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Abstract. The Huon-Finisterre island arc terrane is ac-
tively colliding with the north edge of the Australian conti-
nent. The collision provides a rare opportunity to study con-
tinental accretion while it occurs. We examine the geometry
and kinematics of the collision by comparing earthquake
source parameters to surface fault geometries and plate mo-
tions, and we constrain the forces active in the collision by
comparing topographic loads to gravity anomalies. Waveform
inversion is used to constrain focal mechanisms for 21 shal-
low earthquakes that occurred between 1966 and 1992 (seismic
moment 10!7 to 3 x 102 N m). Twelve earthquakes show
thrust faulting at 22-37 km depth. The largest thrust events are
on the north side of the Huon Peninsula and are consistent with
slip on the Ramu-Markham thrust fault zone, the northeast
dipping thrust fault system that bounds the Huon-Finisterre
terrane. Thus much of the terrane's crust but little of its mantle
is presently being added to the Australian continent. The large
thrust earthquakes also reveal a plausible mechanism for the
uplift of Pleistocene coral terraces on the north side of the
Huon Peninsula. Bouguer gravity anomalies are too negative
to allow simple regional compensation of topography and re-
quire large additional downward forces to depress the lower
plate beneath the Huon Peninsula. With such forces, plate
configurations are found that are consistent with observed
gravity and basin geometry. Other earthquakes give evidence
of deformation above and below the Ramu-Markham thrust
system. Four thrust events, 22-27 km depth directly below the
Ramu-Markham fault outcrop, are too deep to be part of a pla-
nar Ramu-Markham thrust system and may connect to the
north dipping Highlands thrust system farther south. Two
large strike-slip faulting earthquakes and their aftershocks, in
1970 and 1987, show faulting within the upper plate of the
thrust system. The inferred fault planes show slip vectors par-
allel to those on nearby thrust faults, and may represent small
offsets in the overriding plate. These faults, along with small
normal-faulting earthquakes beneath the Huon-Finisterre
ranges and a 25° along-strike rotation of slip vectors, demon-
strate the presence of along-strike extension of the accreting
terrane and along-strike compression of the lower plate.

Copyright 1994 by the American Geophysical Union,

Paper number 93TC02940.
0278-7407/94/93TC-02940%$10.00

Introduction

The Neogene orogenic belt on the island of New Guinea is
the consequence of collision between an island arc and the
northern margin of the Australian continent [Dewey and Bird,
1970; Hamilton, 1979]. Although seismicity catalogs sug-
gest that the orogenic belt is now a diffuse zone of deformation
[e.g., Johnson and Molnar, 1972; Cullen and Pigott, 1989],
many active boundaries are localized rather than diffuse, and
localized motion on major fault zones may be the predominant
mode of deformation. Because New Guinea is one of the few ac-
tive examples of arc-continent collision, the deformation pat-
terns occurring in New Guinea provide evidence for processes
that emplaced older accreted terranes elsewhere.

Although some of Australia-Pacific convergence is accom-
modated by building mountains from the former Australian
margin in the New Guinea Highlands [e.g., Abers and
McCaffrey, 1988], most seismicity and most evidence for
Quaternary uplift is associated with the arc-continent collision
in northern New Guinea, the Huon-Finisterre (HF) collision
[e.g., Chappell, 1974; Cooper and Taylor, 1987]. The aim of
this paper is to elucidate the regional patterns and rates of ac-
tive faulting in the HF collision zone of eastern New Guinea.
Focal mechanisms and depths of earthquakes, gravity, and
other geologic data, are used to study an island arc terrane that
has recently collided with a continent. Our results show that
strike-slip faulting within the arc terrane is significant, sug-
gesting that the island arc terrane is rapidly being dismem-
bered. Thrust-faulting earthquakes thought to indicate terrane
emplacement extend to 30-40 km depths, and show that much
or all of the crust of the former island arc is accreting to the
continent.

Regional Tectonics

The major structures in New Guinea strike E-W to NW-SE
(Figure 1) although in this area the Pacific and Australian
plates are converging at an azimuth of near 70° [DeMets et al.,
1990]. Several subparallel structures partition slip in a wide
zone between major plates. In eastern New Guinea most of the
E-W motion is taken up by transform faulting in the Bismarck
Sea [Taylor, 1979], so the expected convergence direction east
of 145°E is nearly N-S, perpendicular to regional structures.
Onshore structures in eastern New Guinea are predominantly
compressional [e.g., Rogerson et al., 1988] although many
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Figure 1. The Papua New Guinea region. Star symbols denote Quaternary volcanic centers; thick solid lines
show major faults [D'Addario et al., 1976], thin dashed lines show inferred strike-slip faults, and the thick dot-
dashed line shows approximate northern limit of exposed Australian continental basement [Hamilton, 1979].
Fault slip is indicated by arrows and by triangles on the hanging walls of thrust faults (open triangles where
present motion is slow or inactive). Bathymetry, denoted by shading, is contoured at 1000 m, 3000 m, and
7000 m depths. Key: Pa-Au, direction of Pacific-Australia relative motion [DeMets et al., 1990}; HFR, Huon-
Finisterre Ranges; Huon P, Huon Peninsula; NGH, New Guinea Highlands; PUB, Papuan ultramafic belt; and

RMF, Ramu-Markham fault.

structures have been interpreted as the result of left-lateral
shear [e.g., Krause, 1965; Cullen and Pigott, 1989].
Convergence is accommodated in two major north dipping
thrust systems, the Ramu-Markham (RM) fault zone that forms
the southern boundary of the Finisterre-Huon island arc terrane
[e.g., Silver et al., 1991] and the New Guinea Highlands thrust
belt composed of the former passive Australian margin [e.g.,
Jenkins, 1974]. Seismicity in eastern New Guinea is concen-
trated near and north of the terrane-bounding faults [e.g.,
Cooper and Taylor, 1987; Abers and Roecker, 1991]. Hence
most of the convergence takes place there, although some
earthquakes occur in the Highlands thrust belt [Abers and
McCaffrey, 1988].

The main phase of the present arc-continent collision in
New Guinea began in late Miocene time [Dow, 1977], and de-
formation has continued throughout the orogen for at least the
last 3-5 Ma. The northern edge of the Australian craton [e.g.,
Dow, 1977, Hamilton, 1979] underlies a foreland basin, in
southern New Guinea, and extends north at least beneath a
south vergent thrust belt. The thrust belt of deformed continen-
tal margin sediments forms the New Guinea Highlands.
Metamorphic rocks and scattered ophiolites flank the northern

margins of the ranges [e.g., Dow, 1977]. Continental base-
ment rocks are found throughout much of the Highlands and
occasionally farther north, evidence that much of the island is
underlain by continental crust [Rogerson et al., 1988]. The
Ramu-Markham (RM) Valley in eastern New Guinea separates
rocks of continental affinity from the accreting island arc ter-
rane and contains several kilometers of Neogene sediments.

