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Abstract

We present a compilation of the seismic properties of the Eltanin Transform Fault (TF) system, compelied by the recent
discovery of the Hollister Ridge and the possibility of a change of plate kinematics pattern in the region. The Hollister Ridge
is & major volcanic system located on the Western flank of the Pacific-Antarctic Ridge (PAR), immediately south of the
Eltanin Fracture Zones {(FZs}, We find or confirm two anomalous characteristies: the occurrence of seven normat faulting
events on the transform segments, expressing extension across the plate boundary in the azimuth N26°W, and more than
90% deficiency in the seismic moment released during strike—slip events on the transforms, as compared to the rate expected
from kinematic models. Other seismic properties are typicai of the seismicity of a fast-spreading mid-ocean ridge {(MOR)
system. In particular, we could not document a single teleseismicaily recorded event on the Hollister Ridge; carthquakes are
confined to marrow TFs with no activity present on the ridge segments. The transform events have regular frequency—mo-
ment statistics, and we could not document any significantly slow sources. These seismic properties generally support
conventional plate tectonics models such as NUVEL-1, and cannot be reconciled with a proposed reotientation of the Pacific
plate 4 Ma ago. © 2000 Elsevier Science B.V. All rights reserved.
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The Hollister Ridge is a large volcanic feature
extending on the western flank of the Pacific—
Antarctic Ridge (PAR). Anomalous bathymetry was
first detected in the area during the 1965 cruise of

1. Introduction and background

The purpose of this paper is to review a number
of seismic properties of the Eltanin Transform Fault

(TF) and adjoining areas {Fig. 1), in the wake of the
1996 discovery of the Hollister Ridge, and of the
ensuing debate about its possible relationship to the
Louisville hotspot (Wessel and Kroenke, 1997;
Vlastelic et al., 1998).
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R /V Eltanin, which identified a sounding of only
260 m bsl at 533.9°S, 140.3°W. Later exploration by
Natland et al. (1995} revealed additional shallow
soundings, which, these authors suggested, made up
a chain of seamounts that they named the Hollister
Ridge. The ridge also has a definite signature in the
geoid, described in detail by Smail (1995). In the
meantime, intense volcanoseismic activity was iden-
tified during 1991-1993 in the form of T phases
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ELTANIN -- Before Relocation
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Fig. 1. Location map of the study area, with published seismicity (before relocation). Fhe principal fracture zones are identified, as are
segments of the PAR. The isobaths are drawn at 500 m intervais between 1900 and 3400 m, from the dataset of Smith and Sandwell (1995),
The shaded area is the “‘Hollister region”” whose seismicity is detailed in Fig. 3 and studied sepasately. The Hollister Ridge is showed
symbolically as the darker trace joining the Tharp FZ and the PAR. Bulletin epicenters shown with various symbols (see text for details). In
addition, the Star of David shows the location of the 1991-1992 acoustic swarm studied by Talandier and Okal €1996). The small map at
upper right replaces the main map (solid rectangle) in the Pacific Basin at large.

recorded at Polynesian seismic stations (Talandier
and Okal, 1996), which led to a comprehensive
shipboard explovation of the region by N/O
I'Atalante in February 1996, As a result, the Hollis-
ter Ridge was mapped as a massive feature extend-
ing 440 km in a N48°W direction from the PAR at
55°S, 138°W to its termination near the Eltanin
Fracture Zone (FZ) system, at 52.3°5, 143.5"W. A
structurally continuous central segment was identi-
fied with a length of 200 km, a base width of 23 km,
and a shallowest sounding at 100 m bsl {Vlastelic et
al., 1998); the scale and height of the structure make
it unique among the basaltic edifices on the floor of
the world’s oceans.

The exact origin of the Hollister Ridge is, at
present, unknown. Wessel and Kroeake (1997) have

specutated that a change in motion of the Pacific
plate over the mantle took place ~ 4 Ma ago, and
thus proposed that the Hollister Ridge constitutes the
most recent track of the Louisville hotspot over the
Pacific plate. However, Viastelic et al. {1998) have
argued that the isotopic signature of basalts dredged
on the Hollister Ridge can be explained neither by
direct tapping of the Louisville reservoir {as defined
from older seamounts in the chain}, nor by a simple
mixing of Louisville hotspot and Pacific—Antarctic
MORB materials. Thus, the fectonic regime respon-
sible for the development and growth of the Hollister
Ridge is unclear.

In addition to the suggestion of Wessel and
Kroenke (1997) of a change of absolute motion of
the Pacific plate, the evolution of spreading along the
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PAR has been the subject of several studies, notably
by Stock and Molnar (1982). More recently, Cande
et al. (1995) gave evidence for a gradual evolution of
the Pacific—Antarctic rotation vector culminating in
an abrupt 8° clockwise change 5.9 Ma ago. In this
general framework, we note that the Eltanin FZ
system constitutes, by far, the largest geographical
offset in the Southern boundary of the Pacific plate,
with the portion of the Pacific plate south of the
Louisville Ridge being peninsular in shape, A legiti-
mate question then arises as to whether that Southern
section remained rigidly attached to the main part of
the plate during the reorientations, or whether some
form of relative motion developed at that time across
a boundary grossly located at the non-TF part of the
Eltanim FZ; this could have led to a pinching of the
lithosphere possibly related to the generation of the
Hollister Ridge. Similarly, in such circumstances, the
Ehanin TE systern may have developed into a diffuse
or “leaky’ boundary, a configuration which, if still
ongoing, may explain its notorious deficiency in
seismic activity, as identified by Stewart and Okal
(1983).

in the general context of any future model for the
origin of the Hollister Ridge, it is important to
re-examine the various aspects of the seismicity of
the entire Hollister—Eltanin region, since one would
generally expect processes, such as the building of a
massive volcanic structure, or the tearing off of a
large portion of the Pacific plate, to translate into
detectable seismological properties, affecting both
the location and the mechanism of local earthquakes.
In the present paper, we review the location of the
earthquakes, their frequency size characteristics, their
focal mechanisms along the TF segments, their source
slowness, and the relation of the total seismic mo-
ment release to that expected from plate kinematic
models. We conclude that the only anomalous char-
acteristics of the region’s seismicity are the defi-
ciency in moment refease along the local TFs and the
presence of a few normal faulting earthquakes; how-
ever, the latter cannot be taken as proof of an
irregular regime of plate kinematics, given the fow
level of moment release involved.

1.1, Previous studies

The seismicity of the Eltanin system was analyzed
by Stewart and Okal (1983), with the goat of quanti-

fying the deficiency in seismic moment release with
respect to the motion expected from plate kinematic
models; these aathors did not atternpt any systematic
relocation of the events. Okal {1984) and later
Wysession et al. (1991) relocated the intraplate seis-
micity of the Pacific Basin; since they focused on
intraplate events, they did not relocate earthquakes
whose bulletin epicenter was less than 2° from a
plate boundary, Finally, as part of their study of the
volcanic swarm at the Hollister site, Talandier and
Okal (1996) compiled the seismicity of a small
region surrcunding the Hollister Ridge.

In parailel, Wolfe et al. (1993) studied the occur-
rence of earthquakes with anomalous focal mecha-
nisms worldwide along the Mid-Gceanic Ridge
(MOR) system, and documented five such events in
the Eitanin region. Later, and following detailed
shipboard geophysical surveying of the Eltanin sys-
tetn, Lonsdale (1994) interpreted small-scale features
of the region’s morphology in the context of the
Pliocene reorientation of Pacific—Antarctic spread-
ing.

2. Seismicity and relocation

The purpose of this section is twofold: First, we
stady the seismicity of the Eltanin and Udintsev
transform systems, fooking for any evidence sugges-
tive of a diffuse, “"leaky’” boundary: such a pattern
could, if present, be indicative of a lack of rigidity in
the plates bordering the transforms. In addition, we
investigate any possible teleseismic activity in the
immediate vicinity of the Hollister Ridge, both on
the Pacific—Antarctic plate boundary, and along the
Hollister structure itself. Ridge segments along the
entire Pacific—Antarctic system, north of 63°S, are
opening at a full rate of 6—10 cm/year, and as such
feature the lack of teleseismic events characteristic
of fast-spreading ridges {Stein and Woods, 1989).
Any earthquake locating on the ridge segmeat be-
tween the Udintsev and Eltanin transform systems
would violate this pattern, and thus indicate an
anomalous tectenic regime. Similarly, it is important
to documment whether any seismicity can be associ-
ated with the intraplate segment of the Hollister
Ridge. The *‘Hollister region’” wiil be defined as the
shaded arca on Fig. 1.
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For practical purposes, we delineate a study area
bounded by latitudes 60°S and 50°S, and longitudes
155°W and 115°W. We refer to Molnar et al. (1975)
and adopt their nomenclature of FZs along the East
Pacific Rise. As shown on Fig. 1, the principal Fis
are, from the north: the Menard FZ (cutting through
the corner of the map at 50°S, 115°W); FZs 4 and 5
{the former the single left-lateral offset); the Eltanin
system, composed of two main FZs, the Heezen and
Tharp FZs, separated at 127°W; FZs 6 and 7, the
former only 70 ki Southwest of the Tharp {the latter
defined by a cluster of seismicity at 56°S, 139°W);
the Udintsev FZ, centered at 57°8, 142°W; and FZ 8,
centered at 60°S, 150°W. Between the Udintsev and
F7Z 8 systems, seismicity, and to a lesser extent the
sparse available bathymetry, define an additional FZ,
centered at 58°S, 147°W, and not part of the nomen-
clature of Molnar et ab. {1975). Following cominon
usage in marine geophysics (e.g., Cande et al., 1995),
we interpolate the nomenclature, and refer o this
feature as “'FZ 7 1 /2. Note finally that Lonsdale
(1994) names TFs 5 and 6 as the “‘Raitt” and
““Hollister”” TFs, respectively.

