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We have accompl~shed the maln objectlve~ of the project namely the production of 

selsmlc hazard maps for four capital citles in the South Pacific based on the SVE method The 

cities studied are Honiara (Solomon Islands), Port Vila (Vanuatu), Suva (FIJI Islands) and 

Nuku' a10 fa (Tonga) 

The SVE method (Shapira and vanEck, 1994) is a seml-empirical approach that 

incorporates theoretical models of the earthquake source (Brune, 1970, 1971, Boore, 1983, 

Boore and Atlunson, 1987) empirical scaling laws of seismrc parameters, empirical 

assessments of the long term distribution of seismicity in and around the city and locally 

determined site response hnctions In order to obtan the necessary data that facilitated the 

analysls, we have upgraded the seismic monltonng capabilities in the investigated areas, 

developed and Implemented PC based data acqulsltion and data processing software, collected 

and compiled geological, selsmolog~cal and geotechnical data from the study regions which 

we assembled on a GIs and performed site response investigations (1 e applying the 

Nakamura (1989) method and the "receiver-hnct~on" approach) 

Appreciating the Importance of the anticipated results of thls study, the local 

governments were very cooperative and helpfbl Th~s  was also reflected In the dedicated work 

and Intense involvement of all the national centers cooperating in the project The GI1 and 

SOPAC provided technical assistance, organ~zed workshops and training courses at each step 

of the project Traning was provided over a wide spectrum of subjects operation of 

monltonng systems, seismograms analysls, site response evaluations, kndamentals in 

Seismology and Engineering Geology, geological surveying, application of GIs and 

principles of seismlc engineering In the last months of the project we integrated all the 

mformat~on, complled selsmlc zonation maps for each city and evaluated the site speclfic 

spectral accelerations at each zone in every city These earthquake hazard functions were 

computed for a probability of occurrence of 10% m an exposure time of 50 years and under 

the assumptton that the damplng ratio for all the building is 5% These criterla comply with an 

almost universal standard for a-seism~c building codes 

As the last stage of the project, the results were presented to the authonties as well as to 

the engineering communities In the South Pacific countnes that participated in the project It 

has been hlly realized that these results should be integrated into bwlding regulations in an 

attempt to reduce the earthquake nsk to the capttal cittes of Tonga, Fiji Islands, Vanuatu and 

the Solomon Islands This project clearly demonstrates the applicability of the SVE method in 

evaluating earthquake hazard in areas where data of strong earthquakes is limited and often 

non-existant 



SECTION I 

The overall alm of the project was to develop, test and Improve a semi-empincal 

method, the SVE, to est~mate the un~form-hazard s~te-spec~fic acceleration response spectrum 

The testlng grounds for this study were the main cap~tal c~tles of the South Pac~fic ~slands, 

Honiara m the Solomon Islands, Port Vila in Vanuatu, Suva m FIJI and Nuku'alofa In Tonga 

The overall alm of the project Incorporated the following objectives 

*To Implement the SVE method and establ~sh a microzonlng map for each of the c~ties, 

Suva, Nuku'alofa, Honiara and Port Vila by 

- evaluating and mapping the response of different sites In the city to earthquake 

motions, 

- evaluating selsmological scaling lows relevant to the reglon, and 

- establ~shlng a geological - seismological data base for the c~ty  using GIs 

*To Introduce to the nations of the South Pac~fic islands modern approaches for 

assessing earthquake hazards and implementing them m the form of regulations and 

buildlng codes 

*To facilitate preparation of earthquake scenarios and activate preparedeness plans 

against the eventuality of a strong earthquake 

* To promote selsmological knowledge and understanding by local researchers, students 

and tranees, including earthquake monltonng and slte lnvestlgatlons 

B) RESEARCH ACCOMPLISHMENTS 

When the project proposal was formulated and just approved, the SVE was merely a 

suggested concept to approach the problem of assessing earthquake hazard in appl~ed 

engineering terms At this stage the methodology assocrated wlth the SvE is well defined (see 

the list of references assoc~ated wth  the applicat~on of the SVE method) Thls study 

demonstrates the appllcablllty of the SVE approach and ~ t s  great advantages when addressing 

the problem of earthquake hazard assessments In less developed areas and In regions where 

real strong ground motions are v~rtually unava~lable Much of the work 1n the South Paclfic 

has been Implemented In Israel as shown m the annexed reference list A schematic 

descript~on of the SvE 1s shown In Fig 1 and lnvolves 



1 Definition of the seismogemc zones around the investigated site(s) and their 

corresponding seism~city parameters These data define the parameters needed for 

simulating the seismicity whlch wlll affect the Investigated site(s) in the h r e  

We jo~ntly defined the distribution of the seismogenic zones relevant to the project and 

est~mated the frequency-magnitude relationships for each of these zones 

The results are presented m a paper by Hofstetter et a1 (1999) whlch is currently under 

review (see attached pre-pr~nt) 

Determ~nat~on of dynamlc source parameters of earthquakes in the region(s) and their 

inter-relationships, e g , Seismlc Moment vs Magnitude, attenuation of seismic energy 

w~th  distance, expected stress drop etc These data, based on the stochastic approach, 

are used to synthesize expected ground motions (accelerograms) at the bottom of the 

surface layer(s) of the rnvestlgated slte 

We used earthquake data &om Tonga, Vanuatu and the Solomon Isands, together with 

parametric data provided by the USGSNEIC and ORSTROM (office in Vanuatu) to 

deterrnlne an empirical attenuation functlon of the zero-frequency displacement level 

This, in turn, enabled us to determine the Seism~c Moments of earthquakes m the 

reglon, to define a unified magnutude scale for the South Paclfic reglon and to develop 

the relationship to the commonly used rnb magnitude scale 

The results are presented in a paper by Mafi and Shapira (1998) presently under review 

(see attached pre-pnnt) Other informat~on about the geology, seismlc act~vity and 

tectonics of the areas under investigation is presented in the final report on empirical 

slte lnvestigatlons (to be sent under separate cover) 

3 The synthetrc accelerograms which correspond to hardrock site conditions were then 

used to compute the expected vibratory motions on the fiee surface of the investigated 

site (usmg the Joyner (1977) program) by talung into consideration possible slte effects 

(due to sods and soft rocks overly~ng the hard rock layer) 

The pnncipaI approach we adopted for determining the site response function is the 

Nakamura method (1987) which also uses data of recorded earthquakes (receiver 

fknction techmque) Site response measurements and analysis were performed at 

100 sites in Port Vila, 60 sites in Suva, 16 sites m Nuku'alofa and 24 sltes in Hon~ara 

The detals are provided in the final report prepared for the local authorities (to be sent 

under separate cover) Slte response analysls in Port V~la (Vanuatu) IS also summanzed 

m the paper by Regnier et al (1999) subm~tted for publication (see attached copy) 



4 The next stage of the SVE process lnvolves the computatlon of the response spectrum 

from each of the synthet~c site specific accelerograms followed by the applicat~on of 

simple statistics In order to obtaln the expected accelerat~on spectra for a prescribed 

probability, exposure tlme and damplng ratio A summary of the results 1s presented m 

Fzgures 2,3,4 and 5 wlth the correspondrng selsmrc zonatlon maps 

5 Software Development Dunng the course of the project, GI1 has developed a number of 

programs as follows 

- PC-SDA a PC-based data acquis~tion system operating under MS-DOS that 

facllltates dlgital recordings of up to 16 channels of selsmrc data This system was 

used to monltor earthquakes and to perform the slte response mvestigatlons (see also 

Avrrav and Shapira, 1995) 

- PC-SDP PC-based data processlng software operating under MS-DOS It was used 

manly to manage the data base of the monltonng systems and to perform basic 

analysls of recorded earthquakes (see also Malitzky and Shaplra, 1996) 

- PC-FDA a prel~mlnary verslon of the software package operatlng under MS-DOS 

that was used to compute the spectra and spectral ratlos of seismograms 

- GII-SDP an updated verslon of PC-SDP operatlng under Wmdows95 that enables a 

great var~ety of routlne earthquake data processlng including hypocenter location, 

magnitudes and seismic moment determinations, data base management, 

arrangement of earthquake bulletins and catalogues The latest version of GII-SDP 

was updated on the computers of the collaboratmng orgamzations zn March 1999 

- GII-SRD an updated verslon of PC-FDA, operatlng under Window95 This 

s o h a r e  complements GII-SDP and enables spectral analysis and slte response 

determ~nat~ons The latest verslon of GII-SDP was updated on the computers of the 

collaborating orgwations In March 1999 

- GII-SDA an upgraded version of PC-SDA operatlng under Windows95/NT and 

providing a wlder range of possibilities regarding analog to digltal devices and the 

application of tnggerlng algor~thms 

All new s o h a r e  programs are free of the Y2K bug The attached CD-ROM includes 

the latest verslons of GII-SDA, GII-SDP and GII-SRD 



It must be admltted that, desplte the fact that the region where the project was 

perfbrmed is one of the most seismically active areas on our planet, se~srnology and ~ t s  related 

technical aspects are not sufficiently developed The introduction of the "Earthquake 

Microzoningyy project Increased the awareness of the admn~strations in the different countnes 

and s~multaneously stimulated Interest m a better knowledge of seismology and related topics 

There are now more people in Tonga, Vanuatu, the Solomon Islands and Fiji involved in 

different scientific aspects of seismology Collaboration between the local institutions, the 

international scientific community of SOPAC, GI1 (Israel) and ORSTROM (Vanuatu and 

