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Seismic anisotropy and P-wave delays in New Zealand imply widespread de--
formation in the underlying mantle, not slip on a narrow fault zone, which is

characteristic of plate boundaries in oceanic regions. Large magnitudes of

shear-wave splitting and orientations of fast polarization parallel to the Alpine

fault show that pervasive simple shear of the mantle lithosphere has accom-

modated the cumulative strike-slip plate motion. Variations in P-wave residuals

across the Southern Alps rule out underthrusting of one slab of mantle litho-

sphere beneath another but permit continuous deformation of lithosphere

shortened by about 100 kilometers since 6 to 7 million years ago.

In most oceanic regions, plates of lithosphere
move past one another along narrow boundaries
(width <20 km), and a single major fault can
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define transform and convergent boundaries;
active deformation within continental regions,
however, commonly spans dimensions of hun-
dreds to thousands of kilometers. The much
greater creep strength of olivine than of crustal
minerals makes oceanic lithosphere strong in
the depth range where continental lithosphere
appears to be weakest (/). What then is the role
of the mantle lithosphere beneath continents? Is
it cut by faults, or narrow shear zones, that
separate effectively rigid bodies, as if plate
tectonics occurred but was blurred by the easily
deformed overlying crust (2, ‘3); or does the
mantle lithosphere deform continuously over a
wide area, behaving as a continuous medium
(4, 5) (Fig. 1)? New Zealand! offers tests of
these possibilities. Since ~45 million years ago
(Ma), the Pacific and Australian plates have slid
850 (*£100) km past one another, with ~460
km of right-lateral slip on a single major
fault, the Alpine fault, dominating Cenozoic
deformation of New Zealand’s crust (6, 7).
Does the Alpine fault cut through the entire
lithosphere, or does widespread simple shear
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parallel to the fault occur throughout the un-
derlying mantle lithosphere? At ~6 to 7 Ma,
the direction of relative movement between
the Pacific and Australian plates changed
somewhat, resulting in ~100 km of conver-
gence across the South Island of New Zea-
land (8). Has “intracontinental subduction” of
mantle lithosphere occurred (2, 9), or has
mantle lithosphere deformed continuously (4,
5)? We compare magnitudes of relative plate
motion across the Pacific-Australian plate
boundary in New Zealand with estimates of
strain in the underlying mantle from recent
seismological studies to address these ques-
tions (10, 11).

After a period of Mesozoic subduction, Ce-
nozoic deformation began in Late Eocene or
Early Oligocene time, at ~35 to 45 Ma (12)
and has distorted that ancient subduction
boundary. On the North Island, a prominent
magnetic anomaly, the Junction Magnetic
Anomaly (73), follows that subduction zone
through the Dun Mountain ophiolite belt, is
offset by the Alpine fault, and then continues
across the South Island (Fig. 2). The 45-Ma
reconstruction of New Zealand aligns the
straight segments of the Junction Magnetic
Anomaly, implying that simple shear in a zone
~100 to 150 km wide has bent the geologic
belts southeast of the Alpine fault and absorbed
~150 km of right-lateral displacement (7, 14).
Similarly, its curved continuation into the North
Island implies considerable right-lateral shear
of it, perhaps as much as 250 km over a zone
250 to 300 km wide in its northwest-southeast
dimension. Paleomagnetic declinations of Oli-
gocene sediment (~35 Ma) close to the Junc-
tion Magnetic Anomaly indicate essentially no

B Ductile Shear at Depth
below a Strike-slip Fault
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Fig. 1. Cartoons illustrating two extreme views
of deformation of mantle lithosphere for strike-
slip (A and B) and convergent (C and D) relative
movement. Fault zones penetrating both crust
and upper mantle, as for plate tectonics, are
shown on the left [(A) and (C)], and a simple
image of continuous deformation of the mantle
lithosphere is shown on the right [(B) and (D)].
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rotation of the northwestern part of the North
Island with respect to Australia (Fig. 2); ~30°
of clockwise rotation in the central North Is-
land, as might be expected from the curvature
of the Junction Magnetic Anomaly; and almost
80° near Dun Mountain (/5). Thus, of ~850
km of right-lateral displacement between the
Pacific and Australian plates in the New Zea-
land area, ~400 km seem to have been accom-
modated by distributed right-lateral simple
shear of the crust across a zone ~400 km wide
(Fig. 2). Currently, right-lateral slip on the Al-
pine fault accounts for about two-thirds of the
strike-slip component of plate motion as seen at
the surface (16, 17). Such rates imply that
localization of crustal strain on that fault began
before 6 to 7 Ma.

