The Mainshock of 25 February 2018 and Aftershocks
in the Central Highlands of Papua New Guinea

Kevin McCue!, Gary Gibson? and David Love®

1 mccue.kevin@gmail.com, Central Queensland University, Rockhampton, Queensland.

2 gary@earthquake.net.au, University of Melbourne, Victoria.

3 david@earthquake.net.au, Seismological Association of Australia, Adelaide, South
Australia.

Abstract

A major magnitude 7.5 earthquake struck Hela Province in the Central Highlands of Papua New
Guinea (PNG) on 26 February 2018 and an energetic sequence of aftershocks followed
including 6 aftershocks of magnitude 6 or more. The nearest available seismograph readings
were at least 500km away resulting in large uncertainties in focal depth and poor location of
most of the aftershocks.

Damage and felt reports were collected from personal interviews, newspapers and the internet
and used to compile an isoseismal map for comparison with those from other earthquakes in
both PNG and Australia. The felt area is the same size as the much smaller 1989 Newcastle
earthquake in Australia demonstrating that the ground motion attenuates much faster in PNG
than in Australia.

There are few accelerographs in PNG and none in the Central Highlands. We installed 6
accelerographs in the fault zone to study the aftershock sequence: to allow a relocation of the
mainshock, to record any late strong aftershocks, and to provide information for the next
earthquake code. Strong shaking was recorded on all 6 accelerographs during the last magnitude
6.3 aftershock. The horizontal pga was in excess of 0.6g at a distance of 35km and strong
shaking lasted more than 10 seconds. Several thousand smaller aftershocks were recorded. The
waveforms of smaller PNG aftershocks is distinctively different from Australian earthquakes
of similar magnitude and distance yet their Fourier spectra are similar.

Extreme-value analysis of large earthquakes in the Central Highlands since 1910 has been re-
evaluated and predicts a 10-year earthquake of magnitude 6.2 and a 100-year earthquake of
magnitude 7.3. This information together with the recorded ground shaking and attenuation is
important for earthquake hazard studies and reconstruction in the Central Highlands of PNG.

Major surface faulting was not directly observed despite the Japanese Synthetic Aperture Radar
image and USGS Finite Fault Model indicating a fault about 150km long with up to 2m
displacement. From the air we photographed a dam on the Tagari River along an uplifted 1km
long fault segment (see Gibson and others, this conference).
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INTRODUCTION

In the mainshock at 17:44UTC on 26 February, more than 160 people were killed and many
others injured and others were subsequently killed in later aftershocks more than a month after
the first tremors hit the area.

A state of emergency in the four affected provinces was declared on 1 March.
https://www.abc.net.au/news/2018-03-02/png-declares-state-of-emergency-after-
earthquake/9501496

The emergency declaration, made late on Thursday by Papua New Guinea Prime Minister Peter
O’Neill cleared the way for 450 million kina ($135 million) in government aid to flow, as well
as help from the military. “This is an unprecedented disaster and the appropriate response is
underway by the national government,” O’Neill said in a statement, which also announced a
restoration authority would direct recovery efforts for the next four years. Australia promised
A$200,000 in aid, and sent a C-130 military plane to help with aerial surveys. Health workers
said 10 people died in Tari, the capital of Hela Province, but provincial administrator William
Bando said there were many more deaths in outlying areas. "You know, we have people stuck
in the mountains and buried in mudslides," he said.

"Tari is completely shut down," Mark Mendai, head of the district's Development Authority
told Reuters. "All the water tanks have been turned over and at the moment people are suffering
a lack of fresh water, all the rivers are dirty," he said. "The runway has some cracks, the district
offices are all spoiled, all our roads within Tari are cracked, blocking travelling traffic."

https://www.sbs.com.au/news/state-of-emergency-declared-as-png-earthquake-toll-rises-to-31

ExxonMobil said it had shut its damaged Hides gas conditioning plant and that it believed
administration buildings, living quarters and a mess hall had been damaged. It also said it had
suspended flights into the nearby Komo airfield until the runway could be surveyed.