2.1, Methodology

Cur relocations are based on arrival times listed in
the International Seismological Summary (188) for
1920--1956, its successor, the Bulletin of the Inter-
national Seismological Center (1SC) since 1964, and
the Bulletin du Centre Iniernational de Séismologie
(BCIS) during the lean years of the 1SS (19571 963},
They use the iterative inferactive algorithm described
in detail by Wysession et al. (1991), including its
estimation of uncertainties using a Monte Carlo
method consisting of injecting Gaussian noise into
the dataset, the standard deviation of the noise, oy,
varying from 1 s for modem carthquakes to 10 s in
the 1920s. For events in 1995 for which 18C data are
not vet available, we retrieved phase data from the
National Earthquake Information Center (NEIC) web
site. We note, however, that such datasets are gener-
ally smaller than their ISC counterparts, and that the
resulting relocations may be less precise. For this
reason, we do not telocate small events occurring in
1996 or later. Finatly, it should be borne in mind that

all earthquakes in the study area lack nearby stations,
resulting in large error bars and generally unresolv-
able source depths. Consequently, we constrained all
relocations to a depth of 10 km.

In their previous study, Talandier and Okal (1996}
examined 38 earthquakes {spanning the years 1930-
1993) initially located between 135°W and 140.5°W,
and concluded that no events detected teleseismically
were known, either on the Hollister Ridge itself, or
on the spreading segment between transforms 6 and
7.

Since that study was published, Engdahl et al.
(1998) released their new worldwide catalogue of
relocated hypocenters (hereafter, EHB). Because it is
based on the refined TASPEL-91 travel times (Ken-
nett and Engdahl, 1991} and makes use of all avail-
able seismic arrivals without identifying phases a
priori, this dataset is of superior quality, and should,
in principle, obviate the need for reassessment of
seismicity for the years covered (1964—1995). How-
ever, it suffers from a relatively high magnitude
threshold for completeness (as high as my, =354
the region under study). We therefore proceeded to
compare the epicenters obtained by Talandier and
Okal (1996} with the EHB relocations: for a dataset
of 14 common events, we find an average distance
between epicenters of only 14 km, and a maximum
one of 35 km. This independent check justifies the
use of the relocation procedure, as described by
Wysession et al. (1991), to complement the EHB
catalogue for historical events and for smaller earth-
quakes [alling below their threshold of study.

2.1.1. The seismicity of the Elianin and Udintsev
Systems

The seismicity of the Eltanin, Udintsev and ad-
joining TF systerns, as obtained from catalogue
sources, and before relocation, is shown on Fig. 1.
Except for the EHB epicenters, this figure does not
include events in the shaded Hollister region, which
is studied separately in Section 2.1.2. A description
of the 82 events chosen for relocation is given in
Appendix A. Relocation resuits are shown on Fig. 2
and listed in Table 1, with details available in Ap-
pendix A. It is clear from a comparison of the two
figures that the transverse extent of the seismicity
along the transform segments is considerably less
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ELTANIN -- After Relocation

@ EHB Epleenter, Not Relocated

EHEB Epicenter, Reioccating to TF

< Other, post-1962, not relocated

£ Other, post-1962, Relocating to TF

LI Historical (pre-1963), Relocating to TF
e

-145°

% 4

-150" -145° -140Q°

-140° -135°

7 M5

135"

%W EHB Epicenter, Relocaling as Quther

Uther, post-1962, Relocating as Qutlier

EHB Epicenter, Belocating as Iniraplate

4
‘N
JaN Other, post-1962, Relocating as Intraplate
A

Historical (pre~1963), Relocating as Intraplate
1367 -125° -120° -115°

T s0° 4200 -115°

Fig, 2. Seismicity of the Eltanin area after relocation. See Fig. 1 and text for details,

than the 200 km suggested by Fig. |. The picture
emerging from the relocation of Eltanin seismicity is
that of narrow lines of activity along well-defined TF
segments; no zone of diffuse seismicity is identified,
The only exception to this pattern is the presence of
five *‘outlier’’ earthquakes on supposedly inactive
segments of the Heezen FZ, which will be further
discussed below.

2.1.2. Seismicity of the Hollister region

Fig. 3 similarly presents the seismicity of the
Hollister region, defined as all events with original
bultletin focations between 135°W and 140.5°W. De-
tails of the 28 events targeted for relocation are
given n Appendix A, with Fig. 4 and Table 2
providing the final epicentral data.

The result of this effort is that we fail to docu-
ment any activity detectable from conventional seis-
mic waves {as opposed to the acoustic waves re-
ported by Talandier and Okal, 1996), along either the

Hollister Ridge or the nearby segment of PAR. We
must conclude that whatever tectonic processes may
remain involved in the growth of the Hollister Ridge
take place in a seismically guiet fashion, at least
above the threshold of completeness for teleseismic
detection in this province. The latter is estimated at
no better than m, > 4.7, based on frequency—magni-
tude relations. When considering the Udintsev and
Elianin systems on a larger scale, their seismicity is
arranged along clearly defined transform segments;
no earthquakes could be found on the presumed
ridge segments located between the Udintsev and
Tharp transforms at 135°W, and between the Tharp
and Heezen transforms at 127°W.

2.2. Discussion

In Fig. 5, we show a close-up of the central
section of our study area. This figure clearly docu-
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Table 1

Relocation of Eltanin dataset

Note that all relocations were carried out at a constrained depth of 10 km; NS 15 the number of stations used in the relocation, ¢ the
seginent. Mp,q “‘Pasadena’ magnitude assigned by Gutenberg and Richter (1934) or, subsequently, by the Pasadena Seismological
Observatory; My, magnitude assigned by Matsushire Observatory,

Date Original (bulletin) location Result of relocation
Day Month {I} Year Time Epicenter Depth  Magnitude  Epicenter Time NS o (s)
(GMT) N) °E) (k) *N} °E) (GMT}
Targeted EHB events relocating to TF systems
19 April (110) 1964 3:44:57.1  ~53.74 —12698 IC¢ 4.8 m,, —=54.6% 12910 3445177 12 2.4
27 December (361) 1967 0:27:27.4  —53.56 —13222 2 4.9 —34.04 13238 0:27:262 14 110
30 December (365) 1968 9:12:43.1 —5550  —12030 12 4.8 my, —35.02 12847 912130 19 309
29 January {029) 1972 6:16:59.8  —53565  —12928 10 =5543  —12939 616579 18 2.7
14 July {196) 1980 21:24:109 5726 - 14259 i 4.8 m, —56.80 ~ 14231 2124112 32 279
28 February ((39) 1985 0:15:355  —33355 ~—12962 5 4.7 m,, —5538  —129.52 (%351 16 254
29 July {2113 1992 1:54:572  —5642  —12599 10 53 my, ~54.84 —~129.01 1:54:464 19 180
22 October {295) 1993 18200125 —34408 12077 10 4.5 my, —54.14 - 12078 18260116 10 0.83
1 November (305) 1953 319582 —5696 —14745 6 4.4 my, —~57.04 — 14734 319583 20 .48
5 August (217) 1994 19:41:587  —3472 — 12806 1 5.0 m, —5511 12855 19:41:56% 34 266
25 March (084) 1995 17:21:50.9  —57.23 14741 {5 4.2 m, =572 —14753 17Ind9d 8 150
12 December (346) 1995 22:39:263  —34.27  —12992 ¢ 4.6 my, ~5427 13047 22:3%:268 10 217
Targeted EHE events relocating intraplate
23 November (327) 1985 12:45:74  —59.67 —148.61 7 5.4 m, —359.35 14868 14564 28 L1D
21 December (355} 1987  19:46:26.8 —537.00 -149.67 10 51 my ~356.83 14985 19:46:258 13 130
Targeted EHB events relocating as outliers
16 August (229) 1984 15:31: 08  —55317  —12371 1C 53 my, ~5524  —12374 1531:01 30 085
26 July {207) 1987 2317474 —5514 12444 26 4.7 my, ~54.51 -~ 12487 2%17.439 12 227
10 April {100} 1993 13:31: 25 5427 —12934 3 4.7 my, —54.04 — 12970 133116 11l 096
Modern, non-EHB, events relocating on TT systems
10 Fanuary (010} 1968 13:42:02 ~—5370 ~13430 33 4.8 my, 5347 -134.07 13:42:42 12 194
24 November {328} 1970 12:22:3163 —535.58 — 14449 33 54 my —5589 —i4428 12222163 12 219
10 June {161) 1973 T:16:195  -37.70 142,12 33 52 m, —-5675 —14088 7161150 12 354
5 February (036) 1975 2:34:53.0  —5557  —11901 33 4.8 my, —-34.67 11922 2:34:525 g 1.65
27 November (331} 1982 2:5(:46.1 ~—35.84 —14423 10 54 my, -55.68 —14440 50403 13 123
27 November (331} 1982 3330423 —5357%  —14440 10 51 m, — 5568 - -144.43 330429 9 LIS
9 January {009} 1986 15:49:376  —53571  — 128487 10 52 M, —55.60 —12879 1549385 16 285
21 June (172) 1990 10:28:350  —356.07 ~1284% 10 5.0 m, —5570 —12846 i1(:21:362 9 087
30 January (930) 1993 11:5:29.2 —3334  —1i871 10 53 M, —-5633 11822 115302 5 (.86
6 August (218) 1994 327:155  -5631 —12894  1G 53 M, ~5565 —129.31 3271165 13 130
Modern, non-EHB, event relocating intraplate
G Becember (343) 1999 i1: 8:38.9 —5843 14477 10 4.9 m,, —5836 —144.84 11: 8596 6 0.86
Madern, non-EHB, event relocating as outlier
9 October (282) 1966 12: 0:42.6 —5490  —~12420 33 4.7 m, ~-34.77 12433 12:6:362 9 057
Five specially targeted events defining TF 51 /2
12 November 3163 1965 2:4:18.1 3599 —12129 13 4.5 m,, ~-55.89 —iI1Li9  2eieT 23 227
14 Auguost (227) 1980 5:5:554 —5591 -12146 & 5.0 my, -535.86 —121.61 3:5:537 31 108
09 April (099) 1995 (0:52:15.8  —5593 —12197 19 4.1 my, —5583 122,04 52130 1} 114
08 May (128} 1965 3:33:539.1 5560 —12270 33 4.3 my, ~5546 —123.78 3:53:55.2 8 149
08 September (251) 1995 1:0:9.5 —5588 -~ 12238 0 44 my, - 5570 12257 097 8 120
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Table 1 {continued)

