Bending the Bolivian orocline in real time
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ABSTRACT

Global positioning system (GPS) data from the central Andes record vertical axis ro-
tations that are consistently counterclockwise in Peru and Bolivia north of the bend in
the mountain belt, and clockwise to the south in southern Balivia, Argentina, and Chile.
These geologically instantaneous rotations have the same sense as rotations that have
accrued over millions of years and are recorded by paleomagnetic and geologic indicators.
The change in sign of the rotation at both decadal and million-year time scales occurs
across the axis of topographic symmetry that defines the Bolivian orocline. When extrap-
olated to a common time interval, the magnitudes of rotation from geologic features and
from GPS are surprisingly similar, given that a significant part of the instantaneous de-
formation field is probably elastic and due to interseismic locking of the plate boundary.
Some of the interseismic deformation field must reflect permanent deformation, and/or
some of the current elastic deformation will be converted to upper-plate permanent de-
formation over time rather than be recovered by elastic rebound during interplate earth-
quakes. We suggest that the spatial patterns of the elastic and the permanent modes of

bending are similar because they are driven by the same stress field.
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INTRODUCTION

The central Andes are a prime example of
oroclinal bending (Isacks, 1988)—the idea
that mountain ranges form initialy in alinear
geometry and then are bent into their more
highly curved configuration (Carey, 1955).
The kinematics by which this process occurs
are not well understood, but in the upper crust
must be achieved by horizontal components of
displacement on suites of faults (Beck, 1987;
Lamb, 2000, 20014). In the central Andes,
most workers follow the lead of Isacks (1988),
who ascribed the Bolivian orocline to north-
south gradients in horizontal shortening, pri-
marily along foreland thrust faults.

Because the bending is associated with a
rotation about a vertical axis (Marshak, 2004),
oroclines have traditionally been studied with
paleomagnetic data, where the declination of
the local pole in the rocks sampled is com-
pared to that of similar-aged rocks in stable
South America (e.g., Arriagada et a., 2003;
Beck, 1987; Coutand et al., 1999; Lamb,
2001b; MacFadden, 1990; Roperch and Car-
lier, 1992; Scanlan and Turner, 1992). Al-
though paleomagnetic data can measure ver-
tical axis rotation, it cannot distinguish
between deformation and rigid body rotation,
nor can it show whether the rotation is purely

local or regional. Nonetheless, paleomagnetic
data (see GSA Data Repository?) document a
clear pattern of clockwise rotations south of
the Arica bend and counterclockwise rotations
to the north (Fig. 1).

Recent interpretations of paleomagnetic
data suggest that most of the rotation in the
forearc predates the late Miocene (e.g., Ro-
perch et al., 2000; Somoza et d., 1999), even
as younger vertical axis rotations are docu-
mented in the backarc of the orogen. This re-
sult poses a conundrum: because it is difficult
to conceive of the orogen-scale kinematics by
which this would occur, one is seemingly
forced to conclude that oroclinal bending is no
longer continuing and that the backarc rota-
tions are the result solely of local block
rotations.

Global positioning system (GPS) data pro-
vide a real-time look at regiona kinematics,
because they are geologically instantaneous.
In this paper we use GPS data from the central
Andes between 12°S and 35°S latitude to

1GSA Data Repository item 2005176, reference
list of papers used to compile Figure 1, is available
online at www.geosociety.org/pubs/ft2005.htm, or
on request from editing@geosociety.org or Docu-
ments Secretary, GSA, PO. Box 9140, Boulder, CO
80301-9140, USA.

show that the orocline is currently undergoing
bending at rates that are comparable to geo-
logical rates over the past 10 m.y.

METHODS

Strain rate is the local gradient of the ve-
locity field and thus can be calculated for any
region covered by a GPS network. The rela-
tions between position, velocity, and defor-
mation are given by:

au;
B_XI]X] = ti + D”-X]-, (1)