In eastern New Guinea the 2-4 km high Finisterre-Huon (FH)
ranges follow the north coast, an accreting island arc terrane
[Davies et al., 1987; Silver et al., 1991]. The onset of the FH
collision has been dated at ~3-4 Ma, for example by a transi-
tion from quartz- and schist-rich to volcanolithic turbidites in
the collision zone [Abbott and Silver, 1991], although some
workers prefer mid-Miocene dates (H. Davies, personal com-
munication, 1993). The collision is generally younger in the
east than in the west. The active suture, the RM fault zone,
continues east along strike to the New Britain Trench, where
arc-continent collision has not yet occurred. A Wadati-Benioff
zone still exists beneath the HF terrane at 100-250 km depth,
continuous along strike with the New Britain Wadati-Benioff
zone below 125 km depth but not in the upper 100 km [Abers
and Roecker, 1991].
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Waveform Inversion

Method

We use a teleseismic body wave inversion technique
[Ndbélek, 1984] to determine source parameters for 21 shallow
earthquakes in eastern New Guinea (Table 1, Figures 2 and 3).
Solutions for 18 additional events from the Highlands thrust
belt have been discussed previously [Abers and McCaffrey,
1988] as have a number of events in central and western New
Guinea north of the Highlands [Abers, 1989; McCaffrey and
Abers, 1991]. All events in the region were examined with
International Seismological Centre (ISC) catalog depths above
85 km, and results are presented for those with sufficient avail-
able waveforms and with depths less than 75 km from inver-
sion. Hence the earthquakes discussed here are a complete set
of solutions for shallow events (depth < 50-75 km) in the HF
region between 1963 and 1992.

Seismograms were taken from analog (WWSSN) and digital
global networks for stations at epicentral distances of 30°-90°
for long period P waves, or 30°-70° for long-period SH waves.
Digital broadband displacement records were obtained by di-
rectly deconvolving instrument response from records of
broadband channels or by combining the digital long-period
and short-period waveforms [Harvey and Choy, 1982]. The de-
convolutions were stabilized using filters with a passband
from 0.01-0.02 to 1.0 Hz, although occasionally narrower
ranges were used to remove long-period or microseismic noise.
Arrival times were set to the times of observed arrivals on
short-period records, when available.

Table 1. Relocated Epicenters for Earthquakes Studied

Origin Time, Latitude, Longitude, *

Date forC ’S T mb
1966/12/23  1550:21.3 6.88 148.34 6.1
1967/ 9/18  1533:06.6 5.80 146.76 5.6
1970/10/31  1753:08.9 4.96 145.83 6.0
1970/11/12  0607:15.4 5.03 145.21 6.2
1972/ 1718  2155:16.5 4.96 145.00 5.8
1972/ 1/19  1500:51.3 4.56 145.04 59
1980/ 6/25 1848:11.8 6.66 147.15 5.6
1982/ 9/14  1817:06.8 7.30 148.09 5.3
1983/ 3/11 0310:42.7 6.97 14762 5.9
1986/ 2/12a  0901:09.9 6.62 147.49 5.7
1986/ 2/12b  1127:46.1 6.62 147.47 5.5
1987/ 2/7  1157:34.0 5.72 14793 5.5
1987/ 2/ 8  1833:59.1 5.87 147.91 6.1
1987/2/9  1817:31.0 5.94 147.93 5.6
1987/ 2/25 1127:10.7 6.05 147.89 5.7
1987/ 3/16  1549:38.5 6.41 147.78 5.6
1992/ 2/211  1442:28.9 6.24 147.67 5.5
1992/ 2127t 2005:27.2 6.22 147.62 5.8
1992/ 5/151  0705:04.7 6.06 147.59 6.2
1992/ 5/21T  1409:03.1 6.20 147.32 5.6
1992/12/18%  0314:04.9 6.51 147.22 6.0

*Body wave magnitude from International Seismological
Centre catalog for events before 1990 and National Earthquake
Information Center PDE catalog otherwise.

Not relocated; NEIC epicenter used.
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Figure 2. Fault-plane solutions for thrust events in the Huon
region (Table 2). Solutions plotted as lower hemisphere equal-
area projections, with radius proportional to log of seismic
moment, scale lower left. Dots show relocated earthquakes
with depths less than 70 km, from Abers and Roecker [1991].
Events occurring in 1992 were not relocated; instead, NEIC
epicenters were used. Barbed line shows surface trace of Ramu-
Markham fault and its eastward extension, the New Britain
trench. Star symbols show Quaternary volcanos.

The inversion determines the strike and dip of one fault
plane and the rake of the slip vector (using the convention of
Aki and Richards [1980]), the source depth, the seismic mo-
ment My, and the shape of the source time function parameter-
ized by a series of overlapping isosceles triangles (Table 2)
[Ndbélek, 1985). Duration (t9s) is determined from the source-
time function, as the 95% width (+2 standard deviations) about
the centroid. Other details of processing and inversion are dis-
cussed by Ndbélek [1984] and McCaffrey et al. [1991].

A half-space source structure was assumed with P velocity
Vpof 6.5 km 51, § velocity Vgof 3.7 km s! and density p of
2800 kg m3, with a few exceptions. These values are consis-
tent with velocities determined for crust in the HF region
[Abers and Roecker, 1991]. Events 661223, 820914, and
830311 are beneath the Huon Gulf, so the source structure in-
cluded a water layer 3, 4, and 2.5 km deep, respectively, based
on water depths at the epicenter. Although these depths may
be somewhat in error, departures from plane-layered structure
could produce comparable errors. Events 800625, 860212a,
860212b, and 921218 were all near the southern flank of the
HF ranges or beneath the RM Valley. For these events, pro-
nounced "W"-shaped P wave pulses were observed, suggesting
reverberation within a sedimentary layer above the source, so a
5-km-thick top layer representing sediments was included in
the source region structure, with Vp= 4.5 km s}, Vg= 2.6 km

s, and p = 2400 kg m>. This basin thickness and density are
consistent with the gravity observations across the basin
margin, discussed below.
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Figure 3. Fault-plane solutions for events in strike slip se-
quences. (a) 1970 Madang sequence. (b) 1987 Vitiaz Strait se-
quence. Aftershocks within (A) 60 days and (B) 15 days are
shown with 95% formal confidence ellipses, relocated in model
6 of Abers and Roecker [1991]. Symbols same as in Figure 2.
Madang aftershock sequence aligns with the left-lateral fault
plane of the mainshock, 701031, while Vitiaz Strait sequence
aligns with the right-lateral fault plane of the 870208 main-
shock.

Uncertainties

The formal uncertainties determined by least squares inver-
sion (Table 2) are known to drastically underestimate the true
uncertainties [e.g., Ndbélek, 1984]. Several studies have ex-
amined different sources of uncertainties of body wave inver-
sion methods [e.g., Abers and McCaffrey, 1988; McCaffrey,
1988; Stein and Wiens, 1986; Huang et al., 1986] and have
shown the range of uncertainties expected for simple events.
Several tests show that for earthquakes with source durations
less than 10 s and recorded by stations in at least two quadrants
of the focal sphere (i.e., in both Asia and Australia), strike and
rake of mechanisms are generally within 20° for dip-slip
mechanisms and 10° for strike-slip mechanisms, dip to within
10°, depth to within 5 km for dip-slip mechanisms and 10 km
for strike-slip mechanisms. Seismic moment typically has 20-
50% uncertainties. Figure 4 shows that the depth of a moder-
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ate-sized thrust earthquake can be determined to within 5 km.

Nodal plane orientations were generally well constrained
with uncertainties as quoted above. Near-horizontal thrust
planes often have high uncertainties in their strike and rake
(Table 2) because large changes in these parameters cause
small changes in radiation patterns; the conjugate planes and
slip vector orientations are well constrained, as strike and rake
trade off nearly completely. Depths for some of the largest
events were sometimes poorly determined (+10 km) because
the source pulses were long. In the worst cases, the large
strike-slip events (701031, 870208) could be matched at any
depths shallower than 15-20 km depth, although the large dip-
slip events were better constrained.

