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Abstract
Repeated precision surveys of small heavily braced networks

(about 2km aperture) can measure earth strains of 10-6¢ or

" larger using oﬁly inexpensive, highly reliable commercial

surveying equipment. Practical difficulties of such a ‘small
survey experiment in remote areas can be eased with

foresight, experience, and careful plénning. Monumentation

~with concrete pillars speeds precision surveys. Léss

elaborate brass plugs in bedrock suffice when coupled with
dptfcal‘plummets. | ‘ )
" Two dimensional Sdrvey data provide estimates of
polynomial approximations to tensor strain compbnentsu Tﬁé
polynomial coefficients, not the benchmark positions, are
the fundamental unknowns. The solution uses thé generalized

inverse of the rectangular design matrix to construct a !

direct 1#%near relationship between the observations and the

strain estimates. Analysis of synthetic data shows that

standard commercial surveying instrumentation and techniques

are adequate, distance measurements are much more important

than angles, and résolutioﬁ4increa$es approximately linearly

with increasing aperture to at least 10km. Non-constant

_ approXimations to strains are useful only if single

measurement accuracy significantly exceeds the magnitude of

the expected strains. Real data from a network astride the

Huaytapallana réverse fault in Peru show a 3x10-¢yr-' shear
strain event with better than 95% confidence. This fault, at

11.9°S and 75.1°W, is known to be seismically active and has

iv | .
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a hj§tory’of lateral movement.

Such strain events must be inté;preted in terms of
South American tectonic history. Shallow subduction in Peru
extends to beneath the Subahdean ranges. The Piscg
Deflection, where a continuous change from shallow to steep

subduction occurs, is causally related to the Nazca Ridge.

Maximum seismicity is 125-150 km beneath the Central Andean

volcanic front. The Andean Seismicity Lineament (ASL),

defined by the volcanic front, seismicity, and geology, lies

along a'great circle through the relative motion pole for
South America and the Nazca Plate. It may §e a megafracture
penetréting the continentatl crust accommodating both .
tectonics and magma injection similar to the Tapacocﬁa Axis
in Peru. Linear plutonic'structpres may constrain
paleo-posifions of relative motion poles. Least‘squa[es

fitting of the continental shelves of Africa and South

America yieldé?gﬁka a::’age misfit from the Amazon to the

Falkland Escarpment, b the nothern and southern sée}ions
require different‘composite rotations. Motion of Patagoﬁia
relative to the South American craton from Triassic through
Cretaceous times about a pole at 63°W and 36.5°S is” the
postulated cause. Meﬁ?zp Andean movements began perhaps
100my later in Peru (Cretaceous) than in Chile (Triassic).
The onset of activity parallels the northward migration of
the rifting 6f weéfern Gondwana. Spherical geometry of such

motion harmonizes with much of the continental structure.

Sugéested consequences include the Parana basalts, the
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i ' Argentine basins, the AricgyElbow, the Pampean massifs, and
the ASL. |
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List of Tables

Table 2.1 (page 58) illustrates the ability of the Hbancayo
network to resolve constant strains with a constant strain
mode1. The lower of the double entries represents one
sténdard deviation. 38 distances and 81 angle measureﬁents
were used. All stragins are given in microstrains.

Table 2.2 (page 62) shows the effects of increasing
aperture on resolution. All strains are in microstrains. The
aperfure of a network is takén to be the longest measurable

line length. In all cases, the "true" strains in this study

«:ere EXX=5.0, EXY=-2.5, EYY=-1.0. The second entry for each

A}

aperture was done w{th distance meésUrements oﬁly.

Table 2.3 (page 68) disblays the fit of a constant
strain model to the Huancayo survey data.vBoth distances and
angles were used. All strains are in microstrains.

Table 2.4 (page 68) shows the fit of a constant strain
model to the Huancayo data using distances only. A1l strains
are in microstrains. Standard deviation estimates in
brackets are corrected to agree wit* the var{anée ratio.

- Table 2.5 (page 70) shows a répeat of the study of
table 2.4 but here the pseudo-inverse was formed after the

lagt (smallest) singular value was deleted. A1l strains are

in microstrains.

ix
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List of Figures

Figure 1.1a (page 8) illustrates the three basic types of
plate boundaries. Figure 1.tb shows the possible modes of
oblique subduction. |

Figure 1.2a (page 14) is adapted from Windley (1977)
and shows the structural elements of a typical island arc
syste&. Figuge 1.2b shows this athor's conception of the
.ttructural'elements of an Andean iype subduction zone.

Figure 1.3 (page 16) illustrates the concept of paired
"A" and “B" subduction zones as suggested by Bally-aﬁd
Snelson (1979). T

Figure 1.4 (page 19) displays an idealized geosyncli%a]
couple. The continental basement of the miogeosyncline is -
shown broken into a series of listric (curved) normal
faults. Such a fault structure is thought to typify riftgd
continental mérgins and probably formed in response to

stretching of the continental crust.

Figure 1.5 (page shows a possible model of
cgntinentél rifting incorporating crustal stretching. The.
continental crugt is shown divided into bfitfle and ductile
regi

Stretching stresses while the brittle regime forms a

s. The ductife material flows in -response to

characteristic system of listric normal faults. The center
of the_stretched material is' shown intruded by basic dikes
forming a transitional crust preparatory to the emplacement

of true oceanic Crust. Compare with figures 1.4 and 1.6.
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Fidure.1.8 (page 28) shewsipne set of a dual system of

or thogonal flowAlines‘which would form in a perfectly

plastic systEm as a response to a strong basal shear. The- s

other Set of flow lines are everywhere perpendicular to’ .
these. The ‘upper surface of the ma?erial is assumed a free
surface. ' i -

Figure 2.1 (page 32) shows a typical model for a
str1 luf plate boundary. In the upper left, the fault
mot!gﬁ ts Un1form at depth but "locked" near the surface.
Strain accumulates in the locked portion as shown by the
graph. The release of stored stram can be slow %r abrupt
causing an earthquake. . -

Figure 2.2 (pege 36) is a sketch map of Peru showiné
the locations of various places referred to in the texg.

"Figure 2.3 (page 37) is a schematic diagram of/the?f
Huancayo network E

. ’ T '
~Figure 2.4 (page 54) illustrates the method of stra1n

analysis described in the text. Refer there for deta1ls

Figure 2.5 (page 55) shows a test network used for the,
synthetIC data studies discussed in the text. o '
Figure 2.6 (page 65) shows two stud1es of varyﬁng

strain on network G10 using a varying stra1n model. In the

-lower figure, a linear strain is fwtted with a lwnear modt 1.

¥
The upper f1gure shows the shear strain expected from a

locked strike sl1p fault 200 meters below the network fitted

with coﬁstant and linear mode]s Erronapers are 1ustandard

N
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- between 63/)and 35°S.

Figure 3.1a (page 76) is a general1zed structure map
for the South American continent. Andean morphology is
adapted from Aguirre et al. (1974). The remainder of the map

is from numerous sources. Boundaries drawn for the Parnaiba

"and Parana basins cTLform to the mapped extent of the

) Mesozoic basalts.

‘Figure 3.1b (page 79) shows a spherical polar
coordinate system drawn about the poia‘of relative motion

for the Nazca and South Amer ican plates superimposed on the

South -American §obduction zone. Small cir¢les are labeled
with their angular distance from the pole. Pole location is

_from ear th- mode] RM2 of Minster and .Jordan (1978) 84.75"W

and 59.08°N.

Figure 3.1c (page 80) is similar to 3.1b except that a

<

cOordlnate system about the relative motion pole for the

Nazca and Pacific plates was used Pole pos1t1on is 87.88°W

and 56.64°N after M1nster and Jordan (1978).

F1gure 3.2 (page 83) is a structural map for the Andes |

Figure~3.§ koage 86) shows geologic and tectonic
features near the Pisco Deflection in southern Peru. See
figure 3.4a for the Key to symbois and shading. The Pisco
Deflection is adapted from Megard and“Philip (1876).

Figure 3.4a (page 88) is a general1zed geolog1cal map
for the Andes'between 5°S and 15°S. ‘

F1gure 3.4b (page 89) is a general1zed geolog1cal map
for the Andes from 15°S to 35°S. '
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Figure 3.5 (page 91) shows fhe~geological structure of
Peru as interpreted by E. J. Cobbing and W. S. P1tcher The
cross section.is adapted from Cobbing and- Pitcher (1972b)
while the plan view is adapted from Pitcher (1978)"
Figure'q.s {page 38) shows two vieWs of episodic
oregenic activity in Peru. Figure A is adapted fﬁbﬁ Noble et
al. (1974) and Figure B is mod1f1ed from Pitcher (1978).
Figure 3.7a (page 105) is adapted from Clark et al.
(1976) and shows the eastward m1grat1on of magmat1sm in
northern Chile. (Compare with figure 3.6b.) Figure 3.7b is
medified from Zentilli (1974)bahd shows the variation of
"Potash index across a transect of the Andes at about 26°S.
Figure 3.8 (page 111) dieplays contoufs of the
approximate depth to the Moho beheath the Central Andes as
estimated by James (1971a), Also shown is the apbroximate
southern l1mit of the under1y1ng Precambr1an shield. after
Cobbing et al (1977) ‘

i

F1gure 3.9 (page 112) 1nd1cates how the contours of

‘ f1gure 3. 8 might be modified to agree with two se1sm1c and

grav1ty contours done by Ocola and Meyer (1973). The
traverses are denoted by "AB" and AC", Contours”agree with

Ocola and Meyer along the travérses and are hypethetical'

~ elsewhere.

Figure 3.10 (page 116) shows where significant Pliocene
through Quaternary volcanism has been found in South 7

America. Adapted from‘the Tectonic Map of South America

- {1978).

xiii
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Figure 3.11 (paée 120) is a geological sketch map of
Patagonia. Primary source map was the .Tectonic Map of South
America (1978). .

Figbre 3.12 (page. 125) displaye the setsmicity of South
America. Data are taken from the NOAA catalogue from 1863 |
througk\1977 Only events having body wave magn1tude (Mb)
greater than 5.0 are shown. '

Figure 3.13 (pageA129) is anxexpanded seismicity map
for the . Andean reg1on between 5°S and 30°S. All events |
having Mb greater than 4.0 and which occurred between 1963
and 1977 are shown. Also shown are active yolcanoes and
contours Qf ma jor geological features. The,yey to the
tabeting_of the contoure can be deduced from figures 3.4a
~and 3.4b. | |

Figure 3.14 (page 130) is a closeup of the northern
ha]f‘of figure 3.13. Additional detail is included in the
Qeologica](structure.‘ | | ’

Figure 3.15 (page 131) is a closeup of the southern
hatf of figure 3.13. |

Figure 3.16a (page 133) shows a vert1ca1 profile taken
through the Peruvian Andes 1n the approximate direction of
subduction. Only'events hav1ng Mb greatef than 4.0 are
shown. ”

F1gure 3.16b (page 134) is a se1sm1c1ty prof1le along
the same line as 3.16a but the threshold magnitude has been
1ncreased to 5.0. Two major areas of energy release are

indicated: near the trench and beneath the Subandean Ranges.

Xiv



Figure 3.17 (page 140) is a cartoon showing a probable
geometry for the sudected Nazca Plate beneath central Peru.

Figure 3.18 (page 142) is a seismieity map of a portion
of the Central Andes éimtiarvto 3.13. Only shallow and
intermediate depth evehts‘efelshbwn.and depth coding has
been chosen.to be compatible with figure 3.19.

Figure 3.19- (page 143) shows approximate contours of
the depth to "maximum" seismic activity beneath the Central
Andes. Contours were constructed from a detailed analysie'of
numerous intersecting vertical profiles (not shown, but see
Appendix 2). Most of the features of these contours can be
confirmed in figure 3.18. Also shown is the location of the
“tear" in the Nazca Plate postulated by‘Barazangi'and'Isacks
(1976 and 1979). | |

'.\F1gure 3 20a (page 146) is a vertical selsm1c1ty
prof1le 1" wide, taken across northern Chlle ln “the
direction of subduct1on Only events having Mb greater than
4.0 are shown. The deéense cloud of activity between 125 and
150 km is dlrectly beneath the volcanic front.

- Figure 3.20b. (page 147) shows the same profile as 3. 20a
but a higher threshold magnitude (5.0) has been used. Energy
release is max1mal beneath the volcanic front, but is

distributed cont1nuously along the slab to a depgh\pf 250

‘Km; ‘ ) : .

Figure 3.21 (page 148) is a cartoon depicting a

,poss1b1e mode of subduct10n beneath the Central Andes.

Figure 3. 22 (page 151) shows the same seismicity map as

\\\\\ XV
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figure 3.13 with a spherical coordinate grid drawn about fhe
relative motion pole for the Nazca and South Amerfcan
plates. Pole position is 94.75'W and'59.08'N éhd is from
earth model RM2 of Minster and Jordan (13878). |

Figure 3.23 (page 152) is similar to figure 3.22 except
the superimposed grid is drawn about the Nazca - Pacific
pole of relative motion. Pole poéition is 87.88°N and
56.64°W after Minster and Jordan (1978).

.Figure.3.24 (page 153) coﬁpares the Andean Seismiéiﬁ&
Lineament as defined by the best fitting line of figure
3.22, with the’lqcations of modern volcanism and the Pampean
basement horsts; |

Figure 3.25 (page 158) is adapted from Zambrano and

~Urien (1970) and Urien and Zambrano {1973) and shows major

sedimentary basins and shear zohes‘jé Argentina which have
formed since the duhassic. |

Figure 3.26 (page 163) is adapted from Hertz (1966) and
‘shows the age disfributionlgf K-Ar dating for the Parana
Basalts. Determinations were made by various authors/ahd

summarized by Hertz.

Figure 4.1 (page 174) shows \pe fit of Africa and South
~ America according to Bullard et all (1965). The continents

were métched at the 500 fathom isobath uﬁing a least squares

téchniquel Africa is shown rotated c]oékwise,S?.Ofiabout a.

pole located at 30.6°W and 44.0°N. The average'miéfit

according to Bullard et al. is 88 km. The points "P" -

indicate the limits of the continental shelves that were

xvi
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digitized.

Figure 4.2 (page 177) illustrates the technique of
fitting conti together as discussed in the text. Opposing
points are defined as pairs of points, one on each
continent, Iyinq on the same small circle ebout the rotation
pole. The best rotation angle is chosen mathematically to
hfnimize the squared misfit measured in Km along the small
circles. | _

Figure 4.3 (page 179) displays contours (at 5 km
intervals) of the misfit in km between South America and
Africa for the area in the immediate vicinity»of the Bullard

pole (figure 4.1). The Bullard pble is much better

constrained in‘longitude than latitude.,The shaded region

indicates the possible range of'optimal pole positidns as
discussed in the text. ‘

Figure 4.4 -(page 182) shows contours of the continental
misfit when only the southern pOrtions of Africa and South

America are matched. Contour interval is 5 km. Minimum

misfit is about 89 km at 31°W and 36°N._

Figure 4.5 (page 183) shows the best fit obtained when

the southern portidne of the continents are matched. Africa

‘has been rotated clockwfse 58.7° about a pole at 31°W and(

36°N. This-echieyes a misfit.of only 89 Km between the
limits marked *P". ’ h

Figure 4.6 (page 187) is a closeup of the southern gap
between the. cont1nents as def1ned by the Bullard fit of

figure 4.1. Note the matching of fsets on the east flank of

Xvii
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“interval is_2 Km,

o

Agulhas Bank -and the Falkland Escarpment R

FigureY¥4.7 (page 189) shows the fit of the Agulhas Bank
region of South Africa to the corresponding section of the
Falkland Plateau. The contlnents were first rotated 1nto the
position of figure 4.1, then the Falkland Plateau was
rotated counter clockwise 16.2° about a pole“at 65'W and
42 .5°S. The average misfit is about 17 km. The super imposed
grid is drawn about the rotation‘pole.

Figure 4.8 (page 19@) shows misfit contours for the
best fit region of the fit shown in figure 4.4a. Contour

- .

Figure 4.9 (page 193) shows the postulated boundary
between the Patagonian Block and the Craton. The‘boundahy is
taken to be coincident with the southern extent of the
shield as estimated by Cobbing et al. (1977).

Figure 4.10 .(page 195) is a contour map of the misfit

' obtained by closing the southern gap between the continents

in f1gure 4.1 with a rigid rotation of the Patagonian block.

The best pole position is well defined in one dimension

~only. Contour interval is 2 km

Figure 4.11 (page 198) shows :he "best" rotation which
closes the southern gap of figure ¢+ * The pole position was
chosen from figure 4.10 us1ng the additional constraints

described in the text. The average m1srwt is about 61 km.

“The Patagonian block"has been rotated counter clockwise

12. 5 about a pole at 63°wW and 36.5°S.

F1gure 4.12 (page 199) is an enlargement of the

‘xviii




southern portion of figure 4.11 showing the closure of the
southern gap. Compare with figure 4.6.
Figure 4.13 (page 201) is a cartoon‘sequeﬁce
illustrating the contineq;al dis}ortion model proposed in -
the text.
Figure 4.14 (page 206) illustrates the geometric
; ‘ harmohy found between the Patagonian pole and various
geological features. See text for discussion. |
7/ Figure 4.15 (page 211) compares the structure of the
modern Central Andes with the spherical geometry of the
6// Patagonian pole. Sonnenberg’'s lines are major tectonic T
boundaries postulated by Sonnenberg (1963). Notice the
remérkable alignment between the modern volcanic belt and a
great circle. Compare with figures 3.24 and 4.1a.

Figure 4.16 (page 219) shows the fit of the continents
as postulated by Rabinowitz and Labreque (1979). The
location of their early to middle Cretaceous pole for

— spreading on the South’Atlantic is also shown (45°W and
2.5°S). Africa bas been rotated clockwise 57.5° about a pole
at 32.2°W and 45. 5°N. The average misfit at the 500 fathom ,

e e e s e wi oy oL

isobath is estImated in the. text as 223 km The worst misfit

Iz

is along the northeastern coast of Brazil. Compare with
figure 4.1.

Figdre_4.17 (page 230) compares the Pisco deflection
with sphericaJ cobrdinate systems drawn about tﬁe Nazca - : -
‘South America pole (figure A) and the Nazca - Pacific pole
(figure B). .The southern boundary of the deflection is well
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modeled as a slip line about the Nazca - South America pole.
Compare with figure 3.3. '

Figure 4.18.(bage 233) 4s a cartoon dépicting the
possible evolution of a subduCtion‘system as a zone of
bqpyant oceanic crust encounters the trench. The figure
re;ds,from top to bottom. This constructf&n was draﬁh-
asspming that both the buqyant slab (A) and the normal slab
(B) move with the same horézqngél’Qeloqify but that B feels

a greater (constant) gravitational force. Thus the slabs

i follow parabolic trajectories with different curvatures.

XX
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1. Préliminary Discussio

a

1.1 Motivations

| This thesis presents a survey of and contributions to
Knowledge of the structure and dynamics of a convergent
plate margin. The particular margin of interest is the
Andean mobile belt, but many of the top1cs d1$cussed have
general app11cab1l1ty My 1nvolvement in this subJect dates

from ear]y 1977 when I Jo1ned Dr. Edo Ny]and’s ‘survey

project in the Peruv1an Andes This prqﬁect, the subject of

chapter 2, is one of several geodeticfexperiments wor ldwide’
0 . .

| which are exploring the possibilities of direct measurement

of the motions of tne tectontc plates which'form the surface
of the earth. ‘ - '

In some instances, the relationship between large scale -
plee motions and geodetic strain'iS“not difficult to

imagine. For example, "in southern California it is-possibleh

to lay a survey network across virtual]y the entire plate

margqin. The situation is further simplified s1nce the motion
along th1s part1cu]ar margin is almost entirely horizontal.
A s1m1lar s1tuat1on occurs in New Zea'land where geodetic

measurements spanning the plate margin demonstrate a

. cumulative mot ion which agrees closely w1tb the large scale

plate motion predicted by less' direct means. (Walcott 1978).
Often geodetitc survey1ng involves measurement of ‘
angles and distances on lines approxxmate]y 20 km long. In‘

New Zealand repetition of old Br1t1sh surveys done near the
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end of the last centurywhas been a primary source of
information These genera}ly involved lines of sight from
mountain top to mountain top (e.g. Walcott 1978) .

Wadting 100 years between surveys is one of two often

" practiced techniques for measuring earth strains. The‘other
inQolQes the'application of the very~tatest technolobylto
measure a few line lengths with great accuracy Th1s
approach is taken in California where single measurement
accuracies less than 1 part in 106 are a rea]1ty (Prescott
et al. 1979). . | o o |

Our:PerUVian project has inuestigated a technique
different«from either‘of‘these. We use small networks (2
kilometer~1fne lengths) and moderate technology but make a

large number of measurements in order to get a very h1gh
redundancy factor In thlstway.,we are able to measure
tectonically 1nteresting strains w?thout Watting 102 years
or.spen.ding'.105 dollars. This technique has been referred to
as.”microgeodesy“ (W. Welsch, 1977, personal commun10at1on)
and that term will be used here.

The greatest problem facing us in Peru is'not'actually -
\measuring the strains but'rather interprettng them;;A
_convergent plate margin (as ue have along‘thg western.border
~of South America) is probably the most compleéx of the three
_ majbr“types (see sectton-1.2.4) showing great'geometric
- variety and almost any tmaginable style of deformation
It was the attempt to understand our measurements that

1ed to the vast subJect broached in chapters 3 and 4 .the
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evolution of the South American continent since the

Mesdzqic. 1 cannot truthfully say that my studies in this:
. field have led to a full understanding'of the fundamental

forces driving the Huaytapallana thrust fault (where our

survey network is). On the other hand, some unexpected 

- discoveries were made and, at the very least, I have come to

appreciate the vast diversity of the subject.

This thesis is thus multiple: this chapter concludes

. with some background information on plate interactions.

Chapter 2_treats ﬁhe subject of microgeodesy as applied in
Peru. A summéry of résults from a study of the geolbgy and
seismicity of the South American cOntinenf is preSeﬁted in
ghapter'3. Chapter”4 contains some msgzﬁé for certain
aspects of the tectonic évolqtion\of that COnt?h?Q}. In
chapter 5, some unexplored avenues for reséarchvf; the
application of survey methédology to;problems in geodynamics

‘are suggested.

. Gt
‘1.2 Spherical Geometry and Plate Motions.

Since the earth approximates a'séhé?e. it is not
surprising that.spherical gedmé$ry is important -in
considering global tectonics. What ié peéhaps uhexpected is
—the gréat wealth of information that comes from pursuing
this subject and thé strong constraints it places on.ihe
types of motion which may occur. “Pléte tectonics” is the .
most “successful theory of‘glbbal.geolagy and this success ié

in pért due to investigation of these geometric constfaints./

.
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1.2.1 Euler’'s Theorem

- A famous theorem of r1g1d body mot10n. first enunc1ated

by Euler, forms the basis for the ana]ys1s of mot1ons on a

sphere:

If two successive positions of a rigid body have a-point
.in common, then the motion of the body, from the first
to the second position, can be completely described by a
rotation about an axis passing through the common point.

Ty

In the case of the relative motion of portions of the

earthfs'subface, it may be said that any two successive

positions of a crustal plate have the point at the earth’'s
'center in common. Thus, the motion of one'rigid plate

rélative to another can be describedlby a rofatioh about "an

axis pass1ng through the earth’s center The position df
1ntersect1on of that imaginary axis with the earth’s surface
and the(angu]ar‘ve10c1ty about it suffjce to character1ze

the instantaneous motioh of one platé with respect to

‘anotheﬁ..The validity of these conclusions rests directiy

- upon the assUmption that the tectoﬁic plates‘behave rigidly.

1.?.2 Anqular Displacement and Andu]ar-Veloéitv

o

Finite angular displacements can be spécified by giving

a "magnjtude and ‘a direction," but it is a well-known fact
ffom classical mechanics that these are not vector
éuantities (Goldstein 1965, p124). This can be demonstrated
by'sﬁowingvthat they do not obey the laws of vecter additioh

f
!



since the result depends on the order in which the additidn
is performed. | | |

Angutlar: velog1ty and- 1nf1n1tes1mal angular
displacements are vector quantities and can be added as
vectors (Goldstein 1965, p125-126). Often average angular
veiocities are quoted in the literature and it‘is important
to realize that these are not vectors. They are‘calculated '
by taking a total apparent displacement over a geological
period and dividing by that period. Average angular

velocities are only vector quantities if the motidn has been

steady state (constant), and then average and instantaneous

angular veloc1t1es are 1dent1ca1 As Hobbs et al. (1976)

point out, geometr1ca] considerations (e.g. long transform

~ faults) inp1y that steady motion is favored-.but well

documented 1nstances of changes in both magn1tude and

d1rect1on of plate motion are found in the l1terature

(Menard and Atwater 1968, Handschumacher 1976).

If Wab represents the 1nstantaneous angular ve1oc1ty

vector of plate "b" with respect to plate a", then for any

three plates, a, b, and ¢, we must have (Hobbs et al. 1976,
p 454): _ o
Wab + Wbc + Wea = 0

" Thus, if any two of these instantaneous angular

'Qeloetty‘vectors are Known, the third may be found via

. vector addition laws. If three vectors sum to zero, they

must be co-planar; thus, the relative rotation poles for any

\

three plates must lie on the,same great circle (Hobbs et al.
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The-velocity of any particle on plate b with resoect to
plate a is given by: ‘ n |
Vab = Wab X R o L |
‘where R is the radius vector to the particle. At a triple
junction-where three adjacent partic]es'on different plates
have. the same R, the relation between angular velocity
vectors becomes a relatton between particle velocities:

Vab + Vbc + Vca = -0

This equation, which was used by McKenzie and Morgan (1969)
to investigate_trip]e junction stabﬁlity. is strictly valid
only for points with no finite separation.

-

1.2. 3 Plate Geometry and Poles of Rotat1on

The mot1ons of the crustal plates are often reflected
in the geometry of their boundaries and 1nternal structures.
Th1s provides one of the primary methods of determining pole
positions. A spher1ca1 coord1nate system ("latitude" and
”longitude ) drawn about a pole of,rotat1on determines a
natural coordinate system in which to,yiew a plate
interaction. (The terms "latitude* and “longitude“ will be
considered synonymous with smal] and great 01rc1es about a
mot1on pole. The same terms without the quotes will refer to

convent1onal latitu e and longitude.) The direction of

‘relative motion befween two plates is everywhere tangent to

‘sma11~oircles eboyt their pole.

At a_speading)ridge, two plates are being'formed and

L T
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are moving away- from one another. Thié motion presumably
takes place along a basal shear zone separating the plates
from the mantle. The direction of motion is indicated by
“transform faults" which should therefore be small circles
about the corresponding pole of rotation. Fitting tr nsform
faults with “latitude’ lines is a direct method for |
determining a pole- position The strikes of spread\ng ridge
crests tend to be aligned Withﬂgreat cirdles about the pole
of motion indicating that spreading takes place at right

angles to ridge strike.

1.2.4 Types of Plate Boundaries

A useful classification of plate margins is based upon
their relation to the direction of relative motion across
them. Margins arevsaid'to.be either transform (shear),
divergent or convergentjdepending on the direction'of the
normal component of relative motion (figure 1.1a). (These
w1ll be: henceforth referred to as TPM, DPM, and CPM

respectively.) As the name suggests, a TPM 1nvolves pure

"~ shear motion between " the two plates and, hence, the
| component of Vv normal to the plate boundary (Vn) is zero.

(The normal component of the relative velocity vector will

be con51dered p051t1ve if it points outward from the

'reference plate a to plate b.) Examples include ocean floor

transform faults and the San Andreas fault system. In this

‘[ldéallzed definition, a transform boundary is always

[

| parallel to the direction of relative motion. This is

OO R UL DL
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TPM ~ DPM CPM
/\ . Nab o
| Vot
&
Vn=0 . V=0 Vn<0
Figure A
Figure B ]
Sinistral  Subduction - "Dextral Subduction
Continental Plate / - a
‘ ' ' Continental
Plate _ » .
Oceanic /
Plate / /Relatlve
© “Motion
| / / / Oceanic Plate

——t 1 =Trench

‘Figure 1.1a illustrates the th

boundaries. Figure 1.1b shows
.subduction. o

= =Strike Slip Fault

ree basic types of plate:
the posswble modes of obhque
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probably a good rule; however, in New Zealand, along the
Alpine "Transform", there appears to be a definite component

of relative motion normal Lo the boundary (Walcott 1978).

A divergent margin is characterized by positive Vn, the

prime example being the world oceanic rift system. Spréading

ridges, in the idealization of McKenzie and Morgan (1969),
are alWays perpendicular to the direction of relative
motion. However, there is no a priori necessity for the
general DPM to have zero tangential motion.

The thind.type ofkplate margin (CPM) has negative vn,

and is the subject of much of this thesis. Examples ihcfude

the Tonga-Kermadec, Japan, and Peru-Chile trench systems and .

the India-Asia collision zone. The Tonga trench is the site

of subduction beneath an immature island arc (one lacking a

~ basement of cbntinental_crust) acqompanied by active back

arc spreading (Karig 1970), volcanism,ﬁand no compressional
orogeny. The Japanese arc system is a mature‘arc (Uyeda and

Miyashiro,1974), shows no active back-arc basin (Uyeda and

‘Kanamori, 1979) (though the dapan Sea is thought to be an

inactive basin (Uyeda and M1yash1ro,1974)). and shows

basically compressional tectonics. The Peru-Chile trench

shows no island arc, active continental volcanism, no

back-arc basin, and both compressional and extensional

‘tectonics (Megard and Philip 1976). The India-Asia collision

zone is caused by the coliision of two relatively buoyant
contihéntal masses and shows no subduction or volcanism,

large scale_compressional tectonics, and effectively

\
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2-dimensional plastic flow of crustal‘material (Molnar'and
Tapponier 1977b). - - ’ : -

. Thgse definitions specify only'Vn; nothing is said
about the tangential component of fhé relative velocity
vector (Vt) because both CPMs and DPMs may show large Vt.
Subduction with a large cdmponent of Vt is called oblique
; | . subduction. Fitch {1972) and Hobbs et al. (1976) suggest
that in such circumsténces strike-slip faulting may be

: . induced within the non-subducting plate. If the sense of
shear gcross the.trench is right-handed, it is a dextr;l
trench system. Similarly, a sinistral trench system implies
left-handed shear. F{gufe,1.1b illustrates dextral and
sinistral subduction for an ocean - continent type CPM (see
next section) and indicates the sense pf strike slip ‘
faulting which might'be found in the continent. (This is not
fhe only poSsible_response~me§hanism to oblique subduction.
Refer to Hobbs et al. (1876 pp 458-459) for further
details.)t | | '

| Strike slip faults such as those hybothesized in figure

1.1b (called "Fitch faults" hereafter) are not transform

D

. faults. Superficial similarities such as»eXtréme linearity

e et

, over great distances can be expected, but the differences
}are more important. These would be true strike slip faults
‘shbwing a sense of motion'which agreés with the Sense of
offset along the fault. As Wilson (1965) first pointed out,
= ~ transform faults show the opposite sense of motion. More

importantly, there is no.préctical limit tdmthe magnitude of

S eans o, . .
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offset which can odcur on a transform~fault, but geohetry
and surroundind structure;\ggverely iimit the offset on a
Fitch fault. Lateral mofion\éxgeéding a few tens of km would
be extremely difficult to explain. Also, a Fitch fault might
be expec}ed to show considerable vertical mbtion because it
exists in a region of vertical tectonics. With a complex
system of eleven major plates jost]ing one another, it may

be ineéitable that some convergence zones should display

targe shear motions, but there may still be some energetic

f’\\\Preference for normal over oblique subduction. A case for

b .
this can be made by noting that, with other parameters

identical, normal subduction provides the contact surface of

minimal area. Hence, the local work done agéinst viscous

forces to slide one plate over the other would almost

certainly be less for normal subduction.

Such a local énergy préference is not always sufficient
to cause a‘reorganizatioh of plate motions to achieve normal
subduction, as is proved by the presence\of oblique

subductibn. Such a reorgénization would only occur if it

/ .
~ were globally energy efficient. The local energy benefit can

only be expected to be,significant if the plates are
strongly coupled. An old lithosphere, sinking passively

under its own weight, will show minimal interaction with _the

.overriding plate. Qn«tbg other hand, a young hot plate'being

acgively overridden wi}l 1ntg5€§ﬁ strongly with the upper

-plate.

It is a mistake to regard these definitions as

re
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oceanic-oceanic (0-0), oceanic-continental (0-C), or ’ : }

" plates.

12

statements about the tectonic stress field. FQE example, a

‘CPM can display vast regioq; of tensional tectonics in -

addition to (or instead of) the expected compressive

" stresses. The basin and range province of the western United

States shows considerable tensional character and has been
called_aﬁ ensialac back-arc basin (Scholz et al. 1971),
Indeed, it is difficult to find non-tensile geological
stfuctures in some island arc systegs with active backtéro
basinst However there seems little évidence ?t present for

compressive stresses of any significance in a DPM.

t

, . &
1.2.5 Types of Convergent Plate Margins

CPM's can be divided into three groups accordiné to the
nature of ‘the interacting plates, whether oceanic or

continental. Thus, we will say a CPM is either

continental-continental (C-C). .-

‘Dewey and Bird (1970) suggest four classifications in a

B A R TR Y PR R

scheme bassd on the gpo]ébica1 structure of the 1nteractiﬁg
1. Continental - Continental. (Same as C-C apovef) The
~ prime example here is the collision zone between the
Indian and Asian plates which has produced the
Himalayas. This vast subject Willg;ot be broached here.
For more information see.thévrecent review paper L&
Roeder (1979) o

2. Dcéanic - island arc. This is basically the same as the

19
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- we shall regard this type of CPM .as a trans1t1on or | ) A

~intermediate structure mark1ng the change of an 0-0 CPM to_ .

o 13

0-0 classification used above.

3. 10ceanic-Contjnental. (Same as 0-C above) -

"4, Island arc - continental. This refers tc the collision

of a continent with an island arc trench system, The

example suggested by Dewey and Bird is the northern New

‘Guinea'system where the Australian plate has collided

with the Bismark arc. |

An island arc - contfnental collisionfprobab]y took': |

place in southern Patagonia in the late Cretaceous (Dalziel E
et al, 1974) and has been suggested as part of the evolut1on
of the Canadlan Cord111era by Monger et al, (1972) Marginal
seas may have periodically opened and closed behind an.
island arc off the western Canadian shore. The closure of
such a back-arc basin causes oph1o]1te sequences and shallow
water sedlments to be scraped up ontb the cont1nent and T~
eventual collision between the continent and 1sland arc. The
collision would’ result in intense local deformation and |
possibly plastlc flow in the cont1nental crust as is found -

in a C- C CPM While certa1nly a complex collision process_

St

N4
< . =4

an 0 C or even a C-C. : h
F1gure 1.2a (adapted from'windley 1977, p245) is a
cartoon showing the basic® structural elements of an 1sland _
arc system Thls represents 0- 0 subduct1on if the marg1nal
bas1n is considered as a s1gn1f:cant ocean1c plate. Should ?Q'
the marginal sea close the - resulting CO]]ISIOH would be ant

\\_ ~
~
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_Fidure 1.2a is-adapted from Windley (1977) and shows the

'structural elements of.a typical island arc system.  Figure

1.2b shows this author’s conception of the structural .
elements of an Andean type subduction zone. '

e et ki de e mams L



-
-]

istand arc - continental CPM; and‘after_stabiiization, we
wou1d<have a 0-C CPM. As shown, this is.a so;called immature
island arc because,dt iacks a 51gn1ficant basement of -
continental rocks (or sial). Such a system is characterized
by extensional tectonics.so/long as the merginal basin is
actively opening. N | _

: Figure 1.2b is a similar sketch showing the basic _.“
tectonic elements of an Andean type CPM (0-C). This diagram
is a product'of many‘months of studygof the Andean systen
which will be discussed in detail in chapters 3 and 4. For
now, it is sufficient to\note some basic differences between
this and the isiand arc system. Here we have shield rocks
outcropping along the coast indicating d structurally rigid
basement which resists horizontal deforhation..TWO'
cordiifera' one Mploanic and one not, are typical with the
voicanfc center thing migrated away from the trench w1th
time. Intramontane basing, and fore- arc and foreland basins

receive erosives from the uplifted lands. Both the

accretionary wedge and foreland basin show thrusting and

~decoliement’ idetaohed) teo@bnics. s

1.2.6 Two Types of Subduct ion

r

~ Bally and Snelson. (1879) have proposed that there

actually are two.types of subduction zones called "A* and

*B" subduction (figure 1.3). The idea is interesting because
it suggests an easiiy envisioned: mechanism for the formation,

~ of the opp051ng thrust belts of‘figure 1. 2b

oiedh e L
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B subduct1on zones (B for Benioff) are those commonly

'recognized in plate tecton1cs. typified here by the

thrusting. of oceanic lithosphere beneath a mountain belt.

Such a process is thought to actually involve the recycllng

/

of oceanic crust throu@ﬁ—the mantle.

A subductlon (A for Ampferer, the famous Alpine
geolog1st) involves the thrusting of a shield block beneath
the same mountain belt, usually in oppos1twon toB

subduction. Recycling of shield material does not occur Qh a

" significant scale.

*In.this view, -the oregenic belt is a prism of deformed

material trapped between two opposing thrust systems. The

thrust belts develop 1n response- to. a strong basal shear

caused by the underthrusting tectonics. Bally Ca]]S‘thIS

.entire composite structure a "megasuture."