“Due to the damage to the Hides camp quarters and continuing aftershocks, ExxonMobil PNG
is putting plans in place to evacuate non-essential staff,” the company said in an emailed
statement.
https://www.reuters.com/article/us-papua-quake/major-quake-cuts-communications-halts-oil-
and-gas-operations-in-papua-new-guinea-idUSKCN1G90UR

The Australian Government declined to mount an aftershock monitoring survey. Monitoring
aftershocks adds to information about the mainshock, looking at the source close up instead of
from a distance reduces the focal parameter uncertainties from tens of kilometers to kilometers,
particularly the focal depth, improves the source zoning for hazard estimates and by recording
the strong ground shaking on accelerographs rather than seismographs contributes to the next
revision of the PNG building code. However monitoring aftershocks to model the mainshock
1s no substitute for measuring mainshock ground shaking in the near field and more monitoring
is required.

THE FEBRUARY 2018 EARTHQUAKE, MAGNITUDE 7.5

Strong shaking, damage and felt reports At 3:44am on the morning of 26 February 2018
(17:44 UTC on 25 February) a very strong earthquake shook the highlands of Papua New
Guinea. Occupants in oil/gas company camps between Moro and Komo reported shock and
fear as their beds shot backwards and forwards across the room, cupboards rocked and toppled
over and plastic plumbing was smashed at the base of the buildings. The average duration of
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strong shaking they reported was about a minute. No one was killed or injured in the camps.
The situation in towns and local villages was dire, more than 160 deaths, many more injuries
and people missing.

Several lightly reinforced concrete block buildings
collapsed in Tari and Mendi due to the strong
shaking causing loss of life and casualties, but the
hospital at Tari, an old single-storey timber framed
building on a concrete slab seems to have suffered
little structural damage but was strongly shaken
none the less (Figure 1).

Figure 1 Photo of damage to stores at the Tari M
Hospital (Arthur Maling World Vision PNG).

A few residents of Port Moresby reported feeling
the earthquake and in the opposite direction it was
reported to have damaged a mosque across the
border in West Papua Province whilst landslips
caused closure of the Ok Tedi and Porgera mines.

An Australian miner based in the nearby Star
Mountains, had never been in an earthquake before !
and was awoken by the tremors. "I actually thought
I was dreaming, we get a lot of rain and storms so
initially I thought it was just another heavy rain and
wind gust. But then I noticed it getting worse, then
the house started to shake." He said the tremors lasted up to 40 seconds. "I was going to get
under the table as a precaution but it stopped. There were some smaller aftershocks," he said.
"There has been a significant landslide and the road is cut off."

Communications into the Hela and Southern Highlands provinces were cut off by the
earthquake. Sixty six digital phone towers sites were damaged but 30 had been repaired by 1
March and the rest were repaired soon after.

In Pangia (~70km ESE Mendi) houses collapsed. Felix Taranu, a seismologist at the
Geophysical Observatory in the capital Port Moresby, said social media posts reported
blackouts and damage to buildings at Porgera, although he was not aware of any injuries. He
said that the quake was felt strongly at Mount Hagen, about 170km from the epicentre.

The following is a modified extract from Wikipedia: On February 26, ExxonMobil temporarily
shut down the Hides gas field conditioning plant, situated in the epicentral region, in order to
assess damage. Officials later confirmed that all of staff were safe and accounted for, while the
administration buildings, living quarters, and mess hall had all sustained damage. The
company evacuated all non-essential personnel. Flights into the Komo airfield were
temporarily suspended until the runway could be surveyed. Sinkholes and landslides were
reported across the affected areas, and electricity supplies were disrupted. On March 10,
ExxonMobil officials announced that the Hides facility would not be operational for at least 8
weeks, a significant economic loss for the country.


https://en.wikipedia.org/wiki/ExxonMobil
https://en.wikipedia.org/wiki/Hides_gas_field
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Papua New Guinea's largest oil and gas exploration and development company Oil Search also
shut down production in the Southern Highlands until it could ensure the safety of its employees.
They too repatriated workers due to building damage in the camps and loss of power and water.
The Porgera Gold Mine suffered damage to its gas and electricity infrastructure, while
landslips blocked the access road to the Ok Tedi Mine and damaged parts of the highway
between Tabubil and Kiunga in Western Province.

The highlands were uplifted more than one metre during the earthquake along faults with an
area of ~170kmx40km on which movement exceeded about 2m in parts.

Figure 2 Isoseismal map Modified Mercalli (MM) Scale. The intensity at Tari just north of
the epicentre marked by the yellow star was assessed at MM 9. Most of the data are from people
reporting information to the USGS Did you feel it? program (white numbers — variable quality).
Other felt data are from personal questioning or media stories (purple numbers). The purple
lines are USGS proposed plate boundaries.