The Harvard centroid-moment tensor (CMT) catalog [e.g.,
Dziewonski et al., 1981] provides independent results for all
15 events in this study occurring since 1977. The CMT tech-
nique relies on signal at periods longer than 45-60 s, while the
body wave analysis fits signals at shorter periods. The two
methods generally determine double-couple orientations that
are generally within 10°-20° of one another: 75% of the P and
T axes for events in Table 1 are within 20° of the correspond-
ing CMT solution, and 60% are within 15°. The seismic mo-
ments determined by the CMT procedure are on average 30-
40% larger, although there is ~50% scatter; similar discrepan-
cies were found for larger sets of solutions from the region
[Abers, 1989]. There is no indication that the moment dis-
crepancy is largest for the largest earthquakes, as might be ex-
pected if the CMT moments include long-period signal that is
absent in the body wave analysis [Ekstrém, 1989; Zhang and
Lay, 1989]. Hence the source of the moment discrepancy is
unclear. The long-period CMT data are not very sensitive to
depths of shallow earthquakes, so depths were not compared.

Earthquake Relocation

All events in Table 1 are relocated in three-dimensional ve-
locity model 6 of Abers and Roecker [1991], except for the
1992 events which are recorded by few (<5) local stations
(Figures 2 and 3). Arrival times are taken for regional stations
from the ISC catalog and local networks [Abers and Roecker,
1991]). Only stations in the Papua New Guinea region are used
(ray paths shorter than 600 km), because velocities are less
well known for longer ray paths. Depths are fixed at the values
determined by waveform inversion. Aftershocks of the
Madang and Vitiaz Strait aftershock sequences are also relo-
cated (Figure 3). Depths are estimated for the Madang after-
shocks because several nearby stations were installed and
recorded upgoing rays from these events. The Vitiaz Strait se-
quence is >100 km from the nearest station, so depths had to
be fixed (to 15 km).

The relocations produced two significant changes to the
seismicity patterns. First, aftershock epicenters formed well-
delineated zones, and the Vitiaz Strait sequence became 20-
40% shorter than the catalog-based aftershock area of
Dmowska et al. [1991]. Formal confidence ellipses do not
show any tendency toward elongation along the inferred fault
planes (Figure 3), so the aftershock zone lineations do not ob-
viously reflect errors in relocation. Second, all events near the
Huon Peninsula were relocated 15-35 km to the east of their
teleseismic locations. Systematic shifts are also seen in ISC
catalog residuals, which are ~5 s larger (predicted times earlier)
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Table 2. Results From Waveform Inversion

231

Event Depth, Moment, tos*,  Strike, Dip, Rake, Slip Az,
km %10 N m s deg deg deg deg

661223 22.6 *l1.1 4.76 14.38 57 266 4 56 12 93 16 170 x14
670918 33.8 +0.7 0.65 10.29 3.0 267 %6 43 1 75 13 198 £5
701031 8.6 1.1 274.0 168.0 40.1 68 12 83 12 349 14 249 12
701112 22.3 10.6 3.76 +2.40 5.9 306 4 59 1 95 4 206 19
720118 26.6 *0.7 7.71 +1.82 13.1 64 12 76 12 353 x2 246 2
720119 9.6 0.9 4.43 13.26 4.4 345 t6 42 *1 285 14
800625 24.9 0.7 0.14 *0.18 1.6 280 26 21 4 71 £22 209 14
820914 28.0 1.8 1.65 #0.30 9.0 289 51 6 16 121 51 168 7
830311 33.8 1.0 0.19 #0.07 1.6 40 %7 60 x5 41 *6
860212a 29.4 0.6 0.30 +0.22 3.6 248 8 36 13 52 16 202 14
860212b 28.8 *1.0 0.19 0.09 4.7 216 44 16 +6 65 39 152 15
870207 8.7 1.0 1.61 +0.82 3.7 350 1 82 12 175 %2 171 %1
870208 11.0 *1.6 54.0 18.8 20.2 346 2 77 +4 164 *4 170 %3
870209 20.5 04 0.90 +0.11 3.1 332 3 84 13 216 3 328 12
870225 23.0 1.5 0.91 #*.26 2.5 12 3 89 +2 168 2 183 =3
870316 7.3 0.7 1.28 10.14 13.7 80 13 65 3 294 +4
920221 32.0 0.5 0.80 0.01 7.7 254 19 35 2 69 +5 189 %5
920227 25.3 0.5 10.1 #1.0 26.4 248 18 33 12 64 %5 188 14
920515 36.7 £0.7 549 4.0 27.0 242 £5 41 =1 55 *2 195 13
920521 29.1 %0.9 0.92 *0.14 6.7 303 %7 39 1 89 4 214 4
921218 21.8 x0.6 0.99 10.33 4.6 254 20 21 #4 57 x17 198 4

Uncertainties given are twice the formal error from inversion.
*Duration calculated from second moment of source time function, as 95% of the source pulse.
T Azimuth of slip vector from strike of auxiliary plane, where fault plane has been inferred.

for Papua New Guinea stations to the west than for those to the
east. It is unlikely that such a large, systematic residual pat-
tern is attributable to velocity variations along paths to local
stations, because perturbations of 10-20% would be needed for
P,; such large anomalies are not supported by velocity inver-
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sion results [Abers and Roecker, 1991]. Rather, the shifts
probably reflect a systematic bias in teleseismic locations,
perhaps caused by the difference between fast paths to
Australian stations [Simpson et al., 1974] and relatively slow
paths beneath the Bismarck and Solomon seas.

Waveform Inversion Results

Representative results from waveform inversion (Table 2
and Figures 4 and 5) are discussed here. In the appendix, wave-
forms are shown and discussed for the six earthquakes occur-
ring before 1977 when digital data were not available.

Dip-slip events beneath the Huon Peninsula.
Earthquakes with reverse-faulting solutions are found on both
the north and south sides of the Huon Peninsula (Figure 2).

Figure 4. Depth sensitivity of teleseismic waveforms, for
typical thrust event (920221) beneath the Huon Peninsula.
Waveforms plotted for two stations, showing observed P seis-
mograms (thick lines) and calculated seismograms (thin lines)
over a range of depths. Also shown, right, is timescale and
source time function (labelled STF) for each depth.
Displacement seismograms are rescaled to correct for geometri-
cal spreading and seismic moment. Vertical tics on seismo-
grams show time window used for inversion. Note separation of
direct and surface-reflected phases (pP, sP) increase with depth.
Although the source duration shows significant trade-off with
depth, waveforms are not fit well at depths more than 3-5 km
different from depth determined by inversion (asterisk).
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Figure 5. Representative P-wave seismograms for dip-slip earthquakes in Huon region. Four digital stations
are shown (top), ordered by source depth (right). Events are labeled (left) as in Table 2. Other symbols and
scaling same as Figure 4. Note seismograms for normal-faulting event 870316 are flipped to have same polar-

ity as thrust events.

Depth phases produce distinct late pulses for smaller earthquakes (e.g., 920221 and

921218) but cannot be easily distinguished for the largest earthquakes with long source durations (920515 and

920227).

The two largest thrust events 920227 and 920515 have M, >
109 N m. They had half-durations near 12 s (Table 2) and
probably ruptured faults that are ~75 km in length (for simple
bilateral faulting and rupture velocities of ~3 km s!).
Although the uncertainty in interpreting source dimension
from source-time function may be as much as 50%, the ex-
pected fault areas are comparable in size to the area of the Huon
Peninsula. Thus these two events represent movement on a
significant regional fault.