Date Original {bulletin) location Result of relocation
Day Month () Year Tie Epicenter Depth  Magnitude  Epicenter Time NS o (s}
{GMT) {°N) °E) (k) >N} °E} GMT)

Historical events relocating on TF system

16 February (047) 1929 19:23:160 - 5606 —121.00 0 6,25 My, —5332 —121.55 19:23:195 8 380
& January (006) 1930 23:50:0.0 —55.00  —131.00 ¢ 6,00 Mp o —56.42 - 13056 23:.49:59.1 7 644
21 Raly (203} 1932 16:16:3.6 ~5500  —131.60 ¢ -54.41  —13204 1615551 6 2.52
19 Apri (109) 1933 145470 —51.00 11600 © 6.00 My, —5081 —11509 145553 19 342
16 May (136} 1935 200413000 —55.00  ~123.00 ¢ 6.25 My, — 5606 - 12227 20041:32.8 15 3798
13 August {225} 1937 1147380 ~5650  -13000 0 6.00 My —5740  — 12986 11:47:380 10 1.69
20 January (020) 1940 9:58:0.0 —-35.60 13300 0 075 Mpas —54.08 13601 5:58:10.8 10 222
14 February (G4%) 1941 185530  —56.060 ~13300 0 6.50 Mpsy —5399 13210 1855149 11  4.17
13 November (317) 1942 16:43:28.0  ~5500 —129.00 O 6.50 My, - 5491 —129.03 1643345 14 328
1 Aprit (092) 1944 9:22:8.0 —=57.00  —1Z2800 O 6.00 Mpas —3530 -1284s 922125 11 325
3 Sepiember (247) 1944 19:11:290 = S$7.00 ~12200 0 700 Mp,s  —5671 —12212 1911298 17 2.64
22 July 204} 1952 22:50:17.0  -5680 —12230 0 —53626 12192 22:30:202 10 4.6
7 May (127) 1933 17:56:36.0  —56.50  —124.80 0 —57.26 —12510 Tle292 13 177
20 May (140) 1933 745:24.0  —53.20 —134.00 0 7.25 Mpag ~5334 —13392 745356 25 264
15 February {046} 1954 1215360 —58.00 14500 G —5388 14421 12:15:384 5 3
19 February (0503 1934 13:54:26.0 —~35550 - 134.00 G —=5500 13343 [3:54:285 11 149
28 June (179) 1954 A4:57:3G.0  —53880 —l14240 O ~58.63 —142.5% 4537529 14 216
15 October (293) 19356 14:3:34.0 —35.86 ~12246 0 0.50 Mg —5543 12248 1453840 19 297
20 April (1190) 1957 0:48:4.0 -5350 13150 o - 5460 —131.95 648102 14 227
2 May (122) 1957 10:34:140  —35650 —123.00 0 —56.02 12315 10:34:20.1 22 2.8%
24 June (175} 1957 F1:1:30.0 —~5550 —12750 0 =5478  —12735 {1:1:490 g 273
18 August (230) 1957 6:34:160  —57.00 —1423506 O —36.55 —141.27 6:34:11.2 13 275
20 August (232} 1957 4:48:6.0 —56.00  -130.006 0 — 5518 - 126.064 447598 6 215
¢ Ocrober (282) 1957 1:25:350  —5350 313450 0 ~5338 —134.44 25375 6 1.62
7 November (311) 1957 6:21:56.0  —57.50 —143.50 0 —3697 ~14340 621:583 14 37%
26 Fanuary (026) 1958 335:17.0 —5450 —133.00 © ~5423  —13326 335200 12 1.38
18 June (169} 1959 6:50:44.0  —35534  —128.86 G —35334 — 12891 6:50:462 16 2.08
29 November (333) 1959 1917400 —57.00  ~147.50 { —5721 14611 1%:17:385 10 2.04
1% Qcetober (293) 1960 10:30:52.1 ~54.80 12980 17 —-53494 —13048 10:31:532 9 321
17 November (322) 1960 21:22:456 —56.40 —122.60 38 —~56,12 —12222 2122430 14 271
18 Juse {169) 1561 22:13:25.1  —5660 ~14220 33 563 My,;  —5736 —14225 2213293 16 478
2 August {214) 1961 1:17:8.1 —5350 —1390 22 —53.39 —]34.89 1:17:9.0 18 1.94
17 August (229) 1961 5:6:2.7 —5560 ~12550 33 520 Myar —3516 12516 5:5:59.9 g 140
17 May (137} 1962 4:8:18.0 ~535.10 -~ 12880 238 ~5484 —129.05 4:8:16.0 § 131
3 July (184) 1962 18:83:356  —5630 —142.50 28 —~ 5627 —142359 1813348 22 304
3 July (184) 1962 18:22:6.3 —5460 ~13230 23 —5422  ~132.23 182243 17 1.8%
25 September (268) 1962 G:21:146 —5560 —12430 47 —55.63 —12458 02i85 29 214
2 January (002) 1963 15:55:47.8 —353.00 —11790 33 —5290 ~117.87 15:55:453 25 218
16 January (016) 1963 3:14:6.2 -34.00  —133.60 33 ~5387 —1334% 31433 2229
3 April (093} 1963 14:47:556 —5530 —128.10 33 5.8 m, —54.61 —12898 1447529 31 378
21 May {141) 1963 0:58:7.4 —56.00 ~12350 33 4.4 m, —5586 12364 (5828 4 258
10 Asgust (222) 1963 18:7:26.2 —~34.40 —132.80 33 4.7 my, —=34.319 13305 187228 20 1.69
6 September (249) 1963 11:58:38.9  —535.40 12840 33 4.4 my, —5528 -12847 11:58:353 120 121
11 November (315) 1963 732432 ~5600 12640 33 4.6 my, -5556 —127.30 TA372 5 269
28 December (362} 1963 23:55:7.7  —53.00 - 11840 33 50 m, —-52.44 —118.68 2335560 12 121

Historical events relocating as intraplate
5 September {2481 1938 14:42:26.0 -~ 5600 —14700 0 6.00 My, 3403 14791 14:42:337 17 2.39
14 Fuly (195) 1951 6:21:14.0  —352.00 —12800 O —353.05 -126.51 628203 9 1.84

(continued on next page}
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Table 1 (continued)

Date Criginal (bulletin) location Result of relocation

Day Moath (I) Year Time Epicenter Depth  Magnitade  Epicenter _ Time NS o {s)
GMD Ny CE) {lem) N (B (GMT)