A week after the earthquake, International Red Cross and Red Crescent Movement officials
estimated that at least 7,000 people had their homes destroyed or damaged, and 150,000 people
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were in urgent need of emergency supplies, with food and clean water among the biggest
concerns. Lack of road access and landslides hampered deliveries in the area. By March 7 the
number of displaced people had risen to 17,000 with continuing problems due to damaged
roads and communication difficulties.

The first UNDAC situational overview was released on March 10, prepared in collaboration
with local and international agencies. Over 544,000 people were reported affected by the
quake, with half of them being targeted for assistance, and more than 26,000 displaced across
the western parts of the country. On March 15, nearly three weeks after the
earthquake, UNICEF estimated that 275,000 people were in need of urgent humanitarian
assistance, including 125,000 children.

The quake and its aftershocks caused panic in Jayapura Indonesia the capital of Indonesia’s
Papua province. The country's National Board for Disaster Management later confirmed that
several buildings were damaged in the Boven Digoel Regency (adjacent to the PNG border in
the Tabubil-Kiunga region) including a mosque, a military post, and a district office.
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Figure 3 Extract from a map of effects in the epicentral region prepared by the Joint Research
Centre, European Commission and the Emergency Response Coordination Centre. The red area
outlining intensity MM9, extending from Lake Kutubu almost to Hanoi is about 100km long.

The earthquake was noticed in Port Moresby, Lae and Madang (felt by a few, MM3) and was
reportedly felt in far northern Queensland and Torres Strait islands, again MM3.
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Figures 2 and 3 show two interpretations of intensity in the February 2018 mainshock on the
Modified Mercalli Scale. Figure 2 we compiled using local and USGS information, Figure 3
was provided by the Joint Research Centre, Europe Commission. These maps are an analogue
of ground shaking given the lack of strong motion records. Potentially very useful
accelerograms of the mainshock were recorded at Tabubil near the border west of Tari (MM 6)
and at Port Moresby (MM3) but we were unable to get a copy of the data.

Widespread landslides in the Southern Highlands destroyed villages and village gardens, with
the largest and greatest density of landslides along the Tagari River between Moro and Tari.
Mendi hospital, experienced disruption to both water and power supplies. Displacement sites
such as Lau, Timu and Levani located in Hela Province are extremely isolated and were
identified to be in urgent need of food rations following the destruction of food gardens and the
limited food supply available. Many of the affected populations also suffered from continued
trauma as aftershocks continued to hit the region.

The Mainshock Location and Mechanism Estimates of the mainshock location are shown in
Table 1, the depth the least well determined. The onset of rupture, the focus (below the
epicentre), was approximately in the centre of the fault zone and rupture propagated up, down
and sideways (as indicated by aftershock locations) at near the shear wave velocity of about
3km/s. With a fault length approaching 170km (the immediate aftershock zone Figure 4) the
duration of rupture and strong shaking was at least 30 seconds, but estimates of the duration of
shaking were considerably longer than that as surface waves propagate more slowly than 3km/s,
and are multiply reflected and refracted.

Table 1 Locations of magnitude Mw 7.5 mainshock by different agencies

Date Origin time Latitude Longitude Focal depth Agency

2018 02 25 17:44:44 -6.070 142.754 25+3 USGS
17:44:42 -6.098 142.751 17 GA
17:44:44 -6.149 142.766 35 IRIS
17:44:44 -6.08 142.79 30 ICSEM/EMSC
17:44:42 -6.05 142.74 22 GEOFON
17:44 -6.0 142.6 24 PMGO

THE AFTERSHOCKS

There were apparently no foreshocks to the mainshock at 17:44UTC on 25 February (3:44am
on 26" February local time). Aftershocks occur on the failed fault surfaces, their accurate
location in 3 dimensions helps identify the faults, importantly their strike and dip. This can only
be done using a network of seismographs strategically positioned above and around them. In
this case the mainshock location was mapped using available worldwide seismograph network
seismographs, the nearest stations being 450 - 600km away in West Papua. None of the PNG
network data was available to USGS or Geoscience Australia. The critical focal depth was
estimated variously at between 17 and 35km.

The aftershocks extend about 85km each way from the epicentre along strike but their focal
depths from USGS are so uncertain they form a cloud in the space between the surface and a
depth of about 40km. A very interesting Synthetic Aperture Radar (SAR) image has been posted
by the Geospatial Authority of Japan (GSI) showing the difference between the pre-and post-
earthquake ground surface. The Japanese authors commented:



Significant crustal deformation has been detected in an area with the length of ~170 km in NW-
SE direction, including the epicenter, consistent with aftershock locations (USGS). Vertical
deformation seems to be mainly uplift because both ascending and descending interferograms
show line-of-sight shortening in the similar deformation area. The considerably large
displacement has been observed around Lake Kutubu, ~70km ESE of the epicenter, probably
with > 1 m uplift. The observed displacement pattern is consistent with a focal mechanism
estimated from seismic waves.

