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ABSTRACT native that the steep ramp faults continue through
Earthquakes and geodetic evidence reveal the presence of a low-angle, mid-crustal detactihe lower crust as ductile shear zones. Destruc-
ment fault beneath the Finisterre Range that connects to a steep ramp surfacing near the Ramutive earthquakes are known to occur on the ramp
Markham Valley of Papua New Guinea. Waveforms of three largeM,, 6.3 to 6.9) thrust earth-  structures, for example the 197] M 6.6 San
quakes that occurred in October 1993 beneath the Finisterre Range 10 to 30 km north of theFernando (Whitcomb et al., 1973), the 1987
valley reveal 15° north-dipping thrusts at about 20 km depth. Global Positioning System M, = 5.9 Whittier Narrows (Namson and Davis,
measurements show up to 20 cm of coseismic slip occurred across the valley, requiring that th&988), and the 19941 = 6.7 Northridge earth-
active fault extend to within a few hundred meters of the Earth’s surface beneath the Markham quakes. Namson and Davis (1988) concluded
Valley. Together, these data imply that a gently north-dipping thrust fault in the middle or lower that in these fault systems the ramp structures
crust beneath the Finisterre Range steepens and shallows southward, forming a ramp faulthave a higher earthquake potential than the detach-
beneath the north side of the Markham Valley. Waveforms indicate that both the ramp and ments. Here we present evidence from Papua
detachment fault were active during at least one of the earthquakes. While the seismic potentiaNew Guinea that a mid-crustal detachment fault
of mid-crustal detachments elsewhere is debated, in Papua New Guinea the detachment faulissociated with an active ramp has the capability
shows the capability of producing large earthquakes. of producing large, destructive earthquakes.

INTRODUCTION low-angle, mid-crustal regional detachment&SEODETIC MEASUREMENTS
Fault-bend fold geometries are found in fold{Namson and Davis, 1988; Davis et al., 1989; In northeastern New Guinea, the Australian
and-thrust belts worldwide (Suppe, 1985). Ii'Shaw and Suppe, 1994). The seismically inactiy@ate is moving N70°E relative to the Pacific plate
regions such as the Transverse Ranges and tletachments are assumed to be near the basatod rate of about 100 mm/yr (Fig. 1) (DeMets et
Los Angeles, Ventura, and Santa Barbara basiriee ramp seismicity, typically at 10-15 km depthal., 1994). The Ramu-Markham fault of Papua
geologic and geophysical evidence suggests thétats (1993) questioned the existence of thedéew Guinea is the suture between the Finisterre
seismically active ramp structures connect ttow-angle detachments and suggested as an altiefand arc terrane and Australia and takes up part
of the Pacific-Australia convergence. To measure
the slip rate along the Ramu-Markham fault, dis-
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< Figure 2. Comparison of 1973 and 1975 elec-
» : 0022 tronic distance measurements to 1993 Global
Australian (7 ) "R Positioning System measurements shows
<-Plate \\ . :“/f— = convergence rate of about 4 mm/yr across
= — R Markham Valley. Sites NM33 and NM34 are
| /7 I o e istin '/I”\\Q\ ¥\J/] 055 held fixed in this analysis, which may induce
false rotation of network. Vector in center
142°E 144°E 146°E 148°E 150°E 152°E 154°E 156°E shows predicted motion of the South Bismarck
plate (SBIS) (hanging wall) relative to Australia
Figure 1. Tectonic map of Papua New Guinea and vicinity, adapted from Hamilton (1978). (AUS) (footwall), from Tregoning et al. (1998).
Boxed region is study area. Black circles near place names show regional Global Posi- Length of this vector is scaled down by a
tioning System sites. Dots show shallow (depth <50 km) earthquake epicenters from Inter- factor of 5 relative to others. Location of fault
national Seismologic Center catalog (1964—1986). FR—Finisterre Range, RMF—Ramu- is greatly uncertain. Topographic contours are
Markham fault, FTB—New Guinea Highlands fold-and-thrust belt, ST—Solomon Trough, 200 m and valley floor is at 400 m elevation.
NBT—New Britain Trench. Arrow shows convergence of Pacific with Australia (PAC-AUS). RMF—Ramu-Markham fault.
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Figure 3. Fault plane solutions
and aftershocks of October
1993 earthquakes. Events la-
beled as in Table 2, and mo-
ment magnitudes are given.
Also shown with smaller sym-
bols are focal mechanisms for
aftershocks with M, = 5.5.
Black dots are all aftershocks
for a 2 month period. Three
Global Positioning System
(GPS) sites to northeast side of
fault moved about 20 cm south-
west during earthquakes.
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tances between six geodetic markers on eitheomparing the August 1993 to January 19¢
side of the Markham Valley (Fig. 2) wereGlobal Positioning System measurements, are
measured with electronic distance measuremenitsge as 20 cm across the 5 km wide valle | J62s