New Caledonia) has enabled better tralning of young local sclentlsts through the workshops 

and daily involvement m the project We were successfU1 m collecting Important earthquake 

data that shared through the lmplementatron of the monrtonng systems provrded by the 

project (see attached CD-ROM of collected data) We are also confident that the new results, 

soon to be presented in internatronal publicat~ons, will also be appreciated by the screntific 

community worldwide 

One of the main goals of the project was to enhance the practical application of results 

Consequently, we organized a number of open meetlngs with the engineering commumty at 

whrch we emphasized the Improvement of the sustainability of engineered structures to be 

designed using the results We also trust that the newly developed software, whlch was 

basically designed for seismological centers with limited resources, wl l  also contnbute to the 

scientific progress in the field of seismology by other small nations For example, this same 

software has been adopted for routine operations of the small seismolog~cal centers m 

Turkmemstan, Jamaica and Cyprus and 1s soon be implemented in several countnes m the 

Middle East 

We wish to repeat and emphasize, as already reported in prevlous annual and 

semi-annual reports, the great impact this project has on the local administration and decrsion 

makers to assure governmental support and increasing awareness of the problem of 

earthquake hazard and how this may be mitigated The selsmlc mlcrozoning project nucleated 

a wide scope of activities m the South Paclfic which are gathered under the so-called Pacrfic 

GeoCltlPlan coordinated by SOPAC Basically itt lnvolves natural hazards assessment to the 

people of the Pacific islands Through SOPAC, our project IS known to other island natrons In 

the Paclfic and some of them are now seeking opportunltles to be integrated into our project 

(See also leaflet in Attachment A dlstrlbuted to our audience durlng the presentat~on of the 



results to local professionals and decision makes in Tonga, Fiji Islands, Samoa, Vanuatu and 

the Solomon Islands) Apparently, our project, mainly through the bullding of a GIs, has been 

a catalyst for addressing other risks in the South Pacific 

Whle we were In the process of finalizing our results in the form of reports and maps, 

SOPAC member countnes approached us with requests to extend the project to other 

countnes and cities in the Fiji Islands, the Solomon Islands, Tonga and Vanuatu The s o b a r e  

and the instrumentation provided by our project will be used to expand the work over other 

populat~on centers m the South Pacific 

E STRENGTHENING DC INSTITUTIONS 
Paragraphs A to D above elaborate t h~s  issue (see also previous annual and semi-annual 

reports) Every step In the project was assoc~ated w~th  an appropnate workshop In terms of 

technology, our PC-SDA systems were the first to provide digital earthquake data usehl for 

the DC institutions in the Solomon Islands and Tonga and were an upgraded a generation on 

the old systems in Fiji Islands Fiji and the Solomon Islands were also assisted with radio 

telemetry systems for the existing analog local networks The project also provided the 

Solomon Islands, Vanuatu and Tonga wth  the first (and currently only) strong mot~on 

accelerometers 

F FUTURE WORK 

This final report concludes our project However, the impact it has made on the area and 

its success in providing useful results have already initiated complementary studies and work 

In agreement with the countnes involved in t h s  project, and under the leadership of SOPAC, 

the work planned for the fkture is 

1 The upgraded data acquisition systems (GII-SDA) wll  be used to perform site response 

investigations and produce earthquake zonatlon maps in other cities in the Fiji Islands, 

Vanuatu and Tonga and in other countnes (currently planned are Papua New Guinea 

and Samoa) The GII will assist in performing the SVE computations for the new sites 

2 The GII-SDA systems of Fiji and Vanuatu w11 be transferred to Tonga to build a small 

local network for momtonng seismicity Among the four countnes that partic~pated In 

the project, Tonga is the only one not yet equipped to perform continuous selsmic 

monitoring 



3 The strong motlon accelerometer of Tonga w~ll  be Installed at Port Vlla (Vanuatu) The 

results of t h s  study demonstrate that of all the clt~es partlcipatlng in the project, there 

are hlgher chances of activating these instruments if placed In Port Vlla 

4 SOPAC has made a commitment to service the instruments provlded by the project GI1 

wlll contlnue supporting the DC by s/w maintenance 

5 The collaborating ~nstitutions wlll cont~nue to seek hnds  to extend earthquake hazard 

assessments to other countnes and clties in the region and also to try to obtan hnds for 

extending this project to earthquake nsk and loss assessments 



SECTION I1 

A) MANAGEFUAL ISSUES 

We had to postpone the completion of the reports by couple of months malnly due to 

budgetary limitations We trust that it IS obvious that the US-APD hnds allocated to this 

project could not really provlde for all the work and effort we have Invested Matchlng hnds 

fiom our parent organlzat~ons were of crucial assistance However, above all, ~t was the 

devotlon and enthusiasm of the people collaborating on thls project that made the work 

possible and provlded its important results 

B) BUDGET 

The final financial report IS presented in Attachment B 

C) SPECIAL CONCERNS 

None 

D-1 TRAVEL AND TRAINING 

February 1996 Drs A Shapira, G Shorten, A Slmpson and T Jones for the 

presentation and plannlng of the project in Suva, Port Vila, Honlara and 

Nuku'alofa 

September 1996 Dr A Shapira w~th a GII team for the installation of equipment and 

techmcal training in using the instrumentation, PC-SDA and PC-SDP in 

Suva, Port Vila, Horuara and Nuku'alofa 

October 1997 Workshop in Suva with delegations from the four participating countnes 

March 1998 Mr U Peled to check strong motion accelerometers and supervise site 

response measurements in Honiara 

Awn1 1998 Workshop in Suva with delegat~ons from the 4 participating countries 

Mav, 1998 Dr M Rengier to supervise site response measurements in Nuku'alofa 

March 1999 Ms A Malitzky to upgrade s o h e  (GII-SDA, GII-SDP and GII-SRD) 

March 1999 Drs G Shorten, M Regnler and A Shapira to sumanze the results and 

present the reports in all four capital citles 



Boore, D M ,  1983 Stochastic s~mulation of high-frequency ground motlons based on 

seismological models of the radiation spectra, Bull Sers Soc Am , 73 1865- 1894 

Boore, D M and Atlunson, G M , 1987 Stochastic pred~ction of ground motlon and spectral 

response parameters at hard-rock sites in eastern North Arnenca, Bull Sezs Soc Am, - 
77 440-467 

Brune, J N , 1970 Tectonlc stress and spectra of selsmlc shear waves from earthquakes J 

Geophy Res ,75  4997-5009 

Brune, J N , 1971 Correction, J Geophys Res, 76 5002 

Hofstetter, A ,  Shapira, A ,  Bulehte, K ,  Jones, T ,  Mafi, K ,  Malitzky, A ,  Papabatu, A ,  

Prasad, G ,  Regnler, M ,  Shorten, G ,  Slng, A ,  Stephen, M and Vuetibau, L ,  1999 

Frequency-magn~tude relationships for seismic areas around the capital citles of 

Solomon, Vanuatu, Tonga and FIJI Islands, J Sersmology (in review) 

Joyner, W B , 1977 A FORTRAN program for calculating nonlinear selsmic response, USGS 

Open File Rept 77-671 

Mafi, K and Shapira, A ,  1998 On local magn~tude determinations m the South Pacific 

region (letter to the editor, submitted to SAFE, S Korea) 

Malitzky, A and Shap~ra, A ,  1996 PC-based Seismic Data Processing software package, 

User Manual V 2 0 , IPRG Rept 21/567/79/111 

Nakamura, Y , 1989 A method for dynamlc characteristic estimation of the subsurface uslng 

microtremors on the ground surface, QR of RTR, Vol 30, No 1, 25-33 

Regnler, M , Mons, S , Shapira, A ,  Mahtzky, A and Shorten, G , 1999 Mcrozonation of the 

expected selsmlc site effects across Port Vlla, Vanuatu, J Earthquake Eng ( ~ n  revlew) 

Shapira, A and van Eck, T , 1993 Synthetic uniform hazard site specific response spectrum, 

Natural Hazard, 8 20 1 -2 1 5 

Shapira, A and Avirav, V , 1995 PC-SDA Operation Manual, IPRG Report 

#Z1/567/79(11OB) 



Addibonal Pubhcabons Related to Studying The Applicabihty of the SVE 

and Site Response Determinabon Methods 

Feldman, L , Shapira, A ,  Malitzky, A ,  Zaslavsky, Y , fitterman, Y and Hofstetter, A ,  1997 

Development of earthquake scenario, Israel Geol Soc Annual Meeting, Kfar Giladi 

Gittennan, Y , Zaslavsky, Y and Shapira, A ,  1994 Estimat~on of site response by weak . 
motion measurements experiments in Israel, ESC General Assembly, Athens 

* Gittennan, Y , Zaslavsky, Y and Shapira, A ,  1995 Analytical and empirical estimation of 

site response based on microtremor measurements, 1st China-Israel Workshop on 

Earthquake Studies, Shanx~, China 

Gitterman, Y , Zaslavsky, Y and Shapira, A ,  1995 Analytical evaluat~on of site response, 

Israel Geol Soc Annual Meeting, Zichron Ya'akov 

Gitterman, Y , Zaslavsky, Y , Shaplra, A and Shtlvelman, V , 1996 Empirical site response 

evaluations case studies In Israel, So11 Dynarn~cs and Earthquake Engmeerlng, 

15 447-463 

Gitterman, Y , Zaslavsky, Y and Shaplra, A ,  1996 Methods of evaluation of selsmlc ground 

motion amplification for the design and construction of earthquake res~stive structures, 