In addition to the deformation associated with the fault slip, lots of localized displacements
have been detected at mountain slopes, and they might have been triggered by the seismic
motion. http://www.gsi.go.jp/cais/topic180301-index-e.html?

Figure 4 shows the distribution of aftershocks recorded by the USGS in the first few weeks.

We used this figure to determine where the temporary aftershock recording stations should be
located. Suabi and Bosavi are on the Australian craton and the other 4 stations are on the
thickened and uplifted 3km thick fold belt sediments. The range-front fault is exposed by the
topography north of Mt Bosavi the most prominent of several puzzling large shield volcanoes.
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Figure 4 The aftershock monitoring stations (black triangles) plotted with the mainshock and
early USGS aftershocks (dot size proportional to magnitude) on a topographic map. Moro
Airfield is at the northwestern end of Lake Kutubu.
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Figure 5 Aftershock progression with time after the mainshock, the numbers and size of
earthquakes rapidly decreasing. The red arrows show times for which local data are available.

Figure 5 shows the mainshock and the decay of the sequence of aftershocks with time. The red
arrows show when our accelerograph deployment began, fortunately before the last of the seven
magnitude 6+ events occurred, and when we returned to collect data. The figure shows we were
able to locate earthquakes at least a magnitude smaller than the USGS. After the first 2 weeks
the frequency of M4.5 events has clearly diminished.

EARTHQUAKE HAZARD

Earthquakes rarely occur regularly in time or space along any plate boundary, but tend to cluster
in both time and space, so short time intervals between events are more common at any site
than long time intervals relative to the return period predicted.

Ripper and McCue (1983) showed that the focal mechanisms of earthquakes along the
southwest side of the Papuan Fold Belt were predominantly low angle thrusts, trending ESE -
WNW and dipping under the Fold Belt to the NNE. The dip NNE is obvious from the
topography. They also showed that the level of seismicity is an order of magnitude higher than
the level in continental Australia but an order of magnitude lower than that along the plate
boundary south of New Britain and that west of Bougainville.

A study (Ripper and McCue, 1983) of earthquake hazard along this plate boundary was made
using an extreme value distribution of earthquakes along the New Guinea part of the boundary.
This was expressed as a plot of magnitude versus return period or probability. They predicted
that the 10-year earthquake was a magnitude 6.2 event, the 100-year earthquake a magnitude
7.7 event. The so-called ‘10-year earthquake’ is the most likely magnitude of the largest
earthquake in any decade, its return period 10 years.
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We have repeated the analysis (Figure 6) with an extra 40 years of data and the results are, not
surprisingly, slightly different. Using just the post-1960 data, the revised 10-year earthquake is
unchanged at 6.2 but the 100-year earthquake has dropped to 7.2. Including major earthquakes
Ms >7.0, over the longer recording interval back to 1910 when the Riverview seismograph was
installed, the 10-year earthquake is 6.2 and the 100-year earthquake is slightly larger at 7.3. The
return period of a magnitude 7.5 earthquake is predicted to be 150 years. There have now been
two of this size in the last 100 years. The probability of this happening is about 26%.

Southern Highlands PNG
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Figure 6 Distribution of extreme annual earthquake magnitudes, 1960 — 2014 (M > 4.5, blue
diamonds) and extrapolated line of best fit, and 1910 — 2018 (M > 7.0 green squares).

THE AFTERSHOCK STUDY

The authors proposed a post-earthquake study to the Australian Earthquake Engineering
Society and at the same time approached Oil Search to host their in-country travel,
accommodation and upkeep, without which any study would be impossible. We negotiated with
Geoscience Australia and the Port Moresby Geophysical Observatory to ensure no parallel
studies were being planned and advised the Australian Department of Foreign Affairs who were
mobilising relief supplies.

Seismology Research Centre staff assembled and tested six modern digital accelerographs to
deploy above and around the aftershock zone to accurately locate aftershocks, their origin time,
latitude, longitude and focal depth (point of initiation of rock rupture). Aftershocks were still
being felt at the rate of one or two per day at the beginning of the deployment during the 19" —
23" of March.