U = ti +
where X is the position, u; is the velocity at
that position, t; is a constant of integration that
represents the velocity at the origin, and Dj; is
the displacement rate gradient tensor. In two
dimensions, there are six unknowns, so amin-
imum of three GPS velocities is needed (each
station provides two equations). For more than
three stations, a least-squares best fit can be
obtained using standard methods or by sin-
gular value decomposition where more infor-
mation about the fit is desired. The only as-
sumption in this procedure is that strain is
homogeneous within the region of the stations
used in the analysis. Once the displacement
gradient rate tensor is obtained, it can be ad-
ditively decomposed into a symmetric infini-
tesimal strain rate tensor and an antisymmetric
rotation rate tensor. These tensors are fixed to
the material coordinates and thus differ slight-
ly from the deformation rate and spin tensors,
which are fixed to the spatia coordinates.
With small gradients typical of GPS veloci-
ties, the two reference frames and sets of ten-
sors are equivalent. In infinitesimal strain, the
rotation, even that associated with simple
shear, can be treated as a rigid body rotation
(e.g., Malvern, 1969). The rotation rate tensor
is particularly germane to the question of or-
oclinal bending but is not necessarily directly
equivalent to the vertical axis rotation mea-
sured by paleomagnetic data (see discussion
in Lamb, 2001a).

Our basic approach is similar to that em-
ployed by Lamb (2000) and Hindle et al.
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Figure 1. Map of central Andes, showing oroclinal axis and contoured vertical axis rotations
from analysis of interseismic global positioning system (GPS) data (clockwise rotations are
positive and colored red, counterclockwise rotations are negative and blue). Vertical axis
rotations from 477 paleomagnetic analysis of rocks of all ages are shown as red dots (clock-
wise rotations) and blue dots (counterclockwise); size of dot is proportional to magnitude
(scale in lower right corner). For hollow dots, uncertainty is greater than absolute value of
magnitude. Inset shows coseismic rotation for 1995 M8.1 Antofagasta earthquake; colors
represent sense of rotation, as in main figure, but amount of rotation is two orders of
magnitude larger. Black arrows are original GPS vectors on which analysis is based (error
ellipses not shown for clarity of presentation). Coseismic GPS data are from Klotz et al.
(1999); interseismic data are from Brooks et al. (2003) and Kendrick et al. (2001); latter are
partly reanalyized data of Norabuena et al. (1998).

TABLE 1. ROTATION RATES IN DIFFERENT SEGMENTS OF THE CENTRAL ANDES

North of oroclinal axis South of oroclinal axis

No. of stations Rotation rate (°/yr) No. of stations

-16x106+59 x 108 38
—4.4 x 1077+ 11 X 1077 41

Rotation rate (°/yr)

63X 107 *=32x10°°8
81X 107+ 16X 108

Forearc and arc 28
Backarc 22

906

(2002), but with some important differences.
First, we are not trying to develop a smoothed
velocity distribution that is best fit to a variety
of different types of data. Instead, we only cal-
culate the infinitesimal strain and rotation for
groups of three or more GPS stations. Second,
our GPS database is much larger than that
used by Lamb, including stations to the west
in the forearc as well as considerably farther
north and south. Finally, we use GPS veloci-
ties that have been carefully fit to a stable
South American reference frame (Bevis et a.,
2001; Brooks et al., 2003; Kendrick et al.,
1999, 2001); these velocities were not avail-
able at the time of the studies of Lamb (2000,
2001a, 2000b) and Hindle et al. (2002), who
relied on data reported in Norabuena et al.
(1998).

RESULTS

We calculated an evenly spaced (50 km)
grid using an over-constrained least-squares
solution to average and smooth the strain and
rotation (Fig. 1). Errors accrue both from the
uncertainties in the individual input GPS vec-
tors and from the least-squares fit, using twice
the minimum number of stations required for
a solution. The results of our method compare
well, both in magnitude and orientation, with
the principal strain axes calculated in the glob-
al strain rate model (Kreemer et a., 2003).
Statistically significant rotations were calcu-
lated at ~80% of the grid nodes. The pattern
of clockwise and counterclockwise rotation
rates is clear (Fig. 1): the vast mgjority of
counterclockwise rotation rates occur north of
the topographic symmetry plane that defines
the axis of the orocline (Gephart, 1994),
whereas the vast mgjority of the clockwise ro-
tations occur to the south.

Because there is little systematic variation
in rotation rate along strike with distance from
the oroclinal axis, we calcul ate the magnitudes
of the rotation rates for just four different seg-
ments: the forearc and arc north and south of
the oroclinal axis, and the two backarc re-
gions, north and south of the axis (Table 1).
The forearc rotation rate north of the oroclinal
axis is aimost three times greater than the ro-
tation rates to the south of the axis. The most
obvious explanation is that the Nazca—South
America plate convergence angle is signifi-
cantly more oblique to the plate boundary on
the north limb of the monocline.