Events on the north side of the Huon Peninsula are 25-37
km deep, compared with 22-27 km depths for events on the
south side of Peninsula, a resolvable difference given uncer-
tainties less than 5 km (Figure 4). Figure S shows P waves
recorded at four stations, for all dip-slip events, ordered by in-
creasing depth (seismograms for normal-faulting event
870316 are flipped so that it appears to have the same polarity
as the thrust events). The depth is constrained by the time dif-
ference between direct (P) and reflected (pP, sP) arrivals on the
P wave train, which appear as distinct pulses for most of these
events (the initial upward pulse is the direct P, while the sec-

ond pulse dominated by an upswing is the combined pP and
sP). These pulses are not separated for event 870316 at 7 km
depth, or for the largest two events which have the longest
source durations. Almost all of the events in Figure 5 have
smaller signals at station NWAO (in southwest Australia) than
elsewhere. NWAQO is closer to a nodal plane than the other sta-
tions, and as a consequence the north dipping plane has a shal-
low dip for nearly all of these events.

Vitiaz Straits Sequence (870207-870225). Event
870208 (Mg= 7.4) was one of the largest recent earthquakes in
eastern New Guinea [King et al., 1987; Dmowska et al., 1991].
It was preceded by one major foreshock (event 870207) and
two large aftershocks (870209 and 870225) (Figure 3b). In
addition, the only known normal faulting earthquakes in the
Huon Peninsula occurred 36 days after the mainshock (870316
and nearby events in the CMT catalog, not shown). Solutions
for the all other events are strike slip. Aftershocks show a N-S
alignment and implicate the right-lateral nodal plane as the
fault plane [Dmowska et al., 1991]. The fault plane solution
for the main shock is similar to the CMT mechanism (~10° dif-
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ference in principal axes), although the moment is half the
CMT moment. Depths for all these events are in the upper 25
km, and waveforms clearly rule out the ISC depth of 62 km for
the main shock or 40 and 47 km for the two aftershocks.
(Arrival times do not constrain depths very well here, proba-
bly because ray paths to regional stations are nearly horizon-
tal for shallow earthquakes except near Lae [Abers and
Roecker, 1991].)

Lae Area Gravity Survey

Data. In conjunction with a micro-earthquake survey
[Kulig et al., 1994], gravity measurements were made in the
Lae area (Figure 6). Measurements were taken with a Lacoste-
Romberg gravity meter, with methods that were repeatable to
0.3-0.7 mGal on successive days. One traverse extends from
the Markham River 30 km to the north, with cross-lines
through the city of Lae and along the Markham Valley (RMF in
Figures 1 and 3). Stations in Lae and in the Markham Valley
were measured at permanent survey markers or along the shore-
line. Station locations and elevations north of Lae were sur-
veyed at 1-km intervals by the Papua New Guinea University of
Technology Surveying Department. Surveying was necessary
to minimize errors in station elevation in mountainous terrain
and provides sufficient vertical control (within 1-3 m) to keep
gravity anomaly uncertainties to less than 1 mGal. All gravity
measurements were corrected to a value of 977,996.7 mGal at
station "LAE-M" of the Australian gravity grid, at the Lae
airstrip [Wellman et al., 1974] and thus are tied to the IGSN-71
reference system. The actual LAE-M marker was paved over,
but sufficient reference marks existed to determine its location
to 1 m.

Measurements (Table 3) are corrected for instrument drift,
adjusted to the tie value and corrected for latitude, elevation,
and terrain using standard methods [Telford et al., 1976]. Dala

6°~ Finisterre
S Range

B a4  Huon |
R Peninsula ]
=1 + —
I A Lae |
A A |
N A |
i Aa Huon Gulf |
7 4 Gravity Stations: |
- O Lae Survey | 1
B A A St . John 67 | -
R A + Other -
" Paguan Peninsyla 20k

147°E 148°
Figure 6. Locations of gravity stations. Lae survey observa-
tions given in Table 3, others from St. John [1967] or other
sources [e.g., Pettifer, 1974].
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are reduced to the GRS 67 formula [e.g., Woollard, 1979], and
Bouguer anomalies are reduced to a density of 2670 kg m™.
Terrain corrections are determined using the Hammer-chart
method [Telford et al., 1976], with elevations estimated in the
field to 50 m, manually from 1:100,000 scale topographic
maps to 9.9 km, and from a hand-digitized 2.5-min grid out to
37 km. Terrain corrections vary from 1.6 to 10.3 mGal and
generally increase with elevation. Uncertainties in these cor-
rections are estimated to be 10-20%, mostly because of occa-
sional extreme and unexpected relief at scales of 50-200 m.
Thus the complete Bouguer anomalies (CBAs) have uncertain-
ties of 1-3 mGal.

Results. The major feature observed, discussed below, is a
steep negative gradient to the northeast from Lae. Gravity
values also increase along strike to the southeast (Table 3),
consistent with high values (+100 to +150 mGal) reported
over the Papuan Ultramafic Belt along the northeast coast of
the Papuan Peninsula [Milsom, 1973]. Additional control in
the Papuan Peninsula is provided by St. John [1967, 1970],
south of the Markham Valley near 146.6°E (Figure 6).
However, the presence of the along-strike gradient makes the
southern measurements difficult to use with the Lae survey
data, and their gravity values (-60 to -100 mGal) are probably
lower than would be found in a continuous transect through
Lae. High Bouguer anomaly values for the Huon Peninsula
(+50 mGal) are shown on gravity maps for the region [e.g.,
Bureau of Mineral Resources, 1979], but only one point mea-
surement could be found that is consistent with this high, from
St. John's [1967] original survey. Likewise, St. John [1967]
reports only three additional CBA values from the Finisterre-
Huon interior, with terrain corrections as large as 80 mGal.
Hence little reliable constraint exists on the gravity field
northeast or east of the Lae survey.

Discussion
Thrust System Beneath the Huon Peninsula

Active Tectonics. The Huon-Finisterre earthquakes are
a consequence of continued overthrusting of the Finisterre vol-
canic arc terrane on the northern margin of Australia. Thrust
mechanisms (Figures 2 and 7a) show both high-angle and low-
angle faulting with slip vectors perpendicular to the RM fault
or its eastern extension, the New Britain trench (Figure 7b).
They provide direct evidence for compression on the RM fault
system [e.g., Davies et al., 1987; Rogerson et al., 1988] and
are inconsistent with the hypothesis that the Ramu-Markham
fault is strike slip (as suggested by Dow [1977], Hamilton
[1979], Cullen and Pigott [1989] and others).

The two largest thrust earthquakes, 920227 and 920515,
have seismic moments of 10’ N m and 5 x 10!9 N m, 25-35
km deep beneath the northern Huon Peninsula. These moments
are comparable to the largest strike-slip events in the region
and are 1-3 orders of magnitude larger than other thrust events
in eastern New Guinea (Table 2) [Abers and McCaffrey, 1988].
Although there is no direct evidence supporting one fault plane
over the other, nearly all reported surface thrust faults dip to
the north or northeast in the region {e.g., Davies et al., 1987,
Rogerson et al., 1988; Abbott and Silver, 1991] and no evi-
dence for a south dipping zone has been found north of the FH
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Table 3. New Gravity Measurements From Lae Area