The accelerographs were installed at Moro Airfield, Tari hospital, Nogoli, Mount Bosavi, Suabi
and Ridge Camp, the Moro, Nogoli and Ridge Camp sites on Oil Search property. These are
very sensitive instruments powered by batteries, with a GPS receiver so they have precisely the
same timebase. They are sensitive enough to register people walking past. We attempted to
place an accelerograph at one of the three Mananga drill pads close to the epicentre but no
secure housing could be found there. We opted instead to install the last recorder at Ridge Camp
about 15km south of Moro where we were based.

A site at Moro was the first installed, in a warehouse being used to temporarily house relief
supplies, and even in this noisy environment aftershocks were being recorded at the rate of
about ten per hour, most of them too small to be felt. We expected the aftershocks to get fewer
and smaller and peter out over the following 2 months. Another major aftershock is possible.
Along this seismic zone, M7+ events occurred in 1922 and 1954 but in 1976, there were 2
magnitude 7 events in June and October about 100km west of the Papua Province and PNG
border.

Batteries powering the instruments were expected to last about 2 months to gather enough
information to help understand the mainshock better, and to provide input into the PNG
Building Code which is being revised. It is important that schools and hospitals and other
important structures are designed and built to withstand earthquake shaking to protect the lives
of students, teachers, doctors, patients and the public but what should be the design earthquake?

Aftershocks were still occurring at the rate of about 10 per hour on 21 March, one day after the
first accelerograph was installed at the Moro Airport station and 3 weeks after the mainshock.
The first 2 authors felt several small aftershocks during their week on site.

The records of the many aftershocks we have examined on the 6 accelerographs look alike
(Figure 7), and are quite different from Australian earthquakes at the same distance. The first
motions are small and rarely impulsive, and some of the surface waves we recorded in PNG,
Love waves in the main, are considerably larger and longer lasting than the body waves. We
know from a study of isoseismal maps of past earthquakes that the ground motion attenuation
is much higher in PNG, the felt area being much smaller than for a similar sized earthquake in
Australia. For example, the felt area of the magnitude 7.5 mainshock on 26 February in Papua
New guinea is similar to the felt area of the magnitude ML 5.5 Newcastle NSW earthquake of
28 December 1989. This is an important factor in assessing relative or absolute earthquake
hazard and risk.

10



Australian Earthquake Engineering Society 2018 Conference, Nov 16-18, Perth, W.A.

2520061
5.41m/s*
PHO1
HNE

29°
3110762
6.67m/s?

PHO1 I

HNN

1828195

3.92m/s* Aisitieo Bt
PHO1 iy Pl
HNZ

2018-04-07 0548 44.1 2018-04-07 0545 14.7

Figure 7 Accelerogram of the M6.3 aftershock on 7 April 2018 at 0548UTC recorded at Tari
Hospital. The waveform of the HNN component (north-south) has been rotated 29° clockwise
to its maximum value of 6.67m/s” or 0.68g (Figure 7). The strong shaking lasted more than 10s
and the period at maximum acceleration was in the range 1 to 3 seconds. Information about the

aftershock data is incorporated in a companion paper at this conference (Gibson, McCue and
Love, 2018).
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Figure 8 An example of the strong attenuation of pga during the M6.3 aftershock shown in
Figure 7. The pga of the 3 components of acceleration is plotted against distance (S-P time) at
each of the 6 accelerographs. The distance range corresponding to the plotted S-P times of 4 to
12.5s is about 30 to 100km and the pga dropped a factor of ~10 in that distance. A line of best
fit on the north-south component (HNN) has been added.
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Note: 980mm/s/s = 1g.

For interest, an accelerogram recorded in Australia was chosen to compare with an
accelerogram recorded in the Central Highlands, similar magnitudes and epicentral distance
(~4sec S — P time). The earthquakes and recording stations were:

o 8 August 1994 at 1103UTC ML 5.4 recorded at North Lambton NLD, NSW
e 13 April 2018 at 0358 UTC mb5.2 recorded at Nogoli PH04, Central Highlands PNG
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Figure 9 Comparison of the waveforms of similar sized earthquakes recorded at similar
distance in Australia and Papua New guinea. Above North Lambton NLD NSW. Below
Central Highlands Nogoli PH04, PNG.

The ground shaking (waveforms) look quite different to an experienced analyst, unambiguous
impulsive P and S phases on the NLD record, persistent surface waves on the PH04 record,
yet the Fourier spectra are quite similar, the corner frequencies are almost identical. This goes
for the response spectra, the shapes would be very similar. This preliminary result was not
expected.