<

1.3 Orogeny and Plate Margin Tectonics

1.3.1 Geosynclihes

- Before the édvent of plate tectonics, it was thought .
that orogenic movements were aceomplished through the

"gebsynclinal cycle" (Kay 1951, Aubouin 1965). This idea

developed from the field observations of'meny strueturaf

geologists wha noted that—mduntains were characteristically
formed from or1g1nally flat lying sedimentary beds. Though.
h1ghly deformed -and 1ntruded it was still possible ha\\

. -ascertain much about their or1g1nal structure The

structural zones contain1ng these pre- orogenlc sed1ments.
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given the c1ass.name geosyholines..were observed to have a
number of common denominators. ‘

Kay(1951)'recognized a basic form which he called a o
geosynclinal couple. Shown in figure 1.4 it is referred to
as a miogeosynclihe-eugeosync]ine pair-(often shortened to
miogeocline and eugeoojine). A miogeocline is typically a
| wedge of carbonate sediments deposited on a subsiding
. continental basement,’whereas'a eugeocline consists largely
of turbidites aqd'deep water'marine sediments restinglon
oceanic crust. The eugeocline often-contatns ultra-basic
ihtrusions (Figure‘1 4 is a more modern geosynclinal model
than Kay proposed and ‘shows several features, such as the
listric. normal faults which were not part of earl1er
models. ) | |

Orogenic theories based on the geosyncllnal cycle
supposed the: format1on of mounta1ns from geosynclines was a
fundamehtal earth process and numerous comp lex schemes were
proposed,as~drivihg.meohaﬁisms. For example, sediment weight
was suggested.as'sufficientAto produoe'heating and magma
‘ generation at depth leading'to ah eventua]:tectontc
instab111ty | ..

It was long thought that there were no modern examples
of a geosyncl1ne However, beg1nn1ng with Drake et al.
(1959) it has gradually been realized that 'l1v1ng
geosynclines exist along most»qu1et contlnental margins. The
eastern coast. of North America is the typenexample.aThe o

carbonate wedge now being deposited on the continental shelf *
¥ B , . K
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'a4is a miogeocline th]e the sediments carried off the shelf

and down the continental rise by turbidity currents. form a
eugeocline. As stated by Drake et al. (1959) and later by.
Dewey and Bird (1970), the recognition of the east coast of
dorth America as a modern geosyncline serves to clarify the
goals of a theory of orogeny. Any viable theory must account
for the thchenlng, lateral compression, up11ft, and heat1ng
necessary to convert eastern North America 1nto a mounta1n

belt.

. I 3 2 Plate Tectonic theories of Or gg‘ ny

\
Plate tectonics 1s the framework for modern orogen1c

"theories. Dewey and B1rd (1970) offered perhaps the f1rst
’comprehens1ve orogen1c study based on plate tecton1cs |
_concepts ‘They proposed two fundamental modes of mountain
) bu11d1ng. both being character1st1cs of . part1cular CPM's

' 1. Thermally drtven upl1ft. Th1s‘refers to island arc or

cordilleran'structures in which deformation is primarily
in response to thermal perturbations from the 4 |
immed1ate1y adJacent subduction zone. Th1s is the
dom1nant mechanlsm in 0-0 CPM''s but can occur in an 0-C
as welt.vThe prime.determinant is probably the‘buoyanby
-of the subducting plate. An old oceanic'plate passiveiy
~subsiding beneath an island arc provides the type

exampletot a thermal orogeny.

2, Mechanically driven movements. This type-ofhdeformation .

occurs when two buoyant nonFsubductable masses collide
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such as continent - continentvor continent - island arc
tnteractions. The primary driving forces "are horizontal
compressive stresses. As such, e C-C margin would be the
'type\examnle; but significant mechanical deformation
codld be expected in an 0-C CPM if the oceanic plate was
young or'centained a large number of buoyant islands or
ridges. !_ |
/ TheSe generalizations have many exceptions, as a given
system may show characteristics of both types; Cordilleran
structures are characterized4by movements along stec .
dipping basement faults (block faulting) and associated
forced folding'(Stearns,1978); nigh heat flow, and some
Athrusting thigh angle) In contrast, eollietonel
(mechan1cal) orogenies show a marked predominance of low
angle thrustlng and free fold1ng over block faultlng,
usua11y lower heat flow, and a tendency for extens1ve
plastic deformatlon in the str1ke sllp mode (Molnar and
Tappon1er,1975,19773.1977b, and Tapponier and Molnar,1976).
Stearns(1878) suggests a simiiar.claSSification and

contrastS'the_deformqtion'modes‘as either fereed or free

folding. What is meant by forced and free folding may be

uhderstddd-by the analogy of a_rubber_eheet laid across a
set of wooden blocks If the sheet~is cdmpressed by.forCes
act1ng on 1ts edges a pattern of free folds results. On the
other_hand, if the underlywng‘b]ocks are moved_vertwcally

and/or rotated relative to one another, the sheet "drapes”

- over the uneven basement forming forced folds. A inen

¢
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mountain belt may undergo repeated cycles of both types of

-deformation in its history.

There is reason to believe that collisionai orogenies
must be transient in nature Such a colliSion between two

buoyant bodies usually results in the extinotion of an

active subduction system. If sea floor spreading continues

e]sewhere,igeometric requirements force the spreading center
to migrate away;from the ool]ision. The rate of migration
plus the rate of crustal shortening in the collision zone
mus't equai the spreading rate. This eventually‘resu]ts in
very old oceanic crust off the trailing edge of the

continent in addition to high compressive stresses, These

conditions are’ generally thought to be suff1¢1ent'to result
. _ . ) . "

- in the formation of a new trench system (Mckenzie 1977)

Sykes (1970) suggests that the belt of shallow seismic
act1v1ty from Australia to India represents a first stage in
the development of ‘a .new trench.

| While it is possible to imagine ‘two extremes in'
mountain building, it is importent to reelize.that there
must exist a continuous spectrum between them That is, a

given orogeny may be clasgified %s thermaily driven and

'still exhibit apprec1ab1e deformation attributable to

_horizontal stresses

e Mt Ti . . L et

L .
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| 1.4 Rifting and Stretching of the Lithosphere -

- "7 The geosynclinal model of figure 1.4 is today called a
| rifted passive continental margin Such a system is thought
to be the end result of rifting or d1srupt1ng continents.
| Evidence for the d1sruptlon of the megacontinent of Pangea
( o in Mesozoic times is now so extensive that it is a; near to
being proven as anything can be in earth history (e.g. Dietz
and'Honen 1870). Thus, it is appropriate to include a few
remarks on the hature'of the rifting'proeess. First, a
" discussion of,recent'theories of sedimentary basin formation

because developments there have application to continental

{ ' rifting.

' 1.4.1 Sedimentary Basins

~ The possibility of mechanically stretching continental

{ v . crust has been recelving cons1derable attent1on recently |
McKenzie (1978) proposed a model for thé evolut1on of
sedimentary basins beg1nn1ng»w1th an initial stretching of
the continental crust. The stretchingﬂinducesfa'thermé1ly

";f»gontro]ledltithoepheric thimning and”crustal subsidence

f S ".“1ich is accentuated by the weight of subsequently deposited -

(1t is notéWorthy that the theory 1nd10ates that

upl1ft rather than subsidence would result from the
stretchlng if the initial crustal th1ckness is less than
about 20 km.) McKenz1e concludes that the model is capable
of account1ng for observed patterns of _subsidence. The

amount of stretching required by such models is the prime
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objectionvraiSed by geoTogists. 1t usually requires at teast
-50% th1nn1ng of both crust and lithosphere to produce a ;.
_sat1sfactory model ) '

An alternate model for sedimentary”basins'has been
proposed by Beaumont (1978). He considers the response of a
v1scoe1astic lithosphere to én applied load. The load
1nduces an initial elastlc subsidence which.deepens with
time as viscous relaxatton of the 1ithosphere occurs. He

- applies th1s model to. the formatlon of the foredeep basins
of Alberta with remarkable success.. The initial applied;ﬁzad
is the weight of eastward moving thrust sheets. _ »

Both of these models have sufficient free parameters to ,

allow them to fit well in spec1f1c cases. Beaumont's mode |

has’the advantage of appeallng to Mre trad1t1onal
i

mﬁchan1sms ~ . '
' ‘\\ o

7 QN\,~

"//' i 442 Rifting v1a Stretching

Stretchlng as a mechanlsm for r1ft1ng the cont1nental

crust is one of the better models available today (see

 Meioir 29, The American Association of Petroleum Geologists,
1979). Bally, Oxburgh, and Beaumont concur that stretching

| was probably an important mechanism in jnitiating the’ |
subsidence observed on the circumtAtlantic rifted‘margins'
(unpub]ished notes: 18th Annual Conference on the Earth
Sciences, Bantf Alberta, MayH1980) The Beaumont subsidence~
mechan1sm is a better model in such cases as pertcratontc

basins like the Alberta foreland
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Perhaps the best evidence of crustal stretching is a

recent 1nvest1gat1on of the crustal structure in the Bay of

Biscay reg1on (unpublished notes, op. cit.). This work has

apparently been carried out under the direotion of X.

> -LePichon and produced extremely high quelity seismic

profiles across the Bay. As is uell Known, Bullard et al.
(1965) first proposed that Spain has been rotated away from
France to produce the'Bay'othiscay. The'éeismic Sections’
across the Bay are ve}y'supportive»of a‘stretching mechanism
involving perhaps 75% thinnhing. The listric normal faults
shown. on figure 1.4 are a characteristic feature of the

region (and of all rifted margins) . The center of the Bay

-probably has true oceanic crust, which grades into stretched

continental crust. A report of this work may be found in
Montadert et al. (1979).

.¢Lisfric normal faults probébly represent the mechanism “

by which the upper brittle ofust is thinned]'Figure 1.5 is.

my representatfon‘of a possible rifting model. The

continental plate is shown composed of br1ttle and ductile

| regimes with the transition occurr1ng in the lower crust.

~ The ductile material can respond to applied tenswle stresses

by a flow process while'the brittle regime must fracture.

" Fractures take the shape indicated, show1ng a h1gh dip at

the surface but curv1ng to become tangential to a
decollement zone. The central reg1on of stretched crust is
shown cut by basic dikes. This forms a transition between

thinned continental and oceanic crust. If the process shown

-

¢
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1gnored_here~as weltl as poss1ble‘pore pressure effects.

in flgure 1.5 were to cont1nue. the next event would be the
emplacement of true oceanic c’ust at the denter of the rtft
The mechanical behav1or of continental crust cut by
e&iens1ve basic dikes is difficult to d1st1ngu1sh from
stretched crust (Beaumontu from unpublished notes, op.

cit.).

1.5 Concluding Remarks

‘The v1sual 51m11ar1ty between the decollement tecton1cs

f‘of l1str1c normal faults portrayed in figures 1. 4 and 1 5

and the llstr1c thrust faults ‘of figures 1.2b and 1.3 is
1ntent1onal I feel that a s1m1lar mechanism is causing both

structures. An analogy from 2 d1men51onal perfectly plast1c

gflow will lllustrate the point. The series of papers by

Molnar and Tapponier (see b1bl1ography) on Asian tectonics
has demonstrated a striking analogy between systems of -
crustal faults and plastic slip lines It is well Known that'
plastlc slip lines form an orthogonal grid whose , o

traJector1es are in the direction of max1mum shear stress

:(Hlll ”1950) which. makes an angle of 45° to the?d1rectlon of

the max1mum pr1nc1ple stress. This means that‘slip lines
will 1ntersect a free surface at 45° and become tangentlal
to a strongly sheared surface Figure 1 .6 shows »’
qual1tat1vely the S]lp f1eld expected in a medium whose |
lower surface is strongly sheared and whose upper surface is."

free. The effect of the we1ght of the materIal has been

w




Free Surface

/‘__ -

<

~ Shearing-Stress E v

i - =

Figure 1.6 shows one set of a du
lines which would form in a per ectly plastic system as a .
‘response to a strong basal shea The other set of  flow .
lines are everywhere perpendicwiar, "to these. The upper -
surface of the material is as$umed a free® surface.

28

system of orthogonal flow.

-



NévertheleSs: the structure of,tﬁe flow lines is pleasingly
similar to that seen in both tensional and compressional

tectonics. The 1nference‘is'that we are'sggi?g sfructures

'whose'ﬁowéh‘Surface is being strongly sheared.
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2. Microgeodetic Survey Networks and the Measurement of

Earth Strains

-~

2.1 introduction“
It hasnbeeh apparenf for many centuries that the eérth
.fs an evolutionary wor 1d. Changes in the physical nature of
the'eaﬁth and its inhabitants occur on many time scales ?bom//ﬂ
~ the light travel time across the Bohr radfusA(10"9 seconds)’
through daily changes (105 seconds) to short-term géo]ogical
rhythms (10‘3 seconds) and, fin;ll&, to processes comparable
40 the age of the earth itself, 4.5 billion years (1017
sgcoﬁds); Direct measurment of very short-1lived phenomena'js
now a daily reality in atohic physics, hoyever, the.direct_
measurement of”long1(qrm proces?es is not so advanced. '
The time bcaleé fnvolved ih'geological evolution Have_

been known since the devélbphent of'stratigfaphic time
 scales and, later,”rédioisotopebdatfng techniquesf
=Stru.ct»urjalAStudies'of mountain ranges ré?gal that - large
horizontal motjonsi(huhdreds of km) can occur within time
spans of a few million years.ilt ha;‘alwéys been assumed
that these mcfjpments must take place in a slow, but
;continuous“ fashior. The direct testing of this assumption
.”ié only just becoming feasible through the application’of
modern electromagnet1c d1stance measur1ng technlques (e. g
Huggett and Slater. 1975). ‘ - :

| The term continuous will be used here in a somewhat

~ imprecise way Clearly motion d1rectly attributable to
@j‘ .
30 .
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ear thquakes is not continuous{ but averages of this motion
over times much larger than the typ1ca1 durat1on of |
earthquakes (minutes) can be considered continuous (though
not constant). | ‘ |
' It has been proposed that continuous-motion takes place
along boundary faults at depth but, typically, these faults
lock near the surface (Turcotte and Spence (1974), Savage |
(1875), Savage (1977){. Though these references present |
models whiCh conflict in’ deta1l the important point is that
‘near surface mot1on may be discont1nuous in time. Such
"locked“ port1ons of plate-boundar:es Wwill tend to deform.in
an elast1c or plast1c sense cau51ng measurable earth strains
(f1gure 2.1). Stored strain may be released e1ther slowly
-through aseismjc;creep or abruptly in an earthquaket? |
Whether;tectonic motion can be considered temporally'
uniform obv1ously depends upon the assumed time 1nterva1
The direct measurement of earth stra1ns with geodetic
‘techn1ques may soon permit the ' compar1son of yearly stra1n
rates w1th geolog1ca1 stra1n rates which usually are
averages over several million years. In a geolog1cal
'context yearly stra1n rates are effectively measurements of
1nstantaneous response 1f the 1nstantaneous stra1n rate can
_}be shown to correspond with the geolog1cal stra1n rate thenzr
the long term orogenic mot1ons could be lnferred to be
" temporally un1form If they differ significantly, the
~geolog1c rates must be averages over some time period

considerably longer than one year.

(:/_}'/\\-‘
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A simple example will serve to,illustrate the magnitude

of the deformations 1nyolved. Plate tectonics studies have

shown that the large crustal p]ates compristng-the earth’s

“surface have relative motlons as large as 10 cm/yr w1th an

average probably closer to 1 cm/yr Plate boundar1es are not

‘sharply def1ned llnes but are rather broad transit1on .zones

100 km and greater in width. Imagine an average situation

‘with a plate boundary 100km across and a relative motjon~of 

5 cm/yr Perhaps an island on an oceanic plate is within

100Km of the coastline on the other side of a trench system.

’If it is desired 1nvest1gate.the poss1b1e temporal
uniformity of’these‘plate motions on a yearly interval, then -
'the 107 cent1meters separat1ng the 1sland from the coast

‘must be. measured to a precision of about 1 cm. Th1s

corresponds tcﬂstram rate of 10" 7 yr 1 or one part in ten

m1111on per year

5

10-7 yr ' is a fa1r1y common est1mate of what would

'probably be a geologlca]]y 1nterest1ng strain rate. Given
i;rather extreme assumptlons about the size of plate

‘boundar1es and veloc1t1es, this can be pushed to 10~ 6 yr- 1
.,but not much further. Savage (1979) summar1zes observat1ons
'_of stra1n1ng on plate marg1ns in various- c1rcum Pacific
locattonsuand gives 3x10:7 yr-1 as a typical maximum strain

rate.b(Local»strains oould be much laroeru) If the range of

interest-is broadened to‘inolude such things as slow -

'landsl1des. fault creep, t1dal load1ng. ‘and dilatant effects‘i

premon1tory to earthquakes then the range of poss1b1e strain _

S N S
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_ rates also increases.

2.1.1 The Peruvian Survey Project

Small aperture (about 2 Km)fstrongly braced geodetic

_networks‘are‘useful‘tools for the study of recent crustal -

movement in areas where accumulated strains can be expected

to exceed 2 microstrains (Nyland et al 1979). I shall use

L

. the term." microgeodesy to refer to the use of precision

surveys'over such netWorks'to study Jocai_earth geometry and

.deformation.'Speciﬂicaily,.L sha]ifconsider the potential of .

.microgeodetic techniques for measur ing tectonic straining in

the earth. )
Prec1s1on estimates of strains of the order of few
microstrains and smaller are now routinely made throughout

the western United States u51ng geodimeters for o <Tf

‘trilateration ‘combined with airborne meteoroiogicai

'»obseryations (Prescott et al 1879 or Thatcher- 1979 for:

example)' Though extremely accurateﬂ;these me thods are qu1te
expensive and require a high commitment of manpower and
technology o |

The Tectonophyswcs research group of the Phys1cs

Department of the Univer51ty of Alberta,utogether with the

k Department of SurveyingrEngineering;of the University of New

Brunswick..has deveioped a surveying methodology for earth
strain measurement 'bnly standard commercial instruments
(such as the HP3800A ‘E.D. M. for distance measurements and

the Wild T2 theodolite for angles) and conventional

R
s
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| surveying techniques are required. A complete discussion of

the surveying techniques involvedhis presented in

Chrzanowski et al. (1978) and Dennler and ChrzanowsKi -

- (1979).

"Here I present a method for the estlmation of 2

d1men51onal strain components from repeated survey data.

-(Other approaches to this problem have been discussed by

Brunner(1979) Snay and Gergen (1979), and Welsh'(1979).) In

general, both precise distance and angle measurements will
"be considered though the importance~(but notlnecessarily
. accuracy) of the latter (at least for straln determ1natlons)

_decreases rapldly w1th 1ncreasing network aperture

Two 'small survey networks have been established\in Peru

(Nyland et al. 1979 flgure 2.2) for 1nvest1gat1on of active

1‘earthquake faults The Huancayo network (fIQure 2. 3),

measuring\l 6Km by 9Km 1s located at 11 .9°s and 75 1° W

some 30 Km northeast of the city of Huancayo in the eastern

fcordlllera of the Peruv1an ‘Andes. The network 1s bisected by

the Huaytapallana fault which ls a reverse fault str1k1ng

N120° E and drpp1ng 60° toward the. northeastern (upl1fted)
_block (Ph1l1p and Megard 1977). This fault was first

ruptured by the very shallow focus Par1ahuanca earthquakes

'of 1969 (Deza 1971) and probably represents a reactlvatuon
- of much older faults paralle]1ng the Huaytapallana
| cordillera just to the northeast of the network (Ph1l1p and

‘Megard 1977).

a

The local deformat1on caused by these earthquakes was

Ry g
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Flgure 2, 2 is a 'sketch map of Peru showing the locations of
vamous places\ referred to in the text.
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- Huancayo Network

- ,\.. .

Figure 2.3. A schematic diagram bf}the Huancayp»network.




rinto bedrock outcrops Surveys of the netWork have
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»first summarized by Deza and later analyzed in detail by

Philip and Megard. Both report the total fault displacement

~from the shocks as 1. 6m vertical and .7m left lateral. Focal

mechanism solutions. first given by Stauder (1975), are

consistant with high angle reverse faulting with a component |

ﬂ!f strike- slip motion on the Huaytapallana fault Philip and |

Megard note that most faults in the region are reverse

faults which also display horizontal slickenslides

indicating dextral motion. Thus. while the sinistral motion

of the Pariahuanca events is opposite in sense to these

trends, it is important” to note that strike slip motions are -

common here.

‘Phl]lp and Megardrsupply a sketch map of the regional‘
.geology as well as-abundant photographs of the fault*trace .

The - Huancayo network covers approximately sections D through
G of the Huaytapallana fault as noted in their figure 2

Benchmark monumentation was done by cementing brass plugs

conducted in 1975 76, 77, and 78 measuring. on’ average 36

distances and 81 angles each year (Chrzanowski et al.

. 1978).

_ A complete survey of these networks (measuring o
disbances and angles) can be accomplished in about two
weeks Ihus, for most purposes the set of measurements
comprising a given survey can be regarded as hav1ng been
made simultaneously The relatively small size of the

networks helps to minimize the effect of uncertainty in the

o
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'refractivity of air along the line of sight It has proven
- sufficient to measure atmospheric temperature and pressure

at the instrument and‘target stations only On the other

hand the small size 1nCreases errors due to centering and

The Pitec network (not shown) was . established in 1977

near the city of Huaraz across:;"" \”ffault. This network

has been surveyed only once‘#19~, 57 'evwdll pot be

:not proven possible to achieve vertical control of the

1network motion through precise leveling For this reason,

vertical angle measurements at all observing pOints have

i‘been used to prOJect all distance data ‘onto a horizontal

reference plane The distance data an lyzed here are 'raw":5

.or unadJusted data which were correc ed (at the. Un1vers1ty
~of New Brunswrck) only for elevation differences and
gatmospheric effects (Dennler and Chrzanowski 1979).

My 1nvolvement with the Peruvian survey project has ’ 30

R

7been twofold First I was a. member of the 1977 survey team

as an observer and strong back” and second, I have

developed a mathematical technique for the direct estimation

of tensor strain components from-repeated survey data. The

emphasis- in this chapter will thus be a brief evaluation of -

the 1977~ fieldwork and a presentation of the strain
deduction method For a detailed discussion of‘many of the
other practical problems of microgeodesy aiﬁthey apply to

{
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‘the,Peruvian project, refer to Dennler and. Chrzanowski.

(1979).

;g;g-AsSessment of the 1977 Fleldwork S

A great variety of difflculties arbsevwhich though

un1que were certainly no greater than any of the other

A

surveys had encountered. The ma1n objective, whmch was to

‘repeat trilaterat1on and triangulat1on on the Huancayo

network was achfeved. The secondary obJectlve of’
establishing vertical control through precise level1ng was;a

total failure.

Most of the problems”were related to transportation. A

_relzable vehicle’ is absolutely essent1al Camping at the

' network might solve some of . these problems but would create

.others such as lack of charglng facilities for the EDM and

no medical fac1l1ties - v

v The second .ma jor diff1culty, 1llness, probably has no

' easy solutlon but certa1n basic rules do help. Phy51cal

cond1tion1ng and experience at h1gh altltudes certa1nly are
helpful. Surveying involves physical work whtch at 4500

meters, can be devastatlng to those not properly prepared.

-Alt1tude effects rather than poor cond1t1on1ng probably
' caused most of the’ illness However, the local food can alsov

. be a problem for North Amer1cans A strict "don t eat the

food ~poticy is 1mpract1cal but it is poss1ble to avoid

commonly ecognized problem 1tems s
. &

40
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normal cwrcumstances. three . weeks should be allowed
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Other factors such as weather instrument failuﬁl and .

—»§c1vil unrest can be anticipated and to some extent

circumvented by careful planning However they will

probably always be a factor The 1977 survey was completed

in 17 days. counting from the first day that we actually

reached the network. of those 17 days, surveying was

' actually done on 14 but only on less than half of those was .

a ful?l day of work done In ideal conditions, such a survey

could probably be" completed in less than a week. Given more

[

It s my opinion that hor)zontal angle measurements are

) not worth the time and effortfexpended on them The reasons .

for this w1ll be clarified later after the analySis of the

Huancayo data. For now, it is sufficient to remark thaba

:typical survey of the Huancayo network measuréd 36 distances.

and 81 angles frobably some B0% of actual surveying time is

spent measuring angles for a gain in resolut1on of less

than 10~15% over that obtaineq us1ng distances alone (see

section 2 6.3. and tables 2.1 and 2. 2) This time could be

'spent repeating®the distance measurements to obtain a better'

statistical determination Alternately, if the accuracy

yobtained from repeating the distance measurements 5 or 10

'times is satisfactory, then two or even three such networks

could be trilaterated in the time necessary to complete

7trilateration and triangulation over one network

\ ‘»‘_‘:‘, Y
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- estimbtion of. differential rotations as well) A

a
o

,‘ﬁi’wg~

extended to include the Instituto de Geologia y’Minas”'

.(Ingeomin) under the direction‘of'B Morales' This greatly

‘”aided the initial reconnaissance of the Pitec network This o

network was established over a branch o? the Cordillera' o

Blanca normal fault near Huaraz Initial layout andnde51gn
was done by Walter Welch and me in the second week of‘AUQust\”i‘
1977. Actual monumentation was done later by Al01des Ames of
-Ingeomin using brass plugs which had been included in the
1nstrument package for this purpose This network has been

surveyed in 1978 and 1979 however, the data 1s not

“avaflable at this University at -the time of this writiqq

(dune 1980) . Ny ‘ W

™~

The presentation of results from repeated sur eys of

2.3 3 Strain Deduction Method

i
such networks can be do,j

+

n two ways. If at. least 1 p01nt

~and 1 dyrection is ass med_fixed the relative motion of thevl;@

dther p01nts 1n the etwork can be derived This assumption.
,1s equivalent to sa ing there is no rigid translation or
rotation of the ent‘ e network 0bv1ously.the gradients of .
the displaoemehts are not arbitrary to'a Plgld body rotation Q

and translation They contain deformation\only which

t
4

contains differential rotation as’ well.athhe mg!e}commonly
considered strain (The techniqoes developed here«are used "9_

- to estjmate strains but can easily be -extended to the S ::é

\

presentation of displacement gradients is the second method v

v ]

o
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of displaying results and is usually called strain analysis.
Data processing methods for strain analysis are well-Kknown »,

(Frank, 1966 for example) but there is controversy .and

‘amb1gu1ty about the locat10n and the nature of the average

strain derived by this method It iigvery important to

understand that the fundamental unknowns in my work are the’

components of the displacement gradiéﬁt. not the positions

hof the network benchharks.

Consider a two‘dimensional deformable medium which has

undergone a "strain event”. Before straining, the positxsn

.of a point, p, relat1ve to a p01nt q, is descr1bed by the ."QL

_ e
vector qu .

After stra1n1ng. the position- of o} w1th respect to q is

*now ngen by ~ : o ' K) f
*pq = ipq-:ﬁuqu, - ' 1
i.where:7ﬁéqv is cslled the relatfve displacement vector of p
E1th respect to q. If d1sp1acements are small compared with &
' interpojn&aﬁ@stggces. elembntary geometry suffices to der1ve "“:ff
a ne1a§§8n'ﬁ§§¥rﬁ§ change of euclld1an d1stance, say S, e
betweer, the ;cpéi‘pyt‘é'-gjf:’:f T 3

In a similan fashion, though algebra1cally more comp11cated

;, \Jm

an»expression for the change in angle,f5¢f s, between the

) i o : 1

points K, ‘1. and g;can be shown to be;: . N

- ax.
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[ 72 . : . ' : -

‘ Equationsi and 3 are hnear in the unknown
d1sp]acement vectors‘rThé1r left hand sides are d1rectly

der1ved from obsetved cﬁanges in the networK conf1gurat1on

o AR S S B 0 3
s ) ¢sing ?kkm U Zmlk
T v S . .
o~ SR ¥ A "
5"19 2. \}‘E’ > ﬁ w: ~74 0
Voo ,"‘0' & "A R ‘ - . *
L 9 " & . -« ‘.f o ) ‘
i ‘( . > ,. : : . 4
W ‘:’ 3 C ' _,m, )

As” such they form observatlon equat1ons for data gathered in

the course of . repeated geodetic surveys. If observat1ons of
relat1ve elevat1on changes are ava11able obsérvatIOn |
,equations can be der1ved ina sxhnlar way Note that the .
observat1ons ‘1n these equat1ons are the: fractlonal changes
in l1ne lengths and- angles formed through the d1rect

A

compar1son of two sets of survey data. e

The above relat1ons are not suff1c1ent to detqrm1ne the ’

motion of the- network unamb1guo&;ly It 1s suff1c1ent to
requ1re that some p01nt and some dﬁrect1on in the med1um
rema1n f1xed Usually the fixed po1nt and d!rect10n are L)
taken to be a survey”po1nt in the network ‘and the az1muth

~ .

‘between th1s p01nt and one other These ~or some s1m1lar

A“pa1r of constralnts. remove ‘the r1gﬁd translat1on and

rotat1on oompdhenfs from t@e d1§placement vector f1eld
G, Equations 2 and 3 can be’ usedvas observat1on equat1ons

for the problem of determ1n1ng dtsplaoements from survey

- . E
¥

‘i_a
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‘Such an average cannot be localized to any one part of the :

a5

data. Difficulties arise in trying to wrile an equivalent |

set of equations for the estimation of strain“tensor

components Thoug d1splacements and stra.us can safely be

| ,regarded as truly 1nf1n1te51mal, a similar assumpt1on

reganding the distance separating points in the network
cannot be made. That is, if points p and g are . T

infinitesimally close, then:

¥
b
m

qu

" where E is the'strain‘tenSob If the 1nterpo1nt dlstance"

~

is finite, then this iust be changed to:

*

p . ." . , .3@%
where the integral is taken along some curve connecting P .. Svele
; - S > . RIE LR

&

o Y

and q. - ‘ B : o -‘v,

!

The fact that the relat1ve d1splacement vector is shown.-
in equat1on 6 to be a path integral of the stra1ns means
that the observat1ons depend on average ‘values of the.

stra1ns. If no 1nformat1on Ns available on “the pOSSlble

N -

functlonal form of the straln fleld then there is no

JustIflable alternat1ve to assum1ng the strain to be
constant-along the line pq. It follows that assumlng ' 43*\

constant straln appl1es along 4- line is equavalent to say1ng ‘\\w _

this constant stra1n@15 the average of a vary1ng stra1n

R n

v o R
.-
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Thus equations 2 and 3'directlymdetermine only averages

of the strain tensor components.

Assuming that the strains

are. constant over the entire network leads to the S1mplest

solution.
!§$w between surveys is large, or if’ accurSCies of 10-7 can be

formal1sm for the least squares approx1mat1on of stra1n»

If, as 1s often the case,

"‘N
~then th1s is the only pract1cal solut1on
.

order approx1mations to the strain f1eld

If the time

\ach1eved then it wou1d be informative to examine h1gher

-
I present a

flelds with a polynom1al of arbitrary order.

" network can be represented as a continuous tensor field,

If it is assumed that the state of straln ove# the

tlobserVation.equations can be regarded aé stringent

the expected stra1ns are

of the same order of magnltude-as uncerta1nt1es Jdin the data

the‘

riconstraints upOn the class of functions-Which cou]dlpd?%ibly

describe these tensor components

Thus 1£,the components of

d1sp1acement and stra1n are approx1mated as linear

comb1nat1ons of su1tab1y chosen expans1on funct1ons the

observat1on equat1ons cah be- used to est1mate the expans1on '

coeff101ents

. ‘?

WAL

5

The nature of’ the funct10ns used for 1nterpolatlon is .

certainlyna matter for d1scuss1on

the Kinematics of’ the deformat1on through theJuse of two

d1mens1ona1 polynom1als of Tow ordér

>

I choose here to descrIbe

(A more thSICa]

-_cho1ce of expans1on funct1ons m1ght be those describing the

1hresponse of the surface of a half space to internal forces

-~
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| S ~ (Nyland, 1977) ) In effect, an (n 1}/ th order Taylar series
| approx1mat1on to the two dimensional strain -field (or order

‘n for the dlsplacements)is sought. Strictly speaking, the

valldity of such a scheme requires that the strains possess

contInuous der1vat1ves to order n, “
. Let the: displacement vector field have Qggponepts u and
fﬁﬁ;,.‘ o v in the x and y coordinate d1rections, each possessing
5 o ffﬁ&yt-centfnuous:derivatives to order n+1. Then the displacement e
"?ﬁiﬁibompohents can be written as: |
NS .‘"’J .
s wuéu,,‘,‘yo“p ! n i s
o u = ag o !l ay x' "1y 7
| i=1 j=o '
' ‘o
‘ A
. o o s
‘ i-3.d
S o v=b__+ J I b.x" vy 8
@ . 00 421 j=o I e
) Formu]ae for the straln components, a]id'everywhere except
pos$1bly on thenﬁault_1tse1f: are then |
- : ) S i e5e14 g
L o - - Y (i-j)a. x VT S '
e . : - 1/“‘ . .
. , - .,1?1_. . ’;fy’ . o . -
; by ‘7’:1 3] | 10
.yy X 11. '] J ' ~:.- i r o ’ .
! , Yyt LT
. 4" > ’ L 6‘;‘?;:/»*‘
o LR 4 23 9-
o ey * %‘“pf);nt [Jaijx1 33 T, (1 5)bax’ j-1 J] 11
',3:'" 'I-] J-O - 4 )
-
. v ) . O - \ r‘;.7;—‘. ///’
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-1f the expansion coefficients. {a} and {b} are regarded
as the fundamental unKnowns, then the observation equations
can be written in terms of them This representation of the

displacements to order n requ1res that the the expansion

fcoefficients (1nclud1ng the ‘zero’ th order terms) number in

total N-n2+3n+2 At most, three of these can be eliminated

through constraints against rigid body motion. This leads to

3

the follow1ng linear system s
CoBpsy e ‘12

w=Bp o - ‘ | | 13

z=Cp = R o VJ : - ' ' .14

where‘p is an N length vector'containing the parameters, y

"is an'M length vector of observationg. w is a vecto?%%

containing the values of the displjcements at the n work

' :pOlnTS z is a similar vector for the strains, and A, B C are

"rectangular matrices depending‘upon lhe network geometry

The pseudo or generalized 1nverse of a rectangular"

' “'matrix is used here® to solve this problem.. Traditional least

- squares methods (IMSL 1979)- lack numerical stability and

precision requ1red for this study "For a strictly .
overdetermined problem, the pseudo 1nverse solution is
formally 1dent1cal to a\minimum length least squares
solution. However, the availability of extremely fast and:

\'\
accurate algorithms for pseudo 1nverse gnlculations (e g

:Lawson and Hanson 1974) makes such an approach numerically

‘more:accurate than.traditional least squares methods, Thus

traditional least squares methods aﬁe‘contained_in the

-

N
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v'deneraitzed”inverse"aoproaoh"butVSOMe“of'ther

generalizations of interest to geophysicists dealing with
1ncomplete inadequate, and sometimes incorrect data are not
.amenable to traditlonal least squares treatment. Jackson

,(1972) presents a valuable summary of the advantages of this

where the superscr1pt wet denotes the transpose.

The pseudo inverse of K‘will be denoted by A 1, It can

then be shown (Penrose 1855) that the unique "best " so]ution

to equat1on 12 1ssg1ven by g’:A ’x. This 1s the best

»

golution in’the sense that:

e‘es a minimum o o C 19
uhere - *4"‘,.- N o |
' §=Aé'—y= the error vector SR N B 20
and: | | h |
é’fg“= a minimum | o o 2
The so]utioﬁQ;toﬁequations&H2,téﬁ14vare.thenr |
p'=ATY - T 22
w' =BA-1y e 23
z=cAsy R Y

T

Thus, with.relattvely few assumptions, a Jinear‘relationship}j

V/oproach . ‘ .
' Follow1ng Penrose(1955) the pseudo inverse of the M by
N matrix A 1s tq? unique solut1on to: -
;.;&‘_A B : | S | 5 15
XAX=X a o . o o 1 .
(XA)*=XA . o BT



’:weights are unity The inverse of the square of this
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__between the strain tensor components at the network points

~and the observations has been formulated.

In"actual practice, the ‘error vegtor of'equation 20 is

rarely minimized.w1thout first applying some sort of"

weighting scheme to the data. The procedure (dackson 1972)

of prescribﬁhg weights for each equation proportional to the

"1nverses of . the standard dev1ations of the data will be used

here. (It is assumed that the line length and angle changes/ﬁ)

'are uncorrelated See dackson 1972, Wiggins 1972). If W. is a
matrix of such weights, then multiplieation of. equations
12, 13, ‘and 14 from the left by .and appropriately renaming

'some terms, results in. a system that is formally the same as

before and which minimizes

/ .