The region between 22.5°S and 25°S must
be treated separately because this area was
perturbed by the 1995 M8.1 Antofagasta
earthquake. This event, well recognized for its
record of elastic rebound (Klotz et al., 1999,
2001), provides a convenient look at the co-
seismic strain field, in contrast to the inter-
seismic strain recorded elsewhere along the
margin. A similar analysis of the coseismic
deformation (Fig. 1, inset) shows that GPS
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stations overlying the northern termination of
the rupture zone recorded right-lateral simple
shear, whereas at the southern end of the rup-
ture zone there is left-lateral simple shear. The
best-fit deformation gradient tensor for the
eight stations at the south end of region yields
a counterclockwise rotation of —1.8 X 104
+ 8.2 X 107 degrees. Similarly the coseismic
rotation at the northern end of the rupture
zone, calculated from 10 GPS stations, yields
a clockwise rotation of 3.5 X 1074 + 2.1 X
10-% degrees. The coseismic rotation due to
the Antofagasta earthquake is substantially
larger than that observed elsewhere but is aso
much more limited geographically, essentially
characterizing haf the north-south length of
the rupture zone (100-150 km). Presumably,
the rotation at a margin of the rupture zone is
canceled out when an adjacent segment of the
plate boundary is ruptured.

DISCUSSION

To compare GPS results to geological data
on shortening and rotation, it is convenient to
cite these instantaneous rates as though they
were extrapolated to geological time scales.
Were the rotation rates to continue for 10 m.y.,
the forearc and backarc north of the oroclinal
axis would have rotated 16 degrees and 4 de-
grees counterclockwise, respectively; to the
south of the axis, the forearc and backarc
would have rotated 6 degrees and 8 degrees,
respectively. This extrapolation is approxi-
mate, as infinitesimal strains and rotations
cannot actually be added together 10 million
times to yield the correct finite strains and ro-
tations. However, the errors are still consid-
erably less than the uncertainties in the geo-
logical rates. These projected values are
within the range of values observed from pa-
leomagnetic vertical axis rotations in rocks 25
Ma and younger (Fig. 2). They aso compare
well with the results of Lamb’s (2000) inver-
sion of al late Cenozoic deformation indica-
tors for just the center of the region discussed
here, as well as Hindle and Kley's (2002)
block restoration of |ate Cenozoic deformation
in the central Andes. The similarity of the ex-
trapolated GPS deformation-related rotation
with the geological measures of rotation raises
several important paradoxes.

It is widely accepted that much of the de-
formation documented by GPS data is due to
interseismic locking of the plate boundary and
is therefore elastic (i.e., nonpermanent), par-
ticularly in the forearc (Bevis et a., 2001;
Brooks et al., 2003; Klotz et a., 1999, 2001;
Norabuena et a., 1998). As the Antofagasta
earthquake clearly showed, coseismic elastic
rebound recovers much of the strain, at least
back to the magmatic arc. However, the scale
of the region characterized by either clockwise
or counterclockwise GPS-measured rotation
on either side of the oroclinal axis dwarfs the
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regions of individual seismic segments of the
interplate boundary (Comte and Pardo, 1991;
Tichelaar and Ruff, 1991). No one plate-
boundary earthquake will relieve al of the ac-
cumulated elastic strain responsible for the ro-
tation. Thus, the sense of interseismic rotation,
though perhaps not the magnitudes, should
represent normal, long-term, time-averaged
behavior.

The current GPS data contain no intrinsic
information about how much of the signal is
permanent versus ephemeral elastic deforma-
tion. Were South America entirely elastic, of
course, there would be no permanent defor-
mation due to subduction and no mountains
would form; this is clearly not the case. Over
geologic time, ~10% of the plate convergence
is accommodated by upper-plate deformation
and the rest by subduction (Echavarria et a.,
2003; Jordan et a., 1993). Thus, at a mini-
mum, ~10% of the GPS-measured velocity is
or will be converted into permanent defor-
mation. Modeling using the Savage (1983)
backsdlip formalism shows that, in the backarc,
as much as 50%—-90% of the instantaneous ve-
locity field is probably related to permanent
crustal deformation (Bevis et al., 2001;
Brooks et a., 2003; Norabuena et al., 1998).
One could predict that rotation rates cal culated
from GPS stations located in the backarc
would approach those of geological indicators,
whereas those in the forearc should be an or-
der of magnitude smaller.