Presented at Workshop on "Evaluat~on of Potential Hazardous Seismic Local Zones m 

the Ashgabat Reg~on", Turkmenistan 

Gltterman, Y and Shapira, A ,  1997 Evaluation of s~te-reponse from Israel strong motion 

records, Israel Geol Soc , Annual Meeting, Kfar Giladi 

Malitzky, A and Shapira, A ,  1995 Seismic data processing software package, Israel Geol 

Soc Annual Meeting, Zichron Ya'akov 

Mal~tzky, A ,  Shaplra, A ,  Zaslavsky, Y , atterman, Y ,  Feldman, L and Hofstetter, A, 1996 

Earthquake risk estimation in the town of Eilat, Israel, Israel Geol Soc , Annual 

Meetmg, Eilat 

Shapira, A ,  1994 The SVE method for the evaluation of the design response spectrum, in 

Proceedings of 17th European Sem Earthquake Eng , Haifa , Ruttenberg (ed ), 

Balkema, Rotterdam, 57-62 

Shapira, A ,  1994 Earthquake hazard evaluations for a speclfic site an example for uslng the 

SVE approach, ESC General Assembly, Athens 

Shap~ra, A ,  1994 Concepts and parameters in earthquake hazard assessments, in 

Proceedings of 17th European Sem Earthquake Eng , Haifa Ruttenberg (ed ), Balkema, 

Rotterdam, 5 1-5 5 

Shapira, A ,  1995 Earthquake hazard, risk and loss assessment - introduction to the current 

practlce in Israel, 1st China-Israel Workshop on Earthquake Studles, Shanxl, Chlna 



Shapira, A ,  Feldman, L and Malitzky, A ,  1995 Earthquake nsk and loss assessments - a 

p~lot project in Ellat, Israel, IUGG Meeting, Bulder 

Shapira, A ,  Feldman, L and Malitzky, A ,  1995 National and local scale earthquake 

scenarios - appl~cat~ons on a PC-based GIs system, 1st Chna-Israel Workshop on 

Earthquake Stud~es, Shanx~, Chlna 

Shapna, A ,  Zaslavsky, Y and Gitterman, Y ,  1995 Current practise in earthquake hazard 

assessment In Israel, IUGG Meetlng, Bolder 

Shap~ra, A ,  Zaslavsky, Y , G~tterrnan, Y and Hofstetter, A ,  1995 Mcrozonat~on earthquake 

hazard to the Gulf of Eilat/Aqaba, 1st Chma-Israel Workshop on Earthquake Studles, 

S hanxi, China 

Shapira, A and Zaslavsky, Y , 1995 Evaluation of seismic ground motions in the oil refinery 

In Haifa Bay, P R G  Report #D26/178/95 

Shapira, A ,  1996 The new SVE method of selsmic hazard evaluation, Presented by 

Y atterman at Workshop on "Evaluation of Potential Hazardous Seismic Local Zones 

m the Ashgabat Region", Turkmenistan 

Shapira, A ,  Zaslavsky, Y , Malltzky, A ,  Feldman, L , atterman, Y and Hofstetter, A, 1996 

Earthquake nsk and loss assessment in urban areas, 2nd China-Israel Worshop on 

Earthquake Studies, Israel 

Shapira, A ,  Zaskavsky, Y and Gitterman, Y , 1996 Updated assessment of the seismic 

hazard at Parsa site, Prepared for Israel Electnc Corporation Ltd, IPRG Report 

558/73/96(3) 

Shapira, A ,  Zaslavsky, Y and Peled, U , 1996 Site response at Erez site from earthquakes In 

Israel, Prepared for Nordan Ltd , IPRG Report D371292195 (in Hebrew) 

Shapira, A ,  Feldman, L , Malitzky, A and Zaslavsky, Y , 1997 Earthquake nsk and loss 

assessments - a pilot project in Eilat, Israel, 29th General Assembly of the International 

Association of Seismology and Physics of the Earth's Intenor (IASPEI) 

Shtivelman, V , Shapira, A and Zaslavsky, Y , 1996 Geophysical research at the *ram site, 

Prepared for Netiveh Ayalon (in Hebrew), IPRG Report 8 191129196 

Zaslavsky, Y and Shapira, A ,  1994 Emp~rical determination of dynamic parameters of 

structures, in Proceedings of 17th European Sem Earthquake Eng , Ruttenberg (ed ), 

Balkema, Rotterdam, 499-508 

Zaslavsky, Y , Shaplra, A and Gitterman, Y ,  1995 Site response estimations In Israel uslng 

weak motion measurements, 5th International Conference on Seismic Zonation, Nice, 

Proceedings, 17 13- 1722 (EERI) 



Zaslavsky, Y , Shaplra, A and Glttennan, Y , 1995 Slte response in Ellat, Israel Geol Soc 

Annual Meeting, Zichron Ya'akov 

Zaslavsky, Y , G~tterman, Y and Shap~ra, A ,  1995 Emplrrcal evaluation of site response, 

Israel Geol Soc Annual Meeting, Zlchron Ya'akov 

Zaslavsky, Y and Shapira, A ,  1996 Site arnplificat~on effects In the vlcinlty of 3-C seismic 

stations of the Israel Seismic Network, Israel Geol Soc , Annual Meeting, Eilat 

Zaslavsky, Y , Shaplra, A and Shtivelman, V , 1996 Should slte amplification assessments 

be generalized or locahzed~, Israel Geol Soc , Annual Meeting, Eilat 

Zaslavsky, Y ,  Hofstetter, A ,  Shapira, A and Gittennan, Y , 1996 Microzonation of the town 

of Ellat, Israel, IASPEI Regonal Assembly In Asia and ESC XXV General Assembly, 

Iceland 

Zaslavsky, Y , G~tterman, Y and Shapna, A , 1996 Assessment of seslmlc response in urban 

areas In Israel, Presented at Workshop on "Evaluation of Potentla1 Hazardous Selsmic 

Local Zones m the Ashgabat Reg~on", Turkmemstan 

Zaslavsky, Y and Shapira, A ,  1996 Using measurements of mlcrotremor for assessment of 

site response m urban areas of Israel, 2nd Chna-Israel Worshop on Earthquake Studies, 

Israel 

Zaslavsky, Y and Shapira, A ,  1996 Hard-rock ate effects investigat~ons in Israel, 2nd 

Chna-Israel Worshop on Earthquake Studies, Israel 

Zaslavsky, Y , Shaplra, A and Pmsky, V , 1997 Evaluation of selsmo-engineering 

parameters for earthquake risk and loss assessment, SDEEf97 8th International 

Conference on Soil Dynamics and Earthquake Engineenng, Istanbul 

Zaslavsky, Y , Shaplra, A and Arz~, A ,  1997 Seismic response of hard rock tunnel and 

escarpment top, SDEE'97 8th Internatlonal Conference on Soil Dynamlcs and 

Earthquake Engineenng, Istanbul 

Zaslavsky, Y and Shapira, A ,  1997 Observed topographrc site effects in Israel, Israel Geol 

Soc Annual Meetmg, Kfar Giladi 

Zaslavsky, Y and Shaplra, A ,  1997 Site response stud~es in urban areas, Israel Geol Soc 

Annual Meetmg, Kfar Giladi 

Zaslavsky, Y and Shapira, A ,  1997 Earthquake zonation map for Eilat, Israel predictions 

and observations, 29th General Assembly of the Internatlonal Association of 

Seismology and Physlcs of the Earth's Interior (IASPEI) 

Zaslavsky, Y , Shapira, A and Am, A ,  1997 Comparison of empirical evaluations of the site 

response, 29th General Assembly of the Internatlonal Association of Se~srnology and 

P hyslcs of the Earth's Intenor (IASPEI) 



Zaslavsky, Y and Shapira, A ,  1995 Site response evaluations of three-component seismic 

stations, Prepared for Mnistry of Energy and Infrastructure, TPRG Report 

D l  811 59/94(2) (in Hebrew) 

Zaslavsky, Y , Shapira, A and Peled, U , 1996 Seismic hazard assessment at the Ramot 

intersection, Jerusalem, Prepared for Blank-Lehrer Consulting Engineers, IPRG Report 

KO913 04/95 

Zaslavsky, Y and Shaplra, A ,  1996 Selsmic ground motion estimation at the site for 

Road 348, north coast of Tlber~as, IPRG Report KO413 12/95 (in Hebrew) 

Zaslavsky, Y and Shapna, A ,  1996 Response spectra estimation of the Arik Br~dge, 

Prepared for Public Works Department, IPRG Report 566145196 (in Hebrew) 

Zaslavsky, Y ,  Shapira, A and Arzi, A ,  1996 Site amplification estimates at Parsa, Dead 

Sea, basedon recorded moderate and weak motion form earthquakes and microtremors, 

Prepared for Israel Electnc Corporation Ltd , P R G  Report 558/73/96(2) 

Zaslavsky, Y and Shapira, A ,  1996 Response spectra estimation at Kniat Ashalom slte, 