*w we SU | ,.'- | - 25
' If dy represents a vector containing the standard -f%;y

\ deviat;ons of the observations then w is a matrix whose

*diagonal elements are proportional to the inverses of the

o~

‘ correSponding elements of dy. The constant of

,_proportionality is usually chosen such that the largest

proportionality constant, say v is called the problem.
variance~- (In all that follows the equations 12- 14 and
19-24 are assumed to be weighted )

The solutions 22%24 represent simple linear

[+]

combinations of the observations Therefore, their variances

*) '.’

| are relatively easy to calculate from the theory of‘The

' 'propagation_of errors. This results (dackson_1972) in._

’ »
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var (p! )=v (a1

-

el

var(y}{sv, Z: (B'.)2
S

"*Y;s )

var(ggl?v E: (C)2
i |

where B’ =BA-1. and“C"bA;"

the variances

26

28

-.The standard deviations are then Simply the square roots of

It is also possible to estimate the problem variance ‘

" from the. value of e‘e- (where e now denotes the weighted

..error. vecto‘ as: *

| ’-(N e*e)s ’ T ,

,where N (as before) is thefﬂymber of unKnown parameters

29

27 -

W1ggins (1972) suggests that v and v’ should agree to within‘,r

' display an internal consistency greater than was, estimated

pefore the analy51s (This is a heuristic application of
Chl squared sfbnificance tests which ought not to be
important unless a gross error was made in estimating data
unéertainties )

The pseudo invergf is usually calculated via a

4,¢ﬁmprdér of magnitude. If, for example, v Ky - then the data .

procedure Known as 51ngular value decomposition (e g. Lawson

.-
e -

_ and Hanson 1974) This is a generalizeﬂfform‘of.eigenvalue'

‘-‘
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analysis (Lanczos 1961) by which -an arbitrary M by N matrix,

o A, may be written as the product of three submatrices (For

ease of presentation I assume MZN ) This is usually writteh

A=uQue . | 30
where: 7 | C '
U is an M by M orthogonal matrix whose columns are the .

eigenvectors of AA*., o o

=<

is an N by N orthogonal matrix whose rows are the
eigenvectors of Agk | ' |
Q is_an M by N matrix in which t ¥ only non-zero elements
are the diagonal elements of the first N rows These
contain the non- negative square roots of the eigenvalues _
of A+ A and are called the singular values of A. %3
' The pseudo-inverse of ‘A can then be shown to be
(Jackson 1972) _ . i
A}'--Q'U’ ~ - 31
where Q-1 is an. N by M matrix- whosejgaly non zero elements ‘
. are in the diagonal positions of the first N columns and |
these are the 1nverses of the non- zero singular values of A
| If this result is substituted into equations 26- 28,

'ances of the medel are seen to depend on the 1nverse

is ngular values. Thus unnecessarily larggﬁvariance estimates
| c'n result if a few of the singular values are much smaller

,tfan the - rest This leads té’the practice of examining the

ngular values and sett'
zero This ha the effec’ of decreasi the variance
s R\‘\\?b -3 .

'.estimates and the resolution of/ the model The value of &iis '
- ‘ I _

'ome of the smaller ones to -

: .
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' procedure depends5upon ‘the problem under investigation and
. the Judgement of the investigators (See Jackson 1972 or

Wiggins 1972 for a more complete discussion.)

My approach is to use this theoretical formulation, and

a. library (IMSL 1979) program for pseudo-inverse

calcuﬂations to determine strain fields associated with

repeated survey observations. Figure 2.4 is a'schemabicv
; g : : | 5

summary of ‘this g thod.

]

R

2.3.1 Jests with Synthetic Data
Figures 2.3 and 2.5 sHw two networks which I have

| examined using synthetic data In these studies with the'
Huancayo network I have. assumed that .38 distances and 81°
angles ‘have been measuﬁéd Figure 2. 5 shows the network G10
(for 16 point geometry) This is a theoreticai network .
chosen to show average behaVior and to be free of the design
limitations usually’ imposed by terrain. Its behavior is
~examined {in order to establish “ideal“”response It is
assumed that all 45 possible distances and 90 of the 120
apossible angles’ have been measured |
The method used to generate synthetic data for these
studies was: _
1.' Assume a displacement field and a mathematically
'compatible strain field., o | o
2. -Using a' set of . original' coordinates and a set of
v"displaced coordinates calculated’From thé’ﬂssumed

= _'dispiacement‘fieid. two sets of data simulating line

PRI




_OBSERVATION EQUATIONS =

ASy
- FlUpyg)=
Spq
DCkim
G(%n%r)‘ Peim
| _BQLXNQM_AL_REERESEALIAHQAL
u(xy)= 00 ﬁia leyj v()gy) b00+§: S:b X"j)'j
' /-/1-0 i=1 J=0
()= Z Z (//)a X"’yf eyy(x.y)= }: Z/ Xyi
R Y _/— =l j=0 _
Iy ‘ :
‘—’X}’(X,)’)=i i jtl,jxj-ij'l+ (/j)b,jx/'f'y/]
R T o
LINEAR SYSTEM - SoLl mgus N
Ap=y| o p=AYy
w=Bp W_C.’l@ilﬂg_.__> W= BA"y
2=Cp) © Z=CA Y
p paramefer vecfor .A,B and C are rectangular
y=observation vector. ‘matrices détermined by
‘w=displacement vector - network geometry
zsstrain vector A pseudo inverse ofA

T 3
S e :
%‘.* ’

£

descmbed m the text. Refer there for deta1ls
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-F1gure 2 4 1llustrates the method of strain analys1s




i
—t /“‘

— Figufél2.5 shows‘a tgft network used for the synthetic data

studies discussed in the text. This represents the author’s
vision of the “ideal® network. ' o . s
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' standard dev1ations for distance measurements of (a2+b212)5

.angles Savage -and Prescott (1973) have reported achieving

‘Peru, using much ‘less sophisttbation than the Caiifqrnia ;'3f ﬁ;

) L
lenggh-and angle measurementsf!ere generated. S
4.3...Theseudatafsets were contaminated.with.zeroumean;.
inormaliy distributed “random” noise. Standard
‘deyiations were chosen to be compatible w1th those.
attainabie in the field _ o
Unless explicitly stated otherwise the randongnoise usedh
for Qata contamination in these studies had standard R
‘\deviations of 3mm for distance measurements and 3 sec for T

where a=3mm, b=2x10-7, and 1 is the linelength in mm. This L

;'is only marginally greater than "3mm even for 10km lines. In oy

workKers, we have achieved standard error estimates of :

e

i Y . : . d . :.;: . S K B " ~ e V“‘.~‘~:;
Survey. a Distances - Angles . : Ty
3 ’ - - (mm) « (sec) ' A
s N - s ‘ R
.o ' o o R
1975 4.0 2.6 . . SN
£ 1976, st . 1:8 ST 2.2 e &y
. - » W . . . ) 4", . ‘" . e ‘“.: ,'.’{
1977 S s 2.8 5.0 ST
. : o . . T ,"*';d}'_ o
o ' . ' AU ee P LU
.1978. R 2.8 . T T g SRy s g

The” 1975 and 1976 distarice and angle estimates ahd the 1977

vr'distance estimates are_from Chrzanowski_et ai._(1978)*angg§:n fi{/

‘_were determfned from the residuai vector obtained from lTeast

".squares fits of coordinate systems to each individuai

.survey The 1977 angle estimates and the distance estimates

.for 1978 were assumed-by me. (The accuracy of these
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'75{".’. estiﬂates fs Supported by the results of the analysis of the

| Huancayo -data in the latter part of this paper )
5%@as i S That these precision estimates are_ on a par with those jﬁ"
s achieved.in southern Califorgia s perhaps due to the ' 1$ -
shorter lengths involved in our surveys as well as the - o
J{, . | . vastly different atmospheric effects between sea level in
¢ éﬁlifornia .and 5090m in the Andes . Regardﬂess. ‘the standard
t'fiff gﬁV‘ | eViations used in this study represent those achievable ir B

3

ggnanyparts of the world using modern techniques and - . ﬁii

é?

.

equipment . PR e ‘f . 'i'< s

e A Tablé*? 1 summarizes the results of. numerous studies‘ S
&

designed to test the FESponse on the Huahcayo net td various

’ conétant strain ftelds In the coordinate system of fdgure

r£

ﬁ o o 92 3 compression is indicated by negatiwﬁ ,lues for exx and

P "1' '.eyy, and a negative exy means left latepal shear Pt is

| o | , adbarent ‘upon examination of this table that cwnstant - . |

o strains of a few microstrains can be solved by the N

Huancayo net Generally strains of absolute value less than

~about 10- ¢ were estimated for zero true strains (Only;in g }-

- studies 6 and 9 was this not true.) ’ :
-Of interest here\are the standard deviation estimates

’for the various strain‘components These suggest that the

_’Huancayo network is better suited to measurement of exx and

0¥ "than eyy. This is regrettable but’is consistent with the . t
horizontal dimensions/of the network being greater in x than |
}ﬁi The standard\deviation'estimates;in all of these

*
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studies ar& dependent upon the assumed variance in the data.

. 26-28). They prov1de a quantitative statement of thel

} ‘\“

o

Wik . ’
. . . S - - o

the number of measurements and- the network ge-:—iﬁﬁfleqns

vfundamental resolv1ng power of a network. It can be stated
'that given a data set of 38 distanCes and 81 angles

' measured to the aforementioned prec1sion, the resolution

.liMit o# the Huancayo network is (in microstrains)

' 1exx|-1 16 Iexyl-l 04 and }eyyl 2. 21 In thig light 1t may

60

be 1nstq¥ct1ve in- studies of optimal network design 8 seek“','

b P
@ geometries which minimizeythese quantities, bﬂ';flﬁ‘?.

* In the great ma30r1ty~of cases in table 2. 1,wthe strain“_»

estimat

strain

..

probable Upon- rev1ew of ‘my reseaﬁch notes, 1 realize ghat°

(%3 ‘,3

| -"subjective bias entered into the selection process for

results shown'in table-2 1. I estimated at least 111

'constant strain tensor comporéhts from syn hetic data of

' ]

: which 80 or 72% were w1thin one standard dev1ation and 108

~or 8 wer\e wi thin ?WO st’andard dev1ati/ns of the true ')‘&‘f '
\Lalues\\Results in table 2. 2 are a better statistical /*/ .~

sample ) An»overly optimistic interpretatiqn of these f.‘;,

results should be avoided, It 1s betteg to say. that a
measurement which differs from zero by 1.96 standard |
dev1ationsbfs non-zero at the 95% confidence level
(Chrzanowski et al. 1978). .‘,'; - |

The column labeieg\ variance ratio' in all of these ‘.

.~ -

”

. afe well w1th1n‘bne standa;ﬂ dev1atﬁon of the true"
' ﬁt has been broudht tg, my attentﬂn that this. table

suggests the methodgfs‘more successful ‘than ‘is statistica]ly§

Vs
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L - data- tables refers ‘to the ratio of the problem variance as

calculated from the squared length of the residual vector to

' S 0‘.“' : .the problem variance as determinad from the specified

'uncertainties in theudata Thus if the \7ar1ance ratno is

sigmficantly less &@greater) than unity,‘the 1nternal

‘ qsistency of the data is much greater (or less) than was
&mate priori Multiplication by’ the square root of the

varianc‘e ratio w1l‘l convert the standard deviation. estimates

\J

give_n_in_to &hosa which agree exactly with w sUm ot‘the -

[ W
~, £4

squares e . CL ’ ;. ( cho CoT
X . . ‘,,.‘-*.(“Q"- ’ ‘ y :
A comparispn of studie,s 5 andﬂwwithw arid 6 " et

' N respectwfely illustrates the much greater Nrpor%ahceﬁof

'distance measurements over angle\measurements On the '

e . Huancayo net, a small and.non negligible decreaSe m the e .
R standard dev1ation estimates is- achieved bYQ:SIC]Udlng the
. . fJ . .
‘. angles However since angle measurem'ents are much more . time .

»

consuming than 6%‘istance measurements pract1cal o ’
‘ con51derations may argue strongly agairigt measurmg angles .
Table 2 2 gives .the results of a more* comprehenswe study on
- . _' 'this matter (usmg ‘network 610) These 10 studies :how how
| N the re501ution of- the same assumed- strain field increases .,
‘ - w‘ith;mcreasing Wﬁﬁri&“ﬁperture (I‘defme %rﬁp’erture of |

' a network to be the longest measurable linelength The

Huancayo net has -an aperture of 1.6km. ) Two studies are -
_ shown for each aperture,, the first: having been done with
| i angles and distances whi/le the second used distances?only

As can be seen. any advantage achieved by including angle
N . . AN i . .

.
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.APERTURE_SIZE_AND RESOLUT

ION FOR NETHWORK G10

#JA } s B A -J.ff..l

. “ -4.‘68

|=RPERTURE . LEXY. EYY VARIANGE | Sy
N (KM) STD DEV ~ | STD DEV RATIO - N
' . | -2.35 - -1.23 - L
16 - v +903 .34 _f¥"265;,3f
12 : ; oy it
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resolution. All: str&ins @re in microstrains. ‘The aperturé of
@ network" is "taken to-be the longest measurable ‘Lineféngth.

the " trye™. gtrains in this §tu
1.0. The®second-entry for each apérture was

.In all cases,
,EXY=-2,5;;§§¥;~ ;
- ‘done with distance measurements only.
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»vmeasurements is rapidly lost with increasing aperture

B _ These simulations deal oély-with short range EDMs and -
:;i(“ i c f% theodolites Although it can be argued that standard~ '

. o 'dev1ations of measured angles decreaSedytih»incr;asing

( length of lines Jg?hicek personal c&mmihication, 1980) nq

) allowance%has been made for this effect I feel that

. ‘systematic errors dJ%‘to dther effects than p01htingéwill T

v L if anything, increasé the uncertainty in the observed ﬁ o e

an ﬂes

imgge prectse theo&odites shou]d be treated
v Aoy :

d'iff._;er_ in‘fact %he ac'bugacy,gf measured angles |
1th d1stance. strain determinations should be

., "Q, 4‘ g .
¥ BIR) A

v
// ]

PR
,

‘made w1th theodolites and tgfs has proyensto be not as

,;{ R _‘accuiete in many cases (e g: California) e "L Lo

:ﬁ. _(g L I would classify only the first two-or *three apertures
. '%;_’,, ‘1:”:_5.«,

‘3;‘ ' .. in table 2.2 as beingg microgeodetic voIt is clear t
; b L f‘networks of thas size are quite capable of measurino% l/i\
l”vtectonically interesting stpains and in many cases may be
preferable to larger ones While the predicted standard.
'; ':; :'if‘deviations decrease 1inearly with increasing aperture .
o h gfpractical problems such as atmospheric disturbances and
logistics must increase rapidly A standard deviation of 4mm
. for distancés was assumed for the 25 6 km aperture‘ {The
T ggaverage line tength is considerably less than the aperture )
.fy »"-'; EE iiThe assumption of.; typical dev1atiqn of 4 mm may be ? |
: ,.H{‘ T i,optimisttc, but it is not unreasonable. In any case it is an
'3-; acadbmic exercise. An HP3800 does not see beyond about 10 kin

?;’feven under id%al conditions. These preliminary estimates by "f
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w~,\ no means. exhaust. the subject There is room fOr further

“study by,investigators who recognize the practicalities of o
hysical field work. . . ‘ fﬁﬁﬁ | .

L' Thus far only lowest order approximations to the strain

N s field have been treated The success of higher order
- . .-
a approximations generally requires that ;the expected strains,

w&!

- be- an orq’r'bf magnitude or so largehwwhan the errors in

.
observations Fitting higher order polynomials to poor ly
determined data Will result in “fitting to the noise Some

pOSSible methods of achieving suffici tly accurate data for'

.fng ?fﬁr higher order analysis include . T %%h -ﬁi,
.' P - i.; allow a suffiCiently long periv' _ Ueen'surveys‘For
E}ﬁ - 34,, ' 'strains of 10-% to accumulate | ff??f - 'h K?
L : | "2;3‘use a distance mé%surinﬁ device capabfe of s}ngle
o measurement accuracies of '10-7. o
. 3...make a number of repeated measurements Wlth an_
; >2¥33 instrument haVing sihgle measurement accurap of 10 57

Assuming that one of these methcds has been adopted 3

" the resolution of linear trends in approprlatébsyﬁ*ﬁEtic

2 6. shows results from two such

“5data can be examined. Fif;*f
' studies done with network GiO using a 6 2 km aperture 'In".

one study (lower graph) a linear shear strain varying ﬁcom :-

ﬁg-2x10 s to 2x10-8 across the netfprk was fit with a linea~ -

modeli The fit is quite good at all network points thodgh,

f..the interior points have the sinallest standard’deviatfonsd-

ff' o . (The errors bars represent one standard deviation.) Fittjng

~ ), i

. a constant straiq‘to the Same data approximates \he«avgragex/
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’ F1gure 2 6 show& two studles of varymg stram on- network
-G10 using.a varqu strain model. In the Tower ﬁgure a
Tinear strain is fitted with a linear .model. ‘The® upper - >
figure shows ‘the ;hear strain expected from a - Tocked strike -

slip fault 200 méters below tHe network. f1tted with Ybons'tantn._;-;
and linear models Errc& bars are 1 standérd dev1at1on
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fhen
e jreasonabje though slightly more-scattered results. Both of -

'itheSe cases;nesulted in larger variance ratios than for the

' ffitnear fit and can this be discarded. | e

The study represented by the upper graph in figure 2.6
,,{rsimulates an!gnfinite locked strike slip fault located 100m .
- . "1below poimts 1 and 2 (at y coordinate -100.). Chinnery
Lﬁf_jh.'i.;h ﬂ(1961) used the results of Steketee (1958) to derive general
R :El;expressions for the displacement field of a finite '

\
L

'1'strike sJip dislocation The limiting forms for an infinite

j-.x'iff”é'“'~w?‘strike slip fault locked to a depth :i‘are easil }obtained -

i'from Chinnery s eXpressions¢ Upon dif

oo . -fstrain for such a. Tault .can be shown ' %
. '( S -
s - | 2, 21 g
‘ : £ 3= . ' 32
. e.X.Y _ erd (]" ‘+:y /d ) . v ) -

;where u is the magnitude of ‘the displacement dislocation yxi

,%f 'Aq‘ ‘”f L is “the perpendicular distance from the fault.tandqﬁhe Qﬁnys

E ,,Tfﬂsiid Jkan gives,the synthetic strain shown on. the graph Fittmg° e

; "4 constant strain model to this data gives exy=-4.75 & .23

| ‘ ‘ 7;._.microstrains (shown by thaahorééontal line on. the graph) and
» ‘w“fplbvf;’?~a variance ratio of 4.2, This Wigh variance ratio is an _'
;;'é i i{;f's}'i 1ndication that the constant model does not adequately

"'represent the data.. The actual mathematical average shear ‘

L _~fstrain across thé’network was,;? 98 microstrains That the fj;PV’;‘
B estimate achieved is slightly high s, perhaps due to- the .
SN L k8 “
| - S ' *
S -

_7k T sign indicates left lateral shear . Choosing u=. 012m and - —' l',
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los'é oi‘ information on sj:rains below the. noise level
l’he‘strain estimates plotted on ‘the upper graph

represent a linear fit to the data which achieved a variance

”,ratio of .945q, The linear trend of the actual shear strain

'is quite well defined by this modelfhd the variance ratio

lendg support to this conclusion. These data proved to be

yields a smaller variance tatio hoWevJer standard deviation\i

o ~estimates become s0 large the results are ambiguous. .J.:Eh '

Qrewously, there is little gain in“?esolution when using

o

N _":'» : Table 2. 3 shows a constant strain fit to the 'first o

Deletion of small smgular values before . formmg the ;ﬁf"
T ey

r"'Pseudo inverse rﬁduces tlie standard deVi_: dic

f to yg,eld results of questionable value
wf ‘ SO S

'v g3g2 Analxsi of Survex Data i‘rom Huancaxo

iobtraihed from distance measurements only As discussed

angle measurements Additionally. the 1977 and 1978 eys
l‘g ~\
qﬂeagred directions and @ angles Angles estimated fran

these d:rect:ons were found ‘to have constderably largéf‘
o

*eror gstimates (Chrzanowski 19‘78) than angles n)easured

direct‘ly n the field

three surVeys using both distancesand anbles whtle table

: ma!kquate for higher order resolution A quadratic fit e

ot

+

2 4 gives the reSults of a more oonprehensive study for all -

four surveys using only distances A conparison quickly

- .(,-."- [ . = - A “»:r
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w . +
e _CONSTANT STRHIN FIT TO HUANCARYO. DRTR :
SURVEYS ; EXX . EXY . EYY . VARIANCE
COMPARED’ | STD DEV | STD DEV STD DEV RATIO -
-.23 | -2.88 | 1.2B |
75-76 1.18 .o | 222 | SR
. ' .16 1-62 [ c—.78 . 0y
7‘?“7‘7 | .98 .91 1.96 L(/ +85403 , K
. N "-11 . --15 ", "" n54 . ) ) M
| 40 | 1a30 | | 2.80 \ -0 S
- . . . “'
> ' : :;;.: Table 2. 3 d1splays the £it of a cons!ant sirain model to thg
- i .g’ Huancayo survey data. Both distances and gngles werg used. .
o All _strains are in microstrains. ‘ ST : -
T : 4 R
i u . At = . i“" !{dﬁ%. k! i; S|
. . ‘ .‘f?‘ LA e o R 4 ' 0. , ) " ) . : ) . ‘_—'l
L T ® . CONSTANT TRAIN FIT TO HUANCAYO DATR -~ .
SURVEYS | EXX | EXY | EYY . 4 VARIANCE | T %
! . COMPARED| STD. DEV | STD DEV | STD DEV RATIO ‘ f :
o e | --23 | -2.86 | t.26 .
4 - v 7578 134 |- 1i2e | 2078 1 »-9?’22@ I
- S ] onge 1 e38 | .93 | -1.56 EN A
F S ,78 7,7 1.01 | .95(.85) | 2,09 |, ,'79523- K .
T S o7z | tee2 [ 79 D R
S 77578 li.190.85) |1.120.80) | zias | 6050882 | T
. Ve o |- 107 [ -t1.88c | -as0 | ] B
f ' 15-77 1.49 - [1.4301.23)] 3.09 | (7454
ST 1407 .56 LS8 | Lo 1o
F» T8 haqgr.ss)[ - 1.43 | .09 | (84078, f T
g 0 epgn |t ] 3.16 [ 1.3 ] 0 c T |
s 7878 | g0t [ ies | - p,09 | 1-0408 .
; i . . .- No e ’m »v'.x _ R - Lo - B l"' ) - .:;'?“
X ) w® ble 5.4 show$ the’ Fit of a constant strain model to the
G H‘Sancayo ‘data 'using d1st‘§# es only. All strains are in_
o " microstrains. Standard deviation estimates 1n brackets are
‘ ' corr‘ected to agree wi th the variance rat1o o
: : . s B
’ ‘.
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" 'shows inhy I de-emphasize the angle measurenents.

4

In both of these studies. all singulaf values were

| | used With synthetic data. 1. have found that deletion of
ﬁ o f singular values at the constant strain level before forming
H o~ o=t

fthe pseudo inverse can lead to incorrect conclusions. . This

4

[ ' is ,because the smallest singular value 13 in this case, the
{ L primary determinant of the strain eyy I“it is deleted a
. . + 'é
N ‘ . major decreese ﬁin resolut?on occurs., Thus. deletqon Of the

¢ K-

‘ A
' Jast singular .Vaslue in these stud’ies gi,ves some additipnal RN

information Y of doubtful relfability For. example, in ".;“'i’ 1

SR GBS

table 2 4, if'the 1975 1976 conparison is conducted in ‘this ;_':;
tfashion we obtain " £ - 03 t 1. 139*" exy--2 g9 ¢ 1 28 and |

eyy- 48 33 (all ;

. icrostrains) m th a variance ratio of

N
e B 98451 Though the stan ard devration estimte for eyy is ‘
l , con51derably reduced ‘a dﬁim tive statememt is impossible *’ :
o '7 . due to loss’ of resolution Table 2 5 show,s results obtained SR S

smallest sihgular value from each of the

L - sty le 2.4, . ;‘_, . Q(; a
. ' o 2\-1' ) 'i,' ‘ . : :
: % e '.,; DT documents a remark‘ibly cons t strain S

A evenf* aver tbe entire three yéar period spanned by the

' \\ surveys 1'The low var~1ance vatios found indicate that the :
- data fit a constant strain model remarkably wellt In fact
the 1977 1978 standard deviatiOns shotild be ‘reduced by 25%'

o and ‘the 1976 1977 and 1975 1977 standard deviations are_l S
berhaps 10% too large I regard three of thée shear strain,
estimates as significant at the 95% confidence level (1075

1975 1977 1978, and 1976;1978) and 'three additional’ ~‘:f;:, -
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. Tét;-“.,e=2-5 shows a _repeé't, of the
_the pseudo inverse was: formed
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+ estimates as significant at the 68% IeVei‘(exy,for 197
1977, exy for 1975 1977, and exy fof 1976 1978).
Between the 1975 and 1476 the networK experienceqy 8

" left lateral shear of exy= /2,96 % 1 28 microstrains. 0Ver
the next two years another ¢vent, which could be a respohse |
to the first one, negated the initial stratning uch tpst a
comparison of the 1975 and 1978 sSurveys shows no measuredhle
strain. The 1976 1978 compar ison shows a right lateral sheah

" of exy= 3.16 % .95 microstr;ﬁns and a pbssibfe tensiang !

- exx="1.35 £ 1.0t microstrains. |

This compensatory even{ seems to have occurred vary -

' | | un1formly with time as 1s indicated by further examinﬁtibh
o " of table 2.4. The 1977 1978 wumparison yields strain
estimates,that are (within ertor bounds) half of the 1978
/1978 estimates. The cohclusioh of temporal uniformity is

. o further bolstered by the 197% 1977 oompérison which spowt 2
shear strain level of about byl f of the initial event, The .

v af

1976 1977 comparison, though incondlusive by itself, ig

entirely consistent with this interpretation.
The results of table 2.5 are consistent with tabie Qi,/
and suggest‘é bit of additigdal information. If table 2.5 is

R L AP TP CR N S WERgreY

taken at face value then the tensional exx measuremeny of

1976 1978 is enhanced and andther tensional exX measuyg¥int ]
(1977 1978) is significant at the B8% level. Also a pyssihie
pattern in the eyy estlmates &uggests tensional strai%ima
> dqrjng the tnitial:1975;1978 &vent ahd Compressional
) straining,thereafter..The‘teh&ion#l exx estinates couy be

‘-\ ] ;
4+ W . . N /
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— - regarded as an elastic (or Poisson) soreaJing pereliei to

Ythe fault caused‘bv oompression perpendicular to the fault.
TQough these conclusions are internally consistent, I
hesitate to ptace too much reliance on them.

I advance the following Kinematic model as an
interpretation of these measurements:
1. Between 1975 and 1976 the Huancayo network and

surroundings experienced a left lateral shear strain

‘ _event. of about -3 microstrains. This was not accompanied
| by any measurable exx straining but was possibly

assoc: dtﬁd with tension (or a reduction of compression)

perpe(jICLﬂar to the fault. Though this shear event is
COnSiS[gu[ with }he 1969 Pariahuanca earthquakes (Deza
1871) we are undbieito establish’ any specific
relationship between them at this time. |

‘f2. From 1976 to 1978 the local strain state moved uniformly
{in time) back to the state that existed just prior to
the 1875 survey. A right lateral shear strain of about
+3 microstrains ocCurred.during this time span and was

# - - f;is5001ated w1th a probable tensional straining parallel

” to the fau]t and _some evidence of compression 7

°  perpendicular to it.

P R U e e
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_ranging to model the instantaneous response of the tectonic

~ have worked on'elements of this problem, but also because of

. only the past 200 million years since the beginning of the

3. Highlights of the Tectonic History of South America 5

.3.l Introduction

Geodesy can.be a valuable tool fof the direct

measurement of earth deformation. It would be desirable to

transform this purely Kinematic description into meaningful -
constraints onﬂphysical models of the‘earth. Such models
might-include studies of the dynamics of faulting or small
scale plastic deformation of the crust. On a larger scale,

if might eventually prove possible to combine the results

B Ny

from a great many small networks with satellite- based laser |

'plates to applied forces. Additionally; it is conceivable

that geodetic networks may be valuable in honitoring the.

possible accumulation of tectonic strain before a major

ear thquake. _. | _
Interpretation of geodetic results must be guided by

detailed understanding of the tectonic evolution of the land

on which the network rests Accordingly, a portion of, this

thesis ts devoted to a study of the tectonic history of

South America. It is virtually impossible to give a complete'

~description of the state<pf modern. knowledge on this

subJect This is so. not only because many investigators

the vast extent in space and time of South America and the

COmplexity of its structure Therefore, this study covers

RN
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disruption of the Gondwana continent, and concentrates on
certain areas I believe to be the locales ®f key tectonic

events ip South America. As a result, certain areas sueh as

the Central Andes.have received more attentipn than, say,

‘the northernpost Andes of Colombia and Venezuela. Certainly

such practices are dangerous but they are a practical
necessity. One'can’only hope that the information gained

from a detailed study of one region will be of more general

applicability.

In-this chapter 1 discuss the current state of
know ledge ofvthe teetonic histery of the continent. Regions
selected for special}ghphasis are the Andes of Peru and‘
Northern Chile (down to abeut 30°S) and the vast subsiding
basine of eastern Bolivia,.Paraguay. southern Breztl, and
nor theastern Afgentina. The history and areal distribution
ofivo]cantsm and plutonism‘will be'examined and modern ideas
on the mode of emplacementfof7these m;gmas will be
presented.'Present knbhledge of the history of tectonic
ﬁovements will then be outlined together with a discussion
of.tﬁeir possible structural control. Finally, the’spatial
distribution of seismicity beneath western South.America and

its plate’ tectonic interpretation will be summarized. In

\chapter 4, 1 present a plate tectonic model which appears to
place much, but not all, of South American tectonics in a

‘systematic framework.

In Chapters 3 and . 4 'Peruvian Andes” will refer to that
section of the Andes between the Huancabamba Deflection and

=
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the P\sco Deflection (figure 3 1a), from approximately the

/Peru\Equador border to about 15° S "Central Andes" will

refef to that portion of the Andean Cordillera between the
Pisco Deflection and about latitqee 30°S.

An accurate assessment of the capacity of plate

tectonics to explain ma jor continental geologic and tectonic

features requires the comparison of morphology and setting

"of these structures with the spherical geometric principles

of plate tectonics. The maps shown in this thesis were

computer generated with a FORTRAN program which;has the

‘follow1ng capabilities:

1,

surface areas conSIdered

either magn1tude or depth coded displays.

Produces a transverse Mercator projection of an

arbitrary quadrilateral on the ‘earth’'s surface formed by .

four intersecting lines-ofvlatitude and longitude. All .
maps displayed in this thesis had a center of projection
located at the physical center of the map, thus

producing a relatively distortion-free map for the small

0

Allows the display of any number of spherical coordinate

systems in addition to normal latitude and longitude.

For plate tectonics studies, this means that flow lines
ab0ut relativelmotidn poles can be sﬂQﬂn’on the plot.
Allows the disp]ay‘of sets of digittzed‘earth features.
A smoeth curve is drawn through such input points using
a cubiC'spline interpolation scheme.

Allows the display of epicenters of earthquakes in

{
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Figure 3.1a is. a generalized structure map for the South

American continent. Andean morphology is adapted from
Aguirre et. al. (1974). The remainder of the map is from

numerous sources. Boundaries drawn for the Parnaiba and
Parana basins conform to the- mapped extent of the mesozoic

basalts.
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Most of the tectonic and geologic features shown on
maps in this thesis were dig1tized using about two points
per degree. The actual point density used may vary by a
factor of two depending on the desired accuracy and the
complexity of the structure. Using the Tectonic Map of South
America (UNESCO 1978), ma jor plutons, major volcanic flows, -
ma jor salars.and lakes, the outline of the Subandean
foredeep basin (or Subandean Cordillera), the outlines of
the uplifted Pampean basement blocks, and locations of

active volcanoes were digitized between 5°S and 30°S. The

continental coastiine was digitized from a standard .National

Geogrephic Society map.

3.2 General Plate Tectonic Setting

3.2.1 The Nazca Plate |

Between the equator and 30°S the Nazca Plate subducts
beneath: the¢éou\h Ameri a (The collision zone between the
two plates actually e fends to 46°S but central and southern
o

Chile will be only briefly discussed.)
The d!zca Plate is bordered by South America on the

~ east, the Pacific Plate on the west, the Cocos P1ate to- the

north, and in thd sOuth the Antarctic Plate. The actual
boundaries are weTT‘détermined by earthquake zones and major
tectonic features. The 15x108 km? Naegg Plate has east and

west boundartes”formed by the Peru-Chile Trench and the East

Pacific Rise respectively. Northern and southern boundaries

are the Gelapagos Rift Zone and the Chjle Rise.

é |
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plates is very small.
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The relative motion pgle for the South Americénmand
Nazca plates is approximately 59.08°W and 94;75‘N (Minster
and Jordan 1978). Figure 3.1b shows the same area of the
earth as figure 3.1a with a spherical coordinate system -
drawn about this pole superimposed on the subduction zone.

The small circles are labeled with the number of degrees

- from the pole and give the direction of relative motion

which is maximum 90° from the pole. Subduction in Chile is

oblique in the ™Mextral sense whife it is oblidue in the
sinistrai sense in Peru. |

The relative motion pole for the Nazca and Papific_
plates (i.e. the pole of spreading for thé East Pacific
Rise) is located near 56.64°W and 87.88°N (Minster and
Jordan 1978). Figure 3.1c shows a spherical coordinate

system about this pole and is inciuded for. comparison with

figure 3.1b. Since these boles are quite close tbgether. the

flow lines generated about each are qgité similar and the

~relative motion between the Pacific and South Amer ican

3.2.2 Aseismic Ridges on the Nazca glgig

There aré at least 3 significant aseismic ridge
structures on the Nazca Plate or its boundaries (figure 3.1
b or c). Two of these, the Carnegie Ridge‘and the Juan
Fernandez Rfdge. are aligned approximately in the direction
of subduction (or the direction‘bf spreading on the East

Pacific Rise). The third, the Nazca Ridge is oblfqué to the

.
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Figure 3.1b shows & spherical polar coordinate system drawn
about the pole of relative motion for the Nazca and South
American plates superimposed on the South American
subduction zone. Small circles are labeled with their
angular distance from the pole. Pole location is from earth
model RM2 of Minster and Jordan (1978): 94.75°W and 59.08°N.




« WEST

Figure 3.1c is similar to.3.1b except that a coordinate

system about the relative motion pole for the Nazca and

© pacific plates was used. Pole position is 87.88°W and o
- 56.64°N after Minster and Jordan (1978). ;..,

s
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subduction direction. The éroup’of seamounts just south of

the Nazca Ridge, sometimes called the Sala y Gomez Ridge, is
also aligned with the subduction direction.

These aseismic ridges, and other similar structures
wor ldwide, are often spatially associated with anomalies in
the,éubduction procgss (Vogt et al. 1976, Kelleher and |
McCann 1976). T azca Ridge in particuiar {s associated
with dng”bf the major structural transition zones in the
Andes, the Pisco Deflection. |

Cutler (1977aéb) foﬁnd that a crustal model similar to
the Iceland-Faroes complex best fits the available ¢ata for
the Nazca Ridge. This ridge model shows typical oceanic
crustal layers but each has been anomaiously'thickened. A
crustal root exténds déwn to about 20 km making the |
effect*ve thicknéss of the Nazcé Ridgg'at léast double that
of ordinary oceanic crust. Thus it is not only more buoyant
but will be considerably more rigid. Since the flexural
rigidity of a thin elastic plate increases with the third
power of the thickness, an aseismic ridge wiil make an
oceanic platg more resistant to flexure about an axis
perpendicular to the ridge. The ridge will have little
effect if the axis of beﬁding is parallel to the strike of
thelridge. ‘ )

The Ehperor Seamount chain shows only one thickened
layer and is well modeled as a basaff load poured out on a
pre-existing oceanic plate (Walcott 1976). On the other hand

the Nazca Ridge appears to have been created at a very

-
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productivespot (hot spot) on a spreading ridge. The
Carnegie and 60cos ridges are alsosof this type. It has been
suggested (e.g. Cutler 1977b) “that the Tuamotu Ridge is an
image ridge for the Nazca Ridge similar to the Walvis Ridge

»

- Rio Grande Rise pair, !

3.2.3 The South American Plate
Figure '3.1a is a generalized structure mao of the South
American continent. The Andean morphology is adapted from -
Aguirre et al. (1974) while the remainder of the map comes
from numerous sources detailed in the references. The’
boundaries shown for the Parana and Parnaiba intercratonic .

~

basins correspond to the approximate limits of‘their

Mesozoic basalt flows. =~

Figure 3.2 is a sketch map of Andean morphology for the
region between 5°S and 35°S. A distinction is made between
the Peruvicn Aodes and the Central Andes because they shcw‘
h very‘different structure and histocy and their boundaries
ahe majoc tectonic features} Mény authors have recognized
. that the Andes show significant loogitudinal variation and
numerous sets of tectonic boundaries haVe been proposed (Ham
and Herrera 1961, Deza 1970 Gansser 1973 Sillitoe 1974, %
Kulm et al. 1977, Megard and‘Philip 1976.and others). The
'broad-zonatioﬁ oroposeo here' is consistent with most

authors. .
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3.2.4 The Huancabamba Deflectj
The Huancabamba Deflection at about" 5 S (Ham and

Herrera 1961, Gansser 1873, Sillitoe 1974) is the northern
boundary of the Peruvian Andes. Gansser (1973) says that the
region shown on figure 3.2 as the Hdancabamba-Deflection is
also known as the Amotape Zome. Sillitoe (1974). refers to

this region only as the Amotape zone andureserves the name

- Huancabamba Deflection for 2 smaller deflection near Santa

Cruz (northern Peru) at about 6 S. Ham and Herrera (1963),

- while not usinp the term Amotape Zone, ate in agreement with |
3 Gansser. Here the term Huancabamba Deflection will refer to

the entire reg1on from 3°S to 8°S which displays s1m11ar

anomalous structure.