in 1973 and again in 1975 (Sloane and Stee(Fig. 4, Table 1). The vertical displacements ha
1976). The network spans about 5 km across tlaa irregular pattern and large errors, sowe do |
valley and 16 km along strike; thus the sites are imse them for further analyses. On the hangi
the foothills of the mountains bounding the valleywall (north) side of the valley (NM31, NM35, C .

The electronic distance measurements showed and NM36) uplift of 42 to 87 mm occurred 14605 146f,°5 .46}«5 14636;2;8
motion faster than 1 cm/yr during the 2 yrs. Wevhereas foot wall sites (south of the valley; sites,

occupied the sites in August 1993 with the GlobaiM32, NM33, and NM34) range from 14 mm ofg}g;;?()t;ﬂzzeﬁ?ézgsiﬁE‘éz?r?; ttshg? criurstsuurlés

Positioning System to estimate the 20 yr rate alubsidence to 46 mm of uplift (Table 1). came close to the surface beneath Markham
motion across the valley. In January 1994, we Valley during October 1993 earthquakes.
occupied them again with the Global Positioninyy AVEFORM MODELING Arrows show observed (with 95% confidence

System to measure coseismic slip following four Source parameters were estimated for two ©/PSes) and predicted (without ellipses) co-
seismic slip. Fault(s) used for dislocation mod-

large thrust earthquakes that occurred north of tiiee four largest earthquakes by formal inversiogjing strike at 298°, have a rake of 90°, along-
valley in October 1993 (Fig. 3). of teleseismic waveforms (events A and Cstrike width of 60 km. Ramp fault starts at
Global Positioning System measurement3$able 2, Fig. 3). Body waves from the other tw0.01 km depth beneath Markham Valley, dips
were made using three P-code, dual-frequendgrge events were in the codas of prior eartthortheastat 40° (estimated from earthquakes),
Ashtech receivers (Langly, 1993). Site NM34quakes and could not be modeled with OLand connects with detachment fault at 15 km
. . ’ ) . depth. Detachment fault starts at intersection
(Fig. 2) operated continuously. Other local sitemethod, so the Harvard centroid moment tensyith ramp fault at 15 km depth, dips northeast
were occupied for periods of 2 to 30 h andolutions are used. The waveform inversion teclat 12° (estimated from earthquakes), and ex-
regional sites (Fig. 1) for 4 days. Data wermique minimizes the sum of the square of thtends 50 km north of valley. Panels show re-
processed using daily orbit solutions fronresiduals between observed and synthetic broezUItS of three assumed slip distributions on
. . . . etachment and ramp faults. (A) Slip on de-
Scripps Institute of Oceanography and theand compressional (P) and horizontal sheiachment fault only, dip slip = 0.67 meters; (B)
GAMIT/GLOBK software (King and Bock, (SH) waveforms while estimating the centroico.50 m of dip slip on detachment and 0.25 m of
1996; Herring et al., 1990). The 1993 Globatlepth, seismic moment, rupture history (sourcdip slip on the lower 8 km of the ramp; (C)
Positioning System baselines were converted tome function), and the strike, dip, and rakeg-‘z‘(l) m (f)fd_d|p I_S“p on ;he detacgrﬁ]entdar;d
two-dimensional sea-level distances to compaangles (McCaffrey et al., 1991). The Harvar m ol cip S'ip on entire ramp. A1 fode's
them to published horizontal sea-level electronicentroid moment tensor solutions use longe
distance measurement distances. period seismograms (Dziewonski et al., 1981
Site velocities were estimated by fixing theand are less sensitive to depth and details of t
positions of sites NM34 and NM33 and fittingrupture history than the bodywave method.  of aftershocks but more so because of the geo-
baseline length changes by least-squares. The reBy examining the fits to waveforms while detic observations presented below.
sulting shortening across the Markham Valley ofarying assumed depth, we estimate the depth ofBody-waveform inversion for event C shows
approximately 4 mm/yr (Fig. 2) is inferred to bethe largest event (A) at 19 + 3 km below the steeper dip angle (42°), a more easterly strike,
the interseismic rate because no large earthquakgsund surface. Events B and D were giveand greater depth (29 + 3 km) than the other
occurred in this region during the 20 year periocimilar depths (24 and 20 km) and mechanisnthree. We infer that this event is below the de-
As expected, if the sites are close to a locketd event A by the Harvard centroid momentachment. Although the fault plane of this earth-
fault, the interseismic rate is considerably slowaensor method. The three events have faujuake projects to the surface of the Earth within
than the convergence rate between the Finisteptanes that strike parallel to the valley and indithe Markham Valley, its seismic moment was not
Range and Australia, estimated at 35 mm/yr &ate almost pure thrusting at a low angle (aboldrge enough to have produced the coseismic dis-
this location (Tregoning et al., 1998). 15°) at mid-crustal depth (Table 2, Fig. 3). Welacements observed across the valley.
Horizontal coseismic displacements duringnfer that the north-dipping planes are the fault Waveforms of the largest earthquake (A) show
the October 1993 earthquakes, determined Ipfanes in part because of the broad distributiocomplexity not matched by rupture of a single