The change in relative motion at 6 to 7 Ma
(8) apparently marked the birth of the Southern
Alps. Accelerated cooling of rock beginning at
~7 Ma (I8) and rapid sedimentation on the
west coast beginning ~5 Ma (19) surely reflect
increased erosion associated with crustal short-
ening and thickening. The initiation of slip on at
least some of the Marlborough strike-slip faults
(20) also presumably resulted from a redistni-
bution of deformation. Although a reverse com-
ponent of slip on the Alpine fault has absorbed
a substantial fraction of the convergence be-
tween the Pacific and Australian plates (21),
both active faulting and current deformation re-
vealed by GPS measurements demonstrate on-
going crustal straining of the entire island (/7).

Finite strain of the mantle reveals itself by
anisotropic seismic wave propagation, demon-
strated most clearly by the splitting of shear
waves into two orthogonally polarized quasi-S
waves (22). A preferred alignment of intrinsi-

Fig. 2. Simplified map of
present geology (white
area in red outline) and a
reconstruction appropri-
ate for 45 Ma (blue area
in red outline). The im-
portant geologic feature
shown here is the belt
of ultramafic rock, the
Maitai terrane, whose
continuation north of
the Alpine fault passes
through Dun Mountain,
of dunite fame (7). This
belt can be traced be-
neath younger sedi-
ment using the Junc-
tion Magnetic Anomaly
of Hatherton (73). Dis-
ruption of this belt by
the Alpine fault implies
~460 km of displace-
ment. The reconstruct-
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cally anisotropic crystals causes anisotropy in
the mantle, where pressure is too high for
cracks to remain open (23). Both observations
(23) and calculations based on simple theory for
large finite strain (24) show the maximum dif-
ference in S-wave speeds when propagation is
parallel to the intermediate principal axis of
strain. Propagation is fastest for waves polar-
ized parallel to the axis of maximum extension
and slowest for waves polarized parallel to the
axis of maximum flattening. Thus, S waves
propagating steeply through an anisotropic lay-
er should be split most where large strike-slip
strain has occurred in that layer. For sufficiently
large strain, the quasi—S wave polarized parallel
to the plane of shear propagates faster than
those perpendicular to it (24).

Shear-wave splitting at most stations on
New Zealand (10, 25) shows that polarizations
of the faster S waves are oriented nearly parallel
to the strike of the Alpine fault, with magni-
tudes of splitting exceeding 1 s at nearly all
stations and reaching 2 s at several (Fig. 3).
Measurements at stations on the Chatham and
Macquarie Islands, ~1000 km from the rest,
show different patterns (inset, Fig. 3), consis-
tent with anisotropy beneath New Zealand be-
ing due to deformation of New Zealand litho-
sphere and not to shear along its base as it
moves over the asthenosphere. Fast polariza-
tions at stations in the southern part of the South
Island, where strike-slip strain should be least,
are oriented up to 30° from the fault. At most
stations across the Southern Alps and northwest
of the Alps and at station WLZA on the North
Island, which include those with the largest
magnitudes of splitting, orientations of fast po-
larizations lie within 10° of the Alpine fault.

35°8

Junction Magnetic

Anomaly \

Taranaki Basin
40°S —

fault zone

‘\@" Alpine fault
45°S
Junction Magnetic
’/ Anomoly

ed position (6, 7) of the

area north of the Alpine fault at ~45 Ma shows Dun mountain to have lain ~850 km southwest of its
present position and not adjacent to the Maitai terrane across the Alpine fault. Presumably, the ultramafic
belt and the Junction Magnetic Anomaly were once aligned across what is now the southwest end of
the Alpine fault. Thus, ~390 km of plate motion must have been absorbed by slip on other, necessarily
minor, faults or by more continuous penetrative strain [figure modified from Sutherland (7)}.

www.sciencemag.org SCIENCE VOL 286 15 OCTOBER 1999

517



518

We assume that anisotropy is concentrated
in the lithosphere. Widespread extension and
thinning in early Cenozoic time (/2), followed
by cooling of the plate, suggest a thickness of
~100 km (26). Flexure of New Zealand litho-
sphere beneath the Taranaki Basin (Fig. 2) sug-
gests a value of ~25 km for the thickness of an
equivalent elastic plate (27), also consistent
with a lithospheric thickness of ~100 km (26).
With a subjacent thermal boundary layer, we
consider thicknesses of 125 and 250 km to
allow for lithospheric thickening since 6 to 7

REPORTS

Ma. Shear-wave splitting of 2 s implies average
fractional differences of dv, /v, ~ 7% and dv, /v,
~ 4% between maximum and minimum shear-
wave speeds for propagation in the vertical
direction through such thicknesses (dv, is the
difference between maximum and minimum
quasi—S wave speeds, and v, is the average
speed).