The east west al1gned Carneg1e Ridge, the northeast
trend1ng Colombian Andes, and the southeast striking
Peruvian Andes meet in roughly a 12)° trJad at the _
Huancabamba Deflectien. East-westfstrikingAstructures
predominate (Gansser 1973) and the Quaternary volcanisn‘of

Colombia ends here (Barazangi and Dorman 1969 Megard and

'Phil1p 1976, Gansser 1973 and others) (figure 3. 10) It has

beeh suggested that the Carnegie Ridge, Huancabamba
Deflection, Amazon Basin, and the Romanche Fracture Zone

form a continuous trans-continental ghear zonek(Carey 1858) .

3.2, 3.2.5 The Pisco Deflection _ _
The boundary between the Peruv1an Andes and the Central

'lndes marks a major change in. tectonic and structural sty]e

4
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.along the South American subduction zone (Ham and Herrera

1961, Deza 1970 Gansser 1973, Stauder 1975 Megard and
Philip 1976, Barazangi and Isacks 1976), and is called’ the‘}
Pisco .(or Abancay) Deflection Figure 3.3 shows in detail
some of the geological structure in the region af. interest
The western end of the Pisco Defiection occurs at the
Paracas Pehinsula, just east‘of the juncture of the Nazca
Ridge with the Peru-Chile Trench. This is also the northern
limit of the Central Valley and the Coastal Cordillera of

~ the Chilean Andes (figure 3.2) in which is found the Chilean
. Coastal Batholith of Jurassic to.mid- Cretaceous age (Gansser
1973). The San Nicholas Batholith (possibly Jurassic)
outcrops along the Paracas Peninsula with a structure that
may imply a seaward extension onto the continental shelf
(Pitcher 1974). S

The Pisco Defiection is actually a broad tran51tion - o

zone within which structural changes occur (Megardfand

Philip 1876). This transition zone also appears in the

- seismicity beneath the continent. To the north the Nazca

Plate is probably underthrusting South America at about 10°
which increases abruptly at the Pisco Deflection to about .
3O through northern_Chile'(Barazangi and Isacks 1976). The
Abancanfauit system (trending-east4west) has showh some -
recent vertical movement (Megard and Philip 1976) but'the~
one earthquake focal mechanism which has been reported
(Stauder 1975) shows strike slip motion with an east -west p -

axis.
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Figure- 3.3 shows geologic and tectonic. features near. the o

Pisco Deflection in southern Peru. See figure 3.4a for the '

" Key to symbols and shading‘. The Pisco Deflection is adapted -
. from Megard and Philip (1 76) .. ' - .

1Y
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Other structural anomalies associated with the Pisco’

"Deflection include'the‘change in strike:of the Andean'”f. o

ranges. the abrupt thickening of the continental crust from
nor th to south (dames 1971a ‘and section 3 5 5); the |

east-to-west offset of the Andean fault system (Ham and

" Herrera 1961 Mapa Geologico del'Peru, 1975)- a similar
'offset of the ax1s of the anomaly of high conductivity

‘beneath the Andes (SchmucKer et al. 1964 and 1966), the:

sudden increase of Miocene to Recent volcanism from north to

ﬂsouth (Noble et al 1974, Baker and Francis 1978), and a

E shallowing of the Peru-Chile Trench between the Nazca Ridge

and the Paracas Peninsulal

o

r

3.3 Plutenism and Volcanism in the Peruvian Andes

The geological structures shown on figures 3.4 a. and b

*acs highly generalized with emphasis on magmatic formations '
‘ The primary source maps for these figures were the Tectonic e
'Map of South America (UNESCO 1978), Mapa Geologico del Peru o
-.(1975).'and Mapa Geologico de America del Sur (1964), They.

are not complete geologic maps but. show those features'whichv‘

'-seem to me to reflect key tectonic events.

: The Peruvian plutons consist of 3 separate batholiths

'4(Pitcher 1974) the San Nicholas Batholith h ruv1an
~‘Coastal Batholith and the Cordillera Blanca Batholith
‘Little is known about the San Nicholas Batholith which has

; only twocmaJor outcrops in southern Peru. It may be durassic

for- it intrudes an upper Paleozoic formation and there is

: 4




80

WEI§J I 7IO l
E - PLUTONS ~ VOLCANICS
: ’ Jurassic- . Tertlary_ o
) Cretaceous Miocene
‘ Cretaceous- - Tertiary- —
Tertiary - Recent
B Miocene- -
T Recent @Paleozmc reworked __|c
5 MY by Andean foldings
A\ : Mesozoic, deform-
SN ed in Tertiary
— o> ' : @aubandeon N
. Qﬁ io-Pliocene
— \~ -~ deformation —

Blanca

Cordillera) )™

Precombrlan

N craton -

CSOUTH

HlﬂOSQ<

15 .;.’:‘:- |

15

" Figure 3.4a is a
. between 5°S and 15°S.

TWEST

'genera‘lized 'g'eo'logiica] map for the Andes -



4

‘ Qo

’7

PLUTONS
. Jurassic-
Tertiary
@ Cretacedus-
Tertiary

VOLCANICS

L - Q@Mld upper
~ urassic

lower

o Crotaceous
' @Cretaceous

lower Tertiary |,

V] Miocene-
lower Pliocene

SOUTH

30

Miocene-
Recent

OTHER

@Paleozbic, reworked
by Andean foldings

@Pampeun massifs
Precambrian - lower

Paleozoic A
Precambrian

¥4 ccaton
s-Salars
‘L-Lakes

| 1 1]

Figure 3 4b is a generaHzed geologvcal map for the Andes .
from 15°S to 35 S.
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one Jurassic K-Ar age determination (Stewart et al. 51974).
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3.3.1 The Peruvian Coastal Batholith and Associated
Volcanjism |

The Peruvian Coastal Batholith was emplaced in a series

of distinct pulses from the mid Cretaceous (about 105 ma) to
the Paleocene (60 ma) (Cobbing and Pitcher 1972a, Noble et
al. 1979) or even into the upper Oligocene (30 ma) (Pitcher

1978) It outcrops in a series of individual plutons

~averaging 50km by 100 - 200km Emplacement was at a high
.level (Atherton and Brenchley 1972) in a. thick sequence of

. Cretaceous basic to andesitic volcanics (Wilson 1963) whose

lower‘members are marine showing black shales and pillow
basalts (Cobbing and Pitcher 1972a). These volcanics are a
major constituent of a deformed eugeosyhclinal.belt of
Volcaniclestics. some 3000m thick (Cobbing and Pitcher
1§7éa) ‘occhpying the ccastel'position in Peru from Trujillo

in the north (8°S) to Pisco (14°S) where it ‘strikes 1nland

(Cobb1ng and Pitcher 1972b) (figure 3.5). These volcanics B
“have been referred to as the Casmg. Formation (Cossio 1964,
'Myers 1975b) and the Quilmana Formatfon (Mapa Geologico del
Peru, 1975), and were probably erupted between 100 and 95 ma °

(Myers 1975b) . (See also figure 3.6b. )
To the east the Perd&ian Coasta] gethol ith is flanked
by a thick pile of Cretaceous to lower Tertiary continental

volcanics formlng the crest of the Western Cordillera of -

. Peru This is referred to as the Calipuy Formation (Cobbing

90 -
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Figure 3.5 shows ‘the geological structure of Peru as :
: S. Pitcher. The cross
section is adapted from Cobbing and Pitcher (1972b) while
‘the. plan view is adapted from Pitcher (1978).

interpreted by E. J. Cobbing and W.

Bett
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and Pitcher 1972a, Myers 1975b) and on the Mapa Geologico

" del Peru, 1975. These 1nciudeAthé'96féaniés_of the late

Eocene - early Oﬁigocene (41ma to 35ma) “Incaic" orogenic |
pulse (Steinmann‘1929,Noble et al. 1979). The Calipuy
Formation rests unconformably on intensely folded gnd
?aulted rocks of a Mesozoic miogeosyncline (éobbiﬁg and
Pitcher 1972b, Pitcher and Bussell 1977, Cobbing 1978, Noble

et al. 1979) knoWn as the Césqgslca Formation composed of

middle to upper Cretaceous marine sedimentary facies and .

| continental sediments and volcaniclastics of upper

o . I,
Cretaceous:to lower Tertiary age (Mapa Geologico del beru,

- 1975). The volcahiclastfcs'are the dominaht sequence of the

Casapalca Formation and are presUmably érosi;es from the
uplifted VOlcanic pile to the west (Ngble et al. 1979). A
majorrerosional unconformityv(the*‘bost Incaic unconformity"
e;g.ngg%e‘ét al. 1979) sépara§es the Calipuy Fgrmation from
the miogéosynclinﬁl hocké. Thg Calipuy'formation is '.
dominantly combosed of ahdésftés.‘rhyo]itéé}'énd tdff
(Cobbing and Pitcher 1972a; Nobl§ et al. 1979);_The.¢ontact

_between the Péruvian'cdastal Batholith and the Calipuy
'Formation, the Tapécocha Axis (Myers 1975b). is quite sharp

and is thought to represent part of a system of

megafractures extending downtthrough the contihenfal

basement which providedaan 1njection_roqte for the magmas

”(Cobbihg'and Pitcheri1972a,'Myers 1975b, Pitcher and Bussell
- 1977). o

oY

- The PeruViah Coastal Batholith is composed of some 55%

R4



93

tonalite, 32% granodiorite, 7% gabbro-diorite, and 4%

granfte on the average (Cebbing‘eﬁd.PftcﬁerA1§72a).A0ther7

notable features include: , |

1. High,emglacehent to within 3km (Myers 1975a)'to S5km
(Atherten end Brenchley 1972) of the surface.

g. .Narfow eontect'metaperphic aureoles (ayeraging 190m or

SO (Cebb1ng and Pitcher 1972a)).

3. Regular spatial arrangement of the various rock types.

The intermediate.fqrms (tonalites) tend to obCur'in long
strips flanked by’Smaller.‘hore basic plutons (gabbros)
(Cobbing and Pitcher 1972a). The gabbros are the oldest
type.having‘K*Ab eges ranging from 105-95mae(Wilsoh
1975) while the tonalites range in age range. from 84 to

~ 93ma.

4, Systems of associated dike swarms (Cobblng and Pitcher

”‘»1972a Myers 1975a, Pitcher and Bussel 1977)

. 3 3 2 Emplacement of the Peruv1an Coastal Batholith ‘m

The consensus of many_studies of the Peruvian Coastal
Batholith is that its emplacement was highly structurally

controlled. Appabently ihe intrusi@es rose along very large

'fractures'in the Precambrian basemenf’pa;alle] to the

trench;'Metamorphic contacts'and>iocal faulting show the

same two preferred directions: N45°E and N35°W (Cobbing and

. Pitcher 1972a). Deep seated basement fractures may_ have

controlled the tectonics of Peru from Mesozoic to Recent
times (Pitcher and Bussell 1977). Since the Tapacocha Axis

has been-the site of nearly continuous magmatic activity .
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over many millions of years there must be a deep structural

' link between'the erubtive-sites'and the Benioff Zone.

"Cobbing l978'postulates similar systems of fractures with

the Tapacocha Axis and the Cordillera Blanca fault being

major examples

17

- Pitcher (1978) combined these ideas and suggests:

The primary source mechanism for the magmas is the

; subduction of an oceanic 1ithospheric plate.

Basic igneous materials. (the gabbros) are generated

s

along the subduction zone. . -~

These rise along pre-existing lines of weakness in the

continental crdst.

The magmas rise on these "feeder” fractd?es (my term)®
until, in the upper crust, conditionsicecome favorable
for lateral.branching. The lateral expansion'forces huge

blocks of crustal material to subside. This is known as

- the cauldron subsidence model.
‘While the basic gabbros. probably had mantle origin. the

"more ‘acid granitoids probably represent/either'gabbros

contaminated by sialic crust or melted and reactivated
sial mobilized by heat from the gabbros
Simple crystal differentiation is responsible for the

evolution of all elements of the batholith regardless of

Awhere generated.

L]

Volcanism was simultaneous with emplacement and

represents ejecta forced to the surface.

' The major axis of plutonic injection remained stable for
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some 70 million years (from 100ma to 30ma).
9. Basic d1ke§~represent fissures venting to the surfgce.

Aguirre et al. (1974) see a fundamental rhythmic.
1nterplqy between tectonic style and intrusive phases. An
inftial period of no compression (or possible extension)
during which plutonic {ntrusion and acid volcanism occur is
followed b& a short, amagmatic interval of cqmpressive
tectonism. A third, final period of no compression follows
in which there is some volcanism ‘together with rapid uplift
and erosion. -

o

3.3.3 Miocene to Recent Activity

After the late Eocene Incaic orogeny, the entire
western Sduth America mobile belt experiehced a period of
relative quiescence (Noble et%al. 1974, Zentilii 1974). This
quietlperiod lastéd virtually the entire DJigocengf Thq
'resumption of activity in fhe Miocene seems to_co;fespond,
at least:temQ6rally. with. the ma jor change of oceanic
spreadinﬁ patterhs in thé East Pacific (Handschumacher
1976) . Ih the Peruvian Andes, this change'ﬁas'manifested in
the shifting of the site of plutonic injection eastward from
the Tapdcoch;}Axis to the Cordillera Blanca fault.and by
considerable volcanic activify; The volcanics‘marked
Tertiary‘- Miocene on figure 3;45 are, in fact,‘dominantly

Miocene.

1

The Miocene orogenic activity in Central Peru was much

less intense than in the Central.Andes, and Pliocene -
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Quateraary activity,js,almost non-existent. There are no

.active volcanoes in Central Peru and Quaternary volcanism is

generally spoken of as "absent.” Neverthless, there were a

-feW'events of importance. The Cordillera Blanca Batholith

(ftdure '3.3a) of central Peru has yielded K-Ar age
determinations between 12 and 2.7 ma (Stewart et al. 1974f
The Cordillera Blanca Batholith is. associated with dramatic
uplift and some volc nism. There are some silicic and
ash-flow tuffs foundﬁ}n the-Cordillera Blanca with K-Ar ages
near the Miocene-Pliocene boundary (Megard and Phifip 1976) .
The relatively minor iqtrusives‘bf the Cordillera Huayhhash
(just south of the Cordillera Blanca), though undated, are
probably of the Same age as the Cordillera Blanca Batho]ith
(Coney 1971). '

Noble et al. (1974) report K- Ar ages 1n the
early-middle Miocene (21 to 14 ma) for a series ‘Oof samples

from the Huancavelica Department in Peru all taken from the

same general area (13'S and 75°W). These flows, and the

‘associated Ayacucho Formation, (Mapa Geologico del Peru,

1875), are not extensive and not eqstly related to simple
plate tectonics models (Megard and Philip 1976). Another

very 1imited distribution of probable Miocene volcanics is

found near Santa Cruz in northern Peru at about 6° to 7°S
and 79°W. | |

| Despite these ethples. Pliocene - Ouaternary‘volcanism
in Central Peru is dwarfed by the massive eruptives of the
same era beginning just south of the Piqpo Deflection and

&
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extending the‘entire length of the Central Andes (Megard and

Philip 1976) (figure 3.10). The major Miocene magmatic evert/

was the emplacement of the Cordillera Blanea Batholith. Ean
this, however, is small in comparlson to the coastal
batholithgjof Peru and Chile. It may be that. the processes
ca Batholith were efther |

fa dlfferent né@Lre
»

responsible for\the Cordillera B1
of vastly diminished‘strength or wer
altogether than those which created t eruvian Coastal

Batholith.

- e U s, S o e e — —

Both volcanism and tectonism have occurred in a series

of distinct "episodes” since at least the late Cretaceous °
(Noble et al: 1974). Figure, 3.6a (adapted from their figure
2) shows at least three and possibly four'temporally
- distlnctﬂpeaks with magmatic maxima in the late Cretaceousﬂ
.L(implled). late Eocene (41 ma), early Miocene (22 ma), and
| late Miocene (10 ma) Thls diagram also suggests a tendency
"for peaks in teétonic activity to sllghtly precede magmatic
l 9nes . ' - o . : : |
Figure 3.6b shows Pitcher’s (1978) 1nterpretat10n of .
| this episodic sequence -These workers agree in general terms
'-although the diagrams are not strictly comparable because |
they referrto differeht time spans and slightly different

>

locales. s
An interesting feature of figure 3. 6b 1s the eastward

‘mlgration of the pluton locatlons This mlgration is°not as

o

)
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Figure 3.6 shows two views of episodic orogenic activity in

Peru. Figure A is adapted from Noble et. al. (1974) and

~

Figure B is modified from Pitcher (1978). \
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.'distinct”.as that found in northern Chile,(section_3.6.2).

Most authors (especially R¥tcher, Cobbing and Myers)
consider that the Peruvian Coastal Batholith emplacement
took place on a single system of feeder fractures.

Superficially however, this'diagram would indicate an

~eastward migration of magmatic foci at an average rate of

.75mm/yr. This is comparable to the rate in Chile (Clark et

al. 1976).

3. 4 Tectonics of Central Peru

3. 4 1 Vertical Block Tectonics

'An adequate tectonic model for Peru (Ham and Herrera L
1961) incorporates dominantly vertical movements.. The main"
cordillera were probably uplifted by motion along two major‘
fault systems a horst graben system along the coast, and
the Subandean reverse fault system along the eastern margin

of "the Eastern Cordillera This, general scheme of vertical

motion and very little crustal shortening has been confirmed' ‘

- by numerous workers since then A high grade basement of

Precambrian metamorphics under Peru makes the mobile belt

highly resistant to horizontal compressive stresses (Cobbing

“ and Pitcher 1972b, Cobbing et al. 1977) (figure 3. 5).

Another mode 1 - for the evolution of . the Peruv1an Andes

. since the Cretaceous (Myers 1975b) postulates dominantly
- vertical movements between a series of 7 crustal blocks.
These blocks are a series of striplike assemblages which. .

| strike‘parallel_to_the;coast The suggested blocks include



of Cobbing’s geosynclinal modei.of Peru (figure 3.5).
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. the oceanic plate, the continental shelf, and the elements
The

Tapacocha Axis. the injection route for the Peruvian CoaStal‘

Batholith,

miogeosynclinal-belt.

is secondary to the Cordillera’Blanca'fault

is also a boundary between two Of these blocks

Cobbing s model is similar to that prOposed by Myers -

- but involves a greater number of strips in the area of

'Cobbing“s.special interest; the eugeosynclinal. -

He also takes issue with Myers on the
~ tectonic importance of the Tapacocha Axis, arguing that it

Both workersh

B agree that the Peruvian Andes are everywhere underlain by a

(Cobbing and Pitcher 1972b, Cobbing et al 1977) which

~structurally rigid basement of Precambrian metamorphics

resists significant horizontal deformation Insteag plate v

4margin forces (arising from the subduction collision

process) fracture the basement Myers contragts this model

'with the broad deformation found in the North American

Cordillera which he aséerts, is due to lack of a rigid

basement o ,'_ . - o ;t

Cobbing (1978) compares the Peruv1an»s$ructure thh the

Alpine orogenic structure and notes such differences as:

1
2.

..

A general absence of ophiolite assemblages in- Peru

Andesitic volcanism and granitic-plutonism (dominantly‘

tonalite) are the major. manifestations of magmatism'in.

the Andes (and are perhaps common to all c1rcum Pac1fic

volcanism) The Alps, in_contrast, show few_ande51

tes .

with ophiolites being the dominantfmagmatjc'sequence.e'_

S

\
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3. The tectonic style of the Andes is generally that of
tight upright folds without significant development of

nappes (or. large hor izontal thrust sheets)

- Andean orogenies may be typical of subduction of large open

oceans. The Alps. in contrast, seem to be better modeled by
a. process of opening and closing of small intercontinental
seas (Cobbing 1978). ‘ '

The idea that Andean.tectonic movements and volcanism.
are.controlled.by'large vertical basement faults is
certainly not the only possible explanation The

longitudinal shape of the Peruvian Coastal Batholith and

'associated fractures is just what would be expected from a

uniformly subducting oceanic plate melting at a critical

rdepth (Shackleton 1977) From this" viewpoint the

longitudinal fractures are an effect rather than the controf

of the Peruv1an Coastal Batholith

3.4. 2 Present g_y Tectonics of Central Peru '

The preceding section might lead one to expect large

vertical stresses and normal faults in Peru. A case can be

made for a number of normal .faults especially in the area of

the Cordillera Blanca (Megard and Philip 1976)‘ However. a -
detailed structural analys1s of Recent faults and their

apparent_motions (Megard and Phil1p~1976) suggests-the

"'aximum'principal stress‘in Central Peru is east-west

."compression There are’ two preferred directions for

horizontal compression in Pliocene - Recent structures An

i
A
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older direction N70 E is roughly aligned with the relative

motion vector for the Nazca and South American plates The
~other direction. associated with recent structures, is

" _N40°W, which does .not seem to have a simple plate tectonics

explianation.

. The fault plane solutions (Chinn and Isacks 1980) for

"earthquakes occurring in the continental crust support these

conclus1ons They found horizontal east west compression

axes in Central Peru and in Argentina south of 30°S.

Significantly, both areas are dev01d of Quaternary volcanic
activity (figure 3. 10).

Thus, while ‘the modern stress state in central: Peru

.appears to be anomalous, it is contemporaneous with a

paucity of volcanism.,This observation is consistent-with

- 'the model for magmatic activity (Aguirre et al. 1974,

" Pitcher 1978) in which volcanism is associated with

extensional tectonics and compressive tectonic eras are .
amagmatic.'(Modern<tectonics southiof the»Pisco_Deflection

aredextensional and modern volcanism'startslthere;)-

The magmatic history of the Central Andes,differs

markedly from that of the Peruvian Andes In Peru. the major

'magmatic episode began in the miqdle Cretaceous and occupied

the same physical location for the next 70 million years. In

contrast the intrusion of . the Chilean Coastal Batholith

- began in the Jurassic (195ma) and, since then, the site of

T\
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ma jor activity has migrated eastward at - a well established
rate of about 8mm/yr (Zenti11i 1974). (However see .figure
3.6b and section 3.3. 4) The* Miocene volcanic outbreak is
strictly limited to the Central Andes and is .perhaps the

mos t extreme spatio-temporal discontinuity in Andean history

(Clark et al. 1976)

3.5.1 Intrusive thgnglggx'_

The maJor reference -used for this section is M.

Zentilli (1974). If not stated otherwise. facts cited here
v are from that work Zentill1 [ stuﬁy included a ma jor
contribution to the K- Ar chronology of 1ntru51ve events
_'between 26°S and 29°S. These are: |

1. The. Paleozoic basement, 267-222ma
| S2. :The Coastal Cordillera, 191 176ma (Lower durassic)

3. The eastern flank of the Coastal Cordillera, 156-137ma:
":(Upper JUrassic) . |
| 4; The Western Cretaceous Batholith 128-i17ma (Lower

| ;Cretaceous) L '\‘,
5. The Eastern Cretaceous Batholtih, 107;87ma,(0pper'

| Cretaceous) o
6., -The Paleocene Batholith, ‘67-59ma

7. The Eocene-Oligocene Batholith, 44- 34ma
: There is a possible eighth pulse in the Miocene (23 22ma)
.found on the western slopes of the Western Cordillera The
studies of the Peruvian Coastal Batholith argue strongly

that volcanism is the surface expression of simultaneous

't
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iintrusion at. depth 1f this model is- adopted for the Central
| Andes, the existence of a Miocene to Pliocene intrusive
pulse seems almost certain Indeed, ~with this model, another
modern pulse should be occurring today

Further eVidence for the idea of simultaneous
1ntrusion extrus1on is found -in the Central Andes. Zentilli
indicates that a given plutonic sequence is commonly found
intrusive at a high level in a volcanic pile Specifically.
the Cretaceous batholith intruded the Bandurrias Formation,
-a thick sequence of continental and marine sediments and
andesites “and, the Paleocene intrus1on is found high in thev
Hornitos Formation another volcanic pile. The notion that .
: plutons rise into’ their own cloud of eJecta (Myers 1975a)

seems consistent with these relationships

3. 5 .2 Eastward M1qration of Maqmatic Foci

Figure 3.7a is adapted from Clark et al. (1976) and.
shows the eastward migration of magmatic foci with time as.
documented’by their K-Ar age determinations. ‘These: authors
" have documented a rafe of eastward/progresSion increas1ng
_from 6mm/yr in the durassic to 1. 1mm/yr in the Eocene: -
Oligocene Additionally, there has been a gradual:increase -

in the Sr"/Sr" 1n1tial ratios since the middle Cretaceous
'fromaéut 7022 to 7077 (Clark et al. 1876). This trend is
'followed by magmatic rocks of all types and is taken by
.Clark et al. to reflect a gradual change in the source

j process and materials rather than progressively greater

g

‘,.‘ ~
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. Figure 3.7a is adapted from Clark et. al. (1976) and shows

- the eastward migration of magmatism in northern Chile.

. [Compare with figure 3.6b.) Figure 3.7b is modified from
Zentilli (1974) and shows the variation of Potash index .
across a transect of the Andes at about 26°S.
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-
. sialic contamination. -

There is an orderly eastward increase (Zentilli 1974)
‘in the potash index (Bateman and Dodge 1970) which,
according to Dickinson (1970), reflects the depth to the
point of magma generation (?ighre 3.7b). This pattern is
broken only by the volcanics of the'Miocene'outbreak which’
show an abrupt detrease in potash content consistent with a
shallowing of the magma source._qu.all'rocKs except the
Miocene, these results-suggest magma~generation at
_progressively greater depths along the same inclined piade N
‘thrpngheut the history of the Central Andes. Tnus the
suggestion of James (197ib) that the eestward yOUnginQ of
magmatic.rocksﬁmay be due to a gradual reduction of the dip
of the Benioff zone dip cen'be disCounted‘(Zentilli'1974)t
- James also snggested several other'possible mechenisms,
.including migratidn of the,trench and 1ocal.éepression ofl
mant le isotherms‘due to the undertnrnsting of cold
lithosphere D ) |

The eastward migration might reflect a gradual 1ncrease
of the rate of subduction. since the Jurassic, or the : .
Vcontinuous underthrusting of cold oceanic lithosphere.may
.'have resulted in a progre531ve lowering of mantle geotherms
.(Clark et al. 19?6). These mechanisms are quite p0551b1y
related and botheaSSnmefpartielfme]tingydfrtne'uppermestv
_crustal-layers‘of>tne4sudeCting sleb.in,SOWenqritiCal"'
‘vtemperature - pressure range |

Another possibility requires the existence of an
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as thenospheric Wedge_for'magma production (Ringwood 1977).
If such is the case, then the'gradual thickening of the
crust beneath the Central Andes (James 1971b) might imply a
consequent lithification of asthenospheric material -and. a

downdip retreat of the requisite wedge

3.5.3 The Miocene Pliocene Magmattc Outbreak

Orogeny in the Central Andes has. been a steady state"
process over most of its history (Clark et al 1976). Few
events of a sudden or - catastrophic nature are reduired to
model the data. The only Known exoeption to this
generalization is the sudden outbreak of volcanism. on a "
wide front, “in the.middle Miocene (Sillitoe 1976). Prior to
this;_magmatiC'belts.had widths of the order'of a few tens
of km; but, in the Miocene: they widened to a few hundred Km.
Relaxation to the present volcanic belt occurred late in the
Pliocene (3ma)‘(Clark et al - 1976). Between 19.5°S and
22.5° S the activity seems to have begun with ignimbrite
eruptions between 20 and 15ma while the vast majority of the~
lava flows occurred in the last 10ma (Baker and Francis
1978)’ E o
| The Miocene to Recent lava flows and associated
ignimbrites occur in .enormous volumes. Some.1.2x104km?. of
fextrusives exist between 19 5°S and 22. 5°S with the. rate of
simuTtaneous intrusive activity estimated as more than 5 i
(and perhaps as much as 10) times that of extrusion (Baker

Cand Fnancis 1978). This means that at least 7x10‘km3 of new
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‘material has been added to the South American continent in

the Tast’ 15-20 million years in this ‘region alone. This
represents about 200km?® per Kilometer of length aiong the
trench If this is a representative figure throughout the
Central Andes, then 4x105km3 of new material was added to
the continent in the Central Andes (between the Pisco
Deflection and 30°S).

The cause of thts outbreak is unknoWn Initial activity
seems to coincide with a rather sudden reduction of the '
depth of magma generation and the reorgannzation of oceanic
spread1ng centers in the Pacific about 26ma (Handschumacher:
1976) .

) .
3 5 4 Chem1stAy and Origin of Central Andean Andesttes

_ ~ The idea that the volcanics origlnated through fusion
of'the ‘Tower contlnenta].crust~(Pichler and Zeil 1969 and
1972) is not popular‘(dames-et'a]. 1976, Clark et al. 1876) .
.The‘geochemﬁstry of two Plioc%ne - Quaternary fiows {h
"southern Peru shows "anomalously high® inttial Sh"/Sr“ _
ratios of .7061 and .7044h(dames et‘al. 1976) . Such magmas -
"can devetop from subduction zone melting of-the thick’South.
' Amer1can l1thosphere or they may originate as me1t from
oceanic crust wh1ch isotop1cally equiiibrates with the South
::Amer1can 1ithosphere- as.it rises (James et al. 1976).
possible’ problem with this mechanism is that it requ1res the
point of magma generation to be beneath some 200~ 300Km of |

,continental lithosphere The Benioff zone is currently about

re

#
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125km beneath the modermn Central Andean volcanic line.
There are high initial strontium ratios across a

transect of the Chilean Andes (26°S) (Clark et al. 1976) and
there may be a gradual' increase in initial ratio with time.
This may beldoe to a nixing of two different source  °
‘materials with different Sr®? content. A low content
material, probably oceanic basalt, is one,suggested;sodrce
material (Sr"/Sr“- 702) while the other material
(unidentified) is relatively enriched (Sr87/Sre6=.710). °
Presently the crustal contamination hypothesis is

~ favored. Peruv1an andesi{gs show higher ore/0te ratios than ‘
-, typicat island arcs (Margaritz et al. 1978), and this ‘
suggests crUstal contamination. In this light, James (1978b)
proposed that the lavas are contaminated with subducted
:greywackes which formed from erosives from,the\Precambrian
' shield outcropping in Peru. ' ’

Southern’ Peruvian volcanics exhibit some of the lowest

Pb206/Pb204 ratios ever found in Recent volcanics and

| d"’/Nﬂ"‘ ratios are lower than those found in typical
oceanic ridge basalts or pelagic sediments (Tilton 1979).
Ratios from a site in Chile, ‘south of, the probable
‘Precambrian shield..appear,more like typicdl island arc
volcanics than do the results from the FerUQian
_intercratonic volcanism . | |

Pb and Nd data for the. volcanics from Southern Peru
support “the notion of crustal contamination and specifically

implicate the shield as .the source of contaminants (Tilton

me,
E v
“—\Xr_
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~ underlying Precambria shield estimated by (Cobbing et al.

" least 60 km and in some cases 70 km of continental crust.

1977) and the locations of active volcanoes

110

-1979). The greywacke hypothesis 18 unlikely because - -
greywacke sediments are rare in Peru and sample greywackes

from similar settings in North America show high Pb208/ppzos

ratios.incompatible with the Pb data for Peruvian andesites.

It seems likely that the andesites of the Central Andes

”are the~ejecta of gabbroic melt originating from near the

subducting plate. These are subJected to: conslderable
contaminatlon as they rise through thick crust and competent

A

shield rocks.

1

- 3.5.5 Crustal and Lvthospherlc Thicknes ses ig the Central

Andes _ ' g ‘
Figure 3. 8 shows the est1mated depth to the Moho in

".kilometers as determined from surfuce wave dispersion in tbe

Altiplano (James 1971a) the approximate extent of the

The South American crust beneath the Central Andes ls
among ghe thickest found anywhere in the world. The 70km

.thick zone begins at the Pisco Deflection and follows the
~course of the Altlplano to approximately 23'S. Clearly the.

source magmas for Central Andean Volcanoes must penetrate at .

?

Seismic and gravity traverses across'the central Andes

j(Ocola and Meyer 1973 'fidure€3'9) indicate a maximum

crustal thickness approaching 75 Km. Figure 3.9 shows how

.the contours of figure 3 8 might be corrected to agree with

0

&
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~under lying Precambrian shield after Cobbing et.




% .
\
-
K
iy
p

VVEST C

Vs

w -

) i
W

&

Vohono

Ll i

ce - 5 75£§ ,

VVEST

112

Figure 3.8 indicates how the contours of figure 3 8 might be

and "AC“. Contours agree with Ocola and. Meyer along the
traverses and are hypothetical elsewhere

. “modified to agree with two seismic and gravity contours done
by Ocola and Meyer (1973).

" The: traverses are denoted by "AB"

!
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the traverses. These'contouﬁs coincide with the- estimates~of- .

Dcola and Meyer along the traverses and are'inferred ‘

elsewhere According to James, 60 kilometer thick crust ends
at the eastern border of the Altiplano, but the Ocola and

Meyer tnaverses show 60 kilometer crust extendinglbeneath

the Edstern Cordillera all the way to the Subandean Ranges
If this. is the correct picture. then the amount of new
material added to the €ontinental’ crust since the Mesozoic
is considerably greater than estimated by James (1971b).

Q studies beneath South America suggest lithospheric .’

'thicknesses approaching 300 km (Sacks 1969, Sacks and Okada

1974, Sacks 1976) ‘Island arcs typically have high Q regions

corresponding to ‘a descending slab and an overriding slab 50_

,- 100 km' thick Between the upper surface of ‘the descending'

slab and bottcm of the overriding slab is a low Q |

- asthenospheric wedge.

Beneath South America in central Peru, the high Q

Vregion extends continuously dcwn to some 300 Km There is no.

. evidence of an asthenospheric wedge separating two o

= lithospheric plates A Jow Q region appears between 300 -

4g500 km Beneath southern Peru and nortbern Chile (the

: volcanically active region) there s a definite. thin low 0

region along the top of the descending slab The high Q

'vregion still extends to slightly more than 300 km depth

113
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\

3.6 Tectonic Style of the Central Andes

Here. as in Central Peru, tectonic evolution can be .

described in terms of vertical motion between striplike

. crustal blocks. There_is_li%tTe evidence anywhere in the

Andes for significant crustal shortening. A11 of Chile iﬁ-_
p#obably underlain by a high-grade:metamorphic basement
(Munoz Christi 1956) which controls the‘tectonic style in
much the same way as in Peru, | |

Vertical tectonics and some folding and faulting.

" horma1*and reverse, in association with plutons are found in -
‘northern Chile (Zentilli 1974) The gentle open folds of
the cdast range increase in intensity eastward until in the

'main cordillera, Mesozoic sequences have been intensely

folded (Kausel and Lomnitz 1969). The Bolivian Andes

s (Altiplano and Eastern Cordillera) probably originated in a
',_major folging phase which began in the Miocene - (Lohmann

”1970) Folding was dominant until the Pliocene when vertical.'l'

3

movements became primary

e

3

_ The model of coastal tectonics dominated by block
faulting with folding increasing inland is somewhat like -~
that in Peru but there are ma jor. differences Such tectonic-ﬂ
elements as the central valley, the Altiplano, and the
Pampean Ranges have no counterparts north of the Pisc\\
Deflection , o o L s

' The Altiplano may be a granitic.mass of early or
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'pre Andean origin which was uplifted in the Tertiary and

served as a buttress against which the Andes were folded
(Lohmann 1970) It has been a. depositional basin for

erosives from both Eastern and Western: Cordillera and today

' has more than 10,000 meters of sediments iLohmann 1970 and

1975) : _
1t seems likely that the: Pampean Ranges are the

| southern exten51on of the Altiplano structure. These are a

series of disconnected blocks which begin to rise out of the

‘,Pampas about 33 S ‘and increase in height as they trend
'northwest into the Altiplano. Maximum elevations in the'

.Pampean Ranges approach 6000m. Block faulting. which formed v

these horst structures began in the middle Miocene

‘(Herrero Ducloux 1963) Each block has a Precambrian -

granitic core (Tectonic Map of ‘South America. 1978) and is
capped by Mesozoic - sequences If the Altiplano is the |

continuation of these structures, then it can be inferred to‘
have a. Precambrian core. | A .

Figure 3 10 shows the regions of significant Quaternary

volcanism in South America There is a clear correlation

7_between the presence of -a:-central valley and Quaternary

volcanism (figure 3 10). D'Angelo and Le Bert (1969) suggest

gthat the central valley is downthrown along deep normal
3faults This is further evidence for the correlation between

iextensional tectonics and active volcanism
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o . Figure 3.10 shows where significant Pliocene through
o . ' _Quaternary'volcahi.sm.‘-hasf'bee_n. found in South America.
~Adapted from the Tectonic Map .of South America (1978).
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3.6.2 The Atacama Fault .