However, during that last 15 m.y., the plate
convergence rate has dropped by a factor of 2
(Kendrick et al., 2003; Somoza, 1998). If the
degree of locking of the plate boundary were
the same as today, which is not necessarily the
case (Lamb and Davis, 2003), then higher
magnitudes of rotation should have character-
ized the 10-15 Ma interval. The mgjority of
paleomagnetic sites sample rocks from thisin-
terval or older (though the rotation could have
happened at any time after the rocks were de-
posited). In contrast, much of the foreland de-
formation that is thought to be responsible for
asignificant part of Andean mountain building
has occurred since 10 Ma.

CONCLUSIONS

The order of magnitude of rotation at geo-
detic and geologic time scales is apparently
equivalent within the broad error afforded by
the geologic data and the large uncertainties
associated with the extrapolation across six or-
ders of magnitude of time scale. Whether they
should be, or if this equivalence is a mislead-
ing coincidence, must remain unresolved for
the present. The key point is that permanent
deformation will be driven by the same stress-
es that are producing the (truly ephemeral)
elastic deformation due to interseismic inter-
plate locking. Accordingly, the direction fab-
ric of the permanent intraplate deformation
should mimic to some degree that associated
with the entire interseismic velocity field. To
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preserve the consistent sense of rotation that
matches the orocline, we need only preserve
the lateral (north-south) gradients in the GPS
velocity field over geologic time. Given the
shape of the plate boundary and the consistent
direction of convergence during the past 40
m.y. (Gephart, 1994; Pardo-Casas and Molnar,
1987), the nature of these gradientsis unlikely
to change over geologic time. Thus, the GPS
networks in the central Andes have captured
the bending of the orocline in rea time.

ACKNOWLEDGMENTS

We thank our colleagues across the Western
Hemisphere with whom we have explored the re-
lations between geodetic and geological rates of de-
formation in South America, including Eric Ken-
drick, Gabriedl Gonzdlez, Jack Loveless, Bryan
Isacks, and Teresa Jordan. Reviews by Tim Dixon
and David Hindle were very helpful. We gratefully
acknowledge support from National Science Foun-
dation grants EAR-9614759 and EAR-0337496 (to
Allmendinger); EAR-9116733 and EAR-9614651
(to Smalley); and EAR-0003823 (to Bevis).

REFERENCES CITED

Arriagada, C., Roperch, PM.C., Dupont-Nivet,
G.C.PR., and Chauvin, A.C.J.,, 2003, Paleo-
gene clockwise tectonic rotations in the fore-
arc of centra Andes, Antofegasta region,
northern Chile: Journal of Geophysical Re-
search, ser. B, Solid Earth and Planets, v. 108,
no. 1, 22 p., doi: 10.1029/2001JB001598.

Beck, M.E., J., 1987, Tectonic rotations on the
leading edge of South America: The Bolivian

orocline  revisited:  Geology, V. 15,
p. 806-808, doi: 10.1130/0091-7613(1987)
15<806: TROTLE>2.0.CO;2.

Bevis, M., Kendrick, E., Smalley, R., J., Brooks,
B.A., Allmendinger, RW., and Isacks, B.L.,
2001, On the strength of interplate coupling
and the rate of back arc convergence in the
central Andes; an analysis of the interseismic
velocity field: Geochemistry, Geophysics,
Geosystems, v. 2, doi: 10.129/2001GC000198.

Brooks, B.A., Bevis, M., Smalley, R., Jr., Kendrick,
E., Manceda, R., Lauria, E., and Araujo, M.,
2003, Crustal motion in the Southern Andes
(26-36°S): Evidence for an Andean micro-
plate?. Geochemistry, Geophysics, Geosys-
tems, v.4, p.1085, doi: 10.1029/
2003GC000505.

Carey, S\W.,, 1955, The orocline concept in geotec-
tonics, part |I: Roya Society of Tasmania Pa-
pers and Proceedings, v. 89, p. 255-288.

Comte, D., and Pardo, M., 1991, Reappraisal of
great historical earthquakes in the northern
Chile and southern Peru seismic gaps: Natural
Hazards, v. 4, p.23-44, doi: 10.1007/
BF00126557.

