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ABSTRAST

Ttre seismicity, structure and tectonics of the North Islancl plate
boundary have been studied by means of a n-icroearthqualce traverse
oriented in the d.irection of dip of the subducted pacific plate and
stretching fron southern Hawkefs Bay to northern Taranaki.

The geonretrT of the top of the pacific plate is inferred fron a
band of concentrated lnicroearthquake activity which can be identified
with the crust of the plate. The Pacific plate appears to have tr,ro knee-
like bendsr on€ between tlre east coast and the Ruahine Range, where the
top of the plate is about 25 kn deep, the other below the rzolcanic front,
where it is about 70 km deep, The sharlower bend, and subsequent
restraightening of the prate can be rerated to phase ctranges in the
prate, while the deeper bend can be rerated to volcanism.

- Gomposite focal- nechanlsrns indicate that seaward. of its shallower
bend the Pacific plate is being roaded by the rndian plate, whereas
landr*ard of this bend the Pacific plate is sinkingr under its own weight.
Both composite focal mechanisms and the distribution of microseisrnicity
in the Pacific plate suggest the existence of a nrajor discontinuity
striking down the d.ip of the prate and passing beneath trre Tongariro
nolcanic centre.

A conspicuous lack of rnicroseisrnicity in the Indian plate in
the eastern North Island revealed, in this study can be relatecl to the
plates being rmlocked in th:is region. A feature of the seisnricity of
the Indian plate in the region of the Wanganui Basin is the concentration
of activity in the 25-42 krn depth range, shallower activity being
largely confined to the northeast edge of the basin, near Mt Ruapehu
and waionru. corqposite focar mechanisrns suggest the 25-42 km deep
activity reflects stresses set up by locking and unlocJ<ing of ttre plates,
while ttre shalLower activity reflects local stresses related to golcanic
phenomena.



rtr

ACKNOWLEDGEMENTS

r wish to thank my supervl-sors, professor Frank Evison and
Dr Robin Adans, for their encouragement and heLp; Drs RusseLl nobinson,
Euan snittr ancl DicI< vilalcott of tJre @ophysics Division, D.s.r.R., and
Bryan sissons of the Geology Department, victoria uninersity of
Wellington, for nany helpful discussions and for the use of unpublished
results; the Geophysics Division, D.S.T.R., for tlre Loan of micro-
earttrquake recorders and technicians to rnan them; coLin Brorrrrr,

Terq, Barl and Brran sissons for heLp with tJre fierdwork; Magreen
Penning and Rtryl singreton fbr typlng the thesis; and not least the
farmers of the study area for their eo-operatLon and interest in ttre
studl'.

Financial support was provl,decl by a University Grants Corudttee
Postgraduate scholarship, a wilrian Georgetti scholarship and a
Senior .Tacob Joseph Scholarship,

!{oral srryport was prcvLded by n1' girlfriend, Joce,



CTAPTER 1

GTAFTER 2

2.L

2.2
2.3

CHAPTtsR 3

CXIA TER 4

CONTENTS

IITTRODUCIION

THE TEqTONIC SETTING, SEISI4ICITT AND

STRUCTT'RE OF TIIE STUDY AREA

TECNONIC SETTING

SEISUTCITY

STRUqN'RE

INSTRUMENTATION AI.ID FIELD ITORK

lv

Page

I

20

20

25

25

27

31

3

5

14

3.1 TNSTRI'MENTATION

3.2 FTELD WORK

3.2.1 The Dannevirke survey

3.2.2 llhe Ruapehu survey

4.1

4.2

4.2.L
4.2.2

4.2.3

4.2.4

4.2.s

4.2.6

4.3
4.4
4.5

!4ICROEARTHQUAKE AI\rAlYSrF

!{TCnoEARTHQUAKE IDENTTFICATION AlfD

I,OCATION CRTTERIA

HYPOCENTRE DETERMINATION

The HYPOTI computer progrram

The P-wave velocity rcdel adopted for the
Dannevirke array
E:<planation of prominent phases otlrer than

P and S shown by Dannevirke survey nicro-
earthquakes

lftre P-wave veJ-ocity rpdel adopted for
tlre Ruapehu array
E:<planation of prominent phases other than

P and S shovm by Ruapehu survey m-icroearttrquakes

DeterrrinatLon of the ratio of P-wave veloeLty
to S-wave velocity
ITYPCCENTRE gUALITY