Historical event relocating as outlier

3 Fuly (184) 1938 10:23:2.0 —5500 12600 0 —5484 12484  10:23:23 12 418

Historical events which could not be relocated

20 July {2062) 1920 0:21:35.6 -53000 —127.00 0

4 August {216} 1929 2216336 —35500 12400 0

26 Jannary €026} 1952 14:2:54.0 —36.00 - 146.00 0

12 July (194} 1936 16:55:54.0 —S58.00 14300 0

6 February (037) 1961 11:25:38.9  ~3540  —130.60 25

ments the offsets between TF 6 and the Tharp TF at there is some suggestion of an offset to the north,
135°W, and between the Tharp and Heezen THs at defined by the three easternmost EHB events. Conse-
127°W. Also, at the Eastern end of the Heezen TF, quently, we targeted them for relocation, together

Hollister Ridge Area -- Before Relocation
A6 144" 142 1407 1397 -136° 1347 1820 1307

LRI RS

3T 1@t {s0°

146" -144° 4427 40T 138" 136

Fig. 3. Close-up of bulletin seismicity in the Hollister Ridge area. Symbols as in Fig. 1. Note scattered seismicity along PAR segment, and
historical earthquake {open square} on the Hollister Ridge, in the immediate vicinity of the zone of acoustic activity in 1991 (Star of David}.
isobaths after Smith and Sandwell {1995} at 500 m intervals from 900 o 3400 m.
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Hollister Ridge Area -- After Relocation

-146° -144° -142" 148

) 136" ~1347 -132° -130°

-5 ¢ . S T T *51 *

L

ko

-148° -144 -142° ~140°

-138" ~134° -132° ~130°

Fig. 4. Seismicity of Hollister Ridge area after relocation. Symbels as in Fig. 2. Note that the PAR segment and the Hollister Ridge arc now

aseismic.

with two modern, non-EHB earthquakes further
West. These five solutions are listed as a special
section of Table 1. The three EHB earthquakes are
very well constrained, and two of them (12 Novem-
ber 1965 and 14 August 1980) have Monte Carlo
ellipses which confirm a lateral offset of about 30
km to the Northeast, relative to the bulk of Heezen
seismicity. The third event (09 April 1995) is most
probably effset, but remains debatable. We thus
propose that these three EHB earthquakes define a
turther offset in the Ehanin system, aligning on a
60-km-long transform, which we will calfl “TF 3
1/27. To the West, one of the non-EHB events (8
September 1995; 01:00) relocates on the inactive
segment of TF 5 1/2; it could be described as an
outlier eveat, but its Monte Carlo ellipse is too large

for a definitive conclusion. The fifth event (8 May
1965) is poorly constrained, and could belong to the
Heezen cluster to the Southwest.

An important aspect of the identification of TF 3
1/2 is that the four outlier events of 16 August
1984, 26 July 1987, 9 October 1966, and 3 July
1958, all Lie in the immediate vicinity of the prolon-
gation of FZ 5 | /2 outside of its active segment. As
we progress further west, the outlier of 19 April
1993 at 129.5°W could lie on the inactive portion of
the Heezen PZ, or on FZ 5 1 /2.

in the Hollister region, the two outliers of 28
March 1982 and 26 June 1971 also lie on inactive
segmenis of FZs, the former on the Heezen FZ, the
latter on the Tharp FZ, to the north of the TFs active
at the relevant longitudes, the Tharp FZ for the



194 E.A. Okal, A.R. Langenhiorst / Physics of the Earih and Planetary Iiteriors 119 (2000) 185208

Table 2

Relocation of Hollister region dataset

Note that all relocations were carried out at a constramned depth of 10 knu NS is the number of stations used in the relocation, o the
resulting root-mean-squared residual. An event is listed as “‘relocating to the TF system’” if its Monte Carlo ellipse intersects at least one TF
segment.

Date Original {bulletin) location Result of relocation

Day Month (I} Year Time Epicenter Depth  Magnitude  Epicenter Time NS o (s)
GMT} D) (ke Ny OB (GMT)
Targeted EHB events relocating to TF systems
19 September (262} 1965 13:35:39.0  —5437 —13530 10 4.8 m, 5446 —13539 1355377 21 226
23 December (357) 1973 18:31:303  -56.13  —139.05 10 3T M, —56.23  —139.22 18312986 15 252
19 Aprit (109) 1981 [H1G49.8  —5404  —13537 12 51 M, ~ 5431 13602 14:10:50.8 G 274
16 May (1360) 1989 17:22:542  —353630 13909 10 58 M, -5630  -~139.12 17:22:535 3¢ 132
21 Gotaber (294) 1993 T:36:57.2 ~56.32 139061 il 56 M, —5636 — 13885 736565 27 L6T
Targeted EHB event relocating as outlier
28 March (087) 1982 17:6:111 —5331 —13439 10 4.8 m, ~53.08 - 13472 17:6:89 14 194
Modern, non-EHB, events relocating on TF systems
26 May (146} 1967 0:14:30.7 - 5447 —13631 33 4.9 my, —54.45 —13644 214376 16 231
3 May (124) 1968 20:9:24.0 —54.50 —13582 33 4.2 m, -54.67 13571 20:9:236 1 2,68
21 September (264) 1969 20048:9.0 ~5693 —13995 33 4.5 my, —560.51 —140.02 204863 10 39
28 August (240) 1974 23:6:284 —54.68  ~137.07 33 4.6 my, —5397 —13682 236274 12 331
26 May (147) 1984 5:38:26.4 —5406  —13634 19 5.0 my —53.86 - 136,58 5138262 15 137
31 May (151) 1985 2(:16:347  ~5424  —13598 10 4.8 m,, —3449  —135061 20:16:374 9 273
4 Qctober (277) 1995 15:30:3.3 —5580 -14027 10 43m, - 3576 —~14G35 153045 7 058
Modern, non-EHB, coent relocating ay outlicr
26 June (177) 1971 18:12:324  —5336  —137.30 33 3.1 m, —53.11 —13747 1812292 14 (32
Historical events relocating on TF system
2 Angust (214) 1930 16:6:9.6 —58.50  —13300 O —56.46 ~13543 16622 9 250
10 March (070) 1932 5:17:52.0 —5430 —135:10 O —54.63 —13533 5:17:493 13 g7
6 June (157) 1934 3:18:34.0 - 5600 14000 O 625 Mpag ™ 5832 ~ 13895 318342 9 243
23 January (023} 1951 6:52:41.0 —3500 13650 ¢ 688 Mp.e —5529 —13596 6:52:427 22 32
15 April (105) 1959 4:59:14.0 - 5350 —133.00 G —5366 —13532 450447 7 168
9 November (313 1959 4:18:53.0 —=57.00 13600 G —34.43 -~ 13687 4:18:58.1 14 394
22 November (326} 1959 16:26:34.0 —34.00 —13600 0O —54.41  — 13004 1626380 16 225
14 September (257} 1961  18:31:17.8 5640 —13%90 25 -5591 —139.66 1831160 6 202
6 May {126} 1962 3:13:.493 —5430  —13660 23 — 3426 —136.62 313497 13133
6 May {126} 1962 3334706 -5420  — 136350 25 —5440 —13621 333459 g 3352
22 May (142) 1962 4400144 —~553%0 -1383%% 42 - 3698 ~ 14097 4:40:265 il 346
15 September 258) 1963 4:22:33 —5350 —146350 33 4.4 —-56.37 14224 4:22:88 9 327
Historical event with blatant clerical error
11 July (193) 1960 7:33:32.0 —54.60 -140350 0 - 54,16 140.63  7:33:335 12 065
Hhistorical event which could not be relocated
20 July {201) 1954 1:50:48.0 ~58.00 —140460 O

The existence of a number of outlier earthquakes
was pointed out by Lonsdale (1994), who noted that
they occurred systematically to the north of the

former, TF 6 for the latter. It is remarkable than all
seven outliers occur to the north of the active sys-
tems, none to the south.
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17 SEP 1982

27 MAY 1989 10 Q0T 1982

10 APR 1993

17 FEB 1678 268 JUL 1987 16 AUG 1984

i =
-136° -134° -132°

-130"

126° 124 KPS 120"

Fig. 5. Close-up of Fig. 2 in the central portion of the study area. Symbols as in Fig. 2. The Monte Carlo ellipses of the *‘outlier’” events
{shown as inverted triangles) are shown in dark, The three EHB events defining TF 5 1 /2 are shown as bull’s eye symbois at the eastern
extremity of the Heezen system, together with their Monte Carlo ellipses. Also shown are sever CMT solutions: the five normal faulting
events in this area, and the additional two solutions available for outlier evenis.

respective transforms, under a proposed regime of
stress partitioning resulting from the Neogene reori-
entation. A more detailed discussion of this model
will follow the examination of focal solutions,

3, Centroid moment tensor (CMT) solutions

There are 99 CMT sclutions reported for the
period 19771997 by the Harvard CMT project
(Dziewonski et al, 1982 and subsequent quarterly
updates) in the region under study. Of those, 91 have
a strike—slip geometry (i.e., a null axis dipping more
than 45°), and the remaining eight feature normal
faulting. South of the region of interest, the PAR
features an additional 28 sclutions, 26 of which have
strike—slip mechanisms, one a pure vertical dip—slip,
and one a thrust geometry. These results are summa-
rized in Fig. 6; they apdate to 1997 the dataset of
anomalous earthquakes documented by Wolfe ot al.
{1993).