Coutand, I., Chauvin, A., Cobbold, PR., Gautier, P,
and Roperch, P, 1999, Vertical axis rotations
across the Puna Plateau (northwestern Argen-
tina) from paleomagnetic anaysis of Creta-
ceous and Cenozoic rocks: Journal of Geo-
physical Research, ser. B, Solid Earth and
Planets, v. 104, p. 22,965-22,984, doi:
10.1029/1999J8900148.

Echavarria, L., Hernandez, R., Allmendinger, R.W.,,
and Reynolds, J., 2003, Subandean thrust and
fold belt of northwestern Argentina: Geometry
and timing of the Andean evolution: American
Association of Petroleum Geologists Bulletin,
v. 87, p. 965-985.

Gephart, JW., 1994, Topography and subduc-

908

tion geometry in the central Andes: Clues
to the mechanics of a non-collisional orogen:
Journal of Geophysical Research, v. 99,
p. 12,279-12,288, doi: 10.1029/94JB00129.

Hindle, D., and Kley, J., 2002, Displacements,
strains and rotations in the central Andean
plate boundary zone, in Stein, S., and Frey-
mueller, J., eds., Plate boundary zones: Amer-
ican Geophysical Union Geodynamics Series
30, p. 135-144.

Hindle, D., Kley, J, Klosko, E., Stein, S., Dixon,
T., and Norabuena, E., 2002, Consistency of
geologic and geodetic displacements during
Andean orogenesis. Geophysical Research
Letters, v. 29, doi: 10.1029/2001GL013757.

Isacks, B.L., 1988, Uplift of the central Andean pla-
teau and bending of the Bolivian orocline:
Journal of Geophysical Research, v. 93,
p. 3211-3231.

Jordan, T.E., Allmendinger, R.W., Damanti, J.F, and
Drake, R., 1993, Chronology of motion in a
complete thrust belt: The Precordillera, 30—
31°S, Andes Mountains: Journal of Geology,
v. 101, p. 135-156.

Kendrick, E., Bevis, M., Smaley, R., Jr., Cifuentes,
0., and Galban, F, 1999, Current rates of con-
vergence across the central Andes: Estimates
from continuous GPS observations: Geophys-
ical Research Letters, v. 26, p. 541-544, doi:
10.1029/1999GL 900040.

Kendrick, E., Bevis, M., Smaley, R., J., and
Brooks, B., 2001, An integrated crustal veloc-
ity field for the central Andes: Geochemistry,
Geophysics, Geosystems, v. 2, doi:10.1029/
2001GC000191.

Kendrick, E., Bevis, M., Smaley, R., J., Brooks,
B., Vargas, R.B., Lauria, E., and Fortes, L.PS,,
2003, The Nazca—South America Euler vector
and its rate of change: Journal of South Amer-
ican Earth Sciences, v. 16, p. 125-131, doi:
10.1016/S0895-9811(03)00028-2.

Klotz, J., Angermann, D., Michel, G., Porth, R.,
Reigber, C., Reinking, J., Viramonte, J., Per-
domo, R, Rios, V., Barrientos, S., Barriga, R.,
and Cifuentes, O., 1999, GPS-derived defor-
mation of the central Andes including the
1995 Antofagasta Mw = 8.0 earthquake: Pure
and Applied Geophysics, v. 154, p. 709-730,
doi: 10.1007/s000240050249.

Klotz, J., Khazaradze, G., Angermann, D., Reigber,
C., Perdomo, R., and Cifuentes, O., 2001,
Earthquake cycle dominates contemporary
crustal deformation in central and southern
Andes. Earth and Planetary Science Letters,
v. 193, p. 437-446, doi: 10.1016/S0012-
821X(01)00532-5.

Kreemer, C., Holt, W.E., and Haines, A.J., 2003, An
integrated global model of present-day plate
motions and plate boundary deformation:
Geophysical Journal International, v. 154,
p. 8-34, doi: 10.1046/j.1365-246X.2003.
01917 x.

Lamb, S., 2000, Active deformation in the Bolivian
Andes, South America: Journa of Geophysi-
cal Research, ser. B, Solid Earth and Planets,
v. 105, p. 25,627-25,653, doi: 10.1029/
2000JB8900187.