ES?rI4ATION OF !,uCROEAr{THQUAI(E UAGI{ITUDE

CONSTRUCTION OF COMPOSITE IOCAI, MECHAIIISM

DIAGRAMS

3I
32

32

33

39

43

50

56

61

62

63



CHAPIER 5 IIICROBARTHQUAKE RESTTLTS

5.I GENERJAI FEATURES OF THE MICROSEISMICITY

5.2 DETAII,ED STT'DY OF GROT'PINGS OF MICRO-

EARlHQUAKES

5.2.1 Microearthquakes shallorler than 4O km

Iocated with the Dannevirke anay
5.2-2 Microearthquakes deeper than 40 km

located wittr tJle Dannevirke array
5.2.3 Micr.oearthquakes deeper than 40 krn

located with ttre Ruapehu array
5.2.4 Crustal microearthguakes near Waiouru
5.2.5 Crr:stal microearthquakes near Taihape
5.2.6 Shallow microearthquakes in the upper

basin of the Wanganui River
5.2.7 Shallow rnicroeartl:guakes in the lower

basin of the Wanganui River
5.2.8 Microearthquakes irnmediately south of ttre

city of Wanganui

v

Page

66

56

70

70

75

76

82

88

92

96

98

CHAPTER 6 ACIIVE DEFORMATION AT THE NORTH ISLAND
.PLATE 

BOUNDARY 101

1016.1 ACTIVE DBFORMATION OF :rHE PACIFIC PTATE

5-1-1 The geometry of the sr:bducted pacific plate loL
6.L.2 The stress regime in the sr:bducted pacific

pt_ate 109
5.I.3 tateral segmentation of the subducted

Pacific plate ll1
6.2 ACTIVE DEEORMATION OF TIIE INDIAIiI PLATE I14
6.2.L The east coast of the North Island lI4
6.2.2 The Ruahine Range llg
6-2.3 Ttre Wanganui Basin L19

CHAPTER 7 CONCLUSION L23

APPENDIX DANNEVIRKE SUR\EY AND RUAPEHU SURVIEY

L24

137REFEREIICES

IOCATED M TCROEARISIOUAKES



vJ.

LIST OF FIGURES

Figure Page

2.L Tectonic setting of the New Zealand region. 4

2.2 Isobaths of subcrustaL earthquake activity and

recently active andesitic volcanoes of the Hikrrrangi
6Margin.

2.3 Vertical cross section of subcrustal earthquake focL

along the strike of the Benioff zone. 7

2.4 Shallow seismicity of the Hikurangi Margi-n, 1956-1974. 9

2.5 Isostatic anavity anomalies at the Hikr:rangi Margin. 10

2.6 Historical seismicity and Recent faults of the
study area. lL

2.7 Generalized geology of the traverse. 16

3.I Tlpical Low-noise records produced by a Sprengmether

MEQ-600 and a Kinemetrics pS-IA nricroearthquake
record,er. 2j

3.2 Tvro examples of microearthquakes record,ed by a slow-
motion tape recorder.

4.L Vertical cross section along the traverse showing
microearthquakes located using the standard New

Zealand crustaL model.

4.2 Seisrrcgranrs of rnicroearthquakes recorded, iluring the
Dannevirke survey showing phases interpreted as

reflected p-phases.

4.3 Seismograms of rnicroearthguakes recorded during
the Dannevirke survey showing phases interpreted
as S to p converted phases.

4.4 Seismograms of local crustal earthquakes showing
a low amplitude first-arriving phase.

4.5 A seismogram exhibiting a low amplitude first-
arriving phase and a diagram in&icating an inter-
pretation of the phase.

24

36

40

4L

48

51



vii

PageFigure

4.6

4.7

4.8

4.9

5.r

5.2

5.3

5.4

).5

A seismogram showing a strong phase closely following
the first-arriving p-phase and a diagram illustrating
the interpretation of this phase as Sp generated near
the top of the subducted p1ate.

A seismogram of an earthguake in the Dannevirke
region recorded by the Ruapehu array and a diagram
illustrating the interpretation of the strong phase
between the P- and S-phases as Sp generated near the
top of the sr:bducted plate.

Seisrcgrams showing definj.te phases between p and
S, recorded from an earthquake in the Benioff zone
near the Ruapehu array and a microearthquake 39 p.m

below the upper basin of the Wanganui River.

1 values determined from Wadati diagrams for micro_
earthquakes with seven or rrpre (prS) pairs and a
range of P arrival time of seven seconds or greater.