One implication is that the ground shaking at 30km distance from a large M6.3 earthquake in
the Sydney Basin NSW would be similar to that observed in the Central Highlands earthquake
of PNG, shown in Figure 7.
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A MODEL OF FAULTING

The USGS mechanism from the moment tensor
solution was a pure thrust, the principal stress direction
striking at 212° or NNE/SSW, the fault striking 293°
parallel to the highlands and the dip at 30° to the NNE,
similar to most of the mechanisms found by Ripper and
McCue (1983) for previous earthquakes there. The
focal depth modeled for the USGS moment tensor
solution was 20km but estimates of focal depth varied
from 15 to 35km between agencies and 15 to 25 km for
the USGS alone.

Figure 10 Focal mechanism (upper) and Finite Fault Model (lower) by the USGS.

The final USGS finite fault Strike = 308 , Distance Along Strike (km)
model used a focal depth of
I5km and a fault area of
~180km x 50km. The cross-
section of slip distribution
implies that more than 2m of slip
occurred at shallow depth BTN | T
towards the north-western end, Hupiure Front CDI‘ItOI.Irs Plotted EVBrySS

the focus near the centre of the [
fault plane, and the duration was 00 05 10 15 20 25 30
more than 50s (similar to that Slip (m)

reported by frightened observers). That would indicate a rupture velocity of about 1.7km/s.

Dist Along Dip (km)
dZ:Hypo (15.0 km)

The earthquake was no surprise to seismologists versed in the seismicity of Papua New Guinea.
A similar sized earthquake had occurred in the V1c1n1ty in 1922 and another smaller one at
magnitude 7 in 1954 o~
(Everingham, 1974). In
1976 two major
magnitude 7 earthquakes
occurred 100km west of
the border in West Papua
on the same tectonic
boundary (McCue, 1981).

Figure 11 A possible fault
scarp (between arrows)
viewed from the back seat
of a helicopter.

The folded mountain belt = =
through central PNG is
clear in the topographic
map of Figure 12 below.
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The red symbol is the USGS mainshock epicentre. The worst structural damage to relatively
modern buildings was at Tari just north of the epicentre.
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Figure 12 Topographic map show the Central Highlands of Papua New Guinea. The mainshock
epicentre is south of Tari. Mt Bosavi, 100km south of Tari, is one of a number of Recent
volcanoes, at bottom centre. SE of Tari is Lake Kutubu near Moro. The large river from south
of Tari through the steep gorge northwest of Moro is the locus of huge landslides triggered by
the mainshock and aftershocks.

The clear topographic change at the southern edge of the mountains is the range-front fault zone
along which the mainshock originated but faulting was complex as indicated by satellite
synthetic radar imagery (Figure 15). These factors alone indicate that the cause of the
earthquakes was natural: plate movement, rather than any human induced cause as rumoured
by some in the epicentral area, the rumours a source of great social unrest.

It is surprising that few earthquakes in Papua New Guinea have been associated with surface
faulting. Many of the great earthquakes are offshore, the Mw 8 earthquake on 16 November
2000 that ruptured the Weitin Fault through southern New Ireland is an exception. An
interesting helicopter view at 142.9844°E, 6.3396°S shows what appears to be a fault blocked
river which has finally cut through and started draining the impounded water and mud, and a
normally-faulted valley behind it. Getting there on the ground would be a major logistical
exercise but it should be targeted using drone mounted LIDAR to measure its extent and offset.
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Koulali and others (2015) used just 20 years of GPS measurements to show that the Southern
Highlands Fold-and-Thrust Belt is the major boundary between the rigid Australian Plate and
the New Guinea Highlands Block, with convergence occurring at rates between ~6 and 13 mm
yr . A displacement of 2m (expected for a magnitude 7.5 earthquake) would then take about
330 to 150 years to accumulate, in the range of that predicted from the extreme magnitude
analysis.
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Figure 13 Regional cross section over the Papuan Fold Belt based on projected well data,
surface geology and, in part, on poor to fair quality seismic data. The seismic data were most
useful in defining regional dip and elevation of basement and occasionally the dip and shape of
the base of the Darai Limestone. The bulk of the section results from structural interpretation
of well and surface data. The lowermost section, at half-scale, shows a restoration of the gently
folded and strongly folded belts such that the shortening has not yet propagated over the
hypothetical graben containing source rocks (from Hill and others, 2010). This cross-section,
in the vicinity of the 2018 earthquake hypocenter, is to a depth of about 12km and shows 3
steeply dipping basement faults, C, D and E (from Koulali and others, 2015).