Free-Air Simple Corrected
Latitude, Longitude, Elevation, Gravity, Anomaly, Bouguer, Bouguer,
Station °S ‘E m mGal mGal mGal mGal
01 6.6763  146.9911 53.0 977969.71 -115.5 -121.5 -119.5
03 6.7356  146.9989 10.2 977996.71 -103.0 -104.1 -102.3
04 6.7182  146.9950 21.2 977986.68 -109.3 -111.6 -110.0
06 6.6435 147.0151 121.2  977958.54 -105.0 -118.6 -115.2
07 6.6372 147.0214 147.5 977954.08 -101.2 -117.7 -114.3
08 6.6284 147.0211 178.3 977945.56 -100.0 -120.0 -116.2
09 6.6198 147.0233 169.6 977944.49 -103.6 -122.6 -117.4
10 6.6133  147.0245 140.6 977948.46 -108.5 -124.2 -116.6
11 6.6728 146.9968 57.5 977969.74 -114.1 -120.5 -118.5
12 6.6074 147.0238 189.1 977936.82 -105.0 -126.2 -119.0
13 6.6037 147.0219 269.9 977920.08 -96.8 -127.0 -121.3
14 6.6596  146.9955 67.6 977964.97 -115.4 -123.0 -120.7
15 6.7431 146.9914 1.5 977998.09 -104.5 -104.6 -102.7
16 6.7395 146.9801 0.7 977994.72 -108.0 -108.1 -106.5
17 6.7401  147.0083 0.3 978001.31 -101.6 -101.6 -99.0
18 6.5966 147.0223 309.9 977909.67 -94.7 -129.4 -123.0
19 6.5881 147.0169 302.6 977908.93 -97.5 -131.4 -125.8
20 6.5831 147.0095 276.7 977910.07 -104.2 -135.2 -129.0
21 6.5777 147.0033 239.1 977913.82 -112.0 -138.8 -131.7
22 6.5677 146.9965 232.5 977911.08 -116.6 -142.6 -134.3
23 6.5603 146.9911 312.1 977896.20 -106.7 -141.7 -133.1
24 6.5517 146.9886 377.6 977878.41 -104.1 -146.4 -136.3
25 6.5447 146.9903 467.1 977860.75 -94.0 -146.4 -136.5
26 6.5411 146.9912 557.8 977841.66 -85.1 -147.6 -137.3
27 6.5729  146.9987 240.6  977911.84 -113.4 -140.3 -132.6
28 6.6100 147.0212 242.5 977927.29 -98.1 -125.3 -119.9
29 6.7108 146.9948 26.5 977984.05 -110.1 -113.1 -111.4
30 6.7243  146.9882 18.5 977989.32 -107.6 -109.7 -108.1
31 6.7076  147.0255 26.6 977992.50 -101.5 -104.5 -102.6
32 6.7275 147.0152 10.8 977995.99 -103.4 -104.6 -102.7
33 6.6604 147.0127 71.5 977970.77 -108.4 -116.5 -114.0
34 6.6436  147.0087 90.1 977962.68 -110.5 -120.5 -117.4
35 6.7395  147.0256 1.5 978004.44 -98.0 -98.2 -94.2
36 6.7126 146.9641 11.9 977980.84 -117.8 -119.2 -117.3
37 6.6777 146.9139 22.7 977971.14 -123.5 -126.0 -123.7
38 6.6600 146.9039 34.1 977967.07 -123.7 -127.5 -125.1
39 6.7179 147.0073 17.0 977989.45 -107.8 -109.7 -108.0
40 6.8503  146.9448 1.5 978027.75 -77.1 -77.2 -74.2
41 6.7070  147.0887 0.5 978011.78 -90.3 -90.4 -86.2
42 6.6013 146.8748 46.1 977955.39 -130.4 -135.6 -132.4
43 6.5870 146.8453 36.1 977960.13 -128.5 -132.5 -129.7
44 6.5967 146.8093 27.7 977975.87 -115.5 -118.6 -116.5
45 6.5964 146.7828 36.1 977968.41 -120.4 -124.4 -122.6
46 6.5643  146.7425 69.5 977942.14 -135.7 -143.5 -141.4

terrane. Thus it is more likely that these earthquakes represent
slip on northeast dipping faults (e.g., Figure 7a).

The north Huon events (>50 km from the RM fault) and the
south Huon events (<50 km from the fault) do not lie on a sin-
gle fault plane that reaches the surface at the RM fault zone.
The two groups of events are at similar depths, but the south
Huon events are almost directly below the RM fault system;
they are too deep and the dips of their north dipping nodal
planes are too small to be directly related to faults in the
Markham Valley. Thus although the north Huon events can
represent slip on a down dip extension of the Ramu-Markham

fault, the south Huon earthquakes do not. One possibility
(Figure 8) is that the south Huon events show slip on a down
dip extension of the Highlands thrust belt to the south.
Microseismicity [Kulig et al., 1994] shows that vertically
dipping faults are active above the south Huon events and ter-
minate to the south at the Markham Valley. Their southern
limit is evidence that some major structure reaches the surface
near the Markham Valley, but the geometry of such a structure
and its relation to the south Huon events is unclear.

Possible mechanism of terrace uplift. The north
Huon earthquakes lie directly below a large sequence of uplifted
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Figure 7. (a) Cross section showing large earthquakes and topography over Huon peninsula. R-M Fault is
the surface trace of the Ramu-Markham fault. Horizontal scale, in kilometers, gives distance X north from
thrust front. For thrust earthquakes, north dipping nodal plane is projected onto section and plotted as short
line segment. North Huon events, X = 60-90 km, are consistent with thrust faulting on the R-M fault, while
south Huon earthquakes, X = 5-25 km, project to the surface farther south. (b) Slip vector azimuths for thrust
earthquakes. Triangles show thrust earthquakes from this study and Abers and McCaffrey [1988], lines without
symbols show slip vector azimuths taken from CMT catalog for New Britain trench subduction earthquakes or
Ramu-Markham thrust earthquakes. The thick solid line (RMF) shows surface trace of Ramu-Markham fault and

New Britain trench.

Pleistocene coral terraces along the north and east coasts of
the Huon Peninsula [Chappell, 1974]. Slip on the faults that
generated the north Huon earthquakes may be responsible for
the terrace uplift, since the terraces are almost directly over the
earthquakes and the earthquakes show substantial vertical dis-
placement. The terraces have been uplifting at a rate of 1-3
mm yr! for the last ~10° yr. By comparison, the summed
seismic moment of the 1992 north Huon earthquakes is ~6 X

1019 N m. If the seismic moment is uniformly distributed over
a fault 75 km by 25 km in area, then the total slip is ~1.1 m
(following Brune [1968]). On a fault dipping 35°, the corre-
sponding crustal thickening is 0.6 m, and an earthquake as
large as the 1992 events every 200-600 years is sufficient to
produce the observed uplift. However, some form of isostatic
compensation is expected to occur at these timescales. For
Airy compensation and typical crustal densities, the surface
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Figure 8. Cartoon cross section showing inferred geometry of Huon-Néw Guinea collision. RMV denotes
Ramu-Markham valley, and solid circles indicate inferred locations of cross faults from Figure 3b (Vitiaz Strait
sequence) and from Kulig et al. [1994] (Lae microearthquake survey). Deep slab geometry is inferred from
seismicity [Abers and Roecker, 1991). Large shaded arrows show observed sense of vertical motions, uplift of
terraces on the north Huon Peninsula [Chappell, 1974], of markers along the Ramu-Markham fault [Crook,
1986; Silver et al., 1991], and subsidence of drowned coral reefs near the north coast of the Papuan Peninsula
[von der Borch, 1972; Silver et al., 1992]. The north Huon earthquakes are 75-100 km north of the south ex-
tent of intermediate-depth seismicity, suggesting that Australia has overridden the slab by at least this much.

uplift is likely to be 6-7 times smaller than the crustal thicken- of similar sized earthquakes could produce the terraces, al-
ing (regional compensation may give different values but though the actual recurrence times are clearly speculative.

would still act to reduce uplift). Thus earthquakes similar to the Compilations of large, pre-1970 earthquakes [Everingham,
1992 north Huon events would have to occur every 30-100 1974] show three candidates for previous Huon Peninsula
years to raise the terraces. Hence reasonable recurrence times events: October 2, 1906, February 3, 1907, and May 12,