Epicentres of nricroearthguakes with focal depth less
than 40 km located using the veLocity nodels
descrLbed in sect. 4.2.

Epicentres of microearthquakes deeper than 40 km
located using the velocity nodels described in
sect.4.2.

Vertical cross section along the traverse showing
nicroearthquakes located using the velocity models
described in sect. 4.2.

Vertical cross section along line B _
showing microearthquakes located with
array.

Br of fig. 5.I
the Dannevirke

A composite focal mechanisn for aLl quality A and B
nicroearthquakes less than 40 ksl deep located with
the Dannevirke €uray.

53

54

55

58

67

68

69

73

7l



viii

Figr:re page

5:6 A conposite focal mechanism diagram for alt
quality A and B microearthquakes deeper than
40 kn located with the Dannevirke array. 77

5.7 A composite focal mechanism diagran for micro-
earthquakes in the band of activity at the top of
the Benioff zone, 4O-IOO km deep, and with epi_
central distance to the nearest station recording
the nicroearthquake greater than 36 km. gO

5.8 A composite focar- mechanism for rnicroearthquakes in
the band of activity at the top of the Benioff
zo.€r 40-100 krn deep, and with epicentral distance
to the nearest station recording the microearth_
quake less than 36 kn. g1

5'9 A conrposite focar mechanism diagrram for the four
Benioff zone rn-icroearthguakes deeper than l2O km. g3

5'10 A composite focar mechanism diagram for the four
earthquakes underlying the proninent bend in the
band of activity at the top of the Benioff Zone. A4

5.lr Epicentres of microearthquakes near waiouru rocated
with the Ruapehu array. g6

5'12 vertical cross sections of rnicroearthquake activity
near Waiouru located with the Ruapehu array. A7

5'13 A composite focar mechanism for arr microearthquakes
near Waiouru. g9

5'14 A composite focar- mechanism for the tight cluster
of rnicroearthquakes immediatery southeast of waiouru
outlined in figs. 5.lt and 5.12. 90

5.15 A composite focar mechanisrn diagrarn for crustar rnicro_
earthquakes near Taihape.

5.L6 First motions of the microearthquake of L974 october
3rd OSh3Om, which occurred near ohakune at a depth
of 1.4 10.4 l<m.

91

93



ix

Figure Page

5.r7 A conrposite focar mechanism for rnicroearthguakes
between 5 ancl 25 kn deep occurring in the upper
basin of the Wanganui River. 94

5.18 A composite focal mechanism for microearthquakes
between 25 and 42 lcn deep occurring in the upper
basin of the !,langanui River. 95

5-r9 A tentative focar mechanism for microearthquakes
between 25 and 39 km deep occurring in the r.ower
basin of the Wanganui River. gz

5.20 A conposite focaL mechanism diagram for quality
A and B microearthquakes of the dense cluster of
activity imnediately south of the city of wanganui. roo

6-1 A verticar cross section along the microearthquake
traverse showing werr-determined earthquakes and
rnicroearthquakes and the inferred geometry of the
upper surface of the subd.ucted pacific plate. IO2

6-2 conposite focal mechanisms for sharrow rricroearth-
guakes in the sr:bducted plate. IO5

6.3 composite focar mechanisms for earthquakes in the
top of the subducted plate below the central
North Island. LO7

6.4 composite focar mechanisms for eartrrquakes in the
subducted plate below the central North Island. ll0

6'5 A s*'oary of features rerated to a rnajor discontin-
uity striking down the dip of the s'bducted prate. rr3

6-6 North Island shear strain components, from
retriangulation data for the period after l-931. lI5

6.7 Focal mecharrisms for shallow earthqr:akes in the
Indian pLate. 116

6.8 A qualitative interpretation of active deformation
at the North Island plate boundary. LZ2



LIST OF TABIJES

TabIe

3.1 Detalls of ttre ni.croearthguake stations of
the Dannevirke survey.

3.2 Stations of the Ruapehu survey.

3.3 Recording periods of rrLcroearthquake stations.

4.2 The velocity rrodel and statLon corrections
adopted for the Ruapehu array.

4.3 Earthquakes used to study pn velocity below
the Ruapehu array.

4.4 Comparison of magnitudes.

26

Page

47

28

29

4.1 The standard New Zealand crustal urodel and the
velocity nocler adopted for the Darurevr.rke array. 35

45

64



CTiAPTER I

INTRODUCTION

The North rsland of New Zearand exhibits arl the principal
features typically found at a plate boundary with subduction. These
features include an oceanic trench, rarge negative gravity anomalies,
andesitic volcanism, and crustal and mantle se]-smicity. yet the plate
boundary in the North Island is unusual, in that the subducted pacific
plate does not begin to dip steeply until well beneath the North rsland
(e.9. Hamilton & Gale, 196g). As a result, a larger proportion of
the plate boundary can be subjected to rand-based geophysical
observation than is possibre with most other sr:bduction zones, where
the shallow part of the subducted plate is offshore.

