘tended to control the intraplate
stress trends in the west as much as, if not more than, the ridge
forces.

3. Even though mid-plate stresses were fit with a driving-drag
model, other shortcomings in this model left the ridge models as more
realistic models of the tectonic processes acting on the North American
plate.

4, The only significant difference between coarse- and fine-grid
modeling results is that ridge forces Wére included above lat 60° N. for
- fine-grid models and not for coarse-grid models. Thus, the stress
states in this northern region were modeled more accurately in the fine-
grid models. Intraplate topographic and ‘crustal thickness features were
modeled more accurately with the smaller element sizés. The major con-
clﬁsidns drawn from both 'g'ridvmodels are the same.

5. Addiﬁon éf Pacific boundary ‘forces along the‘S.an Andreas
transform and Aleutian arc complexb»to the modeling scheme resulted in
good fits to the stress data in these western regions. The magnitudes
of these forces are only weakly constrained, but magnitudes that
yielded stresses on the order of 5 MPa averaged over.the 1 x 105-m-
thick lithosphere resulted in the most acceptable stress results.

6. When normal forces due to the Cocos plate and shear forces due

to the Caribbean plate were added, less resistive drag was required to
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balance ridge forces. Howéver, the incorporé.tion of these forces re-
sulted in large extensional stresses in the southwestern portion of the
North Amefican plate. |

7. Normal forces across transform boundaries were found to be
~ essential to obtain reasonably accurate intrapiate stress orientations.
8. The density moment formulation ‘based on continental topography
. and crustal thicknesses was found to be very dependent on assumptions
made about the density structure in the lithosphere and the compensa-
tion mechanism characteristic of certain regions of the plate. Evidence
based on geoid anomalies agreed with moment magnitudes calculated for
the continent. The resultant top0gré.phy forces were found to be al-
most insignificant relative fo the ofher boundary forces. The topog-
ra;phy forces alone did not seem to produce stresses that accurately
matched those in the western and coastal regions of the North American

plate.
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