3.1, Anomalous geometries

The 1989 dip—slip event outside our region of
study is located on the nen-transform segment of FZ,

9 1/2, as defined by Cande et al, €1993), on the
eastern arm of the large V-shaped structure inter-
preted by Géli et al. (1997) as the wake of the
spreading reorientation. The southernmost normal
faulting solution (23 November 1985) is the in-
traplate earthquake shown as a triangle in Fig. 2, and
occurring northeast of the active segment of TFS,
The remaining seven normal faulting earthquakes
feature remarkably consistent mechanisms. Six of
them occur on the Heezen, Tharp and Number 6
transforms, the seventh one on the Menard TF. |
should be noted that three solutions (the 1982 and
1985 earthquakes) have very low moments of only
6.2 X 10%, 6.5 X 10™ and 6.7 x 10 dyn cm, be-
low the threshold of completeness of the Harvard
catalogue, generally taken as 10% dyn cm. This
raises the legitimate question of the reliability of
such solutions, in particular given the remoteness of
the epicenters. However, we note first that the CMT
catalogue contains five Ehanin-Udintsev strike—slip
solutions with moments below 10% dyn cm, and
also that the 1989 and 1995 events in Fig. 6 have
both normal faulting selutions and much larger mo-
ments (respectively, 1.5 X 10% and 2.7 X 0% dyn
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NON STRIKE-SLIP CMT SOLUTIONS
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Fig. 6. Non-strike-slip CMT solutions in the smdy area (black beachballs), and further south along the PAR (gray symbolsh The
background seismicity is shown by the individual + sigas {unrelocated, as available from the NEIC catalogue, 1964-1997). The gray box

delineates the study area shown on Figs. 1 and 2.

cm); this argues against the small normal faukting
solutions being possibly the result of a syste-
matic etror of the CMT algorithm for very small
earthquakes. Also, Wolfe et al. (1993) conducted
individual waveform inversions for two events, and
examined first motion polariiies on short-period seis-
mograms from two smaller ones, thus cenfirming
their non-strike—slip character. However, their solu-
tion for the earthquake of 17 February 1978 (M, =
2.3 X 10°* dyn cm) is significantly rotated from the
published CMT; the origin of this discrepancy is
unclear.

We further quantify the similatity of the normal
faulting CMT mechanisms by adding the seven rele-
vant moment tensors, and computing the double-cou-
ple best fitting the sum, shown in the inset of Fig. 6.
The angular distances between that geometry and the
seven individual solutions, as defined by Kagan
(1991), range from 10° to 32°, with the larger dis-

tances applicable to the events with the smallest
moments. This remarkable consistency between the
non-strike~slip mechanisms suggests that they ex-
press the release of a coherent component of stress,
present throughout the region under study. We note
that the tensional axis of the best-fitting mechanism
is sub-horizontal in the azimuth N26°W, and thus
represents extension across the Eltanin system.

This systernatic occurrence of normal faulting
along transform segments of the Menard—Elanin-
Udintsev systems is unigue as demonstrated by a
comparison with other segments of the East Pacific
Rise. Fig. 7 shows all CMT solutions with either
predominant thrust or normal faulting (defined, re-
spectively, as having their 7~ or P-axes steeper than
45°) along the Bast Pacific Rise, north of the region
under study. Apart from clearly intraplate earth-
quakes, these anomalous mechanisms are found ex-
clusively around the FEaster and Juan Fernandez
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EAST PACIFIC RISE
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Fig. 7. Non-strike—slip focal sofutions along the Fast Pacific Rise
system, north of the study area. Background seismicity is shown
in gray, based on the NEIC catalogue for 1964-1997. The large
symbols show all available CMT solutions which are predomi-
nantly normai faulting {circles) or thrust faulting (triangles). Open
symbols are intraplate events; solid ones are located on plate
boundaries.

platelets, at the Galdpagos triple juncticn, and at the
tip of documented propagators, around 6°S and 10°8.
None takes place along regular TF segments. Neither
could we find a comparable pattern of normal fault-
ing seismicity along the trassform segmenis of the
Romanche FZ in the Equatorial Atlantic, which may
be comparable (o the Eltanin system in terms of #s
total offset length: it is noteworthy that Wolfe et al,

(1993) document in that region only a few thrust
earthquakes, and one strike—slip mechanism rotated
from its expected geometry, but no normal faulting
solutions.

Lonsdale (1994) has proposed that both the loca-
tion of the outlier events and the existence of normal
faulting solutions could be ascribed to & pattern of
stress partitioning following a reorientation of ihe
Pacific—Antarctic motion at 5.9 Ma (Cande et al.,
1995). In his model, the direction of spreading is
maintained along the (old) Heezen Transform, and
the spreading component taken up by the outliers in
the mazginal rifts to the north. In order to investigate
this model further, we show in Fig. 5 the five normal
faulting mechanisms in the central part of the Eltanin
system, as well as two strike—slip CMT solutions for
outlier events. Forty-eight more solutions (all left
lateral strike—slip along the trend of the system)} are
available in that area; adding them to Fig. 5 would
only clutter the plot.

We find no consistent correlation between normal
faulting events and outliers: of the three outlier
events with published CMT solutions, only one (16
August 1982) features normal faulting; the other two
(26 July 1987 and 10 April 1993) have regular
strike—slip geometries. Conversely, at least three
normal faulting earthguakes (17 February 1978, 10
October 1982 and 17 September 1982} locate in the
center of the Heezen, Tharp and Number 6 Trans-
forms. We thus conclude thal the populations of
outhier and normal faulting events do not coincide as
would be predicted by the mode} of Lonsdate (1994).
Also, the normal fauliing events on the transforms
are not readily associated with lateral hetero-
geneities, such as a ridge—segment intersection, in
the framework of the models of Engeln et al, (1986)
and Huang et al. (1986).

Rather, the existence of strike—slip outlier events
may suggest a paitern of ongoing evolution of the
transforms in the study area, possibly involving lat-
eral jumps of the short ridge segments connecting
the large TFs (5 1 /2, Heezen, Tharp, 6); e.g., Mol-
nar et al. {1975) discuss some evidence for a west-
ward migration of the Tharp-to-TF 6 segment be-
tween 8 and 3 Ma. If a similar pattern continued o
this day, it could support the concept of two parallel
segments of TFs being active at the same time. Any
such model remains, however, highly speculative
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given the ancillary nature of the outlier events, which
are not expected to contribute significantly to any
budget of the moment release in the area.

3.2. Compensated linear vector dipole (CLVD) com-
ponents

We examine here the guestion of any possible
systematic deviation of Eltanin earthquakes from
pure double-couples, as measured by the ““CLVD"”
parameter:

-, T

T ) (1)

max{ o, — oy ]

max[]crE L|G'3§]

computed from the set of principal values of the
stress release tensor (o > o, > o) published as
part of the Harvard CMT solutions. Non-zero values
of & have been documented for earthquakes involv-
ing volcanic processes {e.g., Bkstrm, 1994).

The average value in our study area, { &, == 0.016,
is not significant given the average absolute value
(lel) =0.10; these resulls are comparable to those
for the entire CMT catalegue of shallow earthquakes
({er = —0.002, but (| £]) = 0.12). The earthquake
with the largest CLVD component (&= 0.32) is the
normal faulting event on the Menard TF (15 May
1987; M, = 2.1 x 10** dyn cm). This value is high,
and would characterize the carthquake as a non-dou-
ble-couple event. It should be kept in mind, how-
ever, that 274 shallow CMT solutions worldwide
have a larger value of &; they are spread around the
plate boundary system and do not readily correlate
with identifiably singular regions. Additionally, while

the 1995 normal faulting earthquake on the Udintsev
TF has a high £ (0.26), the five Heezen and Tharp
normal faulting solutions have negligible CLVDs
(1 £] < 0.10). In other words, the Eltanin-Udintsev
earthquakes do not exhibit any anomalous behavior
of their CLVD components.

4. Moment deficiency

In this section, we use the CMT datmbase to
reassess the seismic budget along the Eltanin FZ, in
what amounts to an update of the calculation of
Stewart and Okal (1983), which consisted of compar-
ing the rate of seismic moment release on the Elfanin
transforims to that expected from plate kinematic
models. These authors, writing before the inception
of the Harvard CMT project, had to interpret magni-
tude measurements in terms of seismic momenis.
Specifically, they used published A, or a variety of
reported magnitudes for historical events, as repre-
sentative of M_; i doing so, they could. at least
conceptually, have run the risk of underestimating
the moment release rate, if the earthquakes had
systematically featured large low-frequency compo-
nents to their sources. The CMT catalogue now
allows direct use of the seismic moment over the 21
years presently availabie.