The seismological observatory of the Geophysics Division of
the New zealand Department of scientific and rndustriar Research
(DsrR) operates a nationwide perrnanent network of seismographs with
a typical station spacing of some 140 km. This network enables detailed
study of the intermediate depth and deep earthquakes associated with
subduction of the pacific plate beneath the Norttr Island (e.g. Anse1l
& smith, 1975; Adams & ware, rg77i snith, Lg77). Hohrever, the large
station spacing of the permanent network Leads to generarly poor depth
contror for shallow earthquakesr and up to 1976 all shocks recognized
as crustal by the Seismological Observator.!, have been routinely
restricted to depttrs of 12 km or 33 kn for purposes of cornputation.

The advent of microearthquake surveying has now made the
detailed investigation of shallow seismicity feasible. Microearth-
quake surveyine involves the location of small earthquakes, usuarry
of nagnitude less than 3.0, using closely-spaced, high-gain seismographs
at selected sites. Given good recording conditions, earthquakes of
magmitude less than o.o can be rocated with a microearthquake array.
consequently, a sanqlle of the microearthquake activity in a given
region can be obtained in a relatively short time, since ttre freguency
of occurrence of earthquakes increases by a factor of about eight for
each unit drop in magnitude (e.g. Richter, I97f). In New Zealand,



mr'croearithguake srrrveys have been used to study regional seismicity
(e'g' Scholz et al-, r973a; Robinson & Arabasz, L975i Arabasz & Robinson,
L9761. the seisnricitl' of a geothermar area (Evison et ar., 1926), and
the long-term behavior:r of an aftershock sequence (Robinson et aI., lg?5) .

This thesis describes a microearthquake traverse carried out
across the North rsland, from Porangahau in the southeast to l{hangamomona
in the northwest- The traverse strikes at 3110, approxinately pararrer
to the direction of dip of the underrying Benioff zone d.eterurined by
Adans & Ware (1977). Ttre pri_ncipal aims of the study were:
(1) To obtain a detailed pictr:re of tire seisnicity of t]le North rsland

plate boundary through the accurate rocation of well-recorded
microearthquakes cLose to the traverse.

(2) To deterrnine the stress regirre in the subducted and overlying
plates through the study of rnicroearthquake composite focal
mechanisms.

(3) To conbine the results of (1) and (2) with other geophysical data
pertaining to the North rsland and thus arrive at a better
understanding of active deforrnation at the North rsrand plate
boundary.



CHAPTER 2

TFIE TECTONIC SETTING SEISMICTTY AND STRUCTURE

OF THE STUDY AREA

2.1 TECTONTC SETTING

rn terms of plate tectonics (Le pichon, 1969), Nev, zealand
stradd,res ttre boundary between the pacific and rndian prates (fig. 2.Lt.
This boundary is marked by the Tonga-Kermadec sr:bduction zone (oliver &

rsacks ' 1967, to the northeast of New zealand, and by ttre Macquarie
Ridge complex (Hayes et al., L}TZ) to the souttrwest. The boundary
within New Zealand has been descri-bed as a 200 krn-wide zone of
pervasive deformation manifest in seismic activity, d.istortion of
triangulation nets and differential vertical movements of the land
(Walcott, 1978a).

sea-floor spreading magnetic evidence suggests that an active
plate boundary has passed through the New zearand region since the
Paleocene, but since the pore of rotation of the pacific/rndian prate
paj'r has always been close to the boundary during this tirre, evidence
of plate interactions in New Zealand continental georogy is qenerally
variable and sometimes subtle (Weissel et al. , Ig77). Indeed, there
is very little direct inforrnation on the relative motion of the pacific
and rndian pratesr €uld chase (r9zg) does not use €rny data fron the
Pacific/rndian prate boundary in calcurating a pore of rotation for
ttris prate pair for post-Miocene times based on global sea-floor
spreading rates, transform fault trends and earthquake slip vectors.
The velocity of ttre Pacific plate relative to the rndian plate predicted
by this trnle is shown in fig. 2.I.