ave seismic moment of about 3.8 x 10 19 Nm.
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fault so we allowed two events in the analysis t TABLE 1. GLOBAL POSITIONING SYSTEM SITE DISPLACEMENTS BETWEEN AUGUST
see if both the detachment and the ramp stru . _ ‘:93 AND J’ENU.M:Y 1994, REII:IA;IVE T0 AUSERAUA -
. . . 1 ity il t

tures ruptured seismically (Fig. 5). Although the e 8 oy (com) o) ()
first 10 s of the earthquake record is matched we NM31 ~6.1786 1462271 “159+ 12 95122 2142

: : : H NM32 -6.2116 146.1694 -29+15 2155 0+62
using a single event (Fig. 5, left), energy comin NM33 e T6d0 146.0966 i Py 16 178
in between 10 and 20 s after the onset is match NM34 -6.1478 146.0812 —44+12 -28+22 -14£34

NM35 -6.1252 146.0911 ~201+25 —64 £50 87106

better by a second, later rupture on a steeper fa NM36 e L6 1012 057 e 68 £.9¢

(Fig. 5, right). The first subevent (A1) at a deptt
of 21 km and a dip of 14° is consistent with slif
on the detachment fault. The second subeve
(A2), that started about 11 s after the first an
lasted about 5 s, has a dip of 41° and a depth

Note: Uncertainties are at 2-sigma level.

TABLE 2. SOURCE PARAMETERS FOR OCTOBER 1993 EARTHQUAKES

: ; : Event Date, Origin time Strike Dip Rake Depth Moment
9 km, consistent with rupturing of the ramp. We ) © ) k) (x 1018em)
infer from the sequence of events that the eart A Oct. 13, 1993, 0206 3024 7%3 03 £4 5£3(15) 140207
quake started at depth on the detachment fal Al Oct. 13, 1993, 0206 310* 14+£3 105+4 21+3 77+0.6
. A2 Oct. 13, 1993, 0206 310* 41+3 1159 9+3 2509
where roughly three-quarters of the moment we B Oct. 13, 1993, 0307 @7) an 75) (24) 72
released, then propagated southward, rupturir c Oct. 16, 1993, 0305 2559 4213 544 29£3(33) 24102
D Oct. 25, 1993, 1027 91 (20) (79) 20) (2.1

up the ramp and producmg the coseismic dit Nofte: Uncertainties in depths based on waveform modeling following McCaffrey (1988). Harvard centroid
placements observed across the Markham Valle moment tensor solution parameters are given in parentheses. Al and A2 are subevents for event A.
*Strikes of the subevents were fixed at 310°.