Two processes can align anisotropic miner-
als: rotation of crystals in a finite strain field and
dynamic recrystallization. Alone, rotation of
randomly oriented olivine crystals, which in-

Fig. 3. Map of New Zea-
land showing seismo-
graph stations, measure-
ments of shear-wave
splitting (70, 25), loca- —¥
tions of lines of seismo- &Y
graphs used to deter- IS ot
mine the crustal struc- =
ture (30) and upper 2
mantle structure (77),
and (hatched area) posi- %
tion of high-speed body

in the mantle in the
depth range of 100 to
120 km (77). Lines
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lated for the known crustal struc-
ture (30) and various mantle struc-
tures: crustal structure only (thin
black line), a symmetric high-
speed body beneath the region of
thickest crust (dark red line), a slab
of lithosphere dipping 45° north-
west (dashed orange line), a slab
of lithosphere dipping 60° north-
west (dashed purple line), and a
slab of lithosphere dipping 60°
southeast (dashed green line). No
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significance should be attached to
the magnitude of residuals; phases
were correlated, instead of measur-
ing first arrivals. Calculated delays
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are matched to observed delays at distances between 0 and 20 km. This earthquake occurred beneath
Honshu, Japan, on 14 February 1996 at 21:26 56.4 GMT; 29.28°N, 140.45°E; depth = 141 km.

cludes internal deformation along their weakest
planes, can create anisotropy as large as dv, /v,
= 4 to 7% with only modest finite extensional
strain of £;, = 1.2 to 1.5 (20 to 50% elonga-
tion) (24), a result confirmed by laboratory
experiments (28). Calculations with a mixture
of 70% olivine and 30% enstatite require at
least&,, = 1.5 fordv /v, = 4%, and g, > 2 for
dv, /v, = 7% (24). With increasing strain, 8v_/v,
approaches a maximum of 10%, with calculat-
ed orientations of fast polarizations parallel to
the axis of maximum extension.

In a zone of width W undergoing simple
shear by displacement 4 of the margins, €,, =
cot 6 (with maximum flattening strain £, = tan
0), where 0 is the angle between the axis of
maximum extension and the shear zone, and tan
26 = 2W/d. Even for 100% extension (g,, = 2),
0 = 27°,and for &,, = L.5, 8 = 34°. If no other
process caused a preferred orientation of the
crystals, extension of &,, =~ 6 would be needed
to rotate fast axes within 10° of the shear zone.
Zhang and Karato (28), however, found in sim-
ple shear of olivine at high temperature
(1300°C) and strain rate (1075 s™'), when
d/W = 1.5 (g,, = 2), enough recrystallization
had occurred that fast axes became nearly par-
allel to the plane of shear. At 1200°C, dynamic
recrystallization was much smaller; but presum-
ably at lower strain rates, dynamic recrystalli-
zation would be important at lower tempera-
tures, if temperatures might be too low in the
shallowest mantle for significant recrystalliza-
tion. Clearly, making accurate inferences of
strain from measurements of shear-wave split-
ting remains impossible, but it appears that
large magnitudes of splitting (3v /v, = 4%)
with the orientations of fast S-wave polariza-
tions nearly parallel to the plane of simple shear
imply shear strain corresponding to d/W > 1.5
and perhaps much larger.

The nearly parallel orientations of fast po-
larization at sites 100 to 150 km southeast of the
Alpine fault and at comparable distances north-
west of its projection into both the northern
South Island and the North Island (Fig. 3) in-
dicate that strain has occurred over a zone at
least as wide as 300 km. Shortening of ~100
km across the island since 6 to 7 Ma suggests
that strike-slip shear strain occurred over a zone
~400 km wide. If the magnitudes of splitting
imply strains corresponding to d/W = 1.5, then
with W = 400 km, d = 600 km, which exceeds
the offset on the Alpine fault and is more than
two-thirds of the 850-km cumulative right-lat-
eral plate motion across New Zealand (6, 7).
Given that d/W = 1.5 is a lower bound, the
shear-wave splitting is consistent with all plate
motion being absorbed in the lithosphere by
distributed strain, and it permits only a small
fraction of that motion to occur by strike-slip
faulting in the mantle.