The mode in which the relative motion between the pacific and
lndian plates is presentl-y accommodated in New zealand varies along the
lengttr of ttre plate boundary. In the Fiordland region (in the southwest
of the south rsland) the offshore seismicity, Lhrusting earthquake
mechanisrns and intermediate depth activity arl suggest subduction of
the Indian plate, whereas in the Alpine fault zone in the central south
rsland the plate boundary has been described : a zone of obrique
continental convergence (Scholz et al ., lrg73 a) . fn the North lsland
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and northern south rsrand, intermediate-depth earthquakes, active
volcanism and a shallow trench indicate that subduction of the pacific
plate is currently occurring. Eereafter this portion of the plate
boundary wi.rl be referred to as the Hikurangi Margin, folrowing
Hatherton ( 1971) .

2.2 SE]SMICITY

The Hik'rangi Margin incorporates the Main seismic Region of
Eiby (1971), and its seismicity has been extensivery discussed (e.9.
Eiby, 1959, L964, IgTIi Hamilton & Ga1e, 196g, 1g5g). The rnost
definitive study to date of ttre rnorphology of the Benioff zone
associated with the sr:bducted Pacific plate at the margin has been that
of Adams & Vtare (19?71. These authors have located sr:bcrustal earth_
quakes using a laterally inhomogeneous verocity model_ in which
verocities along ray paths presumed to lie entirely in the Benioff
zone have been i.ncreased by llt cornpared with the standard Jeffreys-
Bullen model. They have determined the Benioff zone to be essentially
planar, with a strike of 0450 and a dip of 5oo to the northwest
(see fig- 2-2); the rower lfurLit of Benioff zone activity shoals
towards the soutttwest, making an angle of some 15o with the horizontal
(fig. 2.3).

The southwesterly shoaling of the lower lirnit of Benioff zone
activity is more rapid than that predicted by a linear decrease in
subduction rate as the pacific/rndian pole of rotation is approached.
scholz et aI- (1973a) argue that this shoaling provides strong evidence
for a southerly migration of the Hikurangi Trench. However, as pointed
out by Arabasz & Robinson (1976), the shoaling nay simply result fron
the "fold axis" of the su'ducted plate being oblique to the direction of
plate convergence (compare figs. 2.1 and 2.2'). rf the verticar cross
sections of the Benioff zone of Adams & ware (lrg77,) are rotated to the
surface' it becomes apparent ttrat the subducted plate is almost uniformly
wide between 35oS and 4O.5oS, the Leadinq edqe of the plate being
nearly parallel to the Hikurangi and Kennadec Trenches.

Subcrustal eartJrquakes in tl:e northwest of tlre South lsl-and mark
a clear southwestern edge to t}re Benioff zone of the Hikurangi Margin
(fig- 2-3) - The northeastern boundary of the Benioff zone shown in
figs- 2-2 and 2.3 is arbitrary, being the tinit of the area studied bv
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Adams & Ware (f977'). To the northeast, sr:bcrustal activity in the
Main Seismic Region is separated from that in the Kermadec Seismj-c
Region by a narrow transverse gap with few or no earthquakes, passing
through 36os' l79oE and marking a change in strike and maximum depth of
the activity (eiUy , L97L, L977, .

slrbduction of the pacific plate at the Hikurangi lrargin is
accompanied by diffuse shallow seisnieity stretching fronr the
Hikurangi Trench to the region above the deepest part of the Benioff
zone (fig. 2-4') - This shallow seismicity shows no detailed relationship
with surface faulting (Itatherton, 1970b; Eiby, L97l). Hatherton
(1970b) has noted that the shallow shocks €rre synunetrically disposed
about the axis of the negative isostatic gravity anomary (fig. 2.5),
and tLrat the main belt of shallow earthquakes folrows the negative
gravity anomaly axis in changing direction from soutlrwest to south-
southeast ttrrough Cook Strait. A relatively aseismic corridor in the
upper crust lies to the west of this main bel-t of activity (see fig. 2.4)

shallow earthguakes at the llikurangi t'targin display a regular
regional pattern with regard to source properties (Gjlowicz & Hatherton,
1975) - Average displacements across the fault plane are surall for
shocks between the Hikurangi Trench and the east coast of the North
Island and also northwest of tie recently active low-potash andesitic
volcanoes (fig. 2.2). Between these two regions, and thus over most
of the North Island, displacenents are large. Large values of displace-
ment imply higher strength of the source material, whiLe low values
may indicate pre-existing faurts and fractures in the area or zones
of najor weakness.