In Table 3, we compile the total seismic moment
release for all CMT solutions on five TFs of the
study area. We then compare these figures to the
moment release expected from the plate motion
model NUFVEL-1 (DeMets et al,, 1990), using the
following procedure: for each TF of length 1, we

Table 3
Predicted and observed rates of moment release in the study arca
TF Length ! (km) Full Contact area Moment refease rate Percentage ohserved

rate » (cm/year} A {km*} M, (10°° dyn em /yeart

Predicted Observed

Udinisev 325 7.92 3500 8.4 (.63 77
TE6 120 8.27 70 1.9 .47 25
Tharp 520 836 6900 17.4 .97 56
Heezen 350 841 3800 9.7 1.23 13
TE51/2 60 8.45 276G 07 039 6
Whole system 1375 15,240 33.1 336 8.8
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compute the area of contact A between the two walls
as:
2 23 A2

where C==8 km/Ma'/? is the constant characteriz-
ing the thickening of seismogenic lithosphere with
age (Stein, 1978). We then obiain the expected rate
of moment release along the transform as:

. 2 4 L 1/2
M0=;.,WA=—3-;LC([“1)) . (3)

where » is the full spreading rate and =3 X 10"
dyn/cm?, the rigidity of the shallowest part of the
lithosphere,

Our expected valaes of MQ are generally lower
than the estimates of Stewart and Ckal {1983), be-
cause we have refined our geometrical description of
the Eltanin system, principally by separating TF 6;
we also use slightly lower values of the spreading
rate. Nevertheless, the deficiency in actual seismic
moment reiease remains close 10 90% across the
entire study area, with the exception of TF 6, where
it reaches only 75%. Thus, we confirm that the
general conclusion from Stewart and Okal (1983),
namely that the moment reiease observed along the
Eltanin transforms is one order of magnitude below
that expected from kinematic models, is upheld by
the use of a modera, homogeneous database of mo-
ment tensor solutions.

5. Frequency—size statistics

In this section, we investigate the distribution of
Eltanin-Udintsev earthquakes with size, character-
ized through its B-value (Molnar, 1979), which de-
scribes the number & of earthquakes with moment
greater than M, as:

log gV =a ~ Blog, M. (4)

This parameter, introduced by Molnar (1979), is
expected to take the value 2 /3 in the absence of any
factor limiting the growth of source size on a two-di-
mensional fault (Randle, 1989). We are motivated by
the classical observation that 8 expresses the fractal
dimension and the overall shape of the seismogenic
material involved {see PFrohlich and Davis, 1993;

Romanowicz and Rundle, 1993 for a review). In
particular, 5 is expected to take larger values in
materials heavily fractured on a small scale, such as
active volcanic structures, or upon delocalization of
the seismogenic zone over a three-dimensional re-
gion (Ckal and Kirby, 1995).

A regression of the dataset of 91 strike—siip CMT
solutions in the Eltanin-Udintsev area yields B=
1.08; note in Fig. 8 that the dataset is well fit by a
single straight line, but the absence of moments
larger than 5.3 X 10% dyn cm would suggest the
initiation of fault saturation at that threshold, which
in turn would comrespond to a fault depth of 10 km
(Okal and Romanowicz, 1994). When these results
are compared with those from various other TF
systems, we find a tentative inverse correlation be-
tween spreading rates and S-values in the non-
saturated domain, with only the slowest-spreading
transforms exhibiting the expected B8=2/3 (Lan-
genhorst and Okal, 1999). The Elanin~tdintsev
result falls between the faster Northern segment of
the Hast Pacific Rise (8= 1.38) and the slower-
spreading Chile Rise ( 8= 0.88). Similarly, we note
an appareni inverse cotrrelation between the spread-
ing rate and the saturation moment at which the
slope £ mcreases. If we interpret the maximum
CMT moment of 5.3 X 10% dyn cm as the saturation
moment, our study area also falls between the North-
ern EPR (1.6 X 10% dyn cm) and the Chile Rise
(6.3 X 10% dyn cm), but is singular in that the CMT
dataset has no solutions beyond the saturation thresh-
old.

In conclusion, the S-value for the Eltanin-—
Udintsev area is not anomalous among other oceanic
transforms. There remains the puzzling observation
that no earthquake larger than 5.3 X 10% dyn cm has
been recorded over the past 22 years. There is,
however, some suggestion that larger historical events
may have taken place (e.g., 3 September 1944; M, <
=7.0; M, =69 as measured by Stewart and Okal,
1983).

6. Energy—meoment ratios and possible source
slowness

We investigate in this section the ratio £/M|, of
the energy E radiated into an event’s body waves to
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Fig. 8 Top: Frequeacy-moment relationship for 91 sirike-stip CMT solutons in the study area. The + signs are the individual populations
in bins of width 0.1 unit of log,, M. The larger symbols are the cumulative values. The open squares comrespond to the onset of
incompleteness and are not used in the regression. Bottom: Same as top for other geographical areas along the MOR system, In those
instances, and because of a clear break in the relationship upon the onset of saturation, two separale regressions were performed: main
popuiation (squares) and Jarge events (wiangles), The (average) full rates of spreading of the five systems are #lso shown.

its seismic moment My, following the technigue
described in detail by Newman and Okal (1993).
Any earthquake featuring a parameter @ =log , £/
M, significantly less than the expected theoretical
value of —4.90 features a source process preferably
exciting low-frequency spectral components, and thus
corresponding to a slow propagation of the rupture
along the fault plane; in particular, Newman and
Okal showed that the discriminant @ readily identi-
fies the so-called ““tsunami earthquakes’. By anal-
ogy with such cases, we explore the possibility of
source slowness along the Eltanin transforms. Should

it be detected, it might explain at least partially the
moment deficiency by suggesting either a hidden
moment component at periods longer than used in
the Harvard CMT inversion, or the presence of
sedimentary or otherwise mechanically deficient
structures along the fault walls.

Fig. 9 shows energy E as a function of moment
M, for 20 events, which we were able o process
among available CMT solutions for the Eltanin-—
Udintsey region, These are shown as dark symbels,
with the dataset of Newman and Ckal (1998) shown
as background in half-tone. The average value of @
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Fig. 9. Boergy vs. moment diagram for 20 earthquakes in the Eltanin-Udintsev system {dark symbols). The open eircles represent smaller
events, below 107 dyn cm, for which the computation of E may be affected by noise. The two miangles show solutions with normal
faulting mechanisms. The 54 hulf-tones symbols are the dataset of Newman snd Okal (1998), and are given for reference. Among them, the
three bull’s eye symbols identify the three “'tsunami’ earthquakes with strongly deficient values of &= log,, E/M,. Note that the
Eltanin—Udintsev events do not exhibit an anomalous behavior in terms of 6.

in our study area is —4.90, and its lowest value,
—5.59; however, note that the smaller events (MU <
108 dyn cm; shown as open circles) have scattered
vatses of E/M,, such moments are below the
threshold of study by Newman aad Okal (1998). If
those four events are discarded, the average value of
2 is practically unchanged (—4.97), and its lowest
value slightly increased {to —5.41). Finally, the two
events in the dataset with normal faulting mecha-
nisms (solid triangles) do not stand out with singular
values of #.

We conclude that no earthquakes along the
Eltanin—-Udintsev svstem could be found to exhibit
the strong deficiency of 1-1.5 units in & character-
istic of the slower earthquakes in subduction zones
{shown on Fig. 9 as bull’s eye symbols as part of the

background data). A further comparison with sarth-
quakes along both the Romanche FZ in the Atlantic,
and the other transform systems farther South on the
PAR, similarly failed to identify any resolvable dif-
ference in behavior. In this respect, the seismic
moment deficiency along the Eltanin system cannot
be ascribed to the presence of mechanically deficient
material, which would result in anomalousiy slow
velocities of ruptuse along the fault.

7. Plate kinematics models
In this section, we investigate to which extent the

behavior of the Pacific plate in the Eltanin F7 area
could be considered non-rigid. This hypothesis is
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Table 4
Plate kinematic inversions

EA. Okal, AR Langenhorst / Physics of the Earth and Planetary Interiors 119 (2000} 185-208

@y, _cp 15 given by its pole and amplitude w (in degrees per million years). [n the convention used, & positive w means that the second
plate (SP) rotates connterclockwise with tespect to the first plate (PA). oy, (respectively, oy} is the length (in degrees) of the major

{respectively, minor) axis of the 95% confidence ellipse of the pole of . ¢ s the azimuth (in degrees, clockwise from north} of the major

axis. o, is the uncerlainty on the amplitude o

Dataset N v, vy Xis Xis F P (%) @y, gp in 13-plate inversion

°N °B w Oimax Finin é’ )
NUVEL-} 1122 3 1086 261.739 260295 2008 39 —437 - 1605 608 491 264 g 04
XK 099 3 1063 259908 238305 2199 91 - 389 —1570 007 522 251 4 014
XEU 1088 3 1052 259316 237916 1903 &7 —43.1 —162.6 008 568 296 10 015
X5SEU 1080 3 1044 255.317  254.160 1584 8l —432 1640 0.08 563 296 g 015

legitimate in the presence of the massive Hollister
volcanic structure, and also given the existence of
the ““V-shaped’ propagator turther South along the
ridge (GEl et al, 1997), indicating that a more
complex system of plate kinematics has been evolv-
ing for the past few million years {Cande et al,
1995}, and could siilf be influencing the plates’
motion, We conclude that the available data cannot
resolve a lack of rigidity of the Pacific plate.