The earthquake source was movement on a fault or series of faults that failed under the
unrelenting collision of the Australian and Pacific Plates A number of large shear-gouge
fragments, sub-plates or continental fragments, separate the two plates in the Papua New
Guinea region in this complex mega shear zone that has resulted from their collision over
several millions of years.

The crustal structure under the Southern Highland as shown in the above Figure 13, is quite
variable. The upper layer is the folded and faulted Darai Limestone with a P-wave velocity in
the range 3.7 to 4km/s (Nelson and Turner, 2015) though Craig and Warvakai (2009) quote
4.6km/s. Its thickness is variable, on average about 1.7km thick. The depth to cratonic basement
is not known but may be 3 to 7km in the vicinity of the earthquake. The depth to the Moho
doesn’t seem to have been measured or modelled.

A model shown below (Figure 14) that might help explain the distribution of landslides comes
from reanalysis of a major deadly M7.1 earthquake in Taiwan in 1906 that has many similarities
to the Southern Highlands PNG mainshock of February 2018 (Smith, 2018) including
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earthquake magnitude, tectonic setting and fault style. The landslide concentration along the
Tagari river could be indicative of a step-over or transform fault between the two offset
segments of the main range thrust so clearly demonstrated in Figure 14 below.

Coastal
Plain

Figure 14 A faulting model (modified from Ma and others, as attributed in Smith, 2018) shows
the local shallow thrust faulting process in the middle of the Central Highlands Seismic Zone
with a right lateral step-over on the failure plain
https://www.forbes.com/sites/kionasmith/2018/05/01/century-old-seismograms-explain-a-
1906-quake-and-help-pinpoint-future-earthquake-hazards/#a7b3f301254a

The synthetic aperture radar image shown in Figure 15 below from the Geospatial Information
Authority of Japan (GIA) is highly instructive about the earthquake mechanism revealing the
fault length and strike, the detailed displacement across the fault region and the style of faulting.
The red lines added by us are the possible causative faults, 2 or 3 separate thrust segments with
one or two adjoining step-over segments, inspired by an interpretation by GA’s Dan Clark (pers.
comm).

The Geospatial Institute of Japan conclusions were as follows:

e Significant crustal deformation has been detected in an area with the length of ~170 km
in NW-SE direction, including the epicenter, consistent with aftershock locations
(USGS).

e Vertical deformation seems to be mainly uplift because both ascending and descending
interferograms show line-of-sight shortening in the similar deformation area.

e The considerably large displacement has been observed around Lake Kutubu, ~70km
ESE of the epicenter, probably with > 1 m uplift.

e The observed displacement pattern is consistent with a focal mechanism estimated from
seismic waves.

e In addition to the deformation associated with the fault slip, lots of localized
displacements have been detected at mountain slopes, and they might have been
triggered by the seismic motion.
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Figure 15 Synthetic Aperture Radar Image published by the Geospatial Information Authority
of Japan http://www.gsi.go.jp/common/000197691.png very soon after the earthquake.

INDUCED EARTHQUAKES

Local rumours abounded linking the earthquake sequence with oil/gas drilling. Indeed pumping
water down boreholes at high pressure can induce local small earthquakes. A magnitude 5.5
earthquake at Pohang South Korea, the second largest in the country’s modern history, struck
the densely populated region on 15 November 2017, injuring 90 people and causing $52 million
in damage. It crumbled walls, cracked roads, and collapsed old buildings.

Although some initial measures placed the source of the quake several kilometers away from
the plant, a network operated by Kwanghee Kim, a seismologist at Pusan National University
in Busan, South Korea, and lead author of one study revealed that the earthquake, and several
of its foreshocks, all began right below the 4-kilometer-deep well used to inject water into the
subsurface to create the plant’s heating reservoir.

Thousands of earthquakes were deliberately induced below a capped 4km deep oil well at
Innaminka in South Australia in a geothermal exploration project in the 1990s. They too
initiated at the point of injection and spread out from there with continued pumping. The seismic
events could be turned on and off by manipulating the water pressure.