Large shallow earthquakes that have oceurred at the Hikurangi
Margin since European settlernent (fS4O) display a diffuse distribution
similar to that of the small.er shal,low shocks. !'hose that have occurred
in the inmrediate vicinity of the rricroearthquake traverse are shown in
fig. 2.6, together wittr faults thought to have been active dgring the
Holocene- what follows are brief notes on seismological aspects of the
earthguakes of magnitude seven or more shown in fig. 2.6.
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1843 Julv 8th

Historical data on this earthquake has been studied in detail
by Eiby (1968a). This was a najor earttrquake, with a magnitude not
less than 7Lz and an epicentre close to wanganui, or within 50 kur to
the northeast of it. There were large randslides and conspicuous
cracking of the banks of the wanganui River, a suggestion of seiche
movements in the river, and regional uplift and subsidence. Maximum
intensity was certainly I*lM9 and probabry !,IMlo. rhe earthguake was
most likely shallow, as it was followed by nrmerous aftershocks, some
of the larger ones being felt in New plymouth and ltellington.

1897 December Tttr

Hayes (1953) assigns this earthquake a magnitude of 7. The
epicentre calculated by Hogben (f898) at approxinately 40.5oS,
L74-2"8 is very likely to be in error: his isoseismar rrap suggests
an epicentre close to l{anganui. Felt reports indicate a maximr.un

intensity of MM8 at wanganui. A conspicuous lack of aftershocks
("at all eventsr not more than one very stight one,' - Field,, 1g9z) and
the wide distribution of higher intensity sugrgest the depth of the
earthguake is likely to have been greater than the 25 ksr deduced by
Hayes (1953).

1904 Aueust Ettr

This earttrquake was felt over nearly the whole country, and
Hayes (1953) assigns it a magnitude of '7L2. rts effects hrere most marked
in the Hawke Bay and wellington Districts, especialry on or near the
coast from Porangatrau to castlepoint, where rockfalls occurred from
cliffs and fissures srere observed in ttre ground (indicating an intensity
of about MU9). Hogben (f904) calculates an epicentre at 42o 2*,5,
l78o 58r8, but his isoseisnal map suggests an epicentre much nearer
to the coast (see fig.2-6) - The earthquake is rikery to have had
a shallow focus, as it was followed by at least twenty felt aftershoclcs.
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1921 June 28th

A detailed analysis of this earthquake has been made by
Bullen (f937) r:sing data of the Lnternational Seismological Sr-unmary.

He calculates an epicentre at 39.3os, L76.4o8, wittr a standard error
of about o.4" - Both p and pKp observations indicate a focal depth
of about 80 krn. such a depth is in agreement with the isoseisnaL
distribution. The earthquake produced intensity MMz or g over most
of Hawke Bay District, and Hayes (1953) has assigned it a nagnitude
of 7 f:om tlle felt data.

I93l February 2nd

Ttris magnitude 7i earthquake produced najor destruction in
Napier and Hastings and caused the loss of 256 lives. rntensity
reached MMll at Napier. Regional uplift and subsidence occurred,
and extensive ruptures formed in an area of Tertiary limestones some

10 kn southwest of Hastings. Taken together, ground movements indicate
that the earthquake involved movement on a northwest-dipping thrust
fault (Henderson, 1933). Using readings fron New Zealand stations,
Adams et aI. (1933) place the mainshock about 20 k!0 north of Hastings
and 16-24 km deep. Bullen (l93ga) finds the seismological evidence
from both local and overseas stations is consistent with an epicentre
some 25 km northwest of Napier. He suggests a focal depth of 15-20 km,

"thougrh the evidence for this is not precise". The mainshock was
forlowed by numeror:s aftershocks, the largest having a magnitude of ?.1.