Prepared for Kniat Ashalorn Investments Ltd (in Hebrew), PRG Report 572/94196 



14 

Figure 1 Schematic descnption of the SVE method 

Flgure 2 Seismic zonation map for Homara, Solomon Islands and the acceleration response 

functions assoc~ated wth each zone 

F~gure 3 Seismic zonation map for Port Vila, Vanuatu and the acceleration response 

hnctlons associated wrth each zone 

Flgure 4 Seismic zonation map for Suva, Fiji Islands and the acceleration response 

fbnctions associated wth each zone 

Flgure 5 Seismic zonation map for Nuku'alofa, IQngdom of Tonga and the acceleration 

response functions associated w~th  each zone 
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Acceleratron Response for selsmlc zones in Hon~ara, Solomon Islands 
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Accelerat~on Response (5% damping) for seismic zones in Port V~la, Vanuatu 
(10% probability of exceedence in 50 years) 
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M~crozonat~on of the expected se~smlc site effects across Port Vlla, Vanuatu 
Marc Regmer(ORSTOM, BP A5, Noumea, New Caledoma, E-marl 
regmeranoumea orstom nc), Steven Mons (Geology department, Port Vda, Vanuatu), Avl 
Shaprra , Alona Mahtzky (Geophysical Institute of Israel, P 0 B 2286, Holon 58 122, Israel) 
and Graham Shorten (SOPAC Secretanat, Pnvate bag, GPO Suva, Fiji) 

Abstract 
The city of Port Vda, Vanuatu, is located m one of the most active seisrmc regons on 

earth Earthquakes are felt fiequently and, due to very rapid plate convergence rates, return 
penod of large earthquakes (M>6) m the New Hebndes Benloff zone can be less than 10 
years Even though Port Vda does not he on an identified seisrmc fault zone, strong motlons by 
nearby earthquakes have to be expected due to the city's geograplvcal location close to the 
plate boundary of New Hebndes convergence zone An accurate estlmatlon of the seismc 
ground mohon across the city is of p m e  lrnportance for urban developments and mtigation of 
earthquake nsk The seismc mcrozonation of the city has been carned out to prowde a 
detaded map of the zones that e h b i t  site effects and where resonance for dflerent type of 
buildlng may occur The Nakamura techtuque has been used to estlmate site amplification 
effects from single station noise recordrngs Interestmgly, aside one site located on an old 
dump zone, the amphfication factors at about the 100 sltes surveyed m Port Vila remam below 
3 wth an average well below 2 tn the 1 to 10 hertz frequency band These results suggest there 
is no thck sedmentary layer in the surveyed down town area and that they are m agreement 
mth the mappmg of lunestone terraces throughout Port Vila area However, both the surface 
geology and results fiom selsrmc zonation indicate a thcker (up to several tens of meters) 
sedmentary cover around the Bauerfield arrport and m the Mele terrace zone Low resonance 
frequencies (around and below 1 hz) and ampl~cation factor of the order of 5 were observed 
over ths  large area, unmedately outside Port Vda Any buddmg development in t h s  area 
should take these results into account 

Introducbon 
The epicenters of earthquakes wth moment magmtude of 5 or more for the penod 

1977- 1997 (&om the Harvard CMTS catalogue) m the Efate segment of the New Hebndes 
subductron zone m Vanuatu are shown m figure 1 Port Vda, due to its proxmty to those 
seismc sources, is vulnerable to strong earthquakes Diagrams of cumulative coseismc shp 
versus hme gve  for the NH subduction zone a maxlmum magmtude earthquake of 8 6 A 
mean return penod of 480 years for t h s  m m u m  magmtude has been estunated from a 
Gutenberg-Rchter frequency magmtude relationshp diagram (R Pillet, personal 
commurucation) Along the NH ~sland arc, the average recurrence Interval for a magmtude 8 
earthquake is about 10 years 

Evidently, p r o m t y  to hgh magtutude events 1s not the only controlling parameter of 
the earthquake damage Major vanations m the damage rate observed dunng strong 
earthquake at adjacent locations wth different geology and topographcal conditions is a 
poignant demonstrator of the Importance of understandmg and assessmg site response effects 
Some of the most dramat~c examples of ths  phenomenon occurred dunng the 1985 Mexco 
Ctty earthquake (e g , Singh et al , 1988), Armeman (Spltak) earthquake in 1988 (Borcherdt et 
al , 1989), the Loma Pneta earthquake of 1989 (e g Hough et al , 1990) , the Northndge 
earthquake m 1994 and dunng the recent Hyogo-ken Nanbu (Kobe) earthquake in 1995 A 
drarnatx topographc effect is observed dunng the Northndge earthquake were ground 
accelerations as h~gh as 1 8g have been recorded m Tarzanna near the epicenter 

The geology of Efate Island and rn particular of the city of Port Vda is f u l y  smple 
Efate m a large Plio-Quaternary volcano-sedtmentary island It is made of prevmlingly volcamc 
eruptive rocks and ashes depots Its formation has also been controlled by important tectomc 



uplrfts and it is now bounded by large quaternary hestone and sedlmentary terraces The city 
of Port Vila is located on rmsed hes tone  terraces of dflerent ages, up to a hgh of 120 m 
The volcmc substratum does not outcrop in Port Vda area and IS probably lyng at great depth 
beneath the city Actlve fault~ng in Port Vda area, roughly in two conjugate directions, has 
played a major role to control the topography of the city m a blockhke (checker) scheme The 
numerous faults have also favored rmnor, local uphft of blocks Due to t h s  rough topography, 
sod thcknesses are very vanable w t h  Port Vila area, but are on average, quite t h  (few 
meters) Only at a very few places, signrficant thckness of soil can be observed Some of them 
are man made sedlmentary fiIls Borehole data usually show, below the thn sod layer, a 20 to 
30 meters thck layer of vanably weathered lunestone banks mxed wth  sand and gravel 
depots To the north of Port Vda, boarded to the west by the Mele bay, one can find a large 
collapsed zone filled wth important (up to several tens of meters) thcknesses of light volcanic 
sediments Thts area, very closed to the city, has the potential for fbture economcal 
developments, especially around the Bauerfield mternatlonal asrport located m the mddle of 
t h s  dstmct geological and pedologcal umt (Quantm, 1980) 

Hence, based on the mapped geology and topography of the city, dlfFerent locations 
across Port Vila has the potenhal of amp-g seismc vibrations The man objectrve of t h s  
study was to detect site effects In Port Vila, estimate the local slte response hnctrons and 
prowde a rmcrozonatlon map of that phenomenon 

The proper site response hnctrons are best detemned from the recorded ground 
motion dumg an actual event, preferably, by means of companson wth the recordrngs at a 
near-by reference site located on competent ground ( see for example, Rogers et al , 1984, 
Smngh et a1 , 1988, Jarpe et al , 1989, Darrag and Shakal, 1991, Gutierrez and Smgh, 1992) 
Many ivestlgators, among them Tucker and King (1984), Gng and Tucker (1984), 
Jongmanns and Campdo (1 993), Liu et al (1992) and Gagnepm-Beynevr et al (1 995) 
evaluated site response hnctions fiom weak motions of earthquakes The ~mplementation of 
these approaches is quite time consumg, especially for mcrozomg purposes, even m an 
active area lrke Efate island 

A rather fast and inexpensive techmque for assessing the site response is the application 
of rmcrotremor (ambient seismc noise) measurement Thts techque has apparently worked 
well m some areas among them Japan (Ohta et al , 1978), the San Fernando Valley (Kagarm et 
al , 1986), the Dushanbe Valley, Tadjilustan, (Zaslavsky, 1987), Mexlco (Lermo et al 1988 
and Gutlerrez et al , 1992 ), Italy (e g , Rovelbet al , 1991, Hough et a1 ,1992, M a l a w  et 
al , 1993), New York (Field et al , 1990, 1992), Austraha (Gaull et al , 1995), and Israel 
(Zaslavsky et a1 , 1994, 1995) The use of mcrotremors m estimating site response IS gasmg 
populanty One of the most used techruques has been Introduced Nakamura (1989) The 
techque  rehes on the interpretation of mcrotremors as Rayleigh waves propagatrng in smgle 
layer over a half-space Under these conhtions the slte response function, under linear 
conditions, IS, as a first approxunation, the spectral ratio between the honzontal and the 
vertical components of the selsmc motion at the surface 

where Sh(w) and Sv(w) are the amphtude spectra of the honzontal and vertical component of 
motion, respectively Results obta~ned by implementing Nakamura's techmque (see for 
example, Ohamacht et al ,199 1, Lermo and Chavez-Garcia, 1993, 1994, Fleld et a1 , 1995, 
Shaplra et al , 1994, Gtterrnan et al , 1995) are m support of the Idea that seisrmc site effects 
can be estunated by usrng spectral ratios fiom only one three-component (3C) station 

Although it is well known that sod sltes can strongly affect se~srmc srgnals, it is 
commonly assumed that hard-rock sites do not However, Boore (19731, Daws and West 
(1973), Tucker et a1 , (1984), Bard and Tucker (1985), Gel1 et al(1988) and Chu and Huang 



(1992) among other, based on theoretical considerations as well as observations, have shown 
that the site topography can strongly affect the sufiace ground motions Investigation of the 
vanation of S-wave motlon at several typical sites on outcrops of basement rock on a ndge 
showed that mcident motions are amplified by as a much as a factor of eight over a narrow 
frequency band For example, the extensive damage at Canal Beagle, a subdiwsion of Vina del 
Mar caused of the 3 March 1985 Chle earthquake, correlates well wth the topographcal 
ampldication detemned from afkershock records (Celebi, 1987) 

In t h s  study, the Nakamura method has been Implemented for empirical evaluation of 
site effects m Port V~la that may result either from the subsurface geology and/or the 
topography In a few cases, low maptude earthquakes were also recorded whde measunng 
nolse and were also used in the evaluation 