We address the problem by comparing inversions
of the NUVEL-1 dataset {DeMets et al., 1990) in-
volving different descriptions of the plate system in
that part of the Pacific Basin. Since we wish to test
the possibility of non-rigid behavior along the Eltanin
and adjoining TFs, we consider several versions of
the datasets: XE (*‘Except Eltanin’’), in which we
sappress all data (rates, azimuths of transforms and
slip vectors) along the South Pacific Ridge between
I39°W and 121°W, XEU (“*Except Eltanin and Ud-
intsev’’, with data neutralized between 147°W and
121°W); and X5EU (*‘Except TF 5, Eltanin, Udint-
sev’’, with data suppressed between 117°W and
147°W), as well as the full NUVEL-I dataset. Each
of these datasets is then inverted both in the regular
12-plate NUVEL-1 geometry, and in a hypothetical
13-plate model in which the Southwestern part of the
Pacific plate West of 139°W (SP) is left free to move
independently. Assuming, e.g., that the Eltanmin TF
system is leaking, one would expect a significant
variance reduction when inverting Dataset XE with
the 13-plate model. The i3-plate inversions should
also yield a PA-SP rotation vector {(South Pacific
with respect to Main Pacific), which could be used to
compute a relative motion, and hence a state of

stress, at the boundary of the two piates, in the
vicinity of the Hollister Ridge. Similarly, one could
hope to study the nature {extensional or compres-
sional} of the transverse component of motion across
the Eltanin transform segments, where non-sirike—
slip focal mechanisms are observed (see Section 3).
Table 4 lists the results of all inversion experi-
ments. Following Stein and Gordon (1984), we list
the y? residual parameters for inversions involving
p = 12 and 13 plates, respectively, and interpret them
in terms of the so-called F-parameter:
v
“If“ Xt X 123]
F oo - 5
X f):a %)
where N is the number of data points inverted,
v, = N — 3p is the number of degrees of freedom of
the 13-plate inversion, and »| =3 is the increase in
vy when using the 12-plate model. In turn, the
probability P that the decrease in x? is due o an
inrinsically better model, rather than randomly at-
ributable to the increase in the dimension of the
model space, is given by the Snedecor distribution
{e.g., Snedecor and Cochran, 1980):

P(Fiv ,v,)
v’ vy’ 12 P
= v, ¥, f()f ? (v, + o) : o df.
B(“z""""’z)

(6)
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with Bla,b)=I(a)I(b)/I'(a+ b). For large v,,
it is possible to use the approximation:

P(Flv,,v,) = %[1 +erl(£)]

2 o 2
- — |FY3 ] — —
Or, Sv,

) [EVRNE
2 — +
9y, Ov,

(N

with  §=

{Abramowitz and Stegun, 1972), which makes it
straightforward to assess the significance of F. Table
4 shows that, although the values of P remain high
{up to 91%), they fall short of the threshold of 95%
generally regarded as an absolute minimum for con-
fidence, and we must conclude that the F-tests fail to
assert the 13-plate model as a better fit o the exist-
ing datasets.

In addition, Table 4 shows that the uncertainties
in the relative rotation vector ey, ¢p are of such
magnitude as to invalidate its use for any tectonic
interpretation; e.g., o, > e/, meaning that a 13-plaee
inversion cannot even resolve the sense of rotation of
SP with respect to PA.

We conclude that there is no evidence in the
NUVEL-1 dataset to support any suggestion of either
leakage across the Eltanin system, or non-rigid be-
havior of the Pacific plate.

8, Discussion and conclusion

In summary, we identify or confirm twe anoma-
lous properties in the Eltanin-Udintsev area, First,
the seismic moment release, as compiled from pub-
lished CMT sclutions over the past 21 years, ac-
counts for only 9% of the expected motion between
the Pacific and Antarctic plates. This resuli, obtained
from a homogeneous quantitative CMT database,
upholds the study of Stewart and Okal (1983), which
had to rely on the interpretation of various magni-
tude scales in terms of seismic moment. Second,
normal faulting earthquakes are found to take place
regularly on transform segments. The remarkable
coherence in their mechanisms suggests that they
traly express the release of an ambient tectonic stress

even though they represent only a small fraction of
the seismicity of the TFs, both in number of cvents
(8% of published CMT solutions) and in total mo-
ment release (49%).

The second intriguing observation is the presence
of seven outlier earthquakes on the supposedly inac-
tive segments of the FZs, north of the plate boundary
{we have not documented any on the Antarctic side).
At least three of them feature strike—slip mecha-
nisms, which rules out their interpretation as resulf-
ing from stress partitioning.

On the other hand, most other seismic properties
along the Eiltanin system are typical of a long TF on
a fast-spreading mid-ocean plate boundary. The seis-
micity is confined to well-defined TFs, with no
activity documentaed on the ridge segments linking
them. There is no evidence for delocalization of the
TF seismicity across a transversally broad region,
which would have suggested a feaky transform. We
could not relocate a single conventionally recorded
earthquake on the Hollister Ridge. Eltanin earth-
quakes do not exhibit source siowness, but rather
their energy-to-moment ratios are comparabie (o
worldwide values. Some events do feature non-dou-
ble-couple components, but their occurrence falls
well within worldwide statistics. Frequency-size re-
lations on the TFs of the Eltanin system are within
the trends observed elsewhere on the Mid-Oceanic
system. Finally, we examined the NUVEL-1 dataset,
and could find no kinematic evidence suggesting
non-rigid behavior of the Pacific plate in the vicinity
of the Eltanin system.

Thus, and, to a large extent, this study fails to
document characteristics of the seismicity of the
Hollister and Eltanin areas which could be taken as
direct evidence of either large-scale volcanic pro-
cesses or clearly anomalous plate boundary patteras.
In the case of the Hollister Ridge, the lack of tele-
seismic evidence of volcanic activity is not excep-
tional, given that a number of other submarine volca-
noes in the Pacific (Macdonald, Mehetia, Teahitia)
have remained silent for teleseismic receivers sam-
pling the conventional seismic band, even though
they underwent documented episodes of eruption in
the past few decades (Johnson, 1970; Talandier and
Okal, 1984ab; Talandier et al, 1988). We note,
however, that Loihi regularly features events de-
tected teleseismically.
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Regarding the seismicity of the Eltanin system, it
would be tempting to try to interpret the occurrence
of normal faulting earthquakes in the framework of
the change of absolute motion of the Pacific plate
which Wesse]l and Kroenke (1997) have proposed
occurred at 4 Ma following the collision of the
Ontong-Java Plateau with the Solomon Trench; they
give a present pole location at 25°S and 153°E, and a
rate of 1.19°/Ma. The effect of such a reorganiza-
tion on the other lithospheric plates, and hence on
relative plate motion vectors, is open to speculation,
but one end member would be to assume that the
Antarctic plate’s absolute motion was unaffected.
Fig. 10 shows that this model (**A’") predicts a
velocity of 11.7 cm/year in the N3°W azimuth for
the Pacific plate relative to Antarctica at a reference
point located in the center of the Eltanin system

EA. Okal, AR Langenhorst / Physics of the Earth and Planetary Interiors 119 (2000) 185208

(54°S; 130°W). The azimuth would indeed be in
reasonable agreement with the geometry of the eight
normal faulting events on Fig. 6, whose average
T-axis is in the direction N26°W. It would, however,
be hard to reconcile with the 91 other solutions, all
of them sirike—slip, all but the four on TF 4, left-
lateral. Indeed, the total moment released through
normal faulting in the Eltanin system over the life-
time of the CMT project (2.2 X 10% dyn cm over 21
years) remains incidental when compared with its
strike—slip counterpart (5.6 X 10" dyn cm or 25
times more). Because, as discussed in Section 4, the
latter is an order of magnitude less than predicted,
one could, under Model A, reverse the argument,
and regard the sirike—slip events as incidental to the
plate motion, with most displacements taking place
aseismically along what should be fast-opening (11.7
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Fig. 10. Cartoons illustrating vatious possible plate motions in the Eltanin area. The jagged line is the Pacific—Antarctic plate boundary. On
each plate, the absolute motions of the two plates are shown, as well as the relative motion of the Paciflic plate with respect to Aatarctica
(iabeled “*PA-AN"). All vectors are computed for a point at 54°S; 140°W, in the center of the Eltanin system: however, the absolute
vectors have been displaced in the interior of the plates to reduce clutter. (GG): Plate motions in the absolute model HS2-NUVEL-1 by
Cripp and Gordon {1990). (A): Plate motions combining the present absolute pole for the Pacific plate of Wessel and Kroenke (1997, with
the HS2-NUVEL-1 absolute pole for Antarctica. {B): Plate motions combining the absolute pole of Wessel and Kroenke for the Pacific
plate and the NUVEL-1 PA-AN relative pole. (C): Same as (B), but allowing a small amount of extension across the Eltanin system. See

text for details.
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cin/year) spreading segments. This is, however, to-
tally incompatibie with the dataset of magnetic
anomalies younger than 4 Ma (Chrons 1 and 2) in
the region (e.g., Molnar et al., 1975). Finally, under
Model A, the lone left-offset transform, TF 4, should
be submitted to convergence at more than 10
cm/year, whereas all four available CMT solutions
on TF 4 are right-lateral strike—siip.