Induced earthquakes tend to occur at the locus of injection, the well bottom, and to-date only

small to medium events have been triggered worldwide, not a major earthquake, and not one at
20 to 30km depth.
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VOLCANISM

There are several large shield volcanoes in the Central Highlands, another, Mt Bosavi is further
south on the Australian craton platform. The most recent eruptive activity of the volcano was
about 300,000 years ago, which is hard to explain in a plate tectonic context but far too long for
the volcano to be considered active or in any way related to the current seismicity.

Dow (1977) reported:

The skyline of the New Guinea Highlands is dominated by stratovolcanoes of andesitic and
basaltic composition. The highest is Mount Giluwe (lat. 6°05'S, long. 143°50'E), 4370 m
above sea level, but it is rivalled by Mount Hagen (3780 m ). Mount lalibu (3467 m) and
Doma Peaks (3568 m). The largest is Mount Bosavi (2389 m) for, though it is not as high, it
rises not from the New Guinea Highlands at over 2000 m. but from the Fly-Strickland
Lowlands only a few hundred metres above sea level.

A range of erosional forms can be seen—for example: completely eroded stocks near the Irian
Jaya border: deeply dissected volcanoes such as Mount Murray in which most of the original
form of the volcano has been destroyed; and well preserved volcanoes with fresh summit craters
such as Mount Bosavi. Mount Yelia and Doma Peaks are the most recent, and still exhibit
solfataric activity.

The summits of the higher volcanoes have been glaciated, so must have reached their present
altitudes at least as long ago as the late Pleistocene. This is confirmed by the oldest isotopically
dated lava, which is 0.85 m.y. old (Mackenzie, 1973), but most of the volcanoes are much older
and probably commenced activity in the Pliocene when the influx of volcanic detritus into the
sediments of the platform started. Isotopic ages of another 5 m.y. on porphyry stocks at Mount
Fubilan copper prospect (lat. 5°08'S, long. 144°08'E) show that igneous activity commenced in
some places in the earliest Pliocene (5.3 - 2.6May).

The volcanics range in composition from basic to intermediate and rarely acidic, and most are
shoshonitic (high potash). The stratovolcanics are composed of ash, agglomerate, and lava
flows surrounded by large aprons of outwash deposits. Lahar deposits are common and
extensive, thick chaotic deposits containing huge boulders have been found in the Yuat River
130 km downstream from their origin, Mount Hagen volcano.

There has been no suggestion of reactivation of any of the volcanoes following the major
Central Highlands earthquake of 2018 or earlier, nor any suggestion that the volcanoes and
earthquakes are related.

DISCUSSION

The MP for Komo Margarima, the district where the big quake's epicentre was located
requested that the government “send an independent assessment team comprising of scientists
such as geologists who must carefully go around the affected areas and particularly the epicentre

and establish the cause of the earthquake."

The Australian Earthquake Engineering Society and Oil Search have together inadvertently
satisfied this MP’s challenge.
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In the process of installing the network we have been asked the following questions which we
hope to have answered above:

What caused the earthquake and all the aftershocks?

Do they continue at a constant rate?

Will they stop?

Will another large one occur?

How long did shaking last and how strong was it?

How do we design for the next large earthquake?

Did gas and oil extraction contribute to the cause of the earthquake?
Will there be a volcanic eruption?

RECOMMENDATIONS

In Papua New Guinea, buildings and other infrastructure should be designed and built to
accommodate strong shaking using at least the PNG Building Code which includes a basic
earthquake hazard map or preferably the latest New Zealand or International building codes.

Static design to accommodate the strong ground shaking measured in the Central Highlands in
a magnitude 6.3 aftershock is probably not possible. Consideration should be given to base-
isolating important structures and equipment such as hospitals and generators.

Landslides in this mountainous region are an inevitable consequence of earthquakes and coping
with them is problematic. Past landslide scars should be mapped and avoided if possible.

A number of accelerographs with telemetry to a public website should be installed in the region
to monitor on-going earthquakes. The data will be useful for more accurately locating future
earthquakes and to guide earthquake design. The oil/gas industry is a long-term investment for
the future of PNG.

SUMMARY

The Central Highlands are being actively uplifted and deformed by earthquakes along active
faults marked by these shallow earthquakes, a plate boundary. Prior to 2018, major earthquakes
occurred there in 1922, 1954 and 1976. This zone is at the northern edge of the Australian plate
which is being squashed against the Pacific Plates to the north causing crustal shortening and
uplift of the highlands and intervening subplates. This results in a magnitude 6.2 earthquake
occurring every ten years on average, and a magnitude 7.3 earthquake every 100 years on
average. People here need to learn to live with earthquakes.
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