The Measurements and Analys~s 
The technzque 

Mcrotremor recordmgs were made at 100 sites w thn  Port Vlla and Bauefield au-port 
areas The fieldwork has been carned out using 1 hz L4C Mark Products seismometers and a 
12 bits PC based data acqu~sltion system (see Shapira and Avirav, 1995, 1996) A 12 5 hz 
lowpass filter and an 100 hz samplmg rate were selected for recording the data At each site, 
the arnblent nolse was recorded for 3 m u t e s  every 10 m u t e s  dunng one hour The recorded 
rmcrotremors were analyzed by the GII-SRD program, usmg the Nakamura (1989) techmque 
to recover the polarization charactenst~cs of the wavefield That lnvolves computing the ratio 
of the spectra of both honzontal components relatlve to the vertical component of ground 
mobon For each slte, average vertical and homontal spectra are computed from several 20 
seconds data samples The spectral ratios for both honzontal components are then computed 
Finally an average spectral ratio is computed 
Observatrons- Typzcal examples 

On figure 2 are plotted 25 lndiwdual site response hnctlons (1 e, spectral ratlos of the 
honzontal over the vertical components) fi-om sites throughout Port Vda 60% of the sites 
surveyed exhbit s1rmla.r site responses It actually shows no amphfication at frequencies up to 
10 hz Around 10 hz in the spectrum, one can see some scattering due to small vanations in 
so11 layer thckness 
If we adhere to the basic assumptions upon whch the Nakamura method is based then, as a 
f ist  approxlmat~on, the resonance fiequency, fO ,of the superficial layer and the ampMcation 
level A@), are gven by the equations 

Where V1 and V2 are the s-wave velocities in the upper layer and the bedrock, respectively 
The corresponding densities of the matenal are r l  and r2, and H is the thckness of the 
superficial layer Consequently, the capabihty to identlfy s~pficant  site effect is heavily 
depended on the unpedance at its subsurface (practically V2N1) 
At th s  stage we should add that the Nakamura techtuque IS basically associated wth  ambient 
noise measurements, however, as shown by Lachet and Bard (1994), Zaslavsky et a1 (1994), 
spectral ratios of incident S-waves from earthquakes yield slmtlar results as those obtaned 
from noise measurements 

As demonstrated m the examples shown in Fig 2, there 1s no s~gdicant site effect 
among the mnvestigated sltes These observations are codinned by analyzing the recordings of 
3 earthquakes that happen to occur dunng the occupation of the sites The spectral ratios of 



the S-wave recordmgs (Fig 3) suggest some resonance at lower frequencies that rmght be 
associated w t h  deeper layer(s) of hgher S-wave velocity Nevertheless, the amplfication is 
stdl low wth no significant lnnuence on the seismc hazard at those mvestigated sites 
Figures 4 and 5 show the evaluated response hncbons of two areas of Port Vila wth slight 
amplificat~on, mthn  a factor of 3, over a broad range of fi-equencles One (fig 4) IS a 
compdat~on of the responses in reclaimed land located m the harbor area (Ard~mam and Star 
wharf) and m the down-town area, at three sltes along the sea front There is not a smgle 
dlstingurshed pick of resonance but rather a broad dome-shaped zone of amplification centered 
at 4 hertz In both areas the surface of the reclaimed land IS frurly small and the maxlmum 
thckness of the fill is of the order of 5 meters at the sea front area and up to about 10 meters 
at the wharf platforms Hence, for fD= 3-5 Hz And assurmng a shear wave velocity of 100 m/s 
for the gravel (Fah et al, 1997) used to made up the platform over the bedrock (modern reef 
flat), we get estimated thcknesses of 8-5 meters that are compatible with the observed ones 

The Tassinlu area around the bend between the two dand  lagoons, shows a sllghtly 
different response (see Fig 5) Ths is a flat and sedrment filled area and ~t is probably at the 
junctlon of majors faults, now inactive, that made up the troughs where the lagoons are 
located The maxunum amphtude of the ratio is vanable, between 2 and 3, and its posltlon 
spreads between 5 and 7 hertz Assumg agaln a low shear wave velocity between 100 and 
200 m/s, ths  ylelds a top layer thckness of about 10 meters 

Figure 6 is an example of the response at a site of man made fill located along the maln 
street to the surport at the northern Iimt of the city Ths location has been used for a long tlme 
as a dump site Its resonance frequency IS centered around 2 5 hertz wth an amphfication 
factor of about 6 Assumg S wave velocity of the upper layer to be between 100 and 200 m/s, 
may suggest a layer thckness of 10 to 20 meters Ths figure is reasonable, yet not confirmed 
by other geologcal or geophysical dormation The observed arnphfkation factor at t h s  slte is 
not representative of site responses m Port Vila It IS located m a trough that was probably 
already partly filled wth  alluvlum Ths is usually the case m many other throughs that have 
been surveyed dunng th s  project In general, the responses of sites located at the bottom of 
such throughs show a shghtly hgher site amphfication of a factor of about 2 to 3 at 
frequencres between 5 and 10 hertz as compared to most sites across Port Vda 

The area around Bauerfield arport, north of Port Vda is part of the larger Mele 
terrace The response finctrons obtruned for that area (see Flg 7) are charactenzed by two 
picks, one at low frequenaes around 1 hz, and one at hgher frequencies between 8 and 9 
hertz The pick at low frequencies is systematically observed at each slte, but wth  a vanatlon 
m position and arnphde, whch IS mdlcat~ve of varymg thckness of the superficial layer 
Assurmng a constant shear wave velocity (100-200 dsec)  over the considered area, that 
lmplies a thckness vanation between 20-100 meters The second pick centered at 8 2 hertz is 
not observed on all sites fiom the Bauerfield zurport area It could be related to a sand layer 
whch is observed in many places m ths  area up to the base of Mt Bemer that h u t s  the Mele 
volcano-sedimentary terrace to the north 
S ~ t e  response m~crozonat~on 

Based on these observations, the sod map (Quantm, 1980), the topographc map 
(ign, 1965) and dnllhole dormation provlded by the Geology and h h e s  department of 
Vanuatu, we have prepared a zonmg map of the Port Vila and Bauerfield arrport areas (figures 
8) We have also modeled the subsurface at some sites when the arnpl~ficatlon site factor was 
above 2 The modehg process is based on matchmg the observed response hnctrons with an 
analytical fbnction that is calculated by assurmng S-wave veloc~tles, densities and thcknesses 
of the layers underlymg the surface The computations associated wlth each model are made by 
usmg the program of Joyner (1 977) The observed site response parameters and computed 
model parameters across Port Vila are presented m Table 2 In the modehg process, a very 



good fit to the observed resonance frequenc~es 1s acheve whle the amphflcation factor is 
recover wrtlun 10% accuracy 

Table 2 S ~ t e  response observat~ons and generalized estlrnat~ons 

Based on the analysis of the observed site responses, lt is suggested that Port Vila and the 
Bauerfield arport areas be divlded Into a 4 zones system, each of them charactenzed by a 
predomnant resonance frequency and a range of expected slte amplification factor A site with 
no arnpllfication factor ($ 1) would not be included m either zone, no matter the shape of the 
spectral ratio function To a first approximation, the relationshp between the height of a 
bulldlng and ~ t s  fbndarnental penod of vlbratlon can be expressed by the crude formula 

T = (nb storeys)/lO 

Observed 

Two groups of building are then considered for the map low nse (1 to 5 storeys) and hgh nse 
(more then 5 storeys) bullding If the natural penod of the ground matches the penod of the 
buildmg, then resonance may occur and may Increase the probability of damage to the budding 

Site No 

8 
29 
5 0 
57 
74 
78 
82 

Estlrnated by modellng 

The four zones on the map are as follows 
Zone 1 No slte resonance limestone terraces with no or lrttle topographc vanatlons 
Zone 2 Low resonance Eequencles (< 1 hz) thck sedimentary layer Found only m Bauerfield 
area Posslble resonance for very lugh nse bulldmg (more then 10 storeys) 
Zone 3 Resonance frequency between 1 and 5 hertz Found m the reclmed areas and m a 
transltlon zone between Bauerfield area and Port Vila Possible resonance for medium to hgh 
nse bmldmg (5 to 10 storeys) 
Zone 4 Resonance frequency between 5 and 10 hertz Found m some areas wth  shallow 
sedments (up to few meters) over l~mestone basement or areas wth  complex topography 
(cW, narrow graben, ) Possible resonance for low nse buddlng (1 to 5 storeys, most 
frequently found m Port Vila area) 

H (m) sediment 
thckness 
15 
5-7 
10 

- 25 
2 5 
3 5 
3 8 

D~scuss~on 
Ths extensive study was w e d  manly for identfymg loca~ons w i t h  Port Vda, Vanuatu that 
may e h b ~ t  unusual s~ te  effects dunng strong earthquakes We have apphed the Nakamura 
method over 100 sltes across Port Vda and obtamed rough estlrnations of the resonance 
frequenc~es and amphfications of the superficial layers The Nakamura (1989) approach, based 
on seisrmc noise measurements, has gamed great popularity and IS used by many across the 
globe However, ~t IS by now well known that t h s  approach may fall at locations where 
ampllficat~on effects are only margnal Even when a strong ampldcatlon 1s observed, the 

S~tes name 

Ardlmam wharf 
Tassrrrlu 
Depotolre 
Bauerfield 
Ecole franqarse 
Olhen fiesh wmd 
Malopoa 