Figure 9. Observed gravity and calculations. Cross section is parallel to A-B on Figure 7. (a) topographic b
load, from a hand-digitized 2.5-min grid for X > -75 km and global digital topography models farther south. (b)
Shape of root predicted by elastic plates. Thin lines for continuous plates and a range of flexural rigidity (D)
values, shown. Any plate with D > 1022 N m predicts a south dipping root beneath the Ramu-Markham valley,
opposite to what is inferred from gravity. "Broken” is root for loaded, broken-plate solution in Figure 9d, with
D =4x 1022 N m. (c) Bouguer anomalies, showing gravity observed (symbols) and calculated for continuous
elastic plate (lines). "Airy" is result for D = 0. Data symbols are the same as Figure 6; all values include terrain
corrections. Calculations assume a 30 km depth to moho corresponding to zero deflection, and densities (p)
appear as shown in Figure 9e. Flexure is calculated by applying appropriate filter to topography in the Fourier
transform domain, and gravity is calculated by a polygon method from digitized flexural root [Talwani et al.,
1959]. Constant long-wavelength field of 25 mGal is added to all calculated values [Abers and Lyon-Caen,
1990]. (d) Gravity fits for three broken, loaded plate models which match the Lae survey data. Elastic plate de-
flections calculated for line force (F) and bending moment (M) applied at plate end at X = 70 km, illustrated in
9e. Values listed for D, F, M, and Z;,,;,. the maximum predicted basin depth. Flexure is calculated similar to
Figure 9¢, with added homogeneous solution for M, F boundary conditions at X = 70 km and finite deflection as
X approaches -co. Negative load of low-density basin sediments (pp) is iteratively added to topographic load,
with a basin shape paralleling calculated deflection as shown; anomaly of basin is included in calculated grav-
ity. Lyon-Caen and Molnar [1983] give further details. (e) Geometry and sign conventions used in broken
plate calculations.
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1938. These are the only shallow events with magnitude
greater than 7.0 within 150 km of 920515. Because of uncer-
tainties in location, depth, and focal mechanism, we cannot
say whether or not these events were similar to the 1992 se-
quence (for example, they may have been similar to the 1987
strike-slip sequence). Still, 2-4 such events per century could
maintain the observed terrace uplift rates.

In most subduction zones, thrust earthquakes imply a large
component of vertical thickening associated with each earth-
quake, but because additional forces are active (e.g., slab pull)
there is often no long-term uplift. Some differences are needed
to explain the presence of the Huon terraces and the absence of
similar terraces at most other subduction zones. One possibil-
ity is that continental convergence is more likely to produce
crustal thickening than oceanic plates, because continental
crust is difficult to subduct [e.g., Molnar and Gray, 1979].
Buoyant continents would thicken, while dense oceans would
more likely sink into the mantle. Terrace uplift may be evi-
dence that shortening is accommodated by crustal thickening
of the Australian continental crust more than by subduction.

Depths of terrane-bounding faults. The north Huon
events represent significant slip over a large fault zone (tens
of kilometers wide). These events may delineate the fault sur-
face upon which the HF terrane is being emplaced and could
represent the same thrust system that reaches the surface in the
RM Valley {Silver et al., 1991]. The events are 25-40 km deep,
and most are near 30 km deep. This suggests that the collision
involves the entire crust of the old arc but little of its underly-
ing mantle. The depths are much deeper than detachments ob-
served in other arc-continent collisions in the geological
record, such as in Alaska or in the southern Appalachians,
where terranes seem to be only 10-15 km thick [e.g., Cook et
al., 1979; Plafker et al., 1989]. However, the mountains pro-
duced by those thrust systems have been largely removed by
erosion. The depth of the inactive faults has been much reduced
by eroding the overlying mountains, and by the consequent
isostatic rebound. If the HF ranges were eroded to sea level,
then the faults now producing the earthquakes would be ele-
vated by isostasy a substantial distance toward the surface, and
simple calculations suggest that 10-15 km of exhumation is
not unreasonable. Hence it is possible that the HF earthquakes
represent common depths of active terrane-bounding thrust
faults.

Gravity, Isostasy, and Plate Flexure

Above a compensation depth, the New Guinea collision
zone is expected to isostatically balance the adjacent
Australian craton which has elevations near sea level [Abers
and Lyon-Caen, 1990], so (neglecting major mantle density
changes) the New Guinea topography above sea level is an ex-
cess load that is somehow compensated. However, calcula-
tions show that local isostatic compensation does not produce
the steep gravity gradient and large negative Bouguer anoma-
lies observed near Lae (Figure 9). Regional compensation
mechanisms which support regional topography by an unbro-
ken elastic plate also matches the observed gravity poorly,
and for reasonable flexural rigidities (D > 1022 N m) a gradient
of opposite sign is predicted (Figure 9c). The Papuan
Peninsula/New Guinea Highlands topography contains more
volume than the HF range topography, so continuous elastic
plates produce a south dipping moho beneath the Markham
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Valley. A southward gradient is not observed, so forces other
than the weight of topography are necessary to produce the
observed gravity signal.

Collisional geometry is better explained as a broken elas-
tic plate underlying the topography [e.g., Lyon-Caen and
Molnar, 1983)]. Added loads are accounted for by applying an
additional line force (F) and bending moment (M) to the end of
the plate (Figures 9d and 9e), and by including a low-density
RM basin overlying the flexed plate (Figure 9¢). For broken
plates, a variety of flexural rigidities (D), applied moments
(M), and line forces (F) are consistent with gravity observa-
tions (Figure 9d). Either M or F must be positive to produce
the observed gravity gradient (Figure 9e shows sign conven-
tions), and imply an additional downward load of some form.
Plates with D < 102! N m have flexural wavelengths that are
too small to produce the observed gravity low, and plates with
D >5x% 1023 N m do not produce a northward dip beneath the
Markham Valley.

In all cases where the gravity "step” between -5 and 5 km is
matched, the predicted deflection change across the basin
(Zypasin) is 2-4 km. Thus consistent loads or moments can pro-
duce a basin 2-4 km deep. The along-strike gradient is not ac-
counted for in modeling points south and north of the basin
together, and when a gradient is included, Z,;, may reach 6
km and still match gravity (not shown). A basin depth of 5 km
is consistent with the shape of teleseismic waveforms for
nearby earthquakes, discussed above.

The values of M and F suggest several candidate mecha-
nisms for generating the excess load, such as pull from a sub-
ducted slab or from obducted mantle slivers. A slab 200 km
long and 50 km wide is consistent with seismicity (Figure 8),
and if 50 kg m™3 denser than the surrounding mantle would cor-
respond to a force per unit length of 5 x 10!2N m'l. A 100-km
moment arm to its center of mass would produce a moment per
unit length of 5 x 1017 N. Alternatively, the HF fault zone
may thrust dense mantle rocks over crustal rocks and generate a
load. A triangular mantle wedge 50 km long and 25 km thick,
that is 500 kg m3 denser than the crust, would have a sufficient
weight (per along-strike length) of 3 x 1012 N m'!, Whatever
the cause, additional loads comparable to the topographic
loads are needed to produce the observed gravity values and
gradients.

Strike-Slip and Normal Faulting

Two significant strike-slip event sequences are observed
(Figure 3). Both are less than 25 km deep, shallower than
most thrust earthquakes, are confined to the northeast side of
the RM fault zone, and are southwest of active volcanoes off-
shore. Related deformation is also indicated by the 1985
Bialla earthquake and aftershocks, which show left-slip fault-
ing on an E-W striking fault in central New Britain [Mori et
al., 1987]. Relocated aftershocks for the two events (Figure 3)
are elongated along one of the fault planes, along the left-lat-
eral plane for the 1970 sequence and along the right-lateral
plane for the 1987 sequence. The probable fault planes then
intersect the RM fault at a high angle, unlike strike-slip events
in the New Guinea Highlands [Abers and McCaffrey, 1988] or
strike-slip faults in other island arcs [e.g., Fitch, 1972] which
are parallel to major thrust systems.