~-The Atacama - Fault-is a vertical fault parallel to the

‘ coast thrbugh much of'Chile, It has been‘suggested_that this

is a ma jor dextraf strike slip'system comparable to the San

Andreas system (St. Amand and Allen 1960, Allen 1963 and

?,V1965) but more recent work (Arabasz‘1971)'suggests offsets

do not exceed a few tens of Kilometers The period of
lateral activity is variously'stated as “Mesozoic to early -

Pliocene (Arabasz 1971) or middle Cretaceous to 20ma

(Lomnitz 1974)

dust south of Taltal (about 26° S), the dextral Atacama

@,

"Fault is offset sqme 10 km by a sinistral, possibly '
. -conjugate, fault active from middle to late Tertiary It has :
' Recent vertical subsidence of the western block of several

. kilometers (Arabasz 1971)

It seems clear that the Atacama Fault is not now, and

- probably never was, a transform fault In the next chapter,

it will be suggested that the fault is a strike slip fault

that developed in response to highly oblique subduction |

Such faults may be common whenever a’ plate convergence

‘vector has a significant component parallel to the plate
‘,Zboundary (Fitch 1872) (section 1 2. 4) In fact it may well

'-have played a dual. tectonic role by also functioning as a

major vertical slip plane.'V

3.6.3 3 The j s del Salado Lineament

The southern boundary of the Puna (or southern |

/

o/



e e et e AN 2 S NI P A A | AR TR S LT L T S TR S e e S T SRD G TR e TR .
=5 g < § e prt Mg

——amas e Pemt ey b T v -

118

R

- Altiplano) -is an abrupt fault scarp with a norinal throw of -

‘at least 1500 meters called the Djos del'Salado'Lineament

(0SL) (Zentilli 1974). It lies Just south of the Ojos del

Salado strato-volcanic complex and strikes east-west ‘at

approximately 27. 25'S (figure 3.2) from the Western |
-Cordillera at about 69.5°W. to at least 67° wl (See Bonatti et

al. (1977) figure 17. ) While the OSL does not quite mark

‘the southern limit of Quaternary volcanism (at 28° S), there

is an order of magnitude decrease in the areal density _*
Miocene to Recent volcanic craters across the line from
north to south (Zentilli 1974). It is found at the same
latitude as the southern limit of the central valley

A large quasi circular aseismic zone is also found here

‘centered on 68 W and 26. 5 s (see figure 3 15). This may’ be a
“true aseismic zone (not a region of strain accumulation
ftt'premonitory to a large earthquake) if the aseismicity‘is '

. caused by an unspecified modulation of the subduction
'!-:process by the Sala y Gomez ridge' (Hand’ and Vanek 1978).
» | The Peru Chile Trench shallows from 7500 to 6000 meters_
‘:and is offset at 27. 5°S (Fisher and Raitt 1962). There is a
continuous linear tectonic feature across the Andes at this ‘

| latitude {(Carter 1974).

————-——-.—_———-—-—

8.7.1 7 1 The Central Ande es
It is difficult to define precisely the temporal

~ -beginning of the Andes since the mobile belt shows a history
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of deformation. and magmatism since at least the Paleozoic A
Permian orogeny is in evidence in Pery (denks, 1956) and
Chile (Munoz Christi 1956 Clark et al., 1976). However,

events ancestral to the‘modern Andes in Chile are generally

considered 'to have begun in the late Triassic to early

B durassic (200 ma) (James 1971b, Zenti111 1974, Clark et al.

1976), about the time of the opening of the South Atlantic.’
(Sillitoe (1978) links tﬂb Permian activity to the modern |
Andes and thus gives ?h_ fPermo Triassic" as the-beginning -
period ) | | ‘ L

An ensialic island arc environment probably was

probably present off the Chilean Central Andes in the late .

Triassic to early durassic (James 1971b Zentilli 1974, %&
Clark et al 1976) .. There are few ophiolitic suites to be
found in South America and none have been found to date in. A
the Central Andes If there was marginal basin activ1ty -
here it was terminated by some process such. as subsidence

beneath a sediment load rather than obduction

_§,7 2 Evidence from Patagggia;_'

A durassic volcanionformation the Tobifera Formation
(dominantly rhyolite and rhyodacite) ts common throughout
Patagonia (Figure 3. 11 Dott 1976) . A sequence of
eugeosynclinal facies which includes parts of the Tobifera s

| may be a remnant arc (Dalziel and Palmer 1979) Associated

with the Tobifera in the southernmost Andes are the Rocas

o Verdes ‘one of the few ophiolite formmtions which have been 'j
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' Pdto ian Batho-
lith ,g.?\?ros'sic-'
Tertiary Coa

VOLCANICS

Jurassic

(acid) :

(*\Remnant arc (acid)
Jurassic,after
‘Dalziel and Paimer
(1979) - |
Rocas verdes, lower . .
Cretaceous mafics -
Cretaceous-lower
Tertiary, (basic and

. intermediate)

(W Tertiary-Quaternary

basic) :

Miocene-recent
(basic and inter mediate)

R

Uplifted Precambrian
I basement
‘ Precamt}ricm and
Paleozoic, reworked.

- <p—~p Boundary.of -

Patagonian Platform

s

«

a ‘eo1og'ic;al."$'aketc,ﬁ map of Patagonia. ‘Primar'-y ‘
thg Tectonia Map of South America (1978).
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fOund'in the Andes (Dalziel et«;ﬂ 1974) (Ophiolites are’

"also found in- the Colombian coastal ranges (Gansser41973) )\

The Rocas Verdes have been the subject of numerous tudies

(Bruhn and Dalziel 1876, Saunders et.al.'1979) which have

7established.them'as'representing'the floor of a marginal

basin which formed in the late Jurassic - early Cretaceous
and was. crushed and uplifted in the mid Cretaceous

The Patagonian Batholith (figure 3. 11) is one of the |
largest cont inuous intrusive bodies in the world and one of

the least studied Whole rock Rb-Sr ages indicate that the -

“batholith was emplaced in three major phases from the

Jurassic through the Tertiary (Halpern 1973) These are late

- idurassic to early Cretaceous ({155-120ma), late Cretaceous

(100-75ma), and late Raleocene th"Q'Ph e: ~ly Pliocene
(50;10ma) Initial Sr87/sr8s ratios average about .705.

"There is no evidence for migration of magmatic foci

('-\
DE

-a

While there is. ample evidence that the Chilean Andes

_were volcanically active throughout the durassic, the modern -

..,Peruvian Andes are- generally considered to have begun with

the emplacement of the Peruvian Coastal Batholith firmly

_dated at 105ma Few traces of significant plutonism prior to

the emplacement of the Peruvian Coastal Batholith are found o

A

north of 17 S. Some of the more northerly occurrences are o

the isolated minor plutons of the Bolivian Cordillera Real

'tijust east of_Lake,Titicacaleohmann 1970). (Lohmann quotes
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an age range for these intrusives of 199- 180 ma but
. nevertheless refers. to them as Triassic.) Also. Stewart‘et
(1974) report one age determination of 204 ma from the

R I southern Peruvian coast near 16°S, which was used by Pitcher

(1978) as evidence that the San Nicholas Batholith (figure
3.4a) is durassic ) '
Despite these isolated occurrences of Jurassic
plutonism in Peru. there seems to be no evidence to indicate
_ durassic magmatic activity which-was comparable in intensity
"to'that in Chile Pitcher:(1978) argues that the position of

the San Nicholas Batholith on the Paracas Peninsula implies

that other durassic plutons are now submerged along the
) Peruv1an continental shelf. This idea lacks supporting
f,ﬁ- ' ‘evidence. If the continental shelf is isostatically
| compensated then it is unlikely that ft contains large
amounts of buoyant plutonic material Furthermore. durassic ‘
plutonism and volcanism in Chile were not restricted to the
o coastal cordillera but are found as far east as the ' K /
. | Argentine Precordillera (Lautero Formation. Zentilli 1974.). ~C7
- 1f durassic activity in Peru had been: even within a few |
. orders of magnitude of that in Chile, traces of it should be
found scattered throughout the. cordillera It is, therefore,
difficult to escape the conclusion that the modern Andean .
mobile belt began forming ‘some 1D¢ my earlier in Chile than .
Peru with a dividing line somewhere near the Arica Elbow or
even the Pisco Deflection Even if durassic plutons do |

reside within the Peruvian shelf 1t would still be
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necessary to conclude that activity in the south (Patagonia)
was much more intense than fur]ﬁer north (See Dalziel and
Palmer 1979.) Implications'of his will be discussed'later :

in the light of further evidence to be presented in chapter

4,

3.8 8 Seismicity of South America - _

The seismicity of western South America has been the
subject of many detailed studies (e.g. Santo 1969,.Stauder.
‘1973 and 1975, Barazangi and Isacks 1976 & 1979 and Hanus
~and Vanek 1978). Here I review the conclusions of these
workers and present ney interpretations. The terms shallow,
| intermediate,'and'deep refer here to earthquakesvoccurring

in the dept/h'ranges 0-100km, 100-300km, and 300-70Qkm
respectively | o u |
\ | Vertical seismicity profiles are a basic tool of this :
study ‘The references above are the better compilations of

such profiles There is considerable variation regarding the |

direction and width of the profiles used to "define" the

hat

eometry of the descending Nazca Plate The value obtained

- for the dip of the plate is obviously dependent on the
irection in which representative profiles are ‘taken. A
F common practice is ‘to take profiles perpendicular to the
"trench (Hanus and Vanek 1978) This can lead to a
‘.considerable distortion in the case of highly oblique ‘
:subd0ction Also. extremely wide profiles can mask the

;_details of the subduction process
',_--_ S . \

A Lo

i
A}

5
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" Profiles should be taken in the direction of relative

Amotion between the two collidigg plates. (It _may also be

argued that profiles should be taken in the direction of

Fd

it makes little difference See figures 3.1b and 3.1c) The

iNOAA data tape is sufficiently complete that good results

~ can be obtained in South America with 1° wide profiles using
a threshold‘magnitude’of'4.Q (body wave) . Accordingly.
‘Appendix 2'contains a'complete set of such profiles‘all

‘)
‘taken in. the direction of relative motion between the Nazca

Plate and South America. The trench system from northern
Peru to 26°S is represented. |

o

3. 3.8.1 1 On the Accuracy of Hygggentra Determinations .

Figure 3. 12 is a seismicdty map of . South America

' adapted from the NOAA: catalogue showing all recorded events
_:from 1963 to 1977 and having Mb)S 0. The symbol type used
‘has been chosen to indicate the approximate hypocentral

depth Much has been published regarding the accuracy (or

:lack,;hereof) of these earthquake locations They are

}determined 'teleseismically b that is a world wide net of B

seismographs is used. Ideally. such a net would have an

even but random distribution of stations aroun& the world

If this were so, hypocentral locations’ should depend only. on’:’
, average earth' seismic velocity structure which is fairly
],well Known Local structural anomalies from. such things as

“ subducting slabs .or ‘mountain roots should have only second-'
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'order effects. Unfortunately seismic observatories are

‘more numerous in developed areas, especially North America,

fobvious are the effects of the geometry of the observing net

‘fthe 1SC catalogue does increase with magnitude but not in a .
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almost all located on continental cihust, and they are much

than in other parts of the world

It is self evident that hypocentral a;EDFAcy must

._increase with increasing earthquake magnitude Not 80
_and anomalies in seismic velocity structure. The accuracy in

-simple manner (BaraZangi and Isacks 1979) A lower body wave -
magnitude (Mb) threshold of 5.4 will eliminate all poor;y/ |

located events from the data set but will also exclude some

valuable information A lower limit of about 4.0 will

‘Linclude all 'goodjédata but will also pass many poor ly
' consthained'results A sharper distinction requires a

‘detailed evaluation of each event (Barazangi ahd Isacks ‘

A 1979)

v

WOrKers at the Carnegie Institution distrust such

selection techniques because of - their inherently subjective ‘

o 'nature (e.g. James 1978a) They prefer instead to use the

el F IR

entire data set Nevertheless most of the maps- and figures L

» shown here have been generated with some threshold

magnitude. generally between 4 and 5 The presentation of |

such ‘maps in Small format tmposes a practical need for a

‘threshold to avoid producing a black blur Fortunately. the
- data set appears to be sufficient .for good results even with

a fairly high threshold value (5 to 5. 5)

1
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fficult to attach a specific value to the

'accuracy of a given hypocentral location However, after

i S :spending many hours examining the data and observing
.apatterns with high spatial coherence, I believe that events
; of . magnitude 4 -2 4.5 and greater probably are accurate to a

few tens of kilometers or better in any dimensibn

3, 8. 2.General Patterns I - 4', L /f
' The seismically active ‘zone of South America (figure
3 12) consists of a narrow belt parallel to the coast
extending south to the Gulf of Penas in Southern Chile where
bhe Chile Rise intersects the Peru- Chile Trench A |

significant east°west offset occurs in both coast and
seismicity between the Pisco Deflection and the Arica Elbow
(see figure 3. 1) A general trend towards deeper hypocentral
locations eastward frd&*the trench is also apparent In _—
profile (see figures 3 16 3 17 3 20, and 3. 21) this trend :
“j is seen to resolve fnto the inclined seismic planes firstc

jrecognized by Benioff (1954) and’ hence named Benioff Zones.

This i8 part of. the primary evidence for the plate tectonicl

theory of subduction The earthquaKe pattern is generally

taken to reflect areas in’ a Hﬂgh state of stress Benioff

~Zones are 1nte:gletad as directly giving the position of a

fﬁ ‘).c_a;tsubducting slab of oceanic lithosphere which is stressed as -
o .Thlgltit thrusts beneath another plate into the~mantle ‘Under. thiss:
o | 'T ’assumption. the geometry of ihe Benioff Zones is. taken to be
'o'k'identical with the geometry of the descending stab. In.

,..&" :

A
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-

'”5b§¢tlcé]“éikthuakés“ih”the pveriridingrslabland'scatter in

the data complicate this picture. - | -
There is a tendency for earthquakes to group .into
globular clusters or quasi- linear patterns Clustering

qccurs in time as well as space due to aftershock and

.foreshock sequences associated with larger events If
) earthquakes are indicative of highly stressed material, then
. the presence of such clusters implies a very variable stress

(and hence, strain) field.

Discussion of the relationship between seismicity _'

*

patterns and geological structures and processes requires

o comparison of phenomena whose time scales differ. by some 10‘ .

,years Large. earthquakes typically- show return times on the

order of. 102 years while a characteristic time for mountain

. building processes must be at least 108 years It is
”?jpossible that earthquake catalogues do not span sufficient
'l time to comprise a statistically ‘valid sample Hence

:_conclusions such as those in the last paragraph may not be

*acorrect on geological time scales

¢ . -

§ entral Peru ' o | e

Figure 3.13 is a seismicity (Mb>4 0) map of the Andes

WAifrom 5° S to 30°S; figure 3.14 is an expanded wiew from 5°S
to. 18 S: and figure 3. 15" covers 15 S to 30 S. The contours

indicate geological features such as volcanic flows, plutons

“and the Subandean Basin These have been labeled with a - |
'vmsuggestive code which 1is evident upon comparison with figure

83
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‘A1l events ‘having Mb greater

between 1963 and 1977 are shown.
and contours of major ’
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than 4.0 and which occurred-

geological features. The key t

| the labeling of the contours
can be deduced from figures 3.4a S o '

and 3.4b.
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3.13. s 8 closeup of the southern half of figure
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3.4a and 3.4b.

Figure 3. 16a is a vertical seismicity (Mb>4 0) profile

taken through .central Peru in the direction of relative _

‘plate motion. Figure 3.16b shows the same profile but with
Mb>5 0. Figure 3. 16a illustrates the probable configuration :

of the Benioff zone while figure 3. 16b emphasizes the

regions of maximum energy release The presence of two

-'separate centers of seismic energy release at depths less

than 200 km is typical of Peru. One is associated with the

trench while the obher occurs ‘far inland beneath the

‘Subandean Ranges The aseismic depth range separating

-intermediate events from very deep events is a common

feature of South American seismicity

In. Central Peru, seismicity can be divided into four |

zones ‘a éoastal belt an Andean ‘belt, a Subandean Belt and

an eastern line of deep focus events which actually occur in

»

’:'Brazil The coastal belt is generally less than 75 'km_deep
"‘,and closely follows the trench system A large cluster of.
coastal events is found at about. 10 S directly west of the
'Cordillera Blanca This cluster represents events associated

, with two very large earthquakes which occurred here in -

Dctober of 1966 and May of 1970. Focal mechanisms for these

l,coastal events are generafiy consistent with underthrusting

on an east dipping plane (Stauder 1975) Events in the

Qa

‘»cluster were more complex

. There is no obvious association between the seismicity T

patterns in central Peru and the region of Tertiary

. B,
i

{
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dvolcanism dust to the east beneath the Eastern Cordillera.l

there is a broad band of somewhat sparse. generally shallow

focus (<100 km) events Our Huancayo survey network is

’located here The Pariahuanca earthquakes (duly and October

1969) ‘were shallow focus reverse faulting events with 2 N

"significant left lateral slip component These earthquakes
| ruptured the Huaytapallana fault which our microgeodetic
‘network straddles.. This fault lies. just Rorth of the Pisco |
zDeflection There are strike slip solutions for one focal
1mechanism of a crustal event in” the Pisco Deflection and
, several for events in the Huancabamba Deflection (Stauder

i1975) Crustal events in between these two deflections were

dominantly high angle thrusting Both sets of data were ,”

- consistent w1th approximately east-west compression A
| tnumber of large . magnitude events with strike slip focal
‘ f mechanisms have occurred within the Pisco Deflection since

'1930 (E. Deza personal communication 1978)

<

There are shallow focus and intermediate focds (100km< l'f

;.focus <150km) events beneath the Subandean Basin Barazangi
'and Isacks (1976 & 1979) used their selected' earthquake

\ ;file to resolve these earthquakes into two groups, a set of

events clearly within the South American plate and another

o which probably defines an almost horizontally subducting

'“;slab whose upper surface is about 100 km deep

e
 The continental earthquakes have focal mechanisms'77i

consistent with a horizontal east-west compression axis

(Chinn and Isacks 1980) The intermediate depth events have o
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focal mechanisms indicating nearly vertical compression axes
and N100°W tension axes (Stauder 1975). The quasi 1inear
- cluster between 8° andiQfS lies»just east of'the Serra do

Y

Divisor on:the'Peru-Brazil border. The Mapa Geologico del

" Peru (1975) shows three small outcr-gs of "Tertiary"

1related (Stewarf,

intrusives here. They may bltiff

‘1971) “undersaturated~alkal c_?@{ szu' age (dames >

19783) from depths on thevor:' This may be

) eVidence for steeper subduction”heﬂesgs‘late as "Ema. |
| The deep focus events in western Brazil form a highly.f
linear pattern which strikes about N10 W, These events show
- f an unusually tight clustering of stress axes compression
_ ?Eaxes nearly vertical tension axes horizontal east west and
_-null axes aligned along the strike of the seismic lineament
~‘(Stauder 1975). This line is the northern part of the Andean

fSeismicity Lineament (ASL) to be discussed below

"¥§x§f ',jd3,8 ﬁsThe53OO-500 Kilometer’Aseismic Zone"l‘_ o ’ i:_
| _ There are very few earthquakes between 150 and 500 km |
',in Central Peru In Chile. intermediate depth events are.
. v.found as deep as 300 km. Throughout the South American
B f*seismic belt, events occurring in the depthorange 300 to 500
' km': are extremely rare Deep earthquakes are found only in |
’ 'western Brazil and northwestern Argentina (figure 3 13)
These - deep events form a linear pattern uhich is separated ,

| ifrom intermediate eyents by an aseismic fgge This may
findicate Y piece of the slab which has beeh*detached from

o~




B TR

J T Lo st ot el

137

the rest, or that the'subduction process is aseismic in this

depth range. There appears to be a correlation between the
presence of aseismic ridges (buoyant 2pnes ) at a trench and
detached slabs (Kelleher and McCann 1976) in South America.

however the reason for this remains obscure.

3.8.5 The Shape of Subducting Plate beneath Central Perd

The shape of the subducted Nazca Plate beneath Central

Peru has been a matter of some controversy :Stauder (1975),

| Barazangi and Isacks (1976). Megard and Philip (1976)

Wortel and Viaar (1978), Barazangi and Isacks (1979).'and

" others are of the.opinion that the spatial distribution of -
'hypocenters directly reilects the shape of’the'subducted

slab. Barazangi and Isacks (1979) using only accurately o

-located' hypocenters as a data base. clearly showed two
‘ - seismic zones Dne begins at “the trench.and dips at about
B d10 to a point 700 km east of the trench where it reaches a
jdepth of about 150Km The other zone is confined to depths |

less than about 50Km and appears beneath the Subandean

‘Ranges 300 to 500 Km from the trench ln “classical” plate
. _tectonics these zones are a shallow. aimost horizontally

’subducting slab and a seismic region within the continent

This model may be criticised on two counts (dames

?1978a) First the data used were filtered through an

inherently subject ive quality control proeess Second the

':'definitive profile which resolves the twp seismic zones

‘was unusually wide-(9°). The seismicity fn Central Peru is



s,

- use of wide profiles may be misleading in such a

| ‘circumstance

'i'incorrectly interpreted the evidence for ScSp. phases by

“advance a model in which the. sla“bf'

¥ o A P TS e - anranes o oy .y - v g S
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| ¥
-j~somewhat diffuse and shods significant ‘clustering and the

"
Snoke and Sacks (1978) ‘and Smoke et al. (1979) report

the observation of sedsmic phases in Central Peru which they

interpret as' Sc$ converted to P at the upper boundary of the ’:ng

’descending slab The)conversion interface defines a planar
"ASUrface dipping some '30° to the east beneath the continent
'This surface coincides with the Benioff zone only at depths ,"

~less than about 100 km. On this basis they advance a mode 1

of an aseismic slab descendinp at about 30° and regard most

of the seismicity -east of the trench as occurring within the |

| continental iithosphere This dip is approximately the same

 as that determined in northern Chile by conventional mgkhods

and thus implies a smoothly continuous slab across the Pisco |

Deflection

-

Barazangi and Isacks (1979) found no clear €évidence of -

j-the scs to P converted phase in- Central Peru but Snoke et

(1979) couffter that Barazangi and Isacks (1979)J

N ai a

:,examining seismograms with a low signal to noise ratio They
contend that the ScSp phase is clearly evident in all - ' . <
reCOrds with a low enough noise level " Hasegawa and Sacks /i

(1979) nny have proposed a satisfactory compromise They

fps steeply (30° ) until :'
it reaches 100 km depth and then abruptly flattens Nearly

- horizontal subduction continues for - some 400 km to a point



 beneath the Serra do Divisor ' P

the seismicity, is not requireq-by it.

. Isacks 1976 and 1979 Megard and Philip 1976 and others)

. al, (1979) have recently presented deep reflection seismic |
fdata f@i“%h. Uind River Laramide structures in wyoming They

B e e i
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4 - PROE drmrran @ st r— . e

AR AR F¥T
e e WETLT S ..,‘yau,y-y..'-q’& o g ', 3 -
¢

e | o 139

Figure 3. 17 is my interpretation of the shape-of the

_?Nazca Plate beneath Central Peru. The cross section is drawn L f“

;along the same line as figure 3. 16 which is in the direction

of relative motion between the South American -and Nazcd'

plates (figure 3.1a). This view is. similar to that advanced
'i_ by Hasegawa and Sacks (1978) and, in fact, differs very

little from previous models proposed by Stauder (1975) and
Barazangi and Isacks (1976). The sharp bend in’ the, plate is |
as proposed by- Hasegawa and Sacks and while consistent with

e
3. 8 6 Low Agg_g Subduction and Pergvian Tectonics
The apparently anomalous compressional tectonics and

lack of volcanism of modern Central Peru (section 3 4, 2)

i_ seem to be related phenomena It has been suggested that low

angle subduction is responsible for both (Barazangi and

U:Such 8 process may have been responsible for the North

American Laramide orogeny of the late Cretaceous to early |
Tertiary (Dickinaon and Snyder 1978) This iectonic episode N “ﬁ.ﬁ

saw. the volcanic Sevier orogeny give way to the amagmatism

. and vertical block,motions of the Laramide\ while tﬁv;one of

deformation advanced further into the. continent Sﬁﬁthson et

\»r.

were ab{e to continuously map the Vind River thrust to a

N
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‘,? 24 Km l'he high angle reverse faulting on the S

:1*

O ’dep

L o ﬁv
: . surﬁc can be seen to flatten out Mth depth on these

M’""e" suggestixgeﬂof horizontal compressional

/PR v’§,§ facts provide eylﬁarioe | | 'a modé T in whictulit

, -',;x._j,uoyant oceantc’;ﬁate&k forced Qeneath a continental
W‘te-abe;,ore (14 has‘# .'d;‘j"“) buificiqntly for more passive o
subduction The/eee’an'i:’c? p}tﬁ_te | scrapes along the bottom of
the continent causinngessional stresses above it,

»w“"

| IR Vw\tolcahism “would subsiade *either because compression

’fif"\_i{ t'-/"”"" ‘ suf'fiél”ent to. close magma rou’tes or because the continent isl" |

-

e ‘ isolated from the asthenoslilhe"e ‘

AR : . M

J‘ .?' RE _;3 8.7 The Centrai _Agge_s "3*_, o o
l Barazangi and Isacks (1976 and- 1979) have used
' R seismicity patterns in Southern Peru to infer a tear in the :
‘,Nazéa Plate Figu‘re 3 18 shows only shallow and intermediate
| "depth events for the Central Andes having Mb>4 0} ‘Ihe o 5 j
o _'hypocentral depth display has be!n expanded to give' better N
resolution than figure 3 ‘14 The lgcation of ‘the proposed
tear. is indicated by the 1ine just®ro the' southeast of the’
‘Nazca Ridge on figure 3. 19 The evidence ci%ed by Barazangi o "'v
_ ~ and Isacks (1979) for this tear consists of two vertical
!"’T».-f_profiles one- o“neither side of the,line.ptaken in a '
- | 5'd(irection per?pendkular to@the treqch In this manner. they ‘
v ‘ dgemonstrated g steeply dipping Benigff 20ne south of the
) M "tear and shallow. ertually horizontal sdbduction to the

s .

. .n.”‘@ N
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= 2
—qT
—125 B
o -';fwl“‘f 75 WEST | I.L rf

' A DENOTES ACTIVE VOLCRNOES . - .«
- ® ““Tear"of Barazangi and Isacks .'(19‘76'&'1'979) ’

s of the depth to

Figure 3.18 shows approximate contour _ |
e Central Andes. - . v

"maximum" seismic activity beneath th :
ructed from a detailed analysis of

- Contours were construg s
. numerous dntersecting vertical profiles (not shown, bét seé
t of the features of these contours can'be.

Appendix -1). Most o
confirmed in figure3.18. Also shown is the location of the -
“tear" in the Nazca Plate postulated by Bara2angi and Isacks
(1976 and 1978. . T
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north. Earthquakes to the north occur no deeper than about

100Km while, to the south the deepest event is neariy 300Km

N

over the same horizontal range , ;
' The tear model is based on the conparison of only twow
L. "profiles taken normal to the trench which, in this region. o

oo o is definitely not the same as the direction of subduction
A ) M ’

E’ by “ f(figure3 1a). 1 examined the. spatial distribu on of
il | hypocenters in detail from 14 'S to 28° s and came toa /.
' %‘W, different conclusion than Barazangi and Isacks (1976 and

Ly

S :5&]’979) Figure 3.19 shows approximate contours of the depth

m@,sl@w&jﬁq maximum seismic activity These contours were '

| constructed by covering the. region wi th an intersecting. mesh

S | of vertical profiles each only 1° wide The depth to. maximum

' ‘ B seismic gctivity ‘was visu?lly selected for a nunber of '

w\ T époints on each profile Fitting smooth contours to ‘the "
‘resulting data matrix resulted in figure 3. 19 »While it is
'impractical to display all of the profiles used here, the |

. major features of figure 3. 19 can be seen . fn” figure 3. 18.
o (Also. the suite 05 profiles displayed in’ Appendix 2

,' | %’g PT‘OV‘ldes additionaktupporti_ng QVidence ) The hypocentral

depth display usea%’éigure 3. 1,&.(was chosen such that. any ,‘
'contour on figure 3 1’9 correspoh'"j o the locus of a singlel

G
}‘x ﬂ— 4 '/" .'

-

" zone from the Pisco Deflie"ction to -25‘ ﬂie“tear | |

P { ,.‘,,(BaraZangi and isaSR’s 1979) occurs in 8 region where thg ) _

I o A -~
L ;i . geometry changes rapidly but gmgin sly from horizontal to

‘u'ﬁf - e

Figure 3 19 is a. model for the Oeomﬁt(‘x'of the' Benioff |
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30 subduction 'ﬂ?pocentral locations obtained from a_ local .
network in southern-?eru support»this conclusion (Hasegawa
and Sacks 1978 and 1980) , _

The most striking feature of figure 3 19 is the large

s eastward deflection of the. 100 kilometer contour The

t: continues eastward beneath the Pisco Deflection (figure

ﬁs

deflection begins where the Nazca Ridge meets the trench and ‘

: 3 3) This is direct evidence that the Pisco DefleEtion is

d causally.linked»to the subduction process and .is. perhaps a

consequence the interaction of the Nazca Ridge with the
trench system “,- R

In figure 3, 19 volcanism begins just south of the

deflection in the 100 kilometer contour .’ There areézgo

distinct linear trends in ‘the Jolcanoes one in sodihern

Peru which closely follows the 125 kilometer contour and

4 another in-northern Chile which grdhp"more closely about »u’”

the 150 kilometer contour lThese contours indicate the
‘depth to maximum'l seismic activity which‘is probably not.
the upper surface of the descending slab.) | ", -

| Figure 3. 20a is a vertical seismicity section.'i degree - .
wide. taken in the direction of subduction through northernl'”'
Chile and showing all avents having Mb>4 0 In figure 3. 20bd‘t
th@ithreshold‘magnitude has been incrdased to 5 0. Maximum o

_ energy release is probahly -at the pbinf‘of magma generation"

but unlike Central Peru, there is fairly continuous large

:» magnitude activity down to depths of 250 km Figure 3. 21
L shows 2 possible subduction zone geometry for northern o
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Chile.

3.8.8 8 8 The Andean eismicitv Lineament

, Another important seismic feature in the Centrai Andes.‘
noticed is the linear fepture formed by . intermediate depth
,' events in northern Chiie (figure 3 13) (Barazangi and Isacks »
,1976 and 1979). This will be. referred to as the Andean _[
1 | Seismicity Lineament ‘(ASL). The northern extension of the -
zfr pt'lt' v 15L passes directly thrgagh the locus of. deep events in
_ | western Brazil Events forming the southern part of the ASL l?\

(in northern Chile) occur at an’ average depth of 100- 150km

-l

while those to the nOrth are at depths greater than 550km.
'f o The ASL has a strike of approximateiy N12 w and a lengtb in
- excess of 1500Km
| Seven focal mechanism”soiutions for - events in norfhern
Chiﬂe defining the ASL are simiiar (Stauder 1973) The :
'average soiution has one . noda’l plane gggping 30°N-NE and /
‘.stsiKing N25 w while the other dips shaliowly to the H sw

7@ The fauit motion is thus either normal faulting aiong the 57

. s steepiy dipping nodal piane agrees with th’ dip of the -
‘;Benioff zone in northern Chile The nodal pianes are not

}quite aiigned with uhe ASL”however. shailow focus events

‘uoccurring on or near the f : have an average dtrection of
underthrusting df N85 E. ('( nodal lan “strike of Ni%&f’
which is essentially perpendicular to the ASL (Stauder '*gii. -

<
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S e ‘\g\;;\ ey
Focal mechanﬂhms of some everits defining the northern

'_part of the ASL are quite\consistent and show an average .
‘nodal piane strike of N10° w -and a near. vertical axis of
- compression (Stauder 1975). S ,.‘- N

'_Figure 3. 22 shows the same seismicity map ‘as figure

Y c
.- 3.13 with a spherical polar grid- drawn about the relative '

'motion pole for the South American and Nazca plates (Minster .'

"“."'”‘_1 ~and Jordan 1978) lbtie of the great circles (striking N12° E)
| | ,ffits the ASL almost perfectly A similar grid drawn@about |
. ~ the pole of relative motion for ‘the Pacific and Nazca plates )
5 I 11.7'f‘(f1gure 3.23). ¥181ds o ¢ good but 's1ightly more discordant -
"4fn"v " i:)fit The best fit circle in this case strikes N10 W
. 7hese results impl%_that the geometric principles of
-_plate tectonics can: be extended to contﬁhental geology If
“ 7 the it in figure.3.22 1s éeal the.ASL 4s @ “front” tof some .
. sort. normal to the direction of relative motion The ASL
valso appears in the surface geology as shown in figure 3 24
«.Here the best fitting 1ine of figure 3 22 is compared to the .
, “‘-modern volcanic belt and the Pampean basement blocksr The '
\7‘t voicanic beJt groups very tightly about this line for nearly '
800 km , from 17°S to 24°5. At 24°S a dextral-shift of the
volcanic trend causes it to deviate from this front From

. 25" s to 33 S the Pampean horst structures outcrop along the

£}

oo _.‘» Same line o - o TS .

g 11.',,;- From 24 s t026° s. ‘the ASL loses‘its deg.ggx;pn as. the
Y ' oo A

' ;regional seismicity becomes very sparse. “in. thisupame

53 5 - o . . — C o T o ¥
e 2 “ . . i s - . s A& . e .
!, e o . . e e et e
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. L S - & - - LR - i : y : :
—mert e BT e
N intervTil on the Nazca Plate. several bathymetr ic- highs a‘re

' foubd in,the vicinity of the t_rench Centered on the Ast at
oo 'v"‘about 36‘35 is an aseismic region uhich may be an extension o i
e 6? the Eas»ter Fracture Zone (S@la y Gomez Ridge) (Bonatti et §
L al 19M, Hanus and Vanek 1978). A ER
; 1 do ndt suggest that plate tectonics principles maKe

\ e tr@nsparent the regsons for all of these geometric ‘

d 3“%’” %ationships Nevertheless. an underlying geometric v
.’"-‘ . '.-ﬂ-'c; '._phere‘hce has key tectonic structures along "‘fronts normal |
- o to the diregtion of . relative moton, Such a result is a- W

- ) l' .. — consequencé*of ti?e rela.tive motion of two sphericaﬂl caps but ‘

o e does not &eveal the dy'!amics of the Pamp&ﬂ"‘ “P”'M oF Andean 0

volcanism The ASLomaey inp‘ly a great fault *ln ~the Nazca }‘ f"{
TS ""ss aiong which a |

?’late and perhaps indicates a zone of ‘

B ST 'f.-piece of the plate may preak off. and form a "V'tachep slab _
(Barazangi and Isacks 1979). " 7 . Lt T e

. 5 The association*of volcanic centers with the 1ine
B s ﬂsuggests another explanation Evidence that the Peruvian\
: R COastal Batho‘tith was enblaced by magma intrusions along «
A4 » : linear fracturg extending through the crust ('Tapacocha Axis)
1 B was presented earHer. The ASL may i’ﬁdicate such & giant g
| vertical fracture (or system of fractures) which extends - ‘;‘
| ‘_,.ﬂ"omvl.ago l’iticaca to at least 35 S Voloanic centers viould
found alono such a line whenever the subduc““tion process
B bringe the melting zone beneath ‘the fracture’. The Paupean -
S \ _; .'._fi‘bloclss and A]_tipiano could then represent vertical tectoniol';"
- } ‘-'Z'vf' ectivity elong the fault. _ Almg the \mtcanic segnant of the

[ et
St . . | =N : . . : iy B
RS SN R R DI S AR T ST ’




R d events in uester’n Brazil aiigns with the ASL There is 7&-4 o (
ttle dt!aub3 Rhat the Nazca P’iate i's discontinuous along

.

Vo
'

any 4..
© R i

. SR
3
.
',

w Alternately. the ASL may be controlled by the deep structure

.. "pendtrating the-.i'?Southuﬁmericap plate. '

T Y S
-m' D e T e ""';::v B ", "\ . B o oo BRI

e ASL it 13“‘“@*“'@"’@"*@"“ g migration and a tectonic p
q.k ) -, com ¥ " < . O
| fauit showing mah}/ Wﬁ“pf ?w vertic(a‘g motion |

o © . If this 1%9”.& Hneap batholith chains 1tke the

' Peruvia‘i Coastal B&tl}olith may - provide vaiuable constraints“‘"‘"f |
‘oh the positions’ of pa'l"les of relative mot’epr? o .
.Handschumacher s (f976) study suggeits that* udection'in '

' :'the Eocene was normal to the #‘r’ﬂvian Coasta'l Batho.;j',gl%gas ““:&z
‘.»‘wouid be expectau “‘ i;*o-* w R

: ' LQ\
Ihis mode 1 doeé not explain why the zone of eep i’ocugwaé‘s,

i,s line, the efore. any explanation requiri% thew

,v

transmission gf mecha'hical stresses fo “align® thigel
‘N S
itk

ruled out ,,ghe modei advanced previously f/’ Pe :?
L e ‘

' suhdur,,ti’on irrplies ‘ﬁaat these deep focus gvents rem-esent a’
detached piece oPthe s'lab which has been passiVe‘ly sinking g‘)

into the mant’le If that is so. then the aiigr.\ment is either .