DISCUSSION

The proximity of the large October 1993 earth
quakes to the geodetic network provides a uniquleat the fault rupture came to within a few hun- Our interpretation of the Ramu-Markham fault
opportunity to examine the geometry of thedred meters of the Earth’s surface. This finding i€-ig. 6) is that a gently-dipping, middle to lower
Ramu-Markham fault for which previous geo-consistent with our inference from the waveformsrust, seismogenic detachment fault connects to
physical data have been inconclusive. A gentlgf event Athat the ramp also ruptured seismicalla steeper ramp that comes close to the Earth’s
north-dipping thrust plane is expected if théThe seismic moment necessary to match the gexsrface beneath the Markham Valley. This inter-
Ramu-Markham fault is continuous with thedetic displacements (M 3.8 x 16°Nm) sug- pretation is supported by the following: (1) Main-
New Britain trench, but no previous seismologigests that the observed slip was probably trshock and aftershock epicenters determined from
cal evidence supports this. Earthquakes beneatfsult of at least the two largest events (A and DIP-wave arrival times are almost exclusively north
the eastern end of the Markham Valley are bothhe model that fits the observed coseismic slipf the Markham Valley, indicating that the
high- and low-angle thrust events. The low-anglé~ig. 4C) has about 2/3 of the total seismidetachment did not rupture south of the valley
events are too deep (20 to 25 km) to be associat@dment release on the detachment fault and tffeig. 3). Landslides are also concentrated on the
with the Ramu-Markham fault as seen at theemaining 1/3 on the ramp, consistent with ounorth side of the valley. (2) Depths of the thrust
surface. The quakes may occur on a fault thatferences from waveform analysis. earthquakes beneath the Finisterre Range are
extends southward to the New Guinea fold-and-
thrust belt (Fig. 1) (Abers and McCaffrey, 1994
Thrust earthquakes from the west end of tl Single event A Double event A
valley and microseismicity studies at the east e
both suggest high-angle thrusting at shallo
depths (Kulig et al., 1993).

We use the earthquake locations, sour
parameters, seismic moment, and coseismic ¢
face slip to constrain the fault geometry and sl
using a dislocation model in a homogeneous el
tic half-space (Okada, 1985). We compare o
served and predicted coseismic surface displa
ments with the main goal of constraining hoy
close the seismic rupture might have come to
Earth’s surface beneath the valley (Fig. 4). Tl
earthquakes were located about 30 km north
the valley on a gently-dipping fault plane at 20 ki
depth. Models with slip only on the low-angle de
tachment fault predict far too little shortenin
across the valley (Fig. 4A). Slip on the detacl
ment and halfway up the ramp fault toward tf
valley produces more, but still not enougt
coseismic slip (Fig. 4B). Slip on both the detac

Figure 5. Fault plane solutions
and broadband waveforms for
earthquake A. Solutions are
based on more waveforms than
displayed. Solid lines are ob-
served and dashed lines are
calculated waveforms. Source
parameters estimated by least-
squares are listed in Table 2.
Left: The first 10 s of energy in
each waveform (denoted by “a”)
is matched well by using single,
low-angle thrust mechanism, but
energy coming in between 10
and 20 s (denoted by “b”) is not.
Right: Match to later energy is
improved by including a steeper
rupture that we infer to be on
ramp starting about 11 s. Mecha-
nism and source time function of
second event are shown by
dashed lines in beachball and on
source time function axis. Dots
in lower hemisphere plots at top
show P axes and circles show T
axes. Take-off angles for the

nZ NHO

oupR

ment and a ramp that extends nearly to the Eart seismograms are denoted by the
surface predicts surface displacements across . . . X, ¥, and Z in focal sphere.
P . P S M Source time function A‘P"w—hﬂ Source structure for generating
valley that agree with the observed coseismic s o 18s 0o 20s seismograms is half-space with
(Fig. 4C). Hence, the differences in the coseisn 5 o Broadband waveform timescale v, = 6.5 km/s, vg = 3.7 km/s, and
S

slip on either side of the Markham Valley indicat density = 2800 kg/m 3.
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Figure 6. Interpretive north- i
ea?st-southwegt Cross sec- Highlands ~Markham Valley Finisterre Range
tion of Markham Valley re-
gion. Earthquakes reveal
thrust faulting at ~20 km
depth beneath Finisterre
Range on detachment fault
plane that dips northeast
at ~15°. High coseismic
strain across Markham
Valley indicates that fault
rupture came close to sur-
face of Earth under valley.
Hence, we suggest that
low-angle detachment con-
nects to steep ramp north
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