1934 March 5th

The region most severely shaken by this magnitude 7.1 earttrquake
was the eastern part of the North rsland between porangahau and

Castlepoint. There has been some debate as to the location of this
earthquake. Bullen (193G) and Hayes (f937) calculate epicentres at
sea,east of Castlepoint (at 40.85"S, L76.BoE and 40.95oS, 176.goE
respectively). However, a reinterpretation of the earthquake
incor;rorating overseas readings (Bullen, 193gb) gives an epicentre
onshore near Pahiatua (at 40.6o5, 175.7"E). Both Bullen (f93gb) and
Hayes (1937) agree the earthquale had a fairty shallow focus. this is
also suggested by the numerous aftershocks which occurred.
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L942 June 24th and August Ist

The magnitude 7 earthguake of June 24th was danaging in southern
wairarapa and r{ellington, reaching intensity MM9. rt was folrowed by
numerous aftershocks, and its depth has been estimated at 20 km (Hayes,
L9421 ' The magnitude 7.r earthquake which occurred on the rst of August
had an epicentre close to that of the earthguake of June z4tJ1, but was
appreciably deeper, its focal depth being calculated at 55 knr (Eiby,
r968b) ' The difference in depth between these two shocks is borne out
by the intensity distributions they produced (Hayes, 1943).

The earthquake of Jwre 24th produced gror-rnd fracture close to the
computed epicentre (ongley, 1943), but since the fractures hrere srnarr
and of linitecl extent it is difficult to ascertain if true surface
faulting occurred. Recently, two fauLts have been posturated as having
moved during the August Lst earthquake. rn a dendrochronological study
of bent trees on a fresh fault scarp on the western flank of the Aorangi
Range (southern Wairarapa), Berryman (Lg77l establishes faulting took
prace about L942, and suggests the August rst earthguake was responsible.
Neef (1976) postulates on rather meagre evidence that a young minor
bedding fault some 30 km northeast of r,rasterton probably rpved during
the sarre earthquake- Both these fauLt novements are hard to reconcile
with the seisnrological evidence.

The tectonic sigrnificance of nrany

will be discussed in chapter six in the
microearthguake study.

of the aforernentioned earthquakes
light of the results of this

2.3 STRUqTURE

The andesitic vorcanism typicarly associated with rithospheric
subduction is werr-deveroped at the Hikurangi Margin. Hatherton (1969)
has shown that the couposition of the andesitic lavas can be related to
the depth of the subjacent Benioff zane. As can be seen in fig. z.z,
recently active row-potash andesitic volcanoes in the North rsland
(hereafter referred to as the "vorcanic front,, forrowing Adams &
Hatherton (1973) ) straddle the 100 kn isobath of the r:nderrying Benioff
zone. The volcanic front appears to have a tnore northerry strike than
the Benioff zone, a fact which has led Harnilton & Gare (196g) to
associate the vol-canism with the npst intense intermediate-depth earth-
quake activity, which also has a npre northerly strike than the Benioff
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zone by virtue of its increase in depth from southwest to northeast
within the Benioff zone (see fig. 2-3). Recent high_potash andesitic
volcanism has been restricted to a sma1l area (fig.2.2), and occurs
where the underlying Benioff zone is apnroximatery 2oo krn deep.

A magmatic arc has been present in northern New zealand for
about the last 20 mirlion years, and has migrated eastwards and
southwards with time (Ballance , Lg76). From the apparent rr_igration
of axes of andesitic volcanism, calhaem (1973) has proposed that
asymmetricar spreading of about 3 crc per year is currently occurring
within the Taupo volcanic zone (fig. 2.2). This zone is a region of
Recent volcanisrn, high heat flow, shallow seisrnic activity (Evison et al.,
1976), normal faulting (crindley, 1960) and significant rates of strain
(8. Sissons, pers. corm., l97B). ft is aligned with, and is presrmred
to be an extension of, the Lau-Havre Trough, which Karig (1970)

interprets as having formed by back-arc spreading behind the Kermadec
subduction zone. calhaem (1973) recognizes the eastern boundary of
the Taupo Volcanic zone as the proper boundary of the rndian plate,
and the region between this boundary and the Hikurangi Trench as part
of a separate, minor, passive plate. He maintains the Benioff zone,
trench and minor plate have rn-igrated together, relative to the Indian
plate. Ballance (1976) supports the existence of such a rninor plate,
terming it the Hawkers Bay Microplate. In addition, Eiby (Ig77) invokes
mi^gration of a similar plate fragment to expLain the apparent eastrrard
displacement of seismicity shallower than about l5o kn relative ro
deeper seisrnicity in the region of East Cape.