‘a remarkabie ooincidence or it ma m

plat’ riving forces and mantle &t
of the South American continent Perﬁaps it indicates the y
western boundary of a substructure associated with the South f :

ety
¥ W’

American craton.-_,_ PR

fi"‘lf the AS: in ‘Gh':iie represents a megafracture'\e

it 1s interesti
% "0




s of mantle currenf

&
.' M -
B
&l
I'I'; ‘ LY 6 .
.‘* ; -

S aF, ik
Y — _'western B‘razil erf'au kes form a seismic f”ront“ﬁormal to

SR AT plates&has been truitless.w-;‘%,_;:_‘-',«' .
L These twp rends

-f,_circles about the same poleJ From ftgure 3. 12 the point of

IR SRR et b i - {‘@m P f;.,v-‘suevi.,v-_..._....-_x.;r s ,v; ——
- extremely_o']d f&at which formed durinq the: disruption of
: the western Gondwana continent in ginesozoic f“imes -Such
fractures would exert a control”‘ling tnfluence on subsequent
w tectonics B -

" ‘79‘7“3 Hanus ahd Vanek 197%{; Since 1”( ‘seems . HKely that the
- e W s |
g -the,relatfve,motion‘e’f eitﬁér the Nazca -t 30u,th Ameri@' )
".plates or the Nagca - Pacific p;at‘Zg./it might be hoped tha‘t" ;

S’w&a 5

a similar thing rntght be true for ﬁwe western Argentina deep

~

- dvents. A sthudy. of the- relative motian poles for all'gearby -

-

.‘- A
;t be considered 1 1scord 1f‘

- A""(t could be: shown that threy" “He along dtfferent great

e

@

. Z‘L‘;:lintersection of these trends may be seen tp be near 62° w a“d."
"'."»-_43 5 on the southern Argentina shelf, No present plate .- |
e t'ectonics scheme has ever been PPOPOSOd wi th a relative

v."i'"'motion POle here If such 2 pole did exist it might _ o
’ plate organization or an unknown system

fcorrespond to a n

Alternately. since both deep focus zonesf_ :

f',,.;_f;pl‘ob!bw peprqsen detached slabs. it is a'lso posstble that

T -":_;‘?,f'auch a-‘*pola' could neﬂect a plate &rransement which was.

aqo but no longer extsta. ,'-; L
N




A 9
o which are Hsted below e T L P '
. »1'. ~ The stMKe of the Nazca .Ridge points directly towards
S the western Bra:il deegfearthquakes R
_ . ‘2.‘}' The NazcavRidge. ASL western Brazil deep quakes and ,
L - the aseismic zone at’ 28" 5°S. and 88 N fonln a triangu]a" "
- ‘ struéture whose bouthern side can be c10sed by a small | -
' -.ﬁ. circld’about either thegNazca - _So : ica o G
R | Nazca - 'Pacific poles (sfigures 3. 22 and 5523) o v & h
. »’*‘31? “I,‘f'o d?e'clusters of s?lallow‘. -» int'" mediate events lie _, e
" f - alang@he ‘sirike of . t'he d Fernand £ |
f’;t}j-.qi~ J“ V'proje‘:ted info thk. continent‘ﬂﬂgure 3, 15) |
"f : e4 ‘E‘A dense, elongat?ﬂlu&ter at 23"-24 S and 67 W seems. to
§’ o - run parallel to tlae Qastern edge of the Miocene to R
;-;_ SRR . ‘ recent volcanism (conpare figures 3.4p and 3. 15) .
s 3<*Q,§t5;vgeener,1|y speaking,:the f tions ‘f thd\three major o

. \\ 'asetsmio ridges, the Carnegie, the Nazcn and: the d S
0 Fernandez. coinci%e wi th chpnqes'; Pofh seismicity ,
S paA “erns and geology On ﬂgure 3. ‘.,2. At can be. seen //
LT g-~‘ that ‘a11. deep earthquakes’ and most 1ntermediate depth
ﬁﬂ'_-‘ff.»’ ~‘7~7 events - lfi?bgtueen/the Carnegfe and the J% Fernandez
'A j i""‘-'-"‘f'-ridges 'The Nazca Ridge denote’s a mafor style change 1n
: between. The Sala y Gomez ridge points out the
'-i:'z,j.._"disrupt ion of the ASL and other features associated with
“1f;;5;he Djos del Salado Lineament.g;h ;;;jﬁg,-;_~=”< SR

. o .
e o
. e
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‘ _Ag The South American lﬂletiga ."’ j .' o jfu_;;wswgm;;f

R ST .

Here 1 wi'll present brief sketches of several

structures ip the continental interior which I feel to be of

key inportance in the tectonic evoiution of the continent
them and thehAndes wi‘ll be;:ome

-

L The re]ationship petwff,..

. apparent in the next : ;‘i”t'er.' T
g ' B SO S TS ’
9% he Argentin gggjgg i:',’g R
Lo ¥ The' tectonic style of the eastern"margin of Argentina
has largely -gt;ie of rifting and subsidencf’ ince Mte
| durassic ti rano and Urien 1970 % tﬁiq e 3 25 is

T xf‘aqapted frcm Zambrano and Urgsn (1970) and 1 .
3 ;,o Zanbrano (1973) snd shows the o?ocations of major basins’ and

s*»’\" : shear zones, ﬂjie area consists of a series of wedge shapeg i
A TR S

‘.' basins with their iong axes oriented more or less e

v Berpendicmarly to the coast Seismic reflecti(cQ studies

reveal rift Iike @H” structures b‘eneath the basins ,’ s -; ‘
' (Zambrano and Urien 1970 and yrfen and Zanbrano -1973) ' :',“” .
o The history of the moder(n basins beg.n in -Juraséig | ':'
. times (Zagbrano ana Urien i970) wj th the enplacement'-ef 4he
B / | Tobifera formation. a rhyolitic conp'lex comnon throughout B
sout’liernaso This event -

‘ ‘ -_: ,, _:,, ,_:._.‘,_ : 'ier
: mas rodghly Oonteﬂmf‘.‘ -;:-‘-i‘.. - beginnin the.

.-extrus‘ion of the Parans ""f’i_cod basa‘its By Zhe late durassic'w "

f the pattern of regiona" subsidence was est blished with the-"'.f'

. -z-< f7lv~.
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Wsediments filled all basins including tpe Neuqyen and Parana '

“ ..o@‘. ~~ «;_ and tassive basaltic flows appea&d in Uruguay. the '

* ,&‘, S Chaco-Parana plains, Centra'l» Argentina and in the seaward v,

extension of. the Salado basin. Deposition&in» ti'ie =San dorge
. . ‘ L ..' # . # 4
( and Magallenes basim may haVe been intérrupted in the i 2

. - mid Cretaced%s by an orogeny (Lesta 1968) 0 ] «_'- e :’ _
\ e _ "During the late Cnpt*hceous throuqh the Pal.eoc‘ene g }_‘vw. /‘

L m substildence contimied umbated in’é’li basins Detr:ius derived 1

) from Kénde ! _r'%ivlled the basir:s;iz and the re%iona] ) *
S 's'lob\'_?#__-,eh*" ,inc\l ined t ardosﬁ A e«,ng.ifidz’ to! towards :i",.,

- t"he'.fAt»;‘v . sulting in the firqﬂt pf many t;« 5 :
S S by the A»tlahfi-c into southern érgentin.a i ‘5,';:’-‘-" IR .
- <‘» ‘ "T. Eocene seems to have been a periodq,f relative :
. o ciuiesence Sedimentary breaks occurred in t-be e
‘t e Salado Colorado basinsWSome sedimentation tooK“ place in thei“““
| %‘ - San u.lorg%t and ﬂa’éallenes basins Oligocene deposition ?s "
oo also scarce in southern Argen&ina T L & . o
[ BOAER o The Miocene was a period of renewed activi ty. Extensi-ve
' ' subsidence which was probably related to the Andean Miocene i}
| orogeny (Zambrano and Urien 1970) occurred in a‘ll basins "
' , o There was s\ignificant acid and basic volcanism in central .
o ’ ' and western Argentina Most of the Chaoo Panpas was L B
| ~subnierged bemeaf.h Y shallow sea ,“ R P .' S
The-Pflf-iocene was a period of emergence and extensive
basic igneous activi ty which eontinued during the B

‘arﬁeéf.'b‘aéi'-l t" ffl low&oécu"ed ' en'- t,he narithebn P
"':E ew EET o
-
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-, the Magallenes and Neuquen basi@J“

A4
Lorkr .'

Figqre -3.25- also -shows- major-- lineations'and—areaswof
e- slip faulting Activity along these faults bqup in
the middle Jurassic and continued through most of the
Cretaceous Offsets are dominantly left lateral Many of

these faults are found along lines which cofucide with the :

EOSI

ﬂb‘

o strike of‘ghe basins. o e

.

rif S T $3.9.2 The Parana Flood Basaltg L »~’7lj .;r ;
B ' Approximately 130 million years ago southwestern ’

‘g_. Braiil eastern Paraguay; all of

. ‘aé
/1'j ;W - outpouring of basic magmas yet discoverdﬂ}pn the earth

Covering an area of a& least‘i 2x10‘ kmz tMaack 1952) (see gf’

figure 3 1) and reaching depths of _more . than 1500 meters |
(Cordani and Vandoros 1967 Bowen 1968). the Parana basalts B

e o
o ? (also Known as the Serra Geral basalts) represent ‘a truly

enormous volume of extrusive material Usjng alifierage |
deptﬁ~of 500" meters and an areal extent “ixlO‘qgm@. the -
total volume is estimatqﬁggg being some 5x105 Km' These
numerical estimates are all based on the present visible o
- surface of the basalts and are almost certainly conservative
; (Cordani and Vandoros 1967) ' o
'*' Sr"/Sr" and K/Rb ratios obtained are consistent,with
ddirect derivation from theumantle (Verhoogen et al 1970
Cordani and Vandoros 1967) There s’ little evidence oﬁ\

significant contamination from crustal material (Cordani and

4 . .
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vandoros'iésll ‘K/Ar age determinations have been summarized
by Hertz (1966) and Cordani and Vandoros (1967) Figure 3. 26r“:“
s adapted from Hertz (1966) and shows histogra of the age'
fdeterminations As can be seen activity may havgf:egun as
- long ago -as 165ma and the event was certainly in progress by -
. 145ma. Maximal activity was between 130 and_ 120ma with the
peak at 120 There,are ‘some age determinations below 120ma
' }\ . but these are probably due to argon loss. (Hertz 1966) |
'Nm Hence, thd?outpouring seems to have had 1fairly sharp
| @;Eef imnediﬁtely after the period of ma}ximal activity
] Thenqqi§ no evidence of . explosive activity (Eckel 195va
R Hertz 19§§.‘Cardani and Vandoros 1967) instead the laVas

¥
-seem to. have flowed quietly frcm tension cracks (Cordani and,

o _iIVandoros 1967) This system of tension cracks is in evidencew o

Ca 'today as a large system of. diabase dikes and sills These
_i ,dikes raﬁbe in width from a few centimeters tovas much as
f100 meters and often have lengths approaching QQQYKm f?i-!‘ \\“

."Q f;,(Cordani and’Vandoros 1967).w2HE'HTKes strike more’ or less o

o perpeqdicular to’ the axis of the.basin and, collectively.
ng‘indicate c regional extension of 5% or more parallel to the -
- 1;Tcontinental margin (Verhoogen et al 1970) 5’ffi"" "
| There are some associated alkaline igneous rocks found
“in neighboring areas (mostly in southern Sao Paulo state) as -
t—reported by Hertz &iQGGi Ihese are much smaller in areal
' extent and show two péaks of=activity. The first peak occurs
between 136 and” 122@ while the second is between 82 aga

Slma These may represent ‘? fractionation of the Parana
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-F1gure 3 26 is adapted from Hertz (1966) and i:ow& aﬁ
~distribution ‘of K-Ar:dating for the Parana. Basat =P
getﬁrm:natidhs were’ made by various authors and sumﬁarized
y Hertz.: - ,
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L vastly greater than* its South African cousin

basait? though the latter shows no: second period of activi ty

T

The»Parana basalts are definitely not - contemporaneous
with the KarooQbasa'lts in southern Africa McDougal (1963)
found K/Ar ages for the Karoo doleritss cover the ranne 190

“ to 15‘1ma Ages of the Kakao basalts of southwestern Africa

» shou- similar distribution to the Parana basalts and*are tf. .
probably related (Siedner and Miller 1968). However, the L8

areal extent of the Brazilian Serra Geral formation is""' _"';fl;."f

.- . . ST e :
2-. . . i . L ) »
- . PR . -

3 9 3 The Chaco-w”agg ag Plging : ;jﬁ,j ¥ 5 ‘g%

" a vast-edepbsitional basin with sedimentary thicknesses of at

leas”‘;3000m and structural'ly controlled by a. series of ma:.ior @
faults downthrown ro the west that parallel the course of ; a
the fanana river Harrington (1956) states that the higha :
eismic velocity basement of the Ang* #e paﬂpas is at

least 5000m below sea Jevel These plains show a thin

r.éng of Quaternary con 1 ental sediments coverinq__-'a:?‘""‘.'f?.’.} .
thick lens of continental ’Pltooene. marine upper Miocenv, "
cgntinental upper Tertiary (and vo'lcanics) 2 and on down t5 a

_-priesumed Precanbrian basement (Hirrington- 1956) Faults v~:'f7‘

e ."4".paralle‘l to the Parana rtver are dominated by ‘a major fault
; -‘Q_:_::Juith.a Vertioal throw of some 700:meters (.Harrington 1956)” '

Thus. | tﬁeqhaoo_ ianpas plains are a downf-aulted basin

‘..-'-':".:}?mich has served s fHe 1 niajor &pository for detrius f"""“"
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1 . N | ; 165
- " the Andean uplift. - T
B R . ! . .
o o . 3.10 Summarx';i' \' -
o -t " ?’,‘

Pisco Deflection are

;_ 'c01noide with the positions of the Carnegie Ridge and

' }the Nazca Ridge respectively /‘7 T
Peruvian igneous history is domihated by the emplacement o
.‘of the Peruvian Coastai Bathoiith from 105ma until e
‘;{:~5Possibly 30ma Associated volcanism can be vi?Wed as *T.ii
= simply the .ejecta of the Plutons 7»'1.. W?J- ¢gﬁ;i.mfz,,,
“igThggemplaoement of - the Perﬁvian Coastal Batholith took : fé l

%'V-'f”ff):g‘;;z’”'place on the same system of linedr fractures throughout -

| gif },i ,.-,}Hrits history These fraotures the Tapacocha Axis.“’ '
| “@;_,probably penetrate the South American crusk and'ailowedv;.”

B magma formed at the Benioff zone to migrate to the

TR .‘surface.‘f‘fﬁf' ~L;~,,' er., a‘!} 3,'m3?v‘?7*"’ f;{f;in,;tqz
i 2% 4. The Cordiliera Blanca Betholith was«enplaced aiong a e
- '.’ L viﬁfsimiiar linear fault’ system beginning about 12mm AR
:fi:?};f?g_lffiﬁy??Pliocenew- OuaternarY“volcanism is insignificant ig Peru ;f;
"‘,;f:bEtween the Huancabamha Déflection and the ﬁisco

i"*'.?;i:oefiecuon. o

»“'

ticai oscilfations of a si‘ies of crustal strdps -
”fﬂé’é is iittle evideoce for
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Pisco Deflection are anomalous 1n ai’?‘lstoricul
persp_ective evidencing strong horizontaF camression in
| . the direcgion of subduction | o
* ;j 8. Volcanisw is absociated with extensional tectonics

L gr Igneoys activity began in Chile in late Trlassic - éarly

,durassic times At least 8 major intrus‘lve events have ‘

e * been documented .'~,;. 4‘ 2 -
b ' 10 Magmatfaafccg {n Chile ‘and possibly Ber-u) ha\‘e migrated - .
o ?' « regularly’ Qﬂ&twal‘d at a rate near: hjfmfyf‘“ T ‘ ,v,,’-'.‘:
, e : A qreat oY Ak SOF volcanism occdrr'edxin the Centre\l‘ "e
- ‘i, Andes abeutfisma‘and ceased about 4ma., "“s “ p"°bab‘y ?"*

oo . the majpr discon 'ity in Andeén history. o

1% Trace element g 'istry of Central Andean andesites

indicates they deriv‘ from. Benioff zoned\elt but undergo
cansiderable crustal cd%tamination whilte rising to the e-

BRRNN - ;.surface.f“ e g R , - 0 :

"stal thicknes% in the' Central Andes occurs

’?ldesterr\ Cordillera. and Altiplano and exceeds - ',:,'
. e . -spheric thickness deneath South Amel‘ica is o “'r‘
Mo - "Z{Z{QPmbably ieverwhere aneater than 300 km R '( .
_' k 14 }"The Central Andes» also show dominently vertical o

.’_.tectonics‘”'v '-";"

15The Altiplano and Panpean ranges we prdbably similar -‘
B, f,‘-'.Uplifted blocks of Precanbrian & eerly Paleozoic




21 A 20ne of deep focus events probably represents a piece ‘
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17. The Djos dei Saiado Lineament marks another structurai*"

N4
‘ E %’c boundary and coincides wi, th the offshore position -of th/g
@ f

Saia y Gomez Ridge - Easter. Fracture Zone. T, e,

4

© 18. The beginning of the’lndean orogeny is coincident with»

“the brﬂak,up of‘ western Gondwandv. Activity south of about
R may have‘ beguh as much as 100my before activity to
' '-'the north N , / '

(19 Sei%micity patterns in_ cer;tr%”l Peru are consistent with “‘a
: Le a shaliow underthru:;ting@f the Nazca Plate Trib ﬁiate |

j«probably subductsa horizontaily for some 800 km beyond

- . Lo e . . - 'or
% . P

~the trench o R , ST

_‘.2_0.1.A diffuse zone of crustal ea/rthquakes is present in the .

: @
.So%th American continent in centrae‘ Peru above the
o SUBductinq s'lab. These earthquakes indicate horizontal
‘ _‘conpr%sive stres/ses in the lower crus.t i

N .‘ .

g E of "lithosphere physically ‘detached from the rest
.f-';f:22§'.‘5ubduqtion beneath the volcanicgcentral Andes 1s. nLIch.".".._--;_.' Yy
'f'f"v‘_ : ;steeper The transition from tfne zone to thé ,,other is .“ ..: ”
y suddeh but continuous e ’ K3
‘3"«*35{é33j7he Pisco Defiection is reflected in the seismicity BT
i f_f.structure as’ a large eastward deflection of 100 Km o
- “':"*:i.-vf:»vactivi ty. ‘l'he Nazca Ridge is inplicated as the cause Of i

e the Pisco Defiectibn through an unknown mechanism. o a?

o ) Sl
I K . *'\ %

f,_f."Beneath the votcanic front'

_ ¢ _',‘_ximm seismic activity e
'”’ogcura betu.en’rzs and 1§b§;ff S L
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formed by the seldmjcity beneath the volcanic front and

the deep focus'eventS'ln western Brazil. It is

.geometrically fltted by a great circle drawn through the

Nazca - South Amerlca pole of relative motion.

The ASL indicates,that the geometricalvprinctples of
plate tectonics do have application on land. The modern
volcanic belt conforms ‘to the ASL for some 800 km. The
Pampean basement horsts also outcrop along the strike of
the ASL for nearly 1000 Km. ' v

The ASL in Ch1le may represent a megafracture

penetratIng the entire South American crust The

.fracture is the site of large vertical relattve motions

s

and, when the zone of meltlng on the subductlng slab
comes beneath it, it serves as @ m1grat1on route for
magma. It represents a modern equlvalent of the
Tapacochalets along which,the Peruvian Coastal~“
‘Batholith was emplaced. ) |
Geometric al1gnments abound in the selsm1c1ty patterns
of South Amerlca and are mostly unexplained.

The Argentine basins have a h1story of subs idence which
begins in the.durass1c;and'has cont1nued to Recent
times. Large sinistral shears were active from the
~middle Jurassic through the Cretaceous. Episodes’ of.

sub51dence correlate in time with Andean moVements

The Parana basalts were effused between 18 ma and- 120ma

./

/fwith peak activity between 130ma and 120ma, They ' were

probably derived directly from the mantle and tndicate
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crustal extension of at leaét 5% parallel to the coast.
&ngal and Qolumetric considerations indicate this we;q
one of the largest outpourings of volcanic material in
-~ earth histéry. ’ ) .
The vast seJimentary basins of Argentina, Paraguay,
| Bolivia and western Bra;il are downfaulted depositories

for erosives from the Aﬁdes.

2,
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4. On the Tectonic Evolution of South America

4.1 Introduction

The rigjd plate model has proved very successfdl in the
kinematic analysis of large scale motions of crustal plates.
Such studies indicate that orogehic processes are R
6haﬁaéteristié'of convergent plate margins, but are of
litf]e direct aid in understanding their detailed tectonic
evolutjon.nThere is a basic contradiction inherent in thé
abﬁlication of "rigid" plate theories to the probliem of
6rernesis.-At a.convergént margin, plate interaction is
obviouéﬁy not rigid. | |

Plates have frequently sufferea irreversible
deformat;on wﬁich_need.not'be'localized to convergent

margins. (Molnar and Tapponier 1877}, The Asian‘Plate is

subject to pilastic deformatioh'quite far from its boundary

with the Indian Plate (Molnar abd Tapponier 1977). At

divergent margins'such as continental riftland;. permaneht

defofmation features include aulacogens or failed rift-arms

* (Burke and Dewey, 1873), large scale flood basalts, .and even

thermal'uplift such as is found along the African rift
valley. While the presence of such deformations is usually

undeniable, speculatiohs about their causes have been

controversial.
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4.2 The Fit of South America to Africa along their

Continental Shelves;

, ! ~ f
It is‘widely believed that the present continental
masses were joined in one large megastructure through mos t

of the Mesozoic and that disruption of this "Pangea®

. continent marks the beginhing of a modern plate tectonics

era. Accordingly, an appropriate starting point for this .
chapfer is an examination of the fit of the South American
and African continents.
o It will be shown that the South American shelf can be
‘fitted very precisely toathe~African shelf, but the nortﬁern
portion (from Uruguay to.the_Amazon) requires a different
composite rotation from the- southern portion (Rio de la
Plata and south). This implies a history of relative motion
between these }wo,blocks.
4.2.1 The Bullard Fit

Carey (1958b) used a model globe with a crust broken

into movable spherical caps to demonstrate that the'fit of
South America to Africa is remarkably good when made at the
kedge*of the continental shelf rather than the coastline as
previous. workers had done (Du Toit 1937). The fit of all the
continents around the Atlantic using a least squares
technique (Bullard et al. 1965) confirmed this result in a
quantftative way. Various“other authors have re-examined the
problem (Smiih and Hallam 1970, Le Pichon énd Hayes 1971,
Barron et al. 1978, Rabinowitz and LaBreque 1978) but did

e ST e e e
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not imprqve the Bullard et al. fit of South America to

Ve
\.

/,

Africa significantly.

s

F?gyre 4.1 shows a computer reconstruction of the

'BulTard et al. fit. They adopted the angular difference in

"longitude"” about a possib]e rotatigh'pole as a convenient
measure of misfit. Once a mathematically tractable
expression for measuring the misfit is adopted, thelrigid.

rotation giving minimum misfit can be calculated for any

"given pole. An optimum pole position as well as an optimum

rotation angle may be estimated by first guessing the
approximate pole position and then conducting a'systématic
search to find the pole-angle pair giving minimum misfit.

Using 100 points on each side of the Atlantic for each

~of the 100, 500. 1000, and 2000 fathom isobaths, Bullard et

al..examined the fit of South America and Africa at these
levels. The results showed a weak dependence on the coﬁtéﬁr
used with the best fit being obtained at the 500 fathom
level. Figure 4.1 recreates their best fit. Africa is shown

rotated clockwise 57.0° about a pole located at 30.6°W and-

.44 .0°N. (This is fit #9 from their table 1 and is equivalent

to their figure 4.) The 100 po1nts used for comparison were

~ taken between the points marked “P" on each continent.

‘n
Bullard et al. (1965) estimated an r.m.s. (rdot mean square)

misfit of 0.83" or about 88 km. Significant overlap occurs
mainly near the delta of the Niger River which is a post
separation feature. The large gaps on both the northern and

southérn ends were not included in the estimation of the g

!
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Figure 4.1 shows the fit of Africa and South America
according to Bullard et. al.%1965). The continents were
matched at the 500 fathom isobath using a least squares
technique: Africa is shown rotated clockwise 57.0° about a
pole located at 30.6°W and 44.0°N. The average misfit’
according to Bullard et. al. is 88 Kilometers. The points
"P" indicate the limits of the continental shelves that were

digitized.
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0.93" misfit. The signif¥®ance of the nortbefﬁ gap will not

be considered here, but the southern one Nil] be used as a

brimary evidence for the model to be presented.

4.2.2 A Revised Least Squares Method

The southern gap in figure 4.1 implies that there has
been relative mpotion between southern and northern South
America since the beginning of disruption of the
megacontinent. ({;é idea that_tge Palmer Pehfnsula of
Antarctica should be placed in this gap in a western
Gondwana reconstruction is structurally impossible because
of the interveﬁ}ng Falkland Plateau. See Barron et al.
(1978) for a detailed discussion.) The southern portion of
Soufh Amerfca_will be referred to as the Patagonian block

and the northern portion as the craton or cratonic block.

The postulated boundary between these blocks will be defined

more precisely later (see figure 4.95.

_ With pencil énd tréCing paper, it is easy to verify
that<this.southern‘gap dan be closed by a counter clqékwise
rotation of the Patagonian block by some 10°-15° degrees
about a pole'near 65°W and 40°S. To quantifyvthfs idea, a
computer technique for the le?st squares rotation and
comparison of continental masses was developed. The method
used is a modification of that devised by Bullard et al.:
(1965) and is described in detail in appendix 3. Briefly,
minimization of the angular misfit between continents (as_

was done by Bullard. et al.) was not found satisfactory. This

175

e



- o g

D e R R

» ' . \ f76

is because, when the angular extent in latitude of the

continents is small, there is a tendency to minimize the

angular misfit with a pole 90"=from the continents. This wi

not a‘problem in the Bullard reconstruction sinoerthe South
: LS

American and African continents subtend large angles.

The modified method measures the continental misfit

‘us1ng the actua] distance between oppos1ng points on each

continent. This cho1ce is non- unique until the definitions

of "opposing points" and "distance between them”'are

established. The method used is illustrated in figure 4.2,

Following Bullard et al. (1965), opposing points were taken
to be those points being on the same small circle drawn
aboutithe rotation pole.‘(anding two such points from
digital data sets generally involves linear interpolation on
one continental boundary or the other.) The distance between
points was assumed to be the arclength of the small circle
connect1ng them: : .
Thus, a unique mathematical expression.of.the
continental misfit (in km) can be formed and readily
minimized. For a given pote position, a unique rotation

angle y1eld1ng minimum misfit is defined. Rather than ‘use a

" numerical search procedure to find the optimum pole

pos1tlon. I generated contour maps of the "polar reg1on

showing the continental misfit in km as a function of pole
position. This technique requires;only a rough guess of the
region in whioh the pole is thought to ]te. The nap can then ‘
be refined by narrowing the bounds of the region onoe its




S

R,

B s s L

L o T UL

Rotation

Continent
Continent
“B“ s

o ~— . P
P P’
" Q Opposing Q° - ti Anal
= ( Points R (P=Rotation Angle
S s’

Figure 4.2 illustrates the technique of fitting continents

‘together as discussed in the text. Opposing points are

defined as pairs of points, one on each continent, lying on s
the same small circle about the rotation pole. The best
rotation angle is chosen mathematically to minimize the
squared misfit measured in Kilometers along the small
circles. '
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gross structure is determined.

4.5.3 The Bullard Fit Revisited
As a test of this method, a digitized version of the

500 fathom isobaths of the continental shelves (on file.at
the Univergitx of Alberta) was used to repeat the work of
Bullard et-al. (1965) in fitting South America to Africa.
This data file was not intended forxthis use (and probably
does not compare in accuracy to the data used by Bullard et
al.), but it proved sufficient to verify the accuracy of the
method. . .

Using a prgcedure virtually identical to that, of
Bullard et al. (minimization of angular misfit and
systematic searching), gives a best pole position of 31.27'W
and 45.07°N, a rofation angle of 56.34°, and an r.m.s.
angular misfit of 1.2°, Bullard et al. obtéineq,a pole at
30.6°W and 44.0°N, a rotation angle of 57.0°, éﬁd_an r.m.s.
misfit of 0.93". | |

The method described in the last section was used to
generate figure 4.3. This shows contours of the continental
misfit in km for the area imme&iately surrounding the pole
of Bullard et al. While broadly consistent with the Bullard

pole.Pthe contour map obnveys much more information and

"gives an idea of the accurécy of the pole position. Since it

is difficult to assess the accuracy of the data used, a
particular contour cannot be taken as defining the 95%

confidence ellipse. Nevertheless, it is possible to state

e |
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Figlre 4.3 displays contours (at 5km intervals) of the
misfit in-kKilometers between South America and Africa for
the area in the immediate vitinity of the Bullard pole _
(figure 4.1). The Bullard pole is much better constrained in
longitude than latitude. The shaded region indicates the ?
- possible range of optimal pole positions as discussed in the
- text. ' :
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that the pole position is def ined wmuch more. precisely in
longitude than latitude. Systematic‘study and examination of

figures like 4.1 ehows that visually "pleasing” fits may be

. N .
~ obtained with any pole position lying within the 125-13OKm

contours. Thus, while the pole posttion is phobably
constrained to within a degree or so in longitude, its

latitude is uncertain by some 5 degrees.

,.‘

'

e Pole for the Soothernmost Regions

S .

In order to apply this same technique to the postulated

rotation of the Patagonian block, the relevant portions of
the continental shelves of Africa and South America were
digitized from maps available at the University of Albertat :
The 1000 meter igcbaths (550 fathoms) were used for both
continents. For the Argentine margin, data were taken from?“

e

the excellent chart by Rabinowitz et al. (1978). Data for

» the African continental‘hargin came from a chart compiled by

the Brazilian navy and listed in the bibliography under

'Oceano Atlantico da America do Sul a Africa. (1978) " These

charts differ somewhat in scale and probable accuracy w1th
the chart by Rabinowitz et al. being the mos t reliable. Both
are of sufficient'quality for this work} however .

The southernmost portions were;not included Yn the
estimation of the fit showh in figure 4\1 It is interesting
to see<hhat sort of continég%al fit results if only the _
Argentine and South African shelves are matched and the rest

of the continents are simply carried along w1th Plgld body

- 3

£
t
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motion.

The African shelf south of 20°S was fitted to the South
Amebican shelf_Soufh of 36'5 at the 1000 meter isobath,
starting from the modern continental positions. Over thiS,
fegion. 63 points were used to represent the African shelf
and 101 were used to represent the South. American shelf

‘ Figure 4. 4 shows contours of the mlsfit in Kilometers
as’a funct1on of pole position. The best pole position 1s
well constra1ned in one dimension on]y, but it def1n1tely

differs from the Bullard et al. pole. The best misfit using

* the Bullard et al. pole (dt 30.6°W and 44.0°N) is about
KgZOKm Yet a pole position of 31 W'and 36°N and a rotation ‘
,/éf 58.7° .g1ves a misfit of only .8%km. The reconstruction

using these parameters, shown in figure 4.5, opens a large'
- Thus, it hae beeh'demonstrated that a highly accurate

fit (90km-mfsfit) may be obtained along the continental .

shelves from the Amazon to the Falkland Escarpment but that

. different composite poles 'are required for the northern and

southern portions. The excellent matchﬂbefweeh the shelves
over sueh long distances cannot be due to random processes.
The fit of figure 4.1 has historical precedence o,er that of
figure 4.5 but they have similar intrinsic value A valid

physical theory must expla1n both

,
-

4.2.5 On the Validity of Continental Shelf Reconstrggtiohs

The question of what features to match when doing :
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Figure 4 shows.contours of the continental misfit ‘when
only the southern portions of Africa and South America are

matched. Contour interval is 5 Kilometers.
about 89 Kilometers at 31°W and 36°N. .-

Minimum misfit is

r



Figure 4.5 shows the best fit obtained when the southern
portions of -the continents are matched. Africa has been
rotated clockwise 58.7" about a pole at 31°W.-and 36°N. This
achieves a misfit of only 89 Kilometers between the limits
marked "P" .- - '

<.
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continentel reconstructions is non-trivial. If the rifting
process postulated in section 1.4 approximates reality, then
there may be no single correct posftjon,at which to do the
fitting. Oh the other hand, if the rift*hg process is
uniform along the length of the boundar¥ match1ng the

resu1t1ng shelves may be satlsfactory Prev1ous

" ~~onstructions have accepted on faith, some isobath along

= cont1nental shelves as the correct location. If such an
assumpt1on is made here, we have a strong case for relat1ve
motion betweeh the northern and southern portions of either
South America or Africa or both.

If this "constant isoba#h" assumption. is rejected, then
the evidence just presented ﬁust#QE'explained on other
grounds. Rabinowitz and“Labreque (1979) have proposed'that
the fit should be madeﬁtlong the céUrse of a-phomihent

magnetic anomaly, “anomaly G," found along the margins of

both continents and }heLght to represent the boundary
betﬁeen oceanic and continental crust. They have happed and

matched those portions of the anomaly in the sguthern -

 regions and obtained a "good" fit (the quality of their fit

was not assessed quantitatively). Thek did not examine the
fit of the continental shelves in this area. Their model .

will be presented in section 4,4 as an altehnative to that

proposed in the next few sections.

It is possible that differences in.the style of-rifting

could be invoked to explain'these results. For example, if

-

rifting proceeded much more slowly along the southern
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margins than in the north, then we might expect to find
greater crustal.stretching in the:south. Ludwig et al.
(1979) found the seismic velocity structure of the basement
beneath the Colorado Basin (figure 3.25) to be suggestive of
stretching. Sucn an explanation would require. about 100km
more stretching along the Argentine margin than along Brazil
and similarly for Africa. Ludwig et al. (1979) found, that
continental crust extends 80-110km from the shelf edge or

about 50-80km:- from the 1000 meter isobath.

4.3 A Continental Distortion Model

L’suggest that, in the course of the rifting of western
Gondwana, South America defbnmed in a manner that is well
modeled by differential motion between a southern part, the
'Petagonian block, and a northern part, the craton. Before
the mode]l is bresented in detail, furthef evidence from the

fit of the continental shelves will be presented. F1gure 4.6

is an enlargement of the southern gap of the Bullard et al.

fit (f1gure 4.1). This gap can be closed by a rigid rotation
of Patagonya w1th respect to the craton. In all Qf'the' '
reconstfuctions done in the next few sectiong,'the African
continent was first rotafedfinto the position shown in
fiéure 4, i From there the poss1b1l1ty of: closing the
southern gap via rotat1ons of the PatagonIan block has been

investigated.
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Figure 4.6 is a closeup of the southern*gap between the
continents as defined by the Bullard fit of figure 4.1. Note

the matching offsets on the east flank of Agulhas Bank and
the Falkland Escarpment. : oo
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4.3.1 Fit of the Falkland Escarpment to Agulhas Bank

| A good evidence fof relative motion between;the
Pategonian block and the cratonkis ghown 1in figure 4.7; The
African shelf from Agulhas Bafk (about 21°E) to Port
Elizabeth (26°E) has been fitted to the cofresponding part
of the Falkland Escarpment. A rotation of this section of
the falkland Escarpment (northeast of the Falkland Islands)
counter clocksze by 16.2° about a pole located at 65°W and>

42.5'S gives the reconstruction of figure 4.7. This

" reconstruction yields a very small r.m.s:"misfit of 17km.

The matching offsets on the east flenk of Agulhas Bank and
thetﬁglkiand Escerpment form good small circles about the
boféiv ' \ h
| Figure 4.8 shows misfit contours for the immediate
vicihity'of the pole. This figure indicates thaf tﬁe pole
position, while reasonably well determined. is tightly
constrained in one dimension only. The reconstruction of °
figure 4.7 is not quite that of minimum misfit; however, it
is one of.the moet “Qisually'pleasing.' A pole pos{tion of
64.8'w}and 43.2°S gives a misfit of about 16km but separates
the matching offsets slightly inAorder to achieve a better
overall fit. .- ,
The extreme precision o e fit shown in figure 4.7 is
.étrong~e9idence in favoF/;;/j/::ntinentaT reconetructiqq in
which the southern gap is closed. However, if this fotat}on'
is extended further north, it worsens the gap there. This is

an indication that at least two instantaneous poles are
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Figure 4.7 shows the fit of the Agulhas Bank region ofjsduth
Africa to the corresponding section of the Falkland Plateau.

‘The continents were first rotated into the position of

figure 4.1, then the Falkland Plateau was rotated counter

:_ clockwise 16.2° about a pole at 65°W and 42.5°S. The average

misfit is about 17 Kilometers. The superimposed grid is
drawn .about the rotation pole. _
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necessary to close the gap.

4.3.2 Boundaries of the Patagonian block

The northérn limit of the Atlantic coast of the /.
Patagonian block is important to this argument. It is likely
that a precise boundary does not exist; rather, the rotated "
Patagonian Block may connect to the rest of South Ameriéa by
a plastic shear zone. However, for this exercise, it is
neqessary to define one. From figurel4.1 it is evident that
if_must extend at least to latitude 40°S (off the coast of

Bahia Blanca).vThere is additional geological evidence to

‘support a northern boundary in the Rio Salado Basin - Rio de

la Plata area. This waé a zone of major left lateral shear

beginning in the middle Jurassic (Urien and Zambrano, 1873)

which was probably related to the Parana basalt effusions

(see sectlon 3.10.1). These facts together with a a 75km

left lateral offset of magnetic anomaly G in the Rio Salado

‘Basin (Rab1now1tz and LaBreque 1978) makes this a good

o

choice for the boundary. Moving it by as much as 200km north
or south does not seriously change the reSusz. | .

The proposed Pacific boundary of the Patagonian block
is the Arica Elbow at latitude 18°S on the Peru-Chile

- border. The reasons for this choice are mainly structural

and can be suggestéd by énother:pencil and tracing paper
exercise using figure 4.1. If the southern gap is closed

with a rotation about a 5ole near 65°W and 40°S, the same

Abotation will erase the offset in the western coast at
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Arica. While there is no obvious reason to expect that the
Pacific coast of South America should have been a linear

feature, nevertheless, this is an intriguing consequence and

“identifies small circle geometry wi th the Arica Elbow.