The large strike-slip events have slip vectors that represent
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Figure 10. Possible relationship between strike-slip faulting
on the north side of the Ramu-Markham fault and the eastern
limit of continent collision. Strike-slip faults may accommo-
date small amounts of adjustment and rotation of upper plate, in
the region of continental collision where resistance to subduc-
tion is high. Slip vector changes require some combination of
along-strike extension of the upper plate and along-strike con-
vergence of the lower plate, at combined rates roughly half of
subduction velocity at New Britain trench.

displacement in the same direction as the associated thrust
fault system (Figures 2, 3 and 7b). Hence the strike-slip events
do not represent slip partitioning. Possibly, they represent
transfer structures or tear faults (fault zones that transfer slip
between different thrust surfaces). However, the Vitiaz Strait
earthquakes are above the Huon thrust system (Figure 7a), so
are internal to the HF block rather than on its boundary. More
likely, these events represent small tears within the overriding
plate allowing New Britain to move south relative to the Huon
Peninsula and allowing the HF block to deform (Figure 10).
Both strike-slip sequences include normal-faulting after-
shocks. The normal-faulting earthquakes have shallow depths
(<10 km) and are located near the crests of the accreting ranges
(e.g., Figures 3 and 7). Several normal faults and tilted fault
blocks have been mapped in the northern Huon Peninsula
[Robinson, 1974], and potential normal faults have been iden-
tified farther west (L.D. Abbott, Structure of the Finisterre arc-
continent collision zone of northern Papua New Guinea, sub-
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Figure 11. Slip vector azimuth versus longitude for thrust

earthquakes, from Figure 7b. Solid line shows slip azimuth pre-
dicted for a single pole, calculated along a line 50 km north of
the thrust front. HF region vectors, west of 148°E, show a >25°
more easterly azimuth than New Britain vectors. The discrep-
ancy cannot be explained as rotation about a single pole.
Triangles show slip vectors within the Highlands [Abers and
McCaffrey, 1988] and were not used in fit.
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mitted to Tectonics, herinafter referred to as Abbott, submitted
manuscript, 1993). Possibly, the normal faulting is caused by
flexing of the arc terrane as it folds over the crustal-scale thrust
ramp. Alternatively, the topography at the range crest may
generate excess vertical load that locally exceeds horizontal
stresses, in the manner suggested by Dalmayrac and Molnar
[1981]. The geometry of deformation here is complex, and ad-
ditional information is needed to determine the extent of these
faults and their relationship to topography.

Earthquakes near Madang (Figure 3a) and near Lae [Kulig et
al., 1994] suggest that the HF block is broken up by many
strike-slip faults. One additional range-perpendicular fault
with left-lateral motion has been found from field mapping
(Abbott, submitted manuscript, 1993) and others seem likely.
Numerous strike-slip faults would produce rotations within the
Huon Peninsula as it docks (Figure 10). Left-lateral faulting is
consistent with clockwise paleomagnetic rotation, which is
observed for the Huon Peninsula in the last 4-5 Ma [Falvey and
Prichard, 1982]. The overall pattern suggests that convergence
in the Lae region is impeded (Figure 10). Such deformation is
expected if the continental collision with Australia is more re-
sistant to compression than is oceanic subduction at the New

Trobriand
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Calculated at
6.5°S, 148°E

Pacific

NBT Slip-vectors

South Bismarck
Plate/ New Britain

Figure 12. Relative velocities of plates and blocks in the
Huon region. Figure 1 shows locations of blocks and bounding
structures. Solid circles and thick lines show velocities con-
strained by magnetic lineations, as labeled. Scale shown in
lower left. Diamonds denote velocities constrained only by
slip vector azimuths. Key: HFR, Huon-Finisterre Ranges; NBT,
New Britain Trench; RMF, Ramu-Markham fault; and NGH, New
Guinea Highlands. Velocities calculated from Euler poles for
Pacific-Australia motion [DeMets et al., 1990], Pacific-South
Bismarck motion [Taylor, 1979], and Woodlark basin exten-
sion. Woodlark Euler pole is estimated to be 14°S, 136°E, at
1.75 °/Ma, from velocities of Weissel et al. [1982, Figure 8]
and the 10% reduction in spreading rate from 155°E to 153°E.
Slip vector azimuths, from Figure 11, give Solomon Sea and
NGH velocity azimuths relative to South Bismarck/New Britain
plate. The slip discrepancy (Figure 11) is partitioned into ~10
mm yr'! Huon region along-strike extension and the rest as de-
formation south of the RM Fault; smaller extension rates would
give higher NGH-Australia discrepancies. Motion between the
Caroline plate [Weissel and Anderson, 1978] was ignored be-
cause it is probably small and because it degrades further the in-
ternal matches.
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Britain Trench, because continental crust is buoyant and re-
sists subduction. Deformation in the continental collision
will be distributed rather than localized as at the New Britain
trench, and will result in some migration of the trench relative
to the RM fault zone.

Slip vector discrepancies and plate motions

A discrepancy of 20°-30° exists between slip vector az-
imuths for subduction earthquakes east of 148°E, and the earth-
quakes west of 148°E (Figure 11). The discrepancy cannot be
explained by a nearby pole of plate rotation, and a pole deter-
mined by a least squares fit to the slip azimuths shows system-
atic mismatch to vectors west of 148°E. The discrepancy re-
quires additional deformation, either in the southern footwall
or in the northern hanging wall (Figure 10), with overall ve-
locities near 50 mm yr! for reasonable subduction rates at New
Britain (Figure 12).

Deformation south of the RM fault would imply that the
New Guinea Highlands move east relative to the Solomon Sea,
for example, by strike-slip motion near the Trobriand trough
[e.g., Kirchoff-Stein, 1992] or by E-W shortening along the
Aure trough [e.g., Kugler, 1993]. However, rates of only a few
millimeters per year have been found along either structure,
and are not obviously sufficient. An additional zone of E-W
convergence or plate boundary is needed, if the slip vector dis-
crepancy is explained by deformation south of the RM fault.

Calculations of simple strain fields can be used to compare
boundary velocities to observed paleomagnetic rotations
within the HF block. McKenzie and Jackson [1983] derive a
simple relationship for uniformly deforming regions, between
rotation rates measured on small blocks and the velocities of
the region's boundaries, which we use here. If the entire slip
vector discrepancy is taken up in the HF block, then 50 mm
yr'l of right-lateral shear is distributed uniformly over a 50-
km-wide deforming HF terrane. These values give clockwise
rotation rates of ~30°/Ma. This rate is an order of magnitude
higher than the 15° clockwise rotation observed in 4-5 Ma
[Falvey and Prichard, 1982] and suggests that the slip vector
discrepancy is much too large to be accommodated by shear of
the overlying plate. Still, causative faults have not been
identified for an alternative scenario.