In this discussion, we have ignored the
strain due to horizontal shortening of the litho-
sphere, in part because that strain is smaller
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than the strike-slip shear and in part because
pure flattening deformation induces smaller an-
isotropy than simple shear (24). Moreover,
some of the largest splitting was measured at
stations DENA and QRZA (Fig. 3) (/0), where
strike slip across the Marlborough faults ab-
sorbs most of the convergent component, and at
WLZA, where subduction of the Pacific plate
accommodates all convergence. Shortening
could also contribute to the magnitude of split-
ting by increasing the thickness of the anisotro-
pic layer, but again the large magnitudes of
splitting at these stations argue against this con-
tribution. Even if the convergent component
enhanced the observed splitting, the conclu-
sions that strain is widespread and that faulting
must absorb at most a small fraction of plate
motion would be unaltered. Only if large an-
isotropy could develop with small strains
(g,, < L.5) throughout the lithosphere and par-
allel to the sense of shear, or by strain through-
out much of the underlying asthenosphere,
could strike slip on a single fault zone account
for more than half of the relative plate motion in
New Zealand.

Shear-wave splitting at stations on the
southeast side of the North Island (25), with fast
polarizations parallel to those elsewhere in New
Zealand (Fig. 3), might seem to require a com-
mon explanation for all anisotropy beneath
New Zealand. Yet, S waves to stations on the
southeast side of the North Island pass through
Pacific lithosphere that has been underthrust
beneath the North Island, not through mantle
lithosphere attached to the deformed crust of
New Zealand. Studies of the region east of the
Tonga-Kermadec arc northeast of New Zealand
using both seismic refraction and surface waves
(29) reveal marked anisotropy within the Pacif-
ic plate, which suggests that the anisotropy in
the lithosphere beneath the eastern North Island
may have formed long before it was subducted.
Moreover, large shear-wave splitting with fast
orientations parallel to adjacent deep-sea trench-
es has been observed at stations above down-
going slabs in other island arcs, though this
pattern is not common to all arcs (22). Thus, the
shear-wave splitting measurements from  the
South Island and western North Island imply that
the 850-km, right-lateral component of plate mo-
tion has been absorbed largely, if not entirely,
by distributed simple shear in the mantle.

P-wave delays recorded by lines of seismo-
graphs across the Southern Alps (/1) differ by
up to 1 s from those expected for propagation
through the laterally varying crustal structure
(30) (Fig. 4) and therefore require marked lat-
eral variation in the upper mantle. Elsewhere
(11, 31) we present tests, using these delays, of
whether one slab of mantle lithosphere under-
thrusts another on a single fault (2, 9) or defor-
mation occurs by pure shear (horizontal short-
ening and thickening) across a zone of finite
width. Because of the relatively thin lithosphere
beneath New Zealand, the small amount of
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convergence, ~ 100 km, should have perturbed
structure only in the outer 200 km of the earth.

At any depth, P-wave speeds will differ most -

where lateral temperature differences are larg-
est and where the background temperature is
near the solidus (32). Thus, we expect the larg-
est anomaly in P-wave speeds to lie at a depth
of ~100 to 120 km.

Stations with maximum P-wave advances
from earthquakes to the northwest lie ~100 km
southeast of the west coast (Fig. 4). The corre-
sponding waves passed through the depth range
of 100 to 120 km beneath the southeast flank of
the Southern Alps (Fig. 3), where crust has
thickened most (30, 33). Lithospheric thicken-
ing by pure shear would produce a high-speed
zone in the upper mantle beneath the thickest
crust. Northwestward underthrusting of a slab
of Pacific mantle lithosphere (9), however,
would place a high-speed zone at a depth of 100
to 120 km beneath the west coast and would
advance P-wave arrivals from earthquakes to
the northwest at stations on the western side of
the island (Figs. 1C and 4). A slab of Australian
lithosphere underthrust southeast (34) would
put the high-speed zone too far to the southeast
to account for the advances (Fig. 4). The P-
wave residuals cannot rule out a slab of litho-
sphere that is sharply bent and plunging beneath
the thickest crust, but such a geometry requires
more strain than continuous deformation
throughout the mantle lithosphere (17). Thus,
both seismic anisotropy, which measures in situ
strain, and P-wave residuals, which constrain
the amount and distribution of lateral heteroge-
neity, suggest that the mantle lithosphere be-
neath continents deforms continuously and not
by localized deformation on one or a small
number of faults.
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