~ The location of the boundary was probably factors such
as the sites of early Fifting, the consequent force balance
on the continent, and the southern extent of competent
shield rocks. Figure 4.9 (adapted from Cobbing et al. 1877)
shows the approximate southern limit of the South American
craton. Sinqe this line coincides with the postulated
coastal limits of the Pajagonian block, it is a reasonable
extrépolation to make it the boundary between the Patagonian
bléck and the}craton; These arguments suggest that the size
of the Patagénian block was controlled by the location of
the South American shield. Since the rifting,betweep Af;ica
and Sduth America sfarted in the south and migrated
noﬁthwards, it is plaus*ble.that this northward prégression
controlled khe active westward motion of South America.
Until rifting -and sea-f loor spreading forces had advanced
northward to a point sufficient to affect the craton, this
model predicts separate westward motion of the less rigid

Patagonian block.

4.3.3 Cbmposite Pole of Opening for ng:Southern Gap

If this model is‘correct.‘the early history of the

‘opening of the South Atlantic was a time of considerable

irreversible deformation in southern South America. .

N

@
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Figure 4.9 shows the postulated boundary between the

Patagonian Block and the Craton.
coincident with the southern exte

estimated by Cobbing et al. (1977

The boundary is taken to be
?t of the shield as

-~
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Therefore, the discussion of poles of relative motion
‘- o ‘ between Eigid bodies‘may seem unwarranted. quever. thiS is : ,7
a useful first approximation to a kinematic description. In
fact, ﬁhe locétion of a composite pole lénds a geometric*”
- unity to structures which have not previously been viewed as
related. A useful conceptua]izafion of the postulatedg;. ‘

process is that of two rigid basement blocks in relative

-

motion, connected and overlain by a deformable rubBer sheet.

- e e

A composite pole for openihg the southern gap was
determined by matéhing the continental shélf of South
America from 55.9'W.40.2°S to 55.4°W,51.0°S with the African
shelf from 6°E,32°¢ (o 28'EL33.5'§. 68 points were used tg
‘define the South Amefjcan shelf and 39 points were used for
Africa. The different numbér‘pf points reflects the relative
accuracy of the maps used as source materials. | | |

Figure 4.10 shows contours of the misfjt at fhterva]s,

of 2km for the neighborhood of the best possible pole

_ positions. Jhis pole position is well determined in one
L : 9 ’ el
f ) - directipn only, the locus of possible pole positions being \;> -
% | iestrfcted to a line. The smallest misfits are about“61km. |

/.
Since least squares fitting does not suffice to

localize the pole positioh.to a meaningfully small area, I
assumed further that: l N , | L
T o 1. The rotai%on must eliminate the Arica Elbow.
" 2. The Arica Elbow and the Santa Cru;\(Boi{via) Shoulder of -
the Subandeanh Ranges must lie-adgng the same small

. circle.

d-
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Figufe 4.10 is a contour map of the misfit obtained by

~closing the southern gap between the continents in figure

4.1 with a rigid rotation of the Patagonian BlocKk. The best

pole position s well defi
interval ‘is 2 ki lometers.

qed in one dimension only. Contour-
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-The first constraint is the weaker and limits the pole

position to the southeastern end of'the‘line of
possibilfties The second, stronger constraint confines the
poss1ble pole pos1tfpns to a small region centered on 63'W

and 36 5°S. The uncerta1nty in pole pos1t1on is no more than

21" in either latitude or long1tude .

F1gure 4.11 shows this reconstruction w1th Patagon1an

block rotated counter clockwise by 12.5" about the pole at

63°W and 36.5°S, wh1ch shall be referred to as the

Patagon1an pole. Port1ons of South America connecting the .
Patagonian block and'the cratonic block have been omitted.

The overall fit is excellent; major overlap occurs . only

in the Agulhas Bank area and the average m1sf1t is somewhat
" less than that ‘achieved by Bullard-et al. (1965)@for the

rest of South America - Africa. Note that this

-

';reconstructlon does not g1ve the best poss1ble fit of
OAgulhas Bank to the Falkland Escarpment (Compare" f1gures
-'4 11 and 4.7.) This 1s perhaps another 1nd1cpt1on of
' 1nternal deformat1on not read1ly ‘mode led by ¢1g1d plate -

theorles Flgure 4.12 shows a close-up v1ew of the southern '

.port1on of f1gure 4.11 and allows visual assessment of the

quality of the fit. (Compare w1th.f1gure 4.6.)

4.3.4 Statement'of the Model -

The prec1s1on w1th wh1ch the Atlant1c cont1nental

shelves of Africa and South Amer1ca cdn be matched from the
7 .

Amazon to the Falkland_Escarpment is strongoevjdence that |

. . >
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Figure 4.11 shows the "best"” rotation which closes the
southern gap of figure 4.1. The pole position was chosen
from figure 4.10.using the additional constraints described
in the text. The average misfit is about 61 Kilometers. The
Patagonian block has-been rotated counter clockwise 12. 5

about a pole at 63°W and 36.5°S.
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Lo oo PRTAGONIAN BLOCK SHELF.
A& & SOUTH AMERICAN SHELF

9

o AFRICAN SHELF.

l?gure 2 }% 1ts1 an enl;rger?ent of the southern port1on of
igure showing e closure of the southern ga C _
with f1gure 4.6. : , gap. “ompare
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_they were once united over this length. This reconstruction

1mp11es cons1derab1e deformation in the continental interior

of South Amerlca I suggest that most of th1s deformation

occurred between the late Triassic and the mtdd]e Cretaceous

“and was caused by relat1ve motion between the Patagon1an
%block and. the ‘'western Gondwana craton (Africa and the South

_ American shleld);

Figure 4.13 iltustrates the proposed sequence of events.
through the late Cretaceous. fnitialurifting began in the
South Atlant1c 1n late Tr1ass1c - early Jurassic t1mes
co1nc1dent with the beginning of cont1nental disruption in _.
the Northern Hem1sphere and with events lead1ng to the
separat1on of Antarctica and India from Africa (D1etz and
Holden 1970 Cox 1870). The primary ‘evidence for this 1s
1. The 1n1tiat10n of subsidence and shear1ng in the.

‘ Argent1ne Basins

2. The dura551c p]atform votcan1sm in Patagonia.

.3. The- Tr1ass1c = dura551c pluton1c events associated with

the begtnn1ng of. the subduction process in Chile.

vF1gure 4 13a shows the: pred1srupt1on conf1guratqon of the A

: cont1nents with the west coast of South America appear1ngaas

a 11near feature The southern limit of cratonic material as

| shown is adapted from information found in Cobbing et al.

. (1977) and Windley (1977). Subduct1on is shown occurr1ng all

along the western boundary of the Patagonian. block and

)increases in 1nten51ty to the south in accord w1th

information presented in the last chapter The -initial
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' . Subduction Zone ‘ ) . . . .
AN~ = suggesting infensity AAAA = Subduction with marginal bqsm

- A. Late Triassic-Early Jurassic | B. Late Jurassic-Early Cretaceous -
(195ma) ’ ' (135ma)

Marks southernlimitof high
% grade Precambrian rocks™ _

C. Middle Cretoceous 1 D. Late Cretaceous -
(120ma) : . (90ma)

Figure 4‘.13 is a_cartooh sequence illustrat.ing' the
continental distortion model proposed in the text.
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directton of subduction was orobably'normai to the linear
portion of ‘the coast (see sections 4,3.10 and 4.3. 11)'

It s not clear whether a causal connect1on existed
between the western subduction and the rifttng process. They
seem to have,at least a temporal relation. It is possible -
that one process drives the"otherbmucnvlike marginal basin
spreading is. thought to be driven by "trench suck.” Indeed,
the South'Atlantic“mighﬁ.be-simply the marginal basin for
the entire eastern PaC1f1c subductlon system. o )

By the late durass1c a large. gap had opened between the
Falk]and Escarpment and Agulhas bank Mot1on of the
Patagonian block in fxgure 4. 13b and 4.13c 1s shown as
rotation about the composite Patagonlan pole. (Lh1s is done
for simplicity; actual motion was probably more
comp11cated ) Subsidence of the Argent1ne baSIHS, caused by

hor1zonta1 tensile stresses. was widespread and crustal

djsruption had initiated the basement fracturing in the

Parana basin allowing extensive basaltic effusion. (Mesozoic

‘basalts underlying the'Amazonvand barnaiba basins (B?garella

1973) may also be'related to this process. ) Marginal basin °
formatton had begun in the southernmost Andes. probably"
enhanced by the very slow westward motion of the Patagonian

block. The Artca Elbow had started to form as the nor thern

boundary of the Patagonian block and as a small circle about -

s

the‘Patagonian.bole.‘
The southern rifting process was much slower than that

in the north taking some 80my to proceednto the latitude of

.

~
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the Parana Basalts but requiring oﬁly another 30my (at most )
to rift the entire western Gondwana craton. Such slow
'rifting would allow time for crustal strefching albné the |
Argentine margin, though pfobably not sufficiently to allow
the entire southern gap of figure 4@13b tb be underlain“by
stretched cqntinental crust. Thus this model predicts
Jurassic oceanic crust in this region perhaps along the
entire northern margin of the Falkland Escarpment.

| By the middle Cretaceous the crustal disfortidh SrOCess
had reached ifs maximum~intensity and the Patagonian block
had probably cqmpleted most of its re]atiYe motion with
respect to £he Craton (figure 4.13c). Basaltic igneous
activity in the Paréna basin had peéked. and riftihg had
migrated to a point sufficiently far north to_begin the
active western motion of the South American craton. The

Patagonian marginal basin was at maximum extension.

The westward motion of the shield was fully underway by?-n

. , N L MY
Aptian: times (107ma). This was geometrically manifest in a

change in the pole of spreading for the South Atlantic from
a point in northeastern Brazil to one in the northern |
hemisphere (ﬁabinowitz'and LaBreque 1979). Thus. the period
of active continental distortion lasted roughly 100my. The
final rifting process and fhe beginning oFiwestward motion
\fWas coincident with@}he initial_pmplacemént of the Peruvian
boastal_Batholith and the closﬁre and uplift of the
Patagonian marginél'basfn. The continents were completely
separatedvbefore'QOma. A periéd\gi\fasé spreading on the Mid

4
\
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Atlantic Rise followed immediately (LePichon and Hayes,
1971). ) .

| This compietes an overview of the proposed model, now
indiVidual geologic points will be examined to i]lustrate to

what extent they support the model.

4.3.5.The Patagonian Pole

In section 4.2.4 it was shown that the total apparent
relative motion between the Patagonian block and the South

American craton can be described by a rotation of 12.5°

i ™
about a pole at 637 W and- 36. 5° S.. Available data are not

sufficient to determine if this composite rotation was

composed of severa] smaller rotations about other poles The
fit of figure 4.7 and the early - middle Cretaceous poie
pOSition estimated by Rabinowitz and Labreque (1979)

[ad
Ffigure 4.12 suggests that the South American she]f has

undergone stretching near where it matches the Agulhas Bank

It is possible -that such stretching was associated w1th a -

i'change of pole position.

Despite its possible'compOSite nature, many diverse

structurai elements in South America form well defined

_ geometrical relationships with the Patagonian pole. However,

these seem to fall into two distinct temporal classes: those

whose gemeSis was contemporaneous With the continental

~_rifting, and those which were formed primarily in the

Miocene - Recent phase'Of_the Andean orogeny. Before
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examining the possible meaning of this temporal duaiity, the

structural relationships will be presented.

4.3.6 The Parana Basalts and Crustal Disruption

TEe Parana Basalt flowé are a dominant symptom of the
proposed relative motion between Patagonia and the craton.

Figure 4.14 shows the areal extent of these basalts, the

‘location of the Sao Paulo dike swarm, and the proposed

Patagoniah pole. The probablé origin 6f these. basalts was

-direct derivation from the mantle implying large basement

fractures penetrating the craton. The most likelY‘foci of
extrusion include the axes of the Uruguay and Parana rivers‘

(Cordani and Vandoros, 1967). The Parana River follows>the

- long axis of the basalt flows which is more or less rad1ally

s1tuated with respect to the Patagonian pole. The majority
of_tr1butary streams offthe Parana River form good small
circles about the Patagénian pole.ﬁ |

The average strike’of dikes in the Sao.Paulo (?Eazil)
region also compares well with small circles. (Positions of
dikes in figure 4.14 'were taken from the Mapa Geologico do
Estado do Parana, 1953) fHese dikes lie longitudinalﬂy‘along
a major'struétural_arch Known as the Ponta Grosa. Arch and
are probably the result of axial tension‘associéted‘with its
formation (Neill 1973). The Ponta Grosa Arch is thus the
pr1mal ‘tectonic feature '
| The Parana Basalts and the Ponta Grosa Arch 11e nor th®
of the postulated boundary (figure 4.9) well within the

re
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Figure 4.14-illustrates the geometric harmony found befwegn' ’
the Patagonian pole and various geological features. See
text for discussion.
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craton. Therefore, in this model, they must be attributed to
a complex set of boundary tractions induoed alondqthe edges
oflthe craton. If a single large fracture was responsible

for these magmas, then the most likely position would be
along the long axis of the modern outcrop. Such a fracture
might have been, in some sense, a conjugate to the ASL (see .
section 4.3.10). Note that the northern limit of the basalts
is. approximately on the same small circle as the

northernmost Central Andes In f1gure 4.14, the Parana
basalts ‘appear as ‘an 1mage of the uplifted Altiplano region

Qua]1tat1vely, the Parana Basalts are just the sort of

‘major continental d1srupt1on that would be expected. That

they are spatially.and temporally identifiable with the
Kaoko Basalts of southwest Africa (S1edner and Miller 1968)
poses no d1ff1cult1es since this mode1 1mplies that South i
Amer1ca and Africa were still phys1cally connected at this
latitude wh11e r1ft1ng and deformatton proceeded further
south .

If this eXplanat1on for the tecton1c forces respons1ble:7
for the Parana Basalts can be accepted, then a clear -

'ttmetable for these events is establtshed from the extens1ve

fK Ar age determ1nat1ons which are ava1lable (see sect1on

3 10.2 and f1gure 3. 26) The oldest dates obtained are,
around 165ma or middie durassic, 1nd1cat1ng that deformation
had reached a stage just sufficient to rupture the crust.
Activity was well under way by 145naiand culminated in a

sharply defined maximum.between 130 - 120na, Few reliable
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age determinations yeungeqzthan 120ma have been reported
ct

Suchﬁa sharp cutoff in a vity codﬁd be explalned by this

model as the time at which the South American craton began

to actively move westward. It is tempting to move this date’
\ B

forward slightly and identify it with the Aptian change of

4.3.7 The Southern Argentine Basins

Th1s model pred1cts that the basins of southern A

stress field. The actua] mechan1cs of subsidence may have .

been either. graben format1on from downfaulted blocks™ ot or e

crustal stretch1ng as was discussed in section 1.4 or both.

The history of subsidence is certainly compatible with tfle

- model (sect1on 3.10. 1) w1th maJoﬁ’vertlcal motions

beg1nn1ng in the durass1c If 'stretching was reSponsTb1e,

fhen qeep seismic sectlons ac;ess the basins should show a *
basement of th1nned cont1nenta1‘crust and lateral boundar1es
formed by systems of listric pormal.faults.

S

4.3.8 The CretaééBZs Marginal Basin in Patagonia | vk

It is 1nterest1ng to compare this t1metab1e w1th that
91ven by Dalz1el et al. (19746 for the formatwon and. closure
of a magg1na1 basin in the southernmost Patagon1an Andes . \\\g\yi\
The ex1stence of th1s basin 1s deduced from the "rocas - ‘ .
verdes,_ an 0ph10]1te complex found east of the present °

outcrop of the Patagonian Batholith (f1gure 3.11). Batholjth ©

:ﬁ\\\; 'Q |
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intruston probably had begun by‘the late Jurassic (150na)
(Halpern, 1973) ano oontinued until the late Cretaceoue.
DaTiiel et al. (1974) argue that the rocas.verdes were
extruded beginning in the early Cretaceous and extension
continued until the Aptian.

o Basin closure began later than the Aptian and was‘
complete by 88ma. Da]iiet et al. note that this coincides
with the period of fast spreadtng and suggeet that there may
be.a causat relatiahship.'They'reTer to the model.of ﬁtlson

‘and Burke (1972) which attributes the opening and closing of

marginal basins to the\relattve motions of crustal plates

with respectVtovthe mantle. that is, marginal basins form in

front of an overriding plate which is stationary with

respect to the mantle and close when that plate advances

> .
pad o~ -

trenchwaﬁa

<

' X . . .
As mentioned in sect1on 3 8.2, Jurassic volcan1sm is

present . here as a remnant arc (f1gdre 3.11). The slow

)2;

westward progress1on of the Patagon1an blogﬁ al]owed

: marg1nal basim to form by ear&y Cretaceous times. Thea

t 1

extens1on céased and closure began when the ent1re cont1nent ;

T

‘was mob1llzed in the Aptian.

0rogen1c htstory in Chile shows greater Mesozo1c

1ntens1ty in Patagonia than‘further north (sectton 3.8).

w1th the. northern limit of the Patagoniap Batholith (f1gure°'

Note that the latitude of the Patagon1an pole corresponds

©3.11). This means the the bathol1th is found ‘in the region

o
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expected along western margin of the continent south of the
Patagonian pole and compressional tectonics to the north.
These.Facts agree with the conclusion reached in the last

chapter that magmatism is simultaneous with extenSional

tectonics.

<>

4.3, 9 The Structure of the Central Andes

Some of the most intriguing consequences to emerge from
this model are found in the Central Andes. Figure 4.15
compares some of the structural'elements of the Central

Andes with spher1ca1 geometry about -the PatagonIan pole.. The

'two curves labeled Sonnenberg s l1nes are,the_approx1mate
;races of two tecton1c lines ident1f1ed by Sonnenberg

' (1963). These lines, wh11e not well def1ned, are sa1d by

Sonnenberg to represent boundaries of ma jor tecton1c zones,

Sonnenberg feels that they .may represent Precambrian 11nes

of weakness which have been reactivated in later orogenies.

’ Their'generai,trend is not unlike the small circles shown,

_ though one definitely has a'smaller_radius of curvature.

The Arica - Santa'Cruz Elbow, defined tn figure 4.15 by

the bend'in the coastline at Arica and the left Iateral

roffset of the Subandean Ranges near Santa Cruz, corresponds

with a small circle about the Patagonian pole. Though

.fold1ng in the Subandean Ranges is generally Pl1ocene and

younger ( Lohmann 1970), it may reflect an older basement

structure.. There is no_superf1c1a1 strike slip fault along

this line though there is evidence. of some left lateral
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Figure 4,15 compares the structure of-the modern Central
Andes with the spherical geometry of the Pgtagoniamypole.
Sonnenberg’s lines are ma jor tectonic. boundaries postulated
by Sonnenberg (1963). Notice the remarkable alignment
between -the modern volcanic beit and a great circle. Compare
with figures 3.24 and 4;14£ _ -
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movement (Sonnenberg 1963). In view of the extensive
volcanic activity which has occurred here since the‘Miocene,
it seems quite likely that evidence of earlier lateral

movement-would,be obscured.

N ]

"4.3.10. The Andean $eismicity Lineament Revisited

The alignment between the modern volcanic line and a

’lihe of "longitude" about the Patagon1an pole (f%gure 4.14,

and - f1gure 4, 15) is %5cellent As\was d1$cussed in the
previous’ chapter, thms?volcan1c l1ne there called the

Andean Se1smic1ty Llneament (ASL) 1s only one man1festat1on

of a seem1ng]y fundamental tecton1c 11neament " The 11ne is

also defined by .

‘1. The strike of the Western Cord1llera between 18 S and

25°S. : ‘ _
2r A line of‘intermedtate debth earthqdake activity
d1rectly beneath the volcan1c front and another line of
deep activity further north o |
(The outcrop -of the uplifted Pampean'massjfs in Chile and
Argentina. | | E N o
4, A line of"longitude“ drawn throughfthe modern Nazca -

South AMer1ca pole as determ1ned by M1nster ‘and dordan

(1978). (See f1gure 3.22.)

The Patagonian pole seems also to lie along the-ASL This .

fact is evidence for the formation of maJor basement

" fractures at: the time of the disruption of the cont1nents ,

~which have controlled the evolution of South Amev1ca.s1nce.

s -
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’then'

The postulated modeT predicts the rising of basement-

blocks, like the Pampean structures, as the Patagonian- block

" north of the Patagonian pole is compressed against the

shieid The uplift of such blocks beginning immediately

north of the pole is a method of crustal shortening.

However,Zthe uplift of these structures probably occurred in

"~ the Miocene, not the Cretaceous. If such an uplift did occun

in the Cretaceous,,there has been sufficient time to erode’

,it. The modern Pampean Blocks would thus be interpreted as a

Miocene resurgence of this motion along a Mesozoic basement

fracture

o The ASL itself seems curiously assoc1ated with the

.geometry of relative motion poles. It should be

re- emphasized that: the position used for the Patagonian pole

was not entirely a consequence of the geometry of ‘the

the most important being that the Arica Elbow should be a

_small circle: about the pole. Thus, the alignment found here

is rea]ly an. rhdication that ‘the ASL and the. Arica Elbow

4.3.11 The Atacama Fault as a Consequence of Obligue

——._—_——_—

Subduction - o S

The association. of thé ASL With great circles about

‘ motion poles has been demonstrated and discussed. In the

last chapter it was suggested that the volicanic activity

!

continental shelves. Other assumptions were found necessary,

&

vy e
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Fitch fault (
dextral motion (m1dd1e Cretaceous to mlddle Miocene) fits
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.along,the,ASL in northern th!e,tndicates’thatmplutonic
tnjection\i5~taking place beneath it today. it waSJargued
,that this is a moderh equivalent of the Tapacocha Axis, the.
' injection’fracture for the Peruvian Coastal Batholith. This

line of reasoning leads to the conclusion that linear

plutonlc chains may be valuable constraints on paleo pole
pos1t10ns Then, the h1story and structure of the Peruv1an

Coastal Batholith show that the dlrectlon of subduction

beneath central Peru, from 105ma to 30ma, was approx1mate]y

norma] to the coast Th1s model has South Amer1ca behaving

as a unit through this time therefore _we can conclude that

subduct1on in Ch11e was h1ghly dextra] oblique. (Th1s

conclusion is not un1que to th1s model. )

In sect1on 1.2.5 it was suggested that oblique

‘subduct1on can induce sympathet1c strike-slip faultlng

within the continental plate. The Atacama Fault, as
discussed in section 3.6.2, is thus read11y modeled as a
#ftch 1972). The probable period of active

very well w1th this idea. Mot1on started whep the rotat10n

- of- the Patagon1an block had caused obllque subductlon of a

'magn1tude suff1c1ent to 1nduce shear failure in the

cont1nent The cessat1on of mot1on coinc1des w1th the .-
M1ocene reorgan1zat1on of spreadlng in the eastern Pacific

(Handschumacher 1976) wh1ch brought about more nearly normal .

subduction

e
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‘ Model

' 4.3.12 Critical Evaluation of the‘Continental,Distortion

. ‘ : -
As presented, the model is basically conjectural. The\v
fundamental proven facts are the accuracy of the fit of the

cont1nenta1 shelves (90 Km) from the Amazon to the Falkland

;rEscarpment and the impossibility of matching the entire
Tength of the Shelvesxﬁith rigid plate motions. The model is

a conJecture advanced to exp]ain this observat1on Strong

'po1nts of the theory 1nclude

1. It is formulated in terms of spherical geometry and

’

plate,tectonics.

2. It is sufficiently quantitative to lend itself to

“further physi;%] modeling and experimental testing.
3.' It offers a p ausible explanat1on for the observed
syndhron1sm o tectonic events on oppos1te swdes of the

'cont1nent, such as the subs1dence events in the

Argentlne bas1ns co1nc1d1ng w1th ma jor Andean movements

4. It leads tg the recognition of a geometric harmony of -
struct‘urs-m the continent which has prevnously escaped

not ce. /

5’, It qffe sﬂphysical]y realistic explanatlons for a w1de

range of Known tecton1c events which have not prev1ous]y

bee onsideréd related S

| The mode4\1s not without - s1gn1f1cant drawbacks. It rests on

a strudture of three 1nterdependent speoulations

.'1. Cont1nental reconstruct1ons done at a part1cular 1sobath

(1000 meters) are val1d That is, they give a true

~



216

N _ picture of the former continent )
2. .The reconstruction of South America and Africa implies
.'rslative motion between the Patagonian block and the '
‘ South American craton.

3. The majority of this motion‘occurred’during the rifting

Of_western Gondwana . |

E Care has been taken‘in the.presentation to make these appear
as reasonable as possible, 'but they remain unproVen points.
Other possibly obJectionable points 1nclude

1. It constitutes a maJor departure from or thodox plate

tectonic theory because the continents are not regarded -
as rigid. Howeyer,.it should be stressed that distortion thﬂh
| of the ;rchean nucleus is not postulated. The proposeq$~
. A distortion followed the boundary between high strength'
- Precambrian rocks and less competent Phaner0201c |
--sequences _ | .
2. ‘It is only quantitative in a kinematic (or geometric)

sense. Dynamic explanations suggested for various events

are entirely qualitative

- 3. It is not, at present bqgstered by any paleomagnetic

o o ” data
The spatial and temporal scope of the theory are large,:
‘hence,.it-is certain to find discord with various localized

observations. As a generalized plate tectonic evolutionary

scheme for the South American continent, it is probably
unique. Therefore, it cannot be compared with competing.

theories.. The model of Rabinowitz and Labreque (1979)
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(section 4.4) for the early opening of the south Atlantic o
will be presented as an alternative tAeory, but it is realiy
}much more limited in scope. So, also, such theories as
dames'h(1971b) discussion of -the evolution of the Central
Andes.or Dalziel and Palmer’s (1979) evolytion ofantagonia
are not strict]y comparable Key elementsq>nem these works,

have been incorporated into this theory and they are

generally compatible with the continental distortion modei

4.4 The Model of Rabinowitz and Labreque

" The most recent and comprehensive study to emerge‘on'

the opening of the South At]antic is that of Rabinow1tzyand

///i///ng\t)Labreque_(1979) A major result of that'work is the

sz’// ‘ estimation of a new pole (at 2.5°S and-45 w) describing the -

b

relative motion of the African and South American plates
from the early Cretaceous (130 ma) until the the Aptian (107
ma). This dole position was determined by visually fitting
small circles to the earliest portions of the
°Falkland Agulhas fracture zone. It thus represents an
'instantaneous pole rather than a composite one. A CPItICa]'
exa;ination of this work dis appropriate here because a maJor

D“y
conCIUSion reached by the authors was that South America and

Africa have suffered little or deformation since the
initiation of rifting in the 5tho\gouth Atiantic This is .

directly in conflict with my model.
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4.4.1 The Rabinowitz and Labregye Fit

~Figure 4.16 is a reconstruct1on of the western GondWana

cont1nent as proposed by Rabinowitz and Labreque showing the

'location of their postu]ated early pole. This figure was

generated using their comoosite pole of opening for the
South At]antic at 45.5°N and 32.2°W and a rotatton'angle of
57.5" (South America fjxedt.

With the data set used to generate figure 4.3, the
method described in this chapter can be used to express the
accuracy of this fit at the 500 fathom level. The rotatton‘\”
angle.giVing minimum misfit_forﬂthe composite pole used by
Rabinowitz and Labreque is 55.8°. This minimum misfit is

./

about 143km while the reconstruction offfjgure 4.16 gives'an

r.m.s. misfit of 223km. Thus thegoveral 1isfit of the

continental shelves obtained in this reconstruction is
significantly greatef'than that obtained by Bullard.et al,
(1965). The fit is particularty poorfalong tne northeastern
Brazilian coast where major overlap of the continental shelf

occurs.

~4.4.2 The Ocean- Continent Boundary

The reconstruct1on of Rab1now1tz and ‘Labreque: d1ffers
from all previous attempts in that an unamb1guous definition
of the continent - ocean boundary was used The1r claim is
that the boundary is determined by a certa1n magneticf
anomaly, anomaly G 1nterpreted as a magnet1c edge effect"

at the oceanlo pJate»boundary (Ta]wani and Eldholm 1973)
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Figure;4.16 shows the fit of the continents as postulated by

Rabinowitz and Labreque (1979). The location of their early

to middle Cretaceous pole for spreading on the South
Atlantic is also shown (45°W and 2.5°S). Africa has been
rotated clockwise 57.5" about a pole at 32.2°W and 45.5°N..
The average misfit at the 500 fathom isobath is estimated in
the text as 223 Kilometers. The worst misfit is along the
northeastern coast of Brazil. Compare with figure 4.1.

j A

‘,\/\
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be considered when 1nterpret1ng these results (all were
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-

t
.

‘which should be co1nc1dent with an 1sostat1c gravity

gradnent AnomalynG does not conform to any particular

| 1sobath Thvs 1s a maJor reéson *cw relatlvely large r.in.s.

\.

misfit at the 500 fathom level. The following points should

4

'1noted by Rab1now1tz and Labreque)

'1.I,The contlnent - OCean boundary was determ1ned only for

.those port1ons of Afr1ca and South Amer1ca south of the
.1;"Wa1v1s R1dge and Rio Grande Rise: respect1vely The fit

of the more northerly boundarIes was not examlned and 1s

51mply a conseﬁuence o? f1tt1ng the. southern portlons

'us1ng r1g1dlplate tectonics.

2. Nor th of about 30°S, anomaly G for Africa is ?ound about

150km landward from the contlnental shelf edge. To the

t<south (south of 34°S) 1t 1s on the contlnental sﬁope as

—

mich as 2 km below the shelf L R

,3.;;The South, Amerlcan anomaly G is very near the shelf edge :
north of ,36°S (the mouth-of the Rio de' 1a Plata) South .

L

' of here, the. boundary changes abruptly to the

cont1nenta1 slope where 1t is found as much as 2 3 km

B%low the she]f edge. .y' o ; E 'f' -

4. ”Along the southernmost marg1ns of both cont1nents the

. f‘magnet1c anomaly is not well defIned Seaward 1sostat1c

gravity grad1ents are present however

‘53"The fit was obta1ned by an undef1ned "trial and error

method. - - . .
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4.4.3 COmpar1son w1th the F1t at the Continental Shelves

The fit of the continental ‘shelves shown in figure 4 5
~was made over - the reg1on in which Rabinowitz and Labreque
'matched,anoma1y G. 63 po1nts on the African she]f south of |
20° S were fitted to 101 points South American sheIf south of \\
30°S at the 1000 meter isobath. Figure 4.4 shows contours of

the misfit in km s a function of pole position. The best

ki

- fit pole position is‘near 31°W and 36°N giving a misfit of

8%km with a rotat1on angle of 58.7° For the oompos1te pole

[‘suggesteg by Rabinowitz and Labreque (32.2°W and 45.5°N) the

optimal rotation angle 1s 58.2° g1v1ng a misfit of 209km.
The po]e angle combination suggested by them increases the
The reConstruction of Rabinowitz and Labrequegis‘fsr'
from. an optImal one for the f1t of the continental shelves
Jnr fact, it does not s1gn1f1cant1y lmprove the misfit for -

the southern redlon over that obta1ned with the Bu]lard et

.- al. pole. (See f1gure 4.9.) The method of Rabinowitz and
o Labreque does - prov1de an unamb1guous définition of. the p

N continental boundafy. but 1t is d1sturb1ng that the results

are in suoh discord with those obta1ned from comparlson of’/_

the shelves ‘ o o - .

a3

@ . 4.4 Evaluat1on of the Rab1now1tz and Labregu Model

The reconstruct1on of Rabinowitz and Labreque poses
more problems than it was 1ntended ‘to solve. It seems 11Kely

that the locat1on of the boundary as def1ned by them will
; s
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- show strong dependence on the thermo mechanical style and

temporal history of the rifting process géqe section 1. 4 )
The reconstruction of Rabinowitz and Labreque\\as done at a
p051tion which probably corresponds to the first occurrence
of oceanic crust in figure 1.5, The horizontal distance

between there and the continental shelf will depend on the

' speed with which the rifting process occurred. Slow rifting

"will allow much more ductile flow and hence more crustal *

&

- stretching than a’rapid process. This model could well

~

2'exp1a1n why the magnetic edge anomaly is found on the shelf

north of the Patagonian block and in the abyssal plain south
of there iIf this is the case, then fitting the continents
togetherlalong/thisémagnetic boundary will be erroneous.

It/ is undeniable that a bood match may be obtained,
between those'anomalies of the Argentine -and South African

coasts. however, the conclu51on that this 1ndicates no

® E

deformation in the continental blocks seems hasty for

several reasons. F1rst no data from the northern coastlines
*

was used to constrain the model Second, since the defining

magnetic anomaly.is most-likely angedge.effect of a

o

magnetized“slab of oceanic crust, the fit indicates only”
that the Atlantic sea floor has spread according to the
geometric pr1nc1pies of plate tectonics Certain types of
relative motion can - occur along this boundary w1thout |
destroying the anomaly, such as spreading and stretching of
the 'co_ntment paraliel fo. the boundary: '

'The,early pole position calcu[ated by.Rabinowita and
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Labreque is probably a good approximation since it was
determined geometrically from the Falkland Agulhas fracture

zone The early time limit given for probable actiVity

. around this pole (130 ma) was based on the identification of _
Mesozoic oceanic crust just west of'Capetown, South Airica

1(Larson’and Ladd'1973l ‘As can be seen from figure 4.1b,

rigid body relative motion of South America and Africa about/
this pole predicts tenSion along the continental suture .
south of the.pode and, to the north, compreSSion

‘. RabinOWitz and Labreque postulate 11.1° of relative
motion about ‘this pole~until the change of pole positions in
the Aptian Thus. starting either from the Bullard et al.
(1965) reconstruction or that of Rabinow1tz and Labreque,
rigid plate motion pred‘ots a period of considerable

compreSSive'stresses.along the northeastern coast of Brazil.

" Possible consequences of such compression;include"large -

scale crustal shoFtening and resulting thrusting and
orogenic actiVities typical of continental collision There'

is little supporting eVidence for such an event fe: g.

' Almeida 1968). Rabinowitz and Labreque cite scattered

‘references on tﬂ.! subject which, by their own admiSSion,i

lack cohesiveness \ B
In the area under conSideration both”continents are
predominantly composed of highlyccompetentpshield rocks
which might be expectedfto’withstand'considerable stress.
Thus, it is reasonable to expect yielding elsewhere in

response to streSses applied,on‘the nor theastern Brazilian

Fey -
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- coast. Such deformation could have involved left-lateral

sltp'along a major shear zone through the Amazon Basin or
tension and stretching in a"direction parallel to the |
continental coast in the Chaco-Pampas plains, or both.

. A major shear zone along the Amazon‘has been postulated
before (Carey tQSBaXiANeev (1977) has suggested the
extension of-thishshear zone throughtthe African Basin on an
arcuate path through the_Benue Basin, Lake Chad, the Ghazal.
Basin, the Nile Deltarand'into Israel..This‘possibility has
not been investigated.in detail, focusing instead on

possible deformation further_soUth. Since the early opening

-was primarily a southern event, it is likely that local

.compensation via stretching in the Pampas was an important

mebhanism If 2 trans Amazon shear zone did deveiop, after

the separation of the cont1nents it would remain-as a zone

of weakness and serve to decouple northern South America
from the rest of the. cont1nent
Thus, the data presented by Rab1nowitz and. Labreque can

also be 1nterpreted as supportlng the cont1nental d1stort1on

. model of sect1on 4, 3 Their model faces serlous structural

d1ff1cu1t1es along the northeastern coast of Brazil IF

‘these can be overcome then the model wou ld be cons1derab1y

‘more v1able Certa1nly, the concept of r1g1d body motlon

about their Cretaceous pole must be abandoned If this were

- done, the two models might even be compat)ble. F1gure34.12,

- is quite similar to their figure 14 showing the match of

anomaly G. Both show a close fit everywhere except aropnd
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t

the Agulhas Bank:where the Falkiand.Escarpment appears to
have stretched. ‘ o) | ‘

|

‘4.5 On Events Subsequent to the Western Gondwana Breakup

The cont1nenta1 distortion theory has so far been
concerned with events from Triassic to m1dd1e Cretaceous
times. From the Aptian (107ma) to the late 011gocene(30ma)
was . a per1od of maJor orogeny throughou?-the Andes. 'During
this time~ more than any other. the Andes come closer to
being the eny=1ve type example of cord1lleran orogeny. Key*

tectonic anu magmat1c events have already been d1scussed in

chapter 3. fhe history 1s comp11cated but appears to be well"i

descr1bed by class1c" steady state subduct1on beneath an(/,
en51a11c volicanic arc (Clark et al. 1976) Cont1nued
episodic subSIdence and platform tecton1cs to the east F-Cj
appear to correlate with Andean events (e g. Urien and € -
Zambrano 1973) Such a correlat1on could be ex1st if the

sed1mentary basins rece1ved erosives from each upl1ft phase

d cont1nued to subs1de anng faults established dur1ng the o

ont1nenta1 breaKup sThﬁs era will not be given further

treatment'here. Refer to Zent11]1 (1974) or Clark et al

’

(1976) for detailed, consistent models of Central Andean

J

o

. 4.5.1 The Miocene Events

~ Many of the structures form1ng def1nite geometr1c

relat1onships with the ASL and the Patagon1an pole are of -
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Miocene age. This may be due to a resurgence of motion along
the same geometric lines as were establjshed in the
Mesoioic. and may, therefdre.'indicate a renewal of the
relative motion of the Patagonian block. It might seem

tempting to suggest that all of the relative mot}on of the

' T N

Patagonian blockvoccuhred‘in the Miocene, However, this is
| inconsistent with'the_history of the associated events
~4 elsewhere, such as the Parana Basalts, the subsidence of the
‘Argentine basins,'and'Mesozoic Patagonian tectonics.