The need for additional deformation is also inferred by at-
tempting to construct a consistent set of regional velocities
(Figure 12, see caption for constraints), most likely south of
the RM Fault. The velocity field does not reproduce well the
observed N-S convergence between Australia and the New
Guinea Highlands, suggested by earthquake slip vectors
(Figures 7b and 12). The Highlands slip vectors require high
velocities and ~50 mm yr'! motion between the Highlands and
the Solomon Sea (NGH1) not apparent in seismicity. Motion
at the Trobriand trough [Kirchoff-Stein, 1992] and the Aure
Belt [Kugler, 1993] is no more than a few millimeters per year,
accounting for a small fraction of the needed slip. The problem
is alleviated if the Manus basin velocities are 10-20% too high
or if the Huon Peninsula is moving 10-30 mm yr! west with
respect to the South Bismarck plate, so that the New Guinea
Highlands (NGH2) have little movement relative to Australia.
The irregular temporal occurrence of large earthquakes (most in
the last 30 years occurred in 1970, 1987, and 1992) suggests
that additional deformation zones may remain to be discov-
ered.

Conclusions

1. The primary mode of deformation in the Finisterre re-
gion appears to be thrust faulting along the RM thrust fault
zone, although some large earthquakes indicate strike-slip de-
formation of the overriding HF block.

2. Thrust earthquakes with dips of 30°-40° are found at 25-
35 km depth beneath the north coast of the Huon Peninsula.
These events probably represent faulting on a downdip exten-
sion of the RM fault system.

3. Movement on these thrust earthquakes may cause the up-
lift observed in Pleistocene terraces along the north coast of
the Huon Peninsula. Uplift rates and the last 93 years of seis-
micity are consistent with a significant (Mg = 10'9- 1020 N
m) event sequence every 30-100 years, although larger, less
frequent events cannot be ruled out.

4. Gravity observations show a steep negative gradient
northward from the RM fault. The gradient and strongly nega-
tive values are not predicted by regional or local isostatic
compensation of topography and require additional loads or
bending moments to depress the crust of the HF mountains.
The additional load is comparable to the topographic load of
the mountains and produces 2-4 km of deflection across the
Markham basin.

5. Four thrust earthquakes show faulting at 20-25 km depth
beneath the south coast of the Huon Peninsula, with north dip-
ping nodal planes dipping 5°-20°. These events cannot be eas-
ily explained as thrusting on the RM fault system, but instead
suggest faulting on deeper thrust systems which surface farther
to the south (Figure 8).

6. Large strike-slip faulting sequences show deformation
confined to the upper plate of the HF collision. Slip vectors of
these events are everywhere perpendicular to the arcuate RM
Fault-New Britain Trench strike and may result from along-
strike differences in resistance to convergence.

7. Slip vectors in the HF collision zone are consistently
rotated 20°-30° clockwise relative to slip vectors at the New
Britain trench, with a transition near 148°E. These vectors re-
quire either E-W convergence between the Solomon Sea and
New Guinea, or E-W extension between the Huon Peninsula and
New Britain. The slip vector azimuths are difficult to reconcile
with previously published plate motions, suggesting that ei-
ther some microplate values are in error or additional regions
of deformation are present.

Appendix

Waveforms for the six events occurring before 1977 are
shown (Figure Al). Complexities of the fitting are discussed
below.

Event 661223. Most stations show a compressional
first arrival indicating a high-angle thrust mechanism, but sta-
tions hkc, shk and mat to the north show impulsive dilata-
tional first arrivals with amplitudes much larger than could be
generated with a simple double couple mechanism. The width
of the first half cycle was 1-3 s at these stations to the north,
as opposed to 6-9 s for the first (compressional) half cycle at
other stations. The widths could not be matched as a depth
phase but suggests that an earlier subevent preceded the main
shock to the three northern stations. Because the only con-
straints on the earlier subevent are three dilatational first ar-



ABERS AND MCCAFFREY: ACTIVE HUON-FINISTERRE COLLISION 241

hke 661223 80/33/86/22.6/4.76E+25/5.68

SR W ./\:,,lﬁ

ndi

Ar“‘-l WWP WW SH
wwP
Si -

chg i ke SPK mat WW” ) wwsu
how _ - —W
WWP un I\

wel
lem f\ Rh A
ade WWP ébf :>+Q‘
wwP
wwPp sba

mun
APy w0 o
e % 40.0s WW ‘é ;N
. 10.s
mat
;y\j\r\w 670918

107/48/103/33.8/6.51E+24/3.00

shi

ndi A h
WWP

wwp ~ M 9 ’\p‘ I_\7\
0. STF10.s WW SH
lem sba ww SH
o 7]
g 40.0s WW Q
wwp wwp -

Figure A1l. Waveforms and inversion resuits for all earthquakes from Table 1 not in the Harvard CMT cata-
log. P waveforms shown at left, and SH at right, along with nodes of each radiation pattern and locations of
rays leaving for each station. Each seismogram is labeled by station code, upper left, and wave type, lower
right (WW P for analog P waves, WW SH for analog SH). Timescale and amplitude scale are shown for each fig-
ure. Amplitudes (in centimeters) are corrected to instrument magnification of 3000 and 40° distance, with sepa-
rate scales for P and SH. STF is source-time function at a different timescale. Solution parameters are labeled
on each figure, as strike/dip/rake/depth/seismic moment/duration, where angles are in degrees, depth is in
kilometers, seismic moment is in dyne centimeters, and duration is 95% duration of STF, in seconds. Other
symbols are the same as in Figure 4.

rivals its source parameters are poorly constrained. A single Event 670918. This moderate-sized thrust event is simi-
mechanism is presented here, which is consistent with the lar to events in the 1992 sequence.
main parts of the seismograms but violates first motion polar- Madang Earthquake Sequence (701031-720119).

ities at the three northern stations. The October 31, 1970, Madang earthquake (Figure A1) was one
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Figure Al. (continued)

of the most damaging recent earthquakes in Papua New Guinea
[Everingham, 1975]. Numerous aftershocks recorded by sta-
tions in Papua New Guinea show a WSW-ENE trend extending
100 km (Figure 3a) [Everingham , 1975]. The main event in-
dicates primarily left-lateral slip on a WSW-ENE fault plane
(subparallel to the aftershock trend), while the largest after-
shock, 701112, showed high-angle thrust faulting on a fault
plane striking NW-SE.

The mainshock's source time function shows an initial
sharp peak and a second peak 20-30 s after the first arrival,

which correspond to two distinct arrivals on most seismo-
grams. Comparison with waveforms for a nearby, smaller
strike-slip event (720118) shows that the large, late phases
observed to the south are seen only for the mainshock, so
probably represent a second source with different orientation.
However, for simplicity a single source was assumed. First,
the first 20 s of the seismograms were inverted to obtain a fault
plane solution consistent with first motions. The entire seis-
mogram was then inverted for moment and source time func-
tion, with the nodal planes fixed. The fit to later parts of the
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Figure Al. (continued)

waveform was slightly improved (~5% variance reduction)
when rupture propagation to the NE was assumed (results listed
in Table 2) and was degraded when propagation to the SW was
modeled, even though the hypocenter is at the NE end of the af-
tershock zone. The seismic moment predicts a fault slip of 6
m, assuming a seismogenic layer thickness of 15 km and a
fault length of 85 km as indicated by aftershocks.

Note Added In Proof. Shortly after acceptance of this paper, two
Mg >7.0 earthquakes and several smaller events occurred near the
southern flanks of the Finisterre mountains, 0-30 km north of the Ramu-
Markham Valley near 146°E. The largest two events occurred on
October 13, 1993 (Ms 7.2) and October 25, 1993 (Ms 7.1) and caused

numerous landslides, loss of life, and other damage. These are the
largest events near the RM valley since global seismic recording began.
Preliminary analysis suggests these events are similar to most other south
Huon events; they show low-angle thrust mechanisms that strike parallel
to the RM valley, at depths near 20 km. As with the other south Huon
events, these events are too deep to occur on a simple down-dip exten-
sion of the RM fault, and show that (1) the deeper fault surface extends
west along strike, and (2) the fault is capable of generating significant
earthquakes.
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