V (mh) shear 
wave velocity 
0 2 
0 12 
0 1 
0 12 - 

0 1 
0 1 
0 11 

resonance 
fieq (Hz) 
4 
5-7 
2 

- 1 2  
9 
7 
8 

Amp factor 

3 
3 
6 
4 
3 5 
4 
3 2 



arnphficat~on factor is often not accurately detemned and should be substant~ated wth 
additional geologcal andlor geophysical information 
Except of few areas mthn  Port Vmla, that e h b ~ t  amplification effect of engmeemg 
smpficance, most of the city area seems not to be vulnerable to smte effects whch may result 
e~ther from soft sed~ments overlying hard rocks or fiom the topography Despite the hrmtatmons 
Inherent mn the measurements and themr interpretations, we may fairly assume that s~gmficant 
amplrficat~ons (let us say wlth factors greater than 2), If emst, would have been detected For 
example, the map ~n the down town area, shows no resonance pattern associated urlth areas 
closed to the coast, where eventually soft matenals can accumulated However ths  is perhaps 
not true along the second lagoon outside the map where strong ground shalung are reported 
dunng earthquake We also d ~ d  not often observed s~gruficant effects due to the topography m 
the slte responses, up to 10 hertz The only s~tes where such large effects have been observed 
are located on the hghest polnts m the city Above 10 hertz, the complexity of the spectral 
ratio at some smtes located on rocks could also indicate topographc effects However budding 
cannot be effected very much by resonance m ths  hgh frequency band 
Earthquakes are felt ffequently m Port Vila Surpnsmngly, there are very few cases of reported 
damage to bulldmgs (Louat and Baldassan, 1989) over approximately a 100 years penod As 
an example, the July 15, 1981, Ms 7 earthquake occurred at about 80 km, northwest of Port 
Vda and &d generate much damage There IS also no reported dramatic slte effect across Port 
Vila but there are few places where earthquake are more strongly felt than elsewhere These 
locations are comncident on the map mth zones charactenzed by a resonance frequency One 
location is along the road to Mele and IS mthn  the "Bauerfield zone1' wth  resonances around 
or below 1 hertz Ths IS the present locat~on of the glass depot PAF They have reportedly 
noted anomalous glass brealung dunng earthquakes Other places that expenenced stronger 
shalung spread along the shore of the second lagoon, startmg fiom the Tassda area (narrow 
zone that connect the two Inland lagoons) whch is charactenzed by a resonance Erequency 
between 5 and 10 hertz, afEectmg mostly low nse bu~ldmgs It is clear, m both cases, that the 
strong s h h g  expenenced at these locatmons were ground motion ampl~ficatmon due to 
s~gntficant sod thckness 
In conclusion, sltes m Port Vila usually show no sigmficant site effects Ths is due to the poor 
sedmentary cover found on recent volcaruc structures located on modern ~sland arcs hke the 
New Hebndes In most places m the cmty, large thcknesses of uplrfted hestone terraces are 
found on top of the volcamc rocks and ashes depots whch ylelds no site effect Site 
amphfication factors can, m some places, be mcreased by both topographcal effects and very 
locallzed so11 thckness controlled by actlve faultlng 
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Abstract 

We studled the relationships between the frequency of occurrence and the magmtudes 

in seismogenic areas that wll affect four capltal cltles in the South Pac~fic, namely 

Honiara m Solomon Islands, Port Vila In Vanuatu, Suva m FIJI and Nuku'alofa 1n 

Tonga We used the NEIS catalogues for the penod 1973-1997, for magmtudes 

greater than about 5, m the proxrmity to the clty under invest~gatlon The definitions 

of the geographc boundaries of the selsmogemc zones are based on the classical 

concepts of the d~stnbution of the tectomc plates, the overwhelming number of studies 

that descnbe the seismotectorucs in those actlve reglons and on the observed 

seismicity and studles of the local people Completeness of the catalogue is assumed 

because of the hlgh selsmlcity in these areas, despite the relatively short trme span 

We have used a hybrid process comb~nrng least squares fitt~ng and Newtoman search 

process to find the best fit of the statlst~cal parameters The character~stic b value IS 

1 27, and seems to be m-espectlve of the depth andor regron 

Introduction 

One of the ways for characterizing the seismicity of a region is through the 

study of its magnitude distnbut~on In the tlme doma~ns Due to the lack of precise 



models for describing the temporal drstnbutron of earthquakes, rn most of the 

sersmically active areas on our globe, the classical frequency-magnitude relat~onshp 

suggested by Gutenberg and Rchter (1944) is still the most commonly used, 

especially in association with probabilistic earthquake hazard assessments We 

studled the relationshps between the fkequency of occurrence and the magnitudes In 

selsmogenic areas that w111 affect four capital clties in the South Pacific, namely 

Honiara in Solomon Islands, Port Vila m Vanuatu Islands, Suva ~n Fiji Islands, and 

Nuku'alofa In Tonga Islands This project itself is one step m a comprehensrve study 

of the assessment of earthquake hazard In those crties 

The earthquake data upon which t h s  study is based, are retneved from the 

earthquake catalogues of the US Geologcal Survey, the National Earthquake 

information Semce (NE,IS), for the penod 1973-1997, and for magnitudes greater 

than 4 The maps shown m Flgs 1A to 1D depict the locatrons of the earthquakes 

used in thrs study and also mark the different selsmogenrc zones The defimtrons of 

the geographic boundaries of those seismogemc zones are based on the classrcal 

concepts of the distribution of the tectomc plates, the overwhelming number of studles 

that descrrbe the sersmotectomcs m those active regrons and on the observed 

sersmrcrty and studres of the local people (several out of many, Curtrs, 1971, Zhang 

and Lay, 1981, Papazachos et al, 1997) An important parameter for defimng a 

sersmogemc zone was the proxrmity to the city under lnvest~gatron Slnce thrs study is 

aimed at provrd~ng parameters for seismic hazard assessments, we rgnored the seismsc 

activity occumng m areas that are too far away from those cities 

There are a number of stud~es dealrng with estlmatrng the parameters a and 6 

m the "Gutenberg - &chterYY relatronsh~p (Eq 1) for deep subductron zones in the 

south Pacrfic 

where M IS the magmtude and N IS the frequency of occurrence 



For example, Epsteln and Lommtz (1966) studied the variation of the b-value 

as a function of depth In their study, the earthquakes occmng at depths of 0-125 km 

show b=l 18, deeper events (126-250 krn) have b=1 39 and those at depths greater 

than 250 km yleld b=O 86 Curtis (1973) presents sirmlar results, for earthquakes 

occumng from 1961 to 1970 Acharya (1971) compared b-value estlmat~ons for 

different regons m the south Paclhc, for the penod 1961 to 1966 a s  results show 

b-values of 0 81-0 85 for the Tonga - FIJI trench at all depth In the New Hebr~des 

(Vanuatu), the b-value decreases w~th  depth from 0 81 (0-70 kin) to 0 71 (70-300 km) 

and to 0 48 for the events deeper than 300 krn A similar trend 1s observed in the 

Solomon Islands - New Guinea subductron zone, i e , b=O 9 for the shallow events 

(0-70 km), b=O 78 for the intermediate depth events (70-300 krn) and b=O 44 for the 

deep events (> 300 km) 

As demonstrated m those examples, the emplr~cal estlmations of the selsmlclty 

parameters across subduction zones In the south Pacific vary slgnlficantly We may 

attribute the d~fferences in the stafistical results to two major sources (A) dlfferences 

in the defmltion of the size and locatlon of the selsmogenlc zones, (B) l~rnltations of 

the data in the used earthquake catalogues (e g inhomogeneity and ~ncompleteness) 

In the current study we used the NEXS catalogues for the penod 1973-1997 

With the wealth of operatmg selsmlc statlons and networks around the globe we may 

falrly assume that all earthquakes wlth magnitudes 5 0 and greater which have 

occurred in the seismogenlc zones described above, are included in the NEIC 

catalogues We refer to a magnitude 5 0 earthquake as the lowest magnitude that may 

cause significant damage to the capltal citles under study We may also assume 

completeness of the catalogue because of the hsgh se~smlclty in these areas (possibly 

the hlghest on our globe), desplte the relatively short tlme span, and thus lt is 

sufficient to enable rellable assessments of the seismlclty parameters 

It is well known and commonly accepted that Eq (1) may descr~be the 

frequency-magmtude relationship for dlscrete magnitude values For the cumulative 

frequency - magnitude relatlonshp we adhered to Wlechert (1980), 1 e , 



In both equations (1) and (2) Ad,, IS the lower magmtude threshold for whrch 

the earthquake catalogue is considered complete (4 8), M, is the maxlmum 

magn~tude expected to occur in the investigated area, ,B = bln 10 = 2 3 b , and a is the 

accumulative annual number of earthquakes Here we empincally est~mated that 

M,, = 4 8 (Fig 2), and assumed that M ,  =8 5 whch 1s slightly hgher than the 

largest M,=8 2 earthquake that occurred in the Tonga trench in June 1977 (Zhang 

and Lay, 1989) 

Results and D~scuss~on 

We have used a hybnd process comblnlng least squares fitting of Eq 1 and 

Newtoman search process for Eq 2 to find the best fit for a, P and b The results of 

thls stat~stical analysls are displayed in Flgs 2 and 3 and summanzed m Tables 1 and 