»

A renewal of the relative motion of the Patagonian

blocK 1s not a necessary prerequ1s1te to the observed

N .~"" ’ Miocene motlons Once large continental fractures. like the
! ASL'have been formed, they,will accomodate other types:of
j ;' motion and play a fundamental role in guiding the later

L

tectonics. -
e

T ——— e e

4.5.2 On Aseismic Ridges R (

The quest1on of what caused the M1ocene event’ arlses I
was or1ginally led to the idea of the motion of the
Patagon1an block by studying poss1ble modes of 1nteract1on
between ase1sm1c ridges and subduct1on zones. Such buoyant
objects m1ght well serve as obstacles to subduct1on and the
 westward mot1on of South América.- If westward,mot1on of

South America in the vicinity of Bolivia were to s#op while

j S Patagonta proceeded unbesthained "~ the result would be
relat1ve motion of the Patagontan block s1m11ar to that e

postulated prev1ously
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Variations in tectonic style along the western margin

" of South America often coincide with the bosition of

aseksmic_ridges on the Nazca Plate. (Deza 1870, Herron}1972.

Gansser 1973, Vogt et al. 1976, Pilger 1977, Kelleher and

McCann 1977.) The crustal structure of the Nazca Ridge

(seémfon 3.2.2) is similar to many other aseismic ridgesf

wor ldwide (Detrich and”Wetts 1979) and.subports the notion

that‘they represent zones of relatfvely high buoyancy'in the'xr

oceanic plate Since subduction‘fs'probably a conseqdence of )

cold, dense llthosphere s1nk1ng into a less dense unntle, it

seems likely that the presence of buoyant zones will

modulate the subduct1on process.

A

An enlighten1ng mode1 for' rldge subductlon has been

epresented by Vogt et al. (1976). The model supposes that the

presence of a buoyant zone at a trench will slow down the

- subduction process and, consequentlyu affect atl related

activities such as back-arc spreading. This was used to

éxplain the frequent association of c#ps in island arcs

~with buoyant zones.

In addition to their cusp-fdrming effect, Vogt et al.

.epostu1ate that reduced volcanism and seismicity are'also to
'be eXpected where a buoyant zone encodniers a trench. These

‘rules seem to apply in some situations (especially with

island srcs)_bUt fail;insa number of specific cases mostly

'along the eastern‘Pacific ‘?br example,?the intersection of

thé Nazca Rldge with the Peru-Chile Trench is man1fest on

~ the cont1nent by the Pisco Deflection (see sect1ons 3.2. 2
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and 3.8.7). Contrary to predictions of the Vogt et al.
theory.ilow level volcanism does not occur just in the
immediate vicinity of the contact pOint but extends
virtually. the entire length of Peru. In contrast the

volcanic Central . Andes begin abruptly at the Pisco

Deflection and extend south some 1500 km. This volcanism is -

regime which closely corresponds to the projection'of the.'
Nazca Ridge onto the continent in the direction of
subduction (see figures.3,ib and 3.10): 2

4.5.3 Aseismic Ridges and the Miocene Event

 The ihmehse scale of:the Miocene -:Pliocene magmatic

ioutbreak (section 3.5:3) tempts speculation regarding the -

cause. The\Nazca Ridge and assoc1ated bathymetric highs form

- a close geometric reiationship with these magmas suggesting

‘e

a causal connection. As mentioned 1n section 3.2.2, he
Nazca Ridge 1s the oniy one of the maJor aseismic ridges on
the Nazca Plate which is not aligned approximately in the

direction of squuction

‘strictly bounded between about 14°S and 28°S, a longitudinal

It was suggested in section 3.8. 7 that the Nazca Ridge

is causally related to the Pisco: Deflection, the northern
limit of the magmas. Figure 4.17 gives additional evidence

in this matter. Here the strusture of the Prsco Deflection.-

region is compared with spherical coordinate nets drawn

~-about the Nazca - South America pcle,(upper figure)(and the

" Nazca - Pacific pole (lower figure). The location of\the

E
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" A: Nazca-South America Pole

Bold lines indicate Pisco Deflection Zone o

75  WEST GS

B: ..Nozcu - Pacific Pole'

. Figure 4.17 compares the Pisco deflection with spherical
coordinate systems drawn about the Nazca - South America - .
pole (figure|A) 'and the Nazca - Pacific pole (figure B). The
southern boundary of the deflection is well modeled as a .
slip line about the Nazca - South America pole. Compare.wi{h '
. : ) Y 4

figure 3.3.. - .
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|~ Pisco Deflection is taken from Megard and Philip (1976) and
\: the various geoiogic‘features may beAidentified.from'figure
o 3.4a. The lower boundary of the-Pisco Deflection is a close
match with a smail circle about the Nazca - South America
pole. : . . ';
' Thus, . the Pisco Defiection may bevinterpreted-as a
. plastic shear zone oriented in the direction of relative
motion between the Nazca and South American plates. This
supports the idea théi:thz Nazca Ridge is an obstacle both

to subduction and to the estward-motion of South America

o In section 4.3.11, Jt was argued that the direction of

_ subduction from 105ma to 30ma wasﬂpormal to the coast of

: central Peru. The northern boundary of the Pisco Deflection
| forms a good plastic slip line for this subduction
direction, Thus, there 1s‘ev1dence to suggest that the Nazca
Ridge has been in the same position relati;e to South

AAmerica since Mesozoic times. (Ganseer (1973) arrived at a

51m11ar conclus1on by an 1ndependent line of reasoning ) If
- such a large buoyant object were here at the time of the
initial breakup of western Gondwana. it may have exerted

‘_some control over the northern boundary of the Patagonian

_block and the consequent location of the “Arica E 1bow. "
- Such reasoning also expiains why the Nazca Ridge is not.

"aligned in the approiﬁﬁate direction of spreading on: the

}, e East Pacific Rise (or inh the direction of subduction) It is

most likely a relic left over from the plate motion patterns

- 1 existing prior to the Miocene breakup of the old Farallon ‘
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plate.

It 1s possible that the present pattern of shallow
subduction beneath central Peru’is a consequence of aseismic
r1dge'interaction. Such a model has been presented by Pilger
(1977). (However, tgis‘model conflicts with the last. few
paragfaphs in that it bas the Nazca Ridge striking'the '

~northern Peruvian coast about 20ma. The present position of

the Nazca Ridge would then be due to more northerly portions

be1ng subducted Th1s mode]l must attribute the association

of the Nazca Ridge with the Pisco Deflection as

‘ co1nc1dence.) Perhaps the combined effects Qf,the'Nazce

Ridge and the Carnegie Ridge are sufficient te~buoy up the

Nazca Plate in between. Figure 4.18 1llustratee a possible
sequence of events which could lead to a subduction zone

much 1like .that found today in central Peru.
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vFiQhré 4.18 is a cartoon depicting the possible evolution of

_encol

a suaﬁuction system as a zone of buoyant oceanic crust

ters the trench. The figure reads from top to bottom.
This construction was drawn assuming -that both the buoyant
slab.(A) and the normal slab (B) move with the same
horizontal velocity but that B feels a greater (constant)
gravitational force. Thus the  slabs follow parabolic

_trajecteyies with different curvatures.
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5. Future Dtnections'in Teetonophysts .
The initial Peruvwan m1crogeodesy pPOJect has greatly
expanded since its conception. Two networks are now in

operation with others in planning stages. At the University

of Alberta, the focus of activity with microgeodesy has

shifted in the last two years from Peru to Mexico. Several

networks have been installed there. Two are on active plate

‘boundaries, and another is across a canyon being filled with

a water reservoir. .l have not been directly involved with
these projects and.cannot eomment on their,pdssible future.

In South America, however, the fesults from the Huancayo
. i~ | q

network merit further discussion. Y

>

¢ -~

pamvant (g

"5, 1 The Value of the Huancay_ M1croqeodet1c Exper1ment

It was or1g1na]1y hoped that the tecton1c stud1e5/

'summar1zed in the last few chapters wou'ld lead to a better

insight into the meaning of the data gathered on the
Huancayo networK@and poss1bly to a dynam1c mode] oﬁ‘the
Huaytapallana thrust fau]t Wh1le the fog of ignorance has |

thinned 1t rema1ns a pecu11ar fog allowing s1ght at a

distance but not nearby With respect to the general

tectonic evolution of Soutb\Amer1ca a plausible model has

been advanced and examined. ?here rema1ns a gulf between our

L

nics and ‘our sma]l

survey measurements wh1ch is not easily brwdged The
relation (1f any) between large scale plate convergence

g
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rates and straining on one small thrust fault, high in the

Andes, is obscure. Little is known of the details of. the -

"interveninq structure; even with such knowlédge,pdirect | v?f

mode 1ing wou]d require a‘theoretica] complexity beyond
current abilities. | '

The Huancayo experiment is best regarded as a

'developmental study of a methodblogy for strain measurement

‘
'Sgi

~

imathemat1ca1 techn1que would be a valuable contr1but1on to .

$1llum1nat1ng certainly the development of the requ151te «

As such, it has been highly successful demonstrating that
tectonic‘stratns can be measyred cheaply and'rapialy. The
technique can be emp loyed . by any‘organization possessing‘

ond1nary commerc1al surveylng equ1pment Theatotal Capita1

“outlay required to beg1n operations is less than..$10, 000 It

provides a pract1ca1 means of mon1tor1ng tectonic. stra1ns,

within the grasp of th1rd wor 1d and deve}oplng ‘countries. -

Th magnltude of the Huaytapaliana strain event is

-surpr1s1ng1y large compared to expected tecton1c strains

(sect1on 2.1). The event appears far too. temporally ;
cons1stent to be 111usory but 1ts s1gn1f1cance remalns
unclear. Perhaps future model1ng to determ1ne the magnntude

and distr1but1on of poss1ble body forces w1ll be .

geophysics. S _\' T
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2. “The use of ‘slightly more sophistm.gted EDM' s

5.2 Directions in Design and Analysts

The mathemat1ca1 analys1s requires access to modern
computat1ona1 facilities. This should pose no problem since .
the oppor un1ty for cooperatlve studias is usually available .
should no fac1lit1es be present locally The stra1n '

deduct1on method presented in chapter ? is quite successful'

'ln ach1ev1ng strain estimates approaching 1.microstrain. It

seems quite poss1ble\that th1s could be_ext%nded to perhaps‘

.S,microstrains‘with simple changes in the surveying N
.o : . , . e .
technique such as: , [j

1. Measur1ng only distances and repéitlng as many times as

poss1b1e during a two week interval o

F

A_3, Using soph1st1cated targets whose pos1t1on can be R

A changedusystematl le along‘the line of s1ght by "a
prec1sely known a:gu t. This 1dea (suggested by R.I.

g Walcott persona].c0ﬂmunication 1980) has yet to be

1nve§gygaggdhabut may | allow the accuracy of a’ g1ven

“ ;-9— :
2N

'9”

;A'technrque pf chapter 2 js su1table for forward modellng
ﬁf;studies of the response of var ious geometr1es However, Wt -

'gives little-d1rect insight into any fundamental des1gn

principles It may be possible to do the S1ngu1ar value

ffkﬁf';,;g ﬁg “dgpbmpositlon anaix:ically for ‘the simplest case of constant
ke str&ininna*ysts by'jssuming a certain number of points but
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leaVidg their coordinates arbitrary. This would be a major

step tn netwqu design studies and would allow the
' 1

a?aﬁ E?cal udy of the fundamental modés of’ deformation of
? s

l
}
j the “The. use- of. an alggbra‘c.oemputer Janguage sd%h
' ,e“ to do’ the dgsbmpOSition seems feasible
B ﬁl‘*f SR ‘"“Vjira L
h*“r‘ ~ \'-:. . L 's""-;,‘!’:::f k'l:’—"' .‘9.'.»1‘ o T .
5.3 Aw'acgus-Gilberf Forn@ﬂﬁlibn,bf'the Strain Problem =
| 1t is possible to.#ormUlate the strain deduction
S “ﬁ;ﬁ . problem as a linear in@erse problem which could be solved by
)gﬁ‘“‘"ﬂ any of the many techniques developed in the geophysical
:%ﬁ' . literature for these problems (Parker 1977, Backus and

Cot Gilbert 1870 for example) The methods were devised to deal
s N

;iﬁ“ ' with inaccurate, 1ncomplete‘and probably inconsistent data,
which are. far more common in geophysics than in geodesy A
~linear inverse problem must be formulated such that the

data, Ai-'” , in 1his case observations of linelength !

and angle changes) are related to the model M(x) ﬁip this
'

? 'case a postulated form for the variation of strain over the
urveyvarea) by a linear relation haying the general form

. . . r e . R e .
[ . : . v ' ' - .
1 .- P B . K N kY L ‘
- . . . . & D t 0 N N .
‘ . N . . . # . .

. -~1 § S ‘Ai?= '[ G M(x)ax S " 33
The quantities, {Gi}, -are called theﬂFrechet kernels of the
data and are re?hte@ to the,?ay the-hesponse of the model e

changes with,changing mode] parametens ‘Other terms, which

T ) are at least partially ‘correct, .are Green s functions,

k " o response functions or Jrechet derivatives Suppose there

LRV - ‘nﬁ . . ‘
:‘@ '- .o C ’ . ), »

Come ven
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exists a set of constants, {Bil. such that we -can write:
A : R
6 (xx,) = g B.G, L
where, 5(x-x') "is the Dirac delta function Then,

multiply 33 by {Bi}, sum over i, and reverse ‘the order of

'.integration and summation. This;givesu

Z BiAi = f 6(x-x°)bi(x)dx =”Mf(xo), | ‘ 35
i . - o o ' '
B

Thus, the properties of the'delta'function can be used to

x.ietermine the Value of the model at any point prov1ded the
 set {Bl} can be found A set {Bi}, satisfying 34 exactly,

does notvex1st This is because the {Gi} do not ‘usually form '
a ‘cOn'plete set of expanswn functions It is p0551ble %
however to construct 2 pseudo delta function. G(x-x ). ,._fyh'#*w
'that is as sharply peaked as possible (This pseudo deltallak“
“function 15 called ‘the resolution function.) i
-~ Once the Frechet kernels have been identified for a
~given.problem.»then it is said to have been formulated as a
JBackus Gilbert inversion problem The actual construction of’
Wthe resolution function is a difficult task which will _
depend on the properties of the particular set of Frechet
The problem of estimating'strains from repeated survey
data is equ1vatent to &he matheMatical problem of achieving

the best possible approximat;gg_to a function of. 2 variables .

BN <
S| .v
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. o M. iy A
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given avfihite nﬁmber of values of its averages along a set
of straight line éeghents (see chabter'2): Therefore,

. conéidef the following problem: Let {Li} be a set of N
finite Tine segments defined. in Euc11dean two- space Let X

and y be Carte51an coord1nates in that space. and let R

< f % ‘fiﬁtlzdenqge a rectangu]ar reg1on f0rmed of coord1nate lines which

: gﬁ&{ contalns the set {L1} If F= F(x y) is any unknown, piecewise

_ / COntinuousvfunctlonu then the values:

-1

. 9 : . e A

B A = 3&1 J PRy y(sy)ds; 36

"{Li}. Construct the best possible estimate for the value of
F(xO.yO) where x0,y0 is a potnt in R. f )
S s .i The method of analys1s proceeds as follows
o_'ﬁ./‘

-1f xtsi), y(s17 is any po1nt on line segment Li, then w§ can

write:

F(x(s;),y(s;)) = ]»g(x-x(si),Y‘Y(éi))F(S,Y)dxdy':  37

4 .
:D ‘ "‘.: vﬁ';R

where Skx,y) 1s the two dlmens1onal Dirac de1ta funct1on
‘Subst1tdt1ng 37 1nto 36 and reversing. the order of -

1ntegrat1on g1ves T

-
.

'l ,‘, A = flcif(X.y)dxdy“ IPRE S 38
R S o

‘are Known and are thelgvehage values of F along edch of the

B

b .. where: - =E.':i e L

xrA‘
D
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j 1 6(x—x(si),y-y(si))dsi‘ 39

The functions {Gi} are the Frechet kernels of the data {Ai}.

)

K ' These Frechet kernels are; a part1cular1y unw1e%§% §m§ of

i funct1ons. They are pseudo-funct1ons_1n the same sense that

% the Dirac delta fuhction is a pseudo-function. The {Gi} are’/o

»’ib »“the 1ntegrals of two d1mensxonal delta functions along the {
‘-1 ",\' } X
i &tra1ght line segments {L1} Thus the {Gi} have the values:
SR ,>uﬂ,«§}~{,‘l"‘$ b | - - | o;' if (x,y) lies on Li
o G, (x,y) ={ | S 40
0, if otherwise ' C
o . . A S .
§ .. _Furthermdre these functions satisfy the following relations:
\r‘- a .o B . . -
: : Co . . S o B ,. | _ "('Gi (;‘{,y.)_dxd.y.‘= 1 - . 41 |
andf if E(x.y).is;gn}arbitrary;functioh'definedlin~R,
& R ey + R
A . S ’ o - = . ?' :/' ) s .
7r$;q§? e f G(x,y)E(x,yQéxay !_éveragé value Qf’E(x,y):on_Li 42

The {G1} also sat1sﬁy an 1ntere§”}?g.sort of "orthogona11ty"v

K ~ ~“ -,
: C et v “ : :
B . - [ - e -
relat1on % e ! S *\Z T e
e . E P
- . . T e
L N : . SR &
. . ’ . . ) N - “3:/"”\‘
L - . , o R 7 B N

.6, LoL, = ¢
13

L ,.'f~GiGj§XdY R IS e E
- R " » ) ©, L,.= L-«
'.J‘.."?".V N N . * J
. o ¢ = The null set - -l
RV
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This relation can be demonstrated non rigorously using 40
and 41 and the properties of the delta function.

The preceeding exercise is by no means complete. Proper

- &olution of the problem requires application of “quelling"

'lParKer_i977‘and references therein) and a much more

rigorous!statement of the class of admissible strain

‘solutions It also requires extension of the essentially one
.dimen51onal notions of inverse theory to two dimen51ons The

'particular advantage: of this approach lies in its ability to

r
quantify the effect of data 1naccuracy and in its treatment

of the underdetermined problem, the situation in which very

AN

*few observations were made on a complex strain. =
v&&e

A tentative statement of the Backus Gilbert in

’ . { . .’ 0§ .
problem for straln is: J : S R

—~——

Given the set of functions; {Gi} defined ‘as infinite on:

¥ < a set of ‘line segments {Li} and dero elsewhere,

construct a sharply peaked function at the point x0,y0 «
(in R} from a linear combination of the {Glpo
Consider a radial. network in which all" of the {Li} intersect.
“at a central p01nt Several results follow 1mmed1ately
1. The resolution function cannot be constructed at any
_ point which does not lie on -one of the line segments
2. If x0,y0 lies at the cen?er oﬁ the network then we can
| construct a function'which ﬂs infinﬁte there but it w1ll
Bso be infinite along all l1ne segments used in
constructing the funption Those famiTiar with Backus -
Gilbert theory will recognizepthat-this means the |
fAresolution will be of the orderoof'the size of thé :

network. This is a rather abstract verification that,



S
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no recourse but to assume it cbnstant over the network

3. If the_network includes any lines which do not pass
throygh the central poihtf they will serve to broaden
the resolution even - further.

This ‘formulation provides a valuable 1ntu1tive approach

v ———— =

to the problem. The fundamental d1fflculty lies w1th the
e nature of the {61}!?S1nce they are 1nf1nite along line
segments. any linear combinat1on is also infinite. It is

1mposs1ble to build a sharply peaked funct1o?¢whose width is

that some assumpt1on about the nature of F(x,y) could be

* . made ‘with the .result that the {Gi} became sharply peaked

P
“but f1n1te functions along the set {Li} Then, for the
radial net again, the superposltion of 10 {Gi} would result

. in a,function whose;value at the center point would be ten

e e .

I3

times as great as neighboring points

more fully developed Its intuitive nature may make it a

- valuable’ approach to network des1gn analys1s Perhaps the
appl1cat1on of physlcal constralnts such as minimum stra1n
energy will serve to broaden - the {G1} It is hoped that this
brief discuss1on w1fl serve as. a startwng po1nt for those

' wishing to investigate the problem further. -

given no add1tlonal knowle\ge concerning F(x, y) ‘we have

less than the network aperture with such & Erocess Suppose )

Such a formalisnpshows great prom;se but 1t needs to be':
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5 4 Su ggestions for Future M1crogeodet1c Egperiment s in-
! .
South Amerlca

S

.o ‘ The-interpreti}ion of the Huancayo network results is

" need. not be thg”case for future experiments since there are
areas of v1tal interest in South America wh1ch are probably

“fuch more adaptable to tectonic modeling These 1nclude

areas expected‘to show dom1nantly strike sl1p (horizontal)

deformat1on such as

- K

1. The Huancabamba Deflection (sect1on/3 .2, 4) Here-a
| 'network along the coast would be- valuable in . |
establishing the nature of th1s zone. A measurement of
' strong east'- west shear1ng could’ sol1d1fy the 1dea of
"Jthls be1ng~a trans1tion zone between northern and

soathern regions. The width and complexity of the

~Huancabamba Deflectlon would be a complicat1ng factor,
but a detalled study of the tecton16 hlstory'should
sugdest specific locales for measurements |
2. The Pisco Deflection (sect1on 3 2. 5) Ph the last
5 . tchapter, it was argued that this is a zone of’plast1c
ﬁfﬁﬁ.'_ o t | gshear al1gned in the d1rectlon of subduction and caused
by _the interact1on of the Nazca Ridge w1th the
Peru Chile Trench. This model could he bolstered by the
| detect1on of strong hor1zontal sHear1ng in the d1rect1on
R - ; of relatmve motion between the Nﬁ!ca and South Amer1can

'.plates Ernesto Deza (personal communicatlon 1977) has

e‘Q' :suggested a network in the western end of tHe Pisco’

e

B c - ua

clouded by the complex tectonic setting of the network. Th1s'

[ 4
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" Deflection near Ica, Peru. This would be an excellent
choice since it is\close to the trench and the Pisco
' Deflettion has miffimum width here. Such conditions

should result in stgong, measurable strains.

‘3. The Arica Elbow. In the last chapter, this feature'was

modeled as a Mesozo%c shear zone which. hay have been .
per1od1cally reactivated. during the Cretaceous There 15
Known active s1n1stral fault north and sl1ghtly west of
Santa Cruz in the Subandean~Ranges. A more acce551b1e4
_region of intereSt might be on the coast‘near‘the'Arica
_ corner itselfk, | |

4. The Atacama Fault (sectlons 3.6.2 and 4.3. 11). The

Atacama Fault was modeled as a Fitch fault (section'
.2, 4) wﬁ"h ceased dextral activity w1th the Miocene

reorganizat1on of spreadlng centers in the eastern
-Pac1fic Thus a null re§Dit for shearing paral]el to the -

ffu]t would be expected here and would be important as a

'ﬁ(’%ér1f1cat1on of . the model Straining perpend1cular 'to

. the fault and vertical mot1ons would be ant1c1pated

- There are other -areas where small survey networks would g1ve-

o

extremely valuable constraints especially if vertical

' control ‘of the net, could be achleved Such areas 1nclude

‘1.’ The Andean Seismicity Lineament (sections 3 8 8, 3.8.9,

A4;3,10);_A-netwdrk*s1tuated along the ‘volcanic portion
of the ASL would be a fascinating experiment. It could
provide d1rect verlfication of. the, associat1on of

'extenstonal tectonlcs with volcanISm ‘The intense
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seismicity of the area should cause measurable -
deformations. ‘ '

Another interesting local would be along the.
aseismic port1on of the ASL in the Pampean Ranges.
Vertical control would be a necessity here
The OJos del Salado Lineament. (section 3.6. 3). The OSL
has been suggested to be the on land extension of the /
Easter Fracture Zond” (or Sala Y Gomez Ridge). A

discussed ip chapter 3, it is definéd.by a trans-Andean .

lineament and a normal fau]tzwith a throw exceeding'1 5

km. It denotes a maJor teotonlc change from volcanic to

non volcanlc Aga1n vert1cal control would be helpfult

here.

P
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Appendix 1: Survey Data

These tables present the Huancayo survey data used for the
analysis in chapter 2. Distances are given in meters from
stafion “L" to station "M". Angles are given in Deg;mmss
format} That is, the numbers before the decimal give the -~
number of degrees, the next two numbers denote the number of
minutes, and the last th give the number of seconds. A,

hqﬁizontal angle is specified as angle I,J,K where J refers

;io the station at which the angle was based, I -denotes the

sta{iqn'on the left (for an observer at station d¢) and K is
the number of thegstation on the right. The columns labeled
"Error g1ve the estimated standard deviations. In all
cases, the d1stances have been corrected for atmospher1c
effects and elevation differences between target and
instrument. (Corrections were done at UNB and are not
discussed here.) As discussed in chapter 2, horizontal angle

information is only given for 1975 and 1876.
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Reduced horizontal distances (meters) for 1975.

L - M Distance Error
1 3 375.705 0.004
1 4 . 1232.191 0.004
1 5 1325.423 0.004
1 10 305.247 0.004
1 11 333.695 0.004. .
2 3 712.650 0.004 - -
2 4 1387.819 0.004
2 5 836.133 0.004
2 6 403.446 0.004
2 7 923.925 0.004
2 9 198.264 0.004
2 10 . 558.406 0.004
3 4 1584 .342 0.004
3 5 1519.545 0.004
3 6 1020.670 0.004
3 10 - 176.824 0.004 -
3 11 540.234, 0.004
4 5 928.174 0.004
4 6 1098.285 0.004
4 7 652.178 - 0.004
4 8 939.471 0.004
4 11 1091.061 0.004
5 6 534. 145 0.004
5 8 558.195 0.004
6 7 543.206 0.004
6 8 188.486 0.004
6 g 528.978 0.004
7 8 463.116 0.004
L7 11 851.653 0.004
8 - 9 © 529.770 0.004
'8 10 785.731 0.004
8 11 454,535 0.004
9 10 360.647 0.004
9 11 .338.177 0.004
10 11 373.205 0.004
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L}
Horizontal angles for 1875 (Deg.mmss format)

o L..oJd K Angle Error
4 1 10 - 0.1290207€E+03 0.26E-03
4 /1 3 0.1564435E+03 0.26E-03
3 ‘1 4 0.2031527E+03 0.26E-03
5 1 11 0.152,1120E+02 0.26E-03
10 1 3 0.2742320F 0.26E-03
4 1 11 0.5742520E+02 0.26E-03
4 1 5 0.4221360E+02 0.26E-03 -
1113 0.9901400E+02 0.26E-03
11 1 10 0.7118070E+02 0.26E-03
3 2 7 0.1153354E+03 0.26E-03
3 2 6 0.1301138E+03 0.26E-03
5 2 3 0.2260714E+03 0.26E-03
10 2 5 0.1260120E+03 0.26E-03
3 2 4 0.9212290E+02 0.26E-03
g 2 5 0.1224532E+03 0.26E-03
1 3 4 0. 1753020E+02 0.26E-03
4 3 11 0.1942280E+02 0.26E-03
11 3 5 0.1500440E+02 0.26E-03
1.3 5 0.5236140E+02 0.26E-03
2 3 1 0.2810201E+03 0.26E-03
5 3 2 0.2621420E+02 0.26E-03
5 3 310 0.4652000E+00 0.26E-03
10 3 6 0.8002600E+01 0.26E-03
10 3 2 0.2534450E+02 0.26E-03
6 3 2 0.1734250E+02 0.26E-03
5 4 11 0.5812300E+02 0.26E-03.
5 4 1 0.7411380E+02 0.26E-03
6 4 1 0.4508580E+02 0.26E-03
5 4 2 0.4206380E+02 0.26E-03
5 4 3 0.6849120E+02 - 0.26E-03
7 4 1 0.6615070E+02 0.26E-03
2 5 0.3246220E+02 0.26E-03
8 5 4 0.7343150E+02 - 0.26E-03
4 5 2 0.2634658E+03 0.26E-03 - ~
3 5 4 0.7627370E+02 0.26E-03 y
6 5 4 0.9326020E+02 0.26E-03
5 6 9 0.1823909E+03 0.26E-03
5 6 2 0.1733148E+03 0.26E-03
5 6 10 0.2072552E+03 0.26E-03
2 6 8 0.9906210E+02 0.26E-03
2 6 7 0.1543332E+03 %4 0.26E-03
4 6 2 0.2310308E+03 0.26E-03"
6- 7 4 0.1331713E+03 0.26E-03
2 7 4 0.1222830E+03 0.26E-03
8 7 4 0.1134201E+03 0.26E-03
11 7 4 0.9203060E+02 0.26E-03
4 7 6 0.2264247E+03 0.26E-03
6 8 11 '0.1184546E+03 0.26E-03
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. 1750818E+03 . 26E-03

0
. 1842800E+03 + 0.26E-03
.3915360E+02 0.26E-03
. 1681844E+03 0.26E-03
.1522544E+03 0.26E-03
.1203530E+03 0.26E-03
.1745635E+03 0.26E-03
:6427560E+02 0.26E-03
.6218520E+02 0.26E-03
.1431504E+03 0.26E-03
. 1463337E+03 0.26E-03
.3432550E+02 0.26E-03
. 1473600E+01 0:26E-03
.2017560E+02 0.26E-03
.5638250E+02 0.26E-03
.5753250E+02 0.26E503
.3032133E+03 0.26E-03
.8854300E+02" 0.26E-03
.4322440E+02 0.26E-03
.1112828E+03 0.26E-03
.1944619E+03 0.26E-03
. 1043230E+03 0.26E-03
.2184634E+03 - 0.26E-03
. 1660340E+03 0.26E-03

0.26E-03

. 150333 1E+03
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1876 redchd horizontal distances (meters).

L M Distance : Error
1 3 375.710 0.002
1 4 1232.198 - 0.002
1 5 1325.428 . 0.002
1 10 305.250 0.002
1T 11 . 333.692 0.002
2 3 712.651 0.002
2 4 1387.812 0.002
2 5 936.123 0.002
2 6 403.445 0.002-
2 7 923.921 0.002
2 9 188.260 0.002
2 10 558.405 0.002
3 4 1584.338 . 0.002
3 5 1519.558 0.002
3 6 1020.667 s 0.002
3 10 "176.823 0.002
3 11 540.235 0.002.
4 5 1 928.175 0.002
4 6 1098.282 0.002
4 7 652.179° - ° _0.002
4 .8 939.471 - 0.002
4 11 1091.059 0.002
5 6 534. 146 0-.002
5. 8 558.193 0.002 ,
6 .7 543.207 0.002 , -
6 8 188.496 0.002
S 15 _atem v o2
6 10 845. . 0.0
.7 .8 CTZ83.114 0002 —
7 11 851.659/ 0.002 R :
8 9 = 529.77F 0.002 .
8 10 -~ 185.734 0.002 0
g8 11 "454,543 0.002
9 10 360.541 .-0.002 _ .
g 11 338.173 . 0.002
10 11 373.203 0.602
" -
{ Y
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1876 horizontal angles (Deg.mmss format)
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Angle
0.4221410E+02
0.1521120E+02
0.5742520E+02
0.1290204E+03
0.7119100E+02
0.8901410E+02

~0.2742280E+02

0.2031523E+03
0.1564434E+03
0.9212250E+02
0.2260705E+03
0.1301142E+03
0.1153355E+03
0.1260123E+03
0.1224536E+03
0,1753040E+02
0.1942280E+02
0.1500360E+02
0.5236090E+02

0.2810204E+03 .

0.4651000E+00
0.2621420E+02 .
0.2534490E +02
.8002200E+0 1
. 1734260E+02
.4509000E+02
.7411350E¢02
.2854823E+03
.4206350E+02
.5912320E+02
.6849180E+02
.66 15070E+02
. 3946380E+02

.7627360E+02
.2634657E+03
.7343110E+02
.9326020E+02
.6326420E+02
.3246190E+02
. 1923910E+03
.2310310E+03
. 1543331E+03
.1733149E+03
0, 2072552E+03

0
0
0
0
0
0
0
0
0
0
0.2426050E+02 -
0
0
0
0
0
0
0
0
0
0

-0.990618B0E+02

0.9642530E+02
0.9203gf0E+024
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Error
.22E-03
L22E-03
.22E-03
L22E-03
L22E-03
22E-03
.22E-03
.22E-03
.22E-03
.22E-03
.22E-03
.22E-03
.22E-03
.22E-03
.22E-03
.22E-03
.22E-03
L22E-03
.22E-03
.22E-03
.22E-03
.22E-03
.22E-03
.22E-03
.22E-03
.22E-03
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1977 reduced horizontal distances (meters)

L M Distance Error
1 3 375.707 0.003
1 4 1232.199 0.003
1 5 1325.430 0.003
1 10 305.245 0.003
1 11 333.693 0.003 -
2 3 712.650 0.003 - R
2 4 1387.817 0.003 \ X
2 5 836.128 , 0.003 -
2 6 . 403.445 0.003 ’ ‘ SIS
2 7 - 923.925 0.003 L o
2 8 471.560 0.003 -
2 9 198.260 0.003
2 10 558.404 0.003
3 4 1584 .336 0.003
3 5 1519.555 0.003
3 6 1020.661 0.003
3 9 519.522 0.003
3 10 176.824 0.003
-3 11 540.239 0.003
4 5 928.177 . 0.003
4 6 1098.276 0.003"
4 -7 - 652.178 0.003
4 8 939.471 0.003
4 11 1091.064 0.003
5 6 534.142 0.003
5 8 558..192 0.003
5 12 21.612 0.003
6 7 543.204 0.003
6 8 188.494 0.003
6 9 528.973 0.003
6 10 845.923 0.003
7 8 463.114 0.003
7 11 851.657 0.003
7 12 274.688 - 0.003
8 9 © 529.771 0.003:
. 8 10 785.732 0.003
-8 11 454.539 0.003
g 10 360.644 0.003
g 11 338.175 0.003
10 11 373.203 0.003
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1978 reduced horizontal distances (meters) '

L M Distance Error
1 3 375.706 0.003
1 4 1232.204 0.003
1 5 1325.424 0.003
1 10 305.248 0.003
LI I 333.692 0.003
2 3 712.650 0.003
-2 4 . 1387.817 0.003
2 5 936..128 0.003
2 6 403.443 - 0.003
2 7 923.920 0.003
2 8 471.555 0.003
2 9 188.259 0.003
2 10 558.401 0.003.
3 4 1584.340 0.003
3 5 1519.553 0.003
3 6 1020.664 0.003
3 9 519.526 0.003 s
3 10 176.820 0.003
3 11 . 540.241 0.003
4 5 828.177 0.003
4 6 1098.280 0.003
4 7 652.183 0.003
4 8 939.477 . 0.003
4 11 1091.068 0.003
5 6 534,143 0.003
5 8 558.188 0.003
6 7 543.203 0.003
6 8 188.492 0.003
6 9 528.977 0.003
6 10 845.825 0.003
7 8 463.112 " 0.003
7 11 851.655 0.003
8 g 528.772 0.003
8 10 785.730 0.0C"
8. 11 454,536 0.0C:
g 10 360.645 0.003
-9 11y 338.176 0.003
10 11 373.205 0.

]
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Appendix 2: Vertical Seismicity Profiles

These profiles were taken from data oﬁ the NOAA catalogue
and show all reéorded events having body wave magnitude “
greater than 4.0 and which occurred between 1963 Pnd 1977
jnclusive. Profiles are all 1 degree wide and were takgn in
the approximate direction of relative motion between the
Nazca and. South Americaﬁ,platesAas determihed by Minster and
Jordan (1978). The cqverage is complete from northern geru

to 26°S in Chile. : .
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Appehidix 3: Method for the Least Squares Matching of Plate
Boundaries

Idealize the problem as that of rotating:one contour into
another (figure 4.2). Bullard et a].MJISGS) éolved‘this by
findiﬁg, the rotation angle, ¢_, which minimizes the
difference in "longitude” between the contours. As discussed
in section 4.2.2, this method is not g%tisfactory for
continents whose an?ular.extent 1p “latitude" is small. The
method presented hére minimizes the differénce \n arclength

(in km) measured along lines of "latitude."\

Consider a point, n, in the digitized data set
representing curve 1 (séy the left curve in figure 4.2). It
is desired to compute the distance in km between this goint
and a.point on curve 2 which has the same “latitude." This
will usually require linearwinterpolation betWeén_two points
in the curve 2 data set. The distance in km béiween these :

dn = C!n(bn L : 5

points is given by:

3
where ay = 111 sin Yo, 0 is the difference in "longitude".
and ¥ is the_'latitude.' The total number of such

comparisons, say N12, which can be made will usually bé less

" than the number of points representing curve 1.

‘ In a completely analogous manner, any point in the
digitized data set representing curve 2 can be compared to
curve 1 giving a distance difference, .. d; . Let N21 be

EEY
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the total number of these comparisons. Then following

Builard et al., the average squared misfit, Q2%, is: 7//
12 21
0’ ='ﬁ1"" I (o -0 )2a2 . ' (®1-0, )2 al 12
' 12 l /\/ //Z

It js not difficult to show that the rotation angle.us
\e

, which minimizes this quantity is given by:

, le N 1 : -
=| N ) ol + N 9'a'? N . :
“\ 21 { "n'n 12 nn *%2 , N%l; 5
: i A Noqo /'Ogsi N a’
- SNEZEE 2 ST IS S N

1N

fThe'average misfit is then found by us%ng-this result in the

previous equation and computing the square root .
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