Lamb, S., 20014, Vertical axis rotation in the Boli-
vian orocline, South America; 2. Kinematic
and dynamical implications: Journa of Geo-
physical Research, ser. B, Solid Earth and
Planets, v. 106, p. 26,633-26,653, doi:
10.1029/2001.JB000203.

Lamb, S, 2001b, Vertical axis rotation in the
Bolivian orocline, South America; 1. Paeo-
magnetic analysis of Cretaceous and
Cenozoic rocks: Journal of Geophysical
Research, ser. B, Solid Earth and Planets,

v. 106, p. 26,605-26,632, doi: 10.1029/
2001J8900012.

Lamb, S, and Davis, P, 2003, Cenozoic climate
change as a possible cause for the rise of the
Andes: Nature, v. 425, p. 792-797, doi:
10.1038/nature02049.

MacFadden, B.J., 1990, Paleomagnetism of late Ce-
nozoic Andean basins and comments on the
Bolivian orocline hypothesis. First Interna-
tional Symposium of Andean Geodynamics:
Collogues et Seminaires: Paris, ORSTOM (In-
stitut Francais de Recherche Scientifique pour
le Développement en Coopération), p. 57-60.

Malvern, L.E., 1969, Introduction to the mechanics
of a continuous medium: Englewood Cliffs,
New Jersey, Prentice-Hall, Inc., 713 p.

Marshak, S., 2004, Sdlients, recesses, arcs, oro-
clines, and syntaxes—A review of ideas con-
cerning the formation of map-view curves in
fold-thrust belts, in McClay, K., ed., Thrust
tectonics and hydrocarbon systems: American
Association of Petroleum Geologists Memoir
82, p. 131-156.

Norabuena, E., Leffler-Griffin, L., Mao, A., Dixon,
T, Stein, S., Sacks, |.S,, Ocola, L., and Ellis,
M., 1998, Space geodetic observations of
Nazca-South America convergence across the
central Andes: Science, v. 279, p. 358-362,
doi: 10.1126/science.279.5349.358.

Pardo-Casas, F, and Molnar, P, 1987, Relative mo-
tion of the Nazca (Farallon) and South Amer-
ican plates since Late Cretaceous time: Tec-
tonics, v. 6, p. 233-248.

Roperch, P, and Carlier, G., 1992, Paleomagnetism
of Mesozoic rocks from the central Andes of
southern Peru; importance of rotations in the
development of the Bolivian orocline: Journal
of Geophysical Research, ser. B, Solid Earth
and Planets, v. 97, p. 17,233-17,249.

Roperch, P, Fornari, M., Herall, G., and Parraguez,
G.V., 2000, Tectonic rotations within the Bo-
livian Altiplano; implications for the geodyn-
amic evolution of the central Andes during the
late Tertiary: Journal of Geophysica Re-
search, ser. B, Solid Earth and Planets, v. 105,
p. 795-820, doi: 10.1029/1999JB900311.

Savage, J.C., 1983, A dislocation model of strain
accumulation and release at a subduction
zone: Journal of Geophysical Research, v. 88,
p. 4984-4996.

Scanlan, PM., and Turner, P, 1992, Structura con-
straints on paleomagnetic rotations south of
the Arica bend, northern Chile: Implications
for the Bolivian orocline: Tectonophysics,
v. 205, p. 141-154, doi: 10.1016/0040-
1951(92)90423-4.

Somoza, R., 1998, Updated Nazca (Farallon)-South
America relative motions during the last 40
My: Implications for mountain building in the
central Andean region: Journal of South
American Earth Sciences, v. 11, p. 211-215,
doi: 10.1016/S0895-9811(98)00012-1.

Somoza, R., Singer, S., and Tomlinson, A., 1999,
Paleomagnetic study of upper Miocene rocks
from northern Chile; implications for the ori-
gin of late Miocene-recent tectonic rotations
in the southern central Andes: Journa of Geo-
physical Research, ser. B, Solid Earth and
Planets, v. 104, p. 22,923-22,936, doi:
10.1029/1999JB900215.

Tichelaar, B.W., and Ruff, L.J., 1991, Seismic cou-
pling along the Chilean subduction zone: Jour-
nal of Geophysical Research, v. 96,
p. 11,997-12,022.

Manuscript received 11 April 2005
Revised manuscript received 19 July 2005
Manuscript accepted 22 July 2005

Printed in USA

GEOLOGY, November 2005