2 Below we descnbe vanous groupings of the reglons and zones that were executed 

in order to check any reg~onal or depth dependence In the first case each zone was 

dlvided Into a senes of depth Intervals or sub-zones For each slngle sub-zone we 

checked the dependence of the b-value on the tectonic region and depth (Table I), 

assuming that each depth Interval has its own character~stic b-value The vanatlons of 

the b-values are in a I~mlted ~nterval of 1 2 to 1 5 (Table I, Frg 2A,B), wrth no clear 

depth dependence, except the zones that extublt subduction tectomcs w~th  a hgh  

activity rate, i e depth interval 450 to 700 krn east of FIJI Islands The uncertainty 

factor a is calculated from Eq 3 

where N IS the number of observations The criterion for an accepted b-value was 

obtaning a minimum in o values The 0 values are relatively small to moderate, 

wth  values of about 1 2 to 1 4 Consequently these results can just~fy the grouping of 

the observations in the sub-zones Table 1 lists also the grouping of all the 

earthquakes in a glven reglon regardless of the depth or the zone divlslon, yield~ng 



slmllar b-values or uncertanty factors to the above mentioned (Fig 2C) As was 

shown earlier we can justlfy grouplng of the observations of a given reglon 

The second step was to test a senes of groups based on regons or zones In 

t h s  case we assume that a gven region, i e the regon of Islands, 1s characterized by a 

constant 6-value throughout the different depths but we let a values to vary These 

groupings clearly show that the b-values vary in a rather limited rnterval of 1 2 to 1 4 

(middle b, a ,  and a columns in Table 2, Fig 3A,B), despite the different tectonic 

regions The uncertamty factor a also shows small variations malnly in the interval 

of 1 2 to 1 5 The last check was to group all the south Pacific reglons, assumlng an 

overall common b-value Except 3 sets specific by their depths, which were excluded, 

that probably represent subduction tecton~c w ~ t h  hgh activity rate, the b-value of 1 27 

deterrmned for all the south Pac~fic reglons in tlvs study appears to be satisfactory, 1 e 

low a values for most studled zones (B, A, and C columns in Table 2, Fig 3C,D) 

The cases with ~nsufic~ent data (In D in Table 2) were not used for the b-value 

detemnation 

The vmous grouping and tests we have conducted are pointlng to a common 

result that 6-values and uncertainty factors remain relatively slmllar (Tables 1,2) 

Furthermore, those values do not exhibit depth dependence Our results are somewhat 

different from results of earher stud~es (I e Epsteln and Lomnitz, 1966, Acharya, 

1971, Curtls, 1973), whlch are based on relatively short tlme span Thus assumng 

completeness of the dataset to M,, = 4  8 based on 25 years of earthquake 

morutonng, we conclude that an overall south Pacific b-value of 1 27 1s a satisfactory 

one 
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Table captions 



TabIe 1 - Separation of the 4 seismic regions into sub-zones Var~ous groupings into 
one set are presented at the lower part of the table ALL refers to either all depths for a 
glven zone or all zones for a gven region 



Table 2 - The 4 seismlc regions (see Fig 1) are treated as one umt in each case 
(middle b, a ,  and CT columns) B, A and E (leR columns) are equivalent to b, a and 
0, respectively, but for all the south Paclfic regions together In D - Insuficlent 
data 



Figure I - Observed seismcity, based on M I S ,  m the vlctntty of the capitals 

(sohd square) (A) Suva in FIJI Islands, (B) Honlhara In Solomon Islands, (C) 

Nukua'lufa in Tonga Islands, (D) Port Vila in Vanuatu Islands Numbers refer to zone 

divlsion (see also Tables 1,2) 

Flgure 2 - Frequency-magnitude relatlonshp for each of the regions In Fig 1 

and Table 1 Numbers m parenthesis refer to the zone (A) Reglons of FIJI and 

Solomon Islands, (B) Regions of Tonga and Vanuatu Islands, (C) Grouping of the 

zones or all of the earthquakes for a gven region 

Flgure 3 - Frequency-magnitude relationstup for each of the reglons in Ftg 1 

and Table 2, assumlng constant b-value for a gtven reglon Numbers m parenthesis 

refer to the zone (A) Regons of FIJI and Solomon Islands, (B) Regions of Tonga and 

Vanuatu Islands, (C) Grouping of all the zones m the south Pacific (b=l 27) - regons 

of FIJI and Solomon Islands, (D) as C but for Tonga and Vanuatu Islands 
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ON LOCAL MAGNITUDE DETERMINATIONS IN THE SOUTH 
PACIFIC REGION 

Kelepi S ~ a f i  ') and Avi shapira2) 

1) Geology Dept Mimstry of Lands, Survey and Natural Resources, P 0 Box 5 ,  
Nuku'alofa, Tonga 
2) Seismology Div The Geophysical Inst~tute of Israel, P 0 Box 2286, 58122 Holon, 
Israel (avi@iprg energy gov 11) 

ABSTRACT 
Local magmtudes are often based on emp~rical attenuation funct~ons of the 

seismic parameters measured on the seismograms (e g , max arnpl~tudes, coda 
duration, spectral level, etc) There are, however, exceptrons such as m the case of 
Tonga, where such procedures are not practical due to the lack of data In th s  study 
we tned to define the local magmtude m terms of the estimated selsmic moment, 
where seismic moment estimations are based on short penod recordings We termed 
the new scale as Mrn and equalized ~t in the range 4 0 < Mm < 5 2 to the body wave 
magmtudes, m , ,  whch are determ~ned by NEIC The Mm scale is based on data 

fiom the Tonga regon, but ~t rmght be applicable to other subduction zones in the 
South Pacific The same measurement procedures and equations are used to determ~ne 
the magmtudes of a sample of earthquakes momtored In Vanuatu and In the Solomon 
Islands and are in agreement w th  m, determmations of NEIC 

Key words Tonga, Local magmtude scale, Attenuation, South Pacific 

The three component short penod station TNG operated by the M~n~stry of 
Lands, Survey and Natural Resources of the Kmgdom of Tonga, serves as a classic 
case where a local magmtude scale has to be defined wth  no sufficiently accurate 
reference system to provlde a wde range of magmtudes for earthquakes at d~fferent 
focal depths and distances fiom the recordmg site The scarcity of seismic stations In 
and around the Tonga islands strongly l~rmts the detection of low magmtude events 
and accuracy In determining the hypocenter locations The well established magrutude 
scales mb and Ms cannot be computed for too close events and the other classic ML 
scales (based on amplitude or coda duration measurements) requlre the establishment 
of an attenuation function whch is applicable to the region 

In t h ~ s  study we have focused our efforts on definmg a local magmtude scale 
associated wth estimations of the seismic moment, Mo, of the recorded events Th~s  
choice is strongly associated wth  the fact that other ML formulae are basically 
empincal and require a database that is much larger than is currently avalable 



The selsmic moment of an earthquake (Brune, 1970) is 

where p=2 7 grfcc, Pz3 6 kmls, c=2 (surface reflection), Y(R,h) IS an 
empincal correction for the &stance, R, and focal depth, h SZ is the low frequency 
d~splacement spectral level of the S waves measured at the station F is a correction 
assoc~ated urlth the rad~ation pattern of the S waves, F=O 18 when d e t e m m g  !2 from 
the verhcal component and F=O 61 when Q is determined from the honzontal 
component k is a free parameter used by Shapira and Hofstetter (1993) to correct for 
use of hor~zontal (k=l) or vertical (k=l 5) se~smometers 

As stated above, the funct~on Y(R,h) has to be denved empirically (see e g 
Shapira and Hoftetter, 1993), a task wluch is difficult to perform when there is only 
one station whch recorded the events At thls stage we apply two basic assumptions 

(1) The magmtude - Mo relationshp suggested by Kanamon (1977), Hanks and 
Kanamor~ (1979), Bakun (1984) and many others is 

We assume that these equahons are also applicable to the South Pacific reglon 

(2) In the magmtude range 4 0-5 5, M=mb (see examples in Bath, 1981) 

As shown m the followng, some of the events recorded by TNG are also 
reported by NEIC who provide an estunate of mb Subst~tutmg mb for M In equation 
(2) and usmg equat~on (I), we obtan a ample relationshp of the form 

where the constant IS a product of the constants In eqs (1) and (2) 

As in many stuches of attenuation functions of seismological parameters and, 
after examining different alternatives, it is assumed that 

2 2 where D = ~ ( R  4-h ) 



The TNG station (21 133"s 175 197"W) is equlpped wth  3 component short 
penod seismometers The recorded motions are filtered m the band-pass of 
0 2-12 5 Hz before belng digitally recorded on the PC-SDA (PC based seismic data 
acquisition system, Shapira and Avlrav, 1995) The response function of a selsmic 
channel IS presented m Flg 1 

The station was Installed in September 1996 However, due to power supply 
problems and other mamtenance difficulties, ~ t s  operation was mtermpted for 
relat~vely long periods Nevertheless, w h  several months of routlne operation, the 
statlon has recorded several hundreds of local and regional events, many of whlch, 
unfortunately, can not be located Foci of located earthquakes are shown on the map in 
Fig 2 Until June 1997, there were only 29 events whch were recorded jolntly by 
TNG and by other statlons worldwde and, thus, were analyzed and reported by the US 
Natlonal Earthquake Information Center, NEIC Table 1 presents a 11st of these events 
where the epicentral distances depths and mb magmtudes are determined by NEIC and 
the low frequency displacement spectral levels, a, were computed and measured 
usmg the interactive GII-SDP software package developed by Malitzky and Shaplra of 
the Geophysical Institute of Israel 