The other end member model (“‘B”* on Fig. 10)
would assume that the relative PA-AN motion was
uachanged during the reorientation, which of course
would predict the correct strike—slip solutions. How-
ever, this would require an absolute rotation of
Antarctica at 0.97° /Ma, about a pole at 22°N, 174°E,
which would in turn move Erebus over the mantle at
9.5 cm/year in a north—-south direction {or 380 km
since the reorientation), for which we do not know of
any ficld evidence, not to mention similar difficulties
inside other plates, propagated through closure reja-
tions at other boundary systems. We also tried to
build ar ad hoc kinematic model (**C’"), in which
we define a direction of relative motion between the
two plates PA and SP by combining the slip vector
of the strike—slip events, with the T-axis of the
normal solutions, weighted by the relevant total seis-
mic moment released over the duration of the CMT
catalogue: the result is a PA-AN vector pointing
N110.8°E, only 1.2° away from the mean slip in the
strike—slip events (N109.6°E). In this respect, Model
C is fundamentally undistinguishable from B, and
therefore faces the same unsurmountable problems.

We conciude that, despite the intriguing character
of the normal fanlting events, the composite seismic-
ity of the Eltanin system does not support the idea of
a drastic change of absolute motion of the Pacific
plate having taken place 4 Ma ago, with a new
pattern of plate motions presently in effect, as advo-
cated by Wessel and Kroenke (1997), The stresses
released during the normal faulting events, together
with the deficiency in moment release, would gener-
ally be compatible with extension across the Eltanin
system, which could at best express a developing or
incipient change in plate motions; however, the ma-
jority of the seismic characteristics of the region stil
fits a conventional model such as NUVEL-1. A
satisfactory model for the origin of the two anoma-
lous properties of the Eltanin system, namely its
deficiency in moment release, and the presence of

normal faulting earthquakes, may be sought in an
examination of the state of stress of the two plates on
either side of this exceptionally long transform sys-
tem {Beutel et al., 1999).

Note added in proof: Since this work was com-
pleted and written-up, a further normal faulting event
occurred, on 1 June 1999, on the center of the
Heezen TF (124.0°W; M, = 1.1 X 10** dyn cm).
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Appendix A, Details of relocations
Al Seismicity of the Eltanin transforms system

Al L Events selected

The solid dots on Fig. 1 are the 211 EHB epicen-
ters for the years 19641995 (Fig. 1). They generally
define the transform segments well. However, 17
earthquakes, shown with larger bull’s eye symbols,
are in apparent violation of this trend and were
selected for relocation.

The 55 open circles are additional events listed by
the NEIC bulletins during the period of the EHB
catalogue. They mostly represent smaller earth-
quakes (m, < 5.4} which Engdahl et al. (1998) did
not or could not relocate. Among them, 12 events
(shown as two concentric circles) had bulletin loca-
tions lying ouiside the trends of the TFs, and were
targeted for relocation.

The open squares represent 53 historical earth-
quakes (1920-1963) with bulletin locations in the
study area. All were targeted for relocation.

A. 1.2, Relocation results

Among the 17 EHB epicenters, 12 either relo-
cated to the pearby transform, or had Monte Carlo
ellipses (usually with o5 =1 s) intersecting it (Fig.
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2). These are plotted as bull's eye symbols on Fig. 2.
We confirm two earthquakes, shown as solid dots
inscribed in triangles, as clearly intraplate: the event
of 21 December 1987 (57.00°S, 149.67°W) locates
on FZ 6, but 125 km northwest of its transform
segment, and that on 23 November 1985 (59.67°S,
148.60°W} takes place northeast of FZ 8, again about
125 km from the nearest plate boundary seismicity.
Finally, we define three BHB evenis as “outliers’”:
these earthquakes relocate to the inactive section of a
FZ, and are shown on Fig. 2 as shaded inverted
triangles. The event on 10 April 1993 (m, =4.7)
relocates at 54.04°S, 129.70°W, on the western ex-
tension of the Heezen FZ, in its supposedly inactive
segment, about 65 km north of the Tharp seismicity,
and slightly north of the EHB solution, which consti-
futes the southern limit of the Monte Carlo ellipse.
The quality of this epicenter is excellent (o = 0.96
s), and the ellipse {og =1 s) does not intersect the
cluster of Tharp seismicity to the south. Similarly,
but farther southeast, the two events of 16 August
1984 (jm, = 5.3) and 26 July 1987 (m,, = 4.7) relo-
cate 40 km north of the Heezen active segment,
which is not reached by their error ellipses (even
with o, = 2.0 s). These two shocks cannot be as-
signed to the active TF segment.

Among the 12 modern NEIC events refocated,
only three remain outside the immediate vicinity of
the TF segments: The earthquake of 30 Januwary 1993
(m, = 4.8; M, = 5.3) relocates at 56.33°S, 118.22°W,
on the Heezen FZ, 200 km east of its transform
segment, but is poorly constrained and its Monte
Carlo ellipse intersects TF 3. On the other hand, the
event of 9 December 1990 at 58.36°S, 144.84°W, is
genuinely intraplate, 135 km east of the TF segment
on FZ 6; this shock is shown in Fig. 2 as an open
circle inscribed in a triangle. As for the earthquake
of 9 October 1966, shown in Fig. 2 as an inverted
open triangle, it relocates 60 km north of the active
Heezen segment, in the general area of the 1987
EHRB event described above, and also qualifies as an
“outlier”’.

Among the historical earthquakes, two events weze
previously studied (Wysession et al., 1991) and de-
termined to be intraplate (5 September 1938 and [4
July 1951); they are shown, with their Monte Carlo
ellipses, as open squares inscribed in triangles; five
more (20 July 1920, 4 August 1929, 26 January

1952, 12 July 1956, 6 February 1961) could aot be
reliably relocated. Of the remaining 46, only nine
relocate to epicenters significantly removed from
transform segments; in all cases but one, their Monte
Carlo ellipses (shown on Fig. 2) intersect transforms,
leaving only the event of 3 July 1938 as an ““outlier’’,
sharing its epicenter with the EHB event of 26 July
1987 described above.

A2, Seismiciry of the Hollister region

A.2.1. Events selected

The solid dots are the EHB epicenters for the
period 1964-1995, of which six were targeted for
relocation (bull’s eye symbols): one at the western
end of the Tharp active segment (28 March 1982),
two events located between the Tharp and TF6 clus-
ters (19 September 1965 and 19 April 1981), and the
three events defining TF 7 (23 December 1973, 16
May 1989 and 21 October 1993) (Fig. 3). All eight
additional NEIC events during 1964-1995 were also
targeted (plotted as two concentric circles), as were
all 14 historical events (squares).

A.2.2. Relocation results

Among EHB events, we confirm the location of
the three earthquakes defining TF 7; the combination
of very small Monte Carlo ellipses, and two CMT
strike-slip solutions (16 May 1989; 21 October 1993}
is irrefutable proof of the existence of this small
transform offset; note in particular that the left-lateral
character of these solutions {see Fig. 10 of Talandier
and Okal, 1996) dictates that Transform 7 should
have a right-lateral offset, rather than a left-lateral
one, as suggested by Smail (1995) (Fig. 4).

The two events with EHB locations between the
Tharp transiorm and TF 6 relocate to TF 6. As for
the event of 28 March 1982, we relocate it slightly 1o
the northwest of its EHB epicenter, on the Heezen
FZ; its small Monte Carlo ellipse does not intersect
the Tharp cluster, and the event must be considered
an *‘outlier’””. We show it as a shaded inverted
triangle in Fig. 4.

Among modern NEIC epicenters, four events re-
locate to the TF 6 cluster, and a fifth one (28 August
1974) has a Monte Carlo ellipse which intersects the
cluster. The ellipse for a sixth event {21 September
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1969) reaches the Udintsev transform, and that for
the small event of 4 October 1995 (sm,, = 4.3) reaches
TF 7. As for the last event (26 Jupe 1971; m, = 5.1),
it relocates to the extension of the Tharp system, and
its ellipse { o = 1.5 s) remains 90 km away from the
cluster on TF 6. We show this outlier event as an
inverted open triangle in Fig. 4.

Seven older events relocate inside the Udintsev
and TF 6 closters. Four more have Monte Carlo
ellipses intersecting one of the active TF segments.
The earthquake of 14 September 1961 could be
either on TF 7 or on the Udintsev transform. One
event (20 July 1954, with only three South American
times reported) could not be meaninglully relocated,
and the last older event (11 July 1960), with a
bulletin location on: the Hollister Ridge, at the exact
location of the 199]-1993 volcanic swarms {(54°S,
140.5°W), invoives a flagrant typographic error, since
it relocates south of Australia, at 54.1°S, 140.6°E.
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