Followmg the procedure described above, we obtalned an empirical attenuation 

In fact, the best fit is observed for al=l 02 and a2=0 0001, w th  a standard deviation 
of 0 21 (observed mb minus calculated magmtudes Mm) 

Introducing Eq (4) to Eq (I), we obtam a "new" magmtude scale Mm whch 
differs from the Moment magmtude scale Mw by the fact that it IS based only on 
SHORT-PERIOD recordmgs at local and regional &stances (up to 10°km) The 
correlation between the Mm and mb magmtude deterrmnations is shown m Flg 3 

The defimtlon of the Mm scale, to serve as a local magmtude scale in the region 
of the South Pacific islands, IS prompted by basic physlcal considerations or, in other 
words, it is llnearly correlated with that part of the (log) seismlc moment which IS 

measurable by short penod seismometers Evidently, when the corner frequency in the 
displacement spectrum of the event IS lower than that of the band-pass of the 
seismometnc system (about 0 3 Hz), the Mm values would not be an appropnate 
measure of the earthquake strength Under these conditions and according to Lee and 
Stewart (1981), we should expect that Mm mll become saturated and lose llnemty 
wth  log(Mo) at magrutudes about 5 5 and hgher, i e , for estlrnating the magmtudes 
of strong earthquakes we may apply the same formulation but have to use record~ngs 
from broad band or strong motion seismometers 

We are fully aware of the fact that the data base upon whch we derived the 
regional attenuation function is limited m quantity and sometimes also In quality It 
should be noted that there is an Inherent uncertainty in mb detemnations As 
observed worldwide (see, for example, Bath, 1973 and Shapira and Kulhanek, 1978), 



mb determ~natlons of a glven event may vary wthm +O 3 and more In addition, many 
of the earthquakes used are located by NEIC wth  only a few statlons (especially the 
low magrutude earthquakes) where there mght be sipficant uncertainties assoc~ated 
w t h  estimatmg the hypocentral distances Despite these d~fficultles, we have obtained 
the expected attenuation ( R-') which corresponds to the geometncal spread~ng of 
body waves (S waves in t h s  part~cular case) Anelastic attenuation, ~f it exlsts, could 
not be resolved fiom the available data 

The mam practical sgruficance of h s  study is the fact that it allows magmtude 
deterrninatlons of many seismc events whch are not othenvlse poss~ble Encouraged 
by these results, it is Interesting to test whether the procedure presented here is 
appl~cable to other subduction areas w l t h  the South Pacific Sporadic operabons of 
the PC-SDA system in Port V~ la  (Vanuatu) provided recordmgs only of earthquakes 
also reported by NEIC Hundreds of events recorded by the PC-SDA system are not 
reported in international bullet~ns Mrn versus mb determations of these events are 
also shown m Flg 3 and demonstrate the appllcab~lity of the developed procedure to 
other areas in the South Pac~fic Ths  new Mm scale may be used as a uniform local 
magnitude scale to that region 
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Table 1 Events used in the Magnitude Analysis 
Mm is the new scale, whle mb is the magmtude detemned by NEIC 

DATE ORXGIN 
TIME 

LONG LAY, 

Tonga Events 
1996110131 
1996111103 
1996111106 
1996111108 
1996111108 
1996111111 
1996111116 
1996112103 
1996112103 
1996112108 
1996112108 
1996112115 
1996112116 
1996112116 
1997102113 
1997102114 
1997102115 
1997102118 
1997104109 
1997104113 
1997104113 
1997104114 
1997104115 
1997104120 
1997104120 
1997104124 
1997104125 
1997104127 
1997104128 
1997105101 
1997105104 
1997105105 
1997105106 
1997105106 
1997105106 
1997105108 
1997105108 
1997105111 
1997107116 
1997107117 
1997107122 

H 

1807s 
22 29s 
17 85s 
20 32s 
22 26s 
19 46s 
19 03s 
19 56s 
18 35s 
2026s 
2007s 
23 29s 
18 88s 
23 39s 
18 07s 
2200s 
2190s 
2130s 
2029s 
22 19s 
1973s 
21 48s 
20 47s 
20 20s 
1973s 
2036s 
1947s 
20 46s 
20 67s 
21 75s 
19 99s 
19 72s 
22 27s 
20 76s 
21 91s 
19 32s 
1943s 
22 00s 
2140s 
2280s 
2286s 

1 4 0 4 1 1 4  
21 44 51 9 
09 23 40 9 
09 22 37 9 
14 00 46 6 
16 02 34 2 
14 43 05 2 
12 15 55 4 
12 56 57 6 
04 08 5 4 0  
1 7 1 3 1 8 0  
15 38 50 5 
17 01 14 8 
18 53 06 7 
12 18 50 3 
1 3 3 9 1 3 7  
2 2 5 4 1 5 3  
0 5 1 3 2 1 7  
18 52 38 9 
08 48 34 6 
15 17 31 7 
06 58 3 2 2  
14 43 36 2 
16 20 48 1 
1 8 4 5 2 3 0  
0 1 4 5 0 4 4  
0 7 3 1 0 9 0  
07 16 31 5 
05 32 56 0 
03 25 59 1 
05 30 09 2 
01 21 16 0 
06 55 10 3 
07 30 18 5 
15 12 48 7 
01 33 374  
05 56 13 1 
15 29 50 4 
0 2 1 0 1 8 8  
0 7 0 1 3 5 2  
1 4 2 8 0 9 8  

17817W 
179 27W 
175 15W 
176 67W 
179 22W 
175 59W 
177 57W 
176 04W 
17227W 
17452W 
17783W 
176 10W 
179 32W 
179 74W 
178 41W 
17951W 
17514W 
17599W 
177 69W 
176 24W 
175 30W 
178 59W 
177 62W 
178 22W 
17768W 
17820W 
17411W 
177 SOW 
178 20W 
176 93W 
178 OOW 
177 29W 
179 43W 
175 85W 
175 59W 
175 35W 
175 83W 
175 62W 
17581W 
17529W 
17539W 

496 
300 
150 
202 
458 
200 
491 
142 
32 
14 
513 
248 
576 
457 
542 
600 
17 
55 
339 
111 
141 
272 
439 
481 
355 
304 
127 
511 
504 
99 
450 
400 
506 
40 
33 
81 
178 
12 
18 
15 
136 

43Mm 
4 3Mm 
5 OMm 

4 3Mm 
4 4Mm 
3 6Mm 
4 1Mm 
3 9Mm 
5 4Mm 
4 3Mm 
44Mm 
4 6Mm 
4 6Mm 
4 5Mm 
4 5Mm 
41Mm 
38Mm 
42Mm 
44Mm 
4 7Mm 
44Mm 
3 9Mm 
3 8Mm 
4 1Mm 
51Mm 
43Mm 
41Mm 
4 2Mm 
4 1Mm 
4 3Mm 
4 OMm 
4 3Mm 
4 3Mm 
3 8Mm 
4 2Mm 
42Mm 
4 9Mm 
4 5Mm 
45Mm 
48Mm 
47Mm 

47mb . 

4 lmb 
5 Omb 
4 5mb 
5 2mb 
3 6mb 
43mb 
4 3mb 
6 Omb 
4 5mb 
46mb 
4 9mb 
49mb 
4 6mb 
4 4mb 
42mb 
42mb 
44mb 
4 7mb 
4 7mb 
4 8mb 
3 9mb 
3 6mb 
4 2mb 
51mb 
44mb 
43mb 
4 7mb 
4 7mb 
4 5mb 
4 Omb 
4 2mb 
4 6mb 
3 5mb 
4 2mb 
44mb 
5 lmb 
4 6mb 
46mb 
49mb 
50mb 



4 6mb 
4 2mb 
49mb 
43mb 
40mb 
36mb 
5 Omb 
45mb 
46mb 
48mb 
45mb 

DATE 

1997107123 
1997108105 
1997/08105 
1997/08/16 
1997/08/17 
1997109106 
1997109108 
1997/09/09 
1997109113 
1997109124 
1997109127 

ORIGIN 
TIME 
08 33 58 3 
08 13 10 3 
2045358  
1001149  
1743571 
0650155 
23 49 34 9 
0638225 
1728560  
1516306  
1559019  

Vanuatu events 
1997/01/16 
1997101120 
1997101120 
1997101125 
1997101127 

LAT. 

22 92s 
21 06s 
2124s 
2114s 
2050s 
2011s 
20 73s 
2261s 
2137s 
2109s 
1939s 

0244375 
05 38 18 2 
2058146 
11 04 48 6 
01 12 382  

LONG. 

175 34W 
176 45W 
17457W 
17407W 
17611W 
17651W 
174 50W 
17465W 
17458W 
17433W 
17373W 

1603s 
19 27s 
1892s 
16 09s 
1791s 

R 

88 
244 
21 
82 
179 
153 
62 
124 
33 
50 
33 

46Mm 
4 3Mm 
47Mm 
42Mm 
39Mm 
37% 
5 OMm 
41Mm 
45Mm 
48Mm 
42Mm 

45mb 
4 3mb 
47mb 
4 9mb 
43mb 

16728E 
167 59E 
16945E 
167 95E 
16738E 

129 
25 
122 
155 
200 

' 4 6 M m  
44Mm 
46Mm 
4 9Mm 
48Mrn 



FIGURE CAPTIONS 

Fig 1 A typical transfer funchon of a seismic channel 

Fig 2 Locatlon map of the foci of earthquakes located by the TNG station 

Fig 3 The correlation between Mm and mb magnitudes 
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