There has been sorne debate as to whether the liikurangi Trench
marks the colunenceaent of subduction of the Pacific plate. The trench
is rather anorphous compared with, say, the Kerrnadec and Tonga Trenches,
and is atypically placed with respect to the negative isostatic Aravity
anomaly (fig. 2.5) and the intermediate-depth earthquake activity
(fig. 2.21- Katz (L974) has argued that the trench does not represent
a continental margin but rather a depositional basin of entirely
continental affiliation, closely related to the thick Cenozoic sedi-nents
of the east coast of the North Island. Cole (1978) prefers the najor
fault zone separating l4esozoic Areytacke/argiUite and Cenozoic sediments
in the east of the North Island (see fig. 2.71 as the surface errpression
of the plate boundary. on the other hand, Gibowicz & Hatherton (1975)
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contend that the associated shoaling of the trench and intermediate-
depth seismicity, and the equivalent behaviour of the trench boundary
and a line marking a change in the source properties of shallow
earthquakes in the eastern North IsJ.and, indicate that the trench plays
a very real tectonic role.

The generalized georog.y of the area of the present study is
shown in fig. 2.7, together wiLh the rocation of permanent stations
of the New Zealand seismograph network and the temporary rnicroearthquake
stations. From southeast to northwest, salient structural features
include:

a)

These are a region of intense faulting and folding containing shales,
siltstones and minor sandstones of Cretaceous to pliocene age. Faults
strike predominantlv north-northeast and show both dextral transcurrent
and vertical movernent. Kingura (L962't has suggested that the
synclinal folding e:<tribited by the Tertiary strata of the ranges
largely resurts from transcurrent drag rather than compression.

on the continentar sheLf to the east of the coastal. ranges,
actively growing folds have been recognized from tilted wave-
planed surfaces (Lewis, 1971).

b) The Ruataniwha-Hawke Bay Depression

This contains mainry narine sirty mudstones of pliocene and
Preistocene age wittr interbedded coquina limestones in the
Preistocene and upper pliocene. seismic reftection results
(teslie & Hollingsworth, L972, indicate the depression is
asYmmetrical, with its deepest part lying adjacent to the Ruahine
Range in the west. Ntmerous parallel faults trending approximately
northeast traverse the area, particularly at pre-pleistocene levels.
Many of these appear to be northwest-dipping thrust faults; others
appear to be wrench faults showing dextrar movement (ibid.).

c) The Ruahine Range

The rugged Ruahine Range, with peaks over rz00 m, consists pre-
dominantly of well dissected Mesozoic grelnracke/argillite,
intersected and bordered by numerous faults showing both dextral
transcurrent and vertical movement. rts structure appears to be
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d)

that of a horst (Kingrrna, 1952) . Uplift of the range is thought to
have begun in the late Tertiary (Kingzna, Ig6Zl.

The Wanganui Basin
rn the wanganui Basin, progressively younger strata are er<posed from
north to south, from Lower Oligocene beds resting on exposed
Mesozoic basernent in the north and northeast, to the thick
Pleistocene-Recent sequence near tianganui in the souttr (Hay, L967i
Kingma, L962i Lensen, 1959). Extensive oil prospecting in ttre
basin, involving surface mapping, qravity surveys, seismic reflection
and refraction surveys and drirling, has indicated that block
faulting of basement is the donr-inant element of subsurface structure
(cope, 1956). The most important faults are tlre Taranaki, strathrnore,
ohura-Te Ahi, Nukruraru-Hauhangaroa and Turakina Faults (see fig. 2.7).
llajor faults in the western part of tl:e basin have a northerly to
north-northeasterly strike and were active in pre-Upper Miocene tirne,
whereas those in the eastern part have a norttreasterly strike and
were acti-ve in the interval from Mid.dle Miocene to Recent (ibid.).
Northeasterry striking faurts in the extreme southeastern part of
the basin are knotrn to have undergone dextral transcurrent novement
in Recent time (Kingna, 1962) - Normal faults are also known in
the basin (for example the Ohura Fault (Hay, L967) ) .

The Tongariro volcanic centre
The Tongariro volcanic centre (CoLe, LgTg) lies at the southwestern
end of t}.e Tau;n volcanic zone (fig. 2.2), and contains tJre presently
active Mt. Ruapehu and Mt. Ngaurutroe volcanoes. ut. Ruapehu is
a camposite andesitic stratovolcano which has been in existence
since early Quaternary times (Frening & steiner, 1951), while the
smaller Mt. Ngauruhoe is thought to have begun eruption about
25O0 years ago (Topping, L974).

The Taranaki Basin

Seisruic surveys and deep drilling have revealed that the subsurface
Taranaki Fault is a major structr:ral line, separating a 6 km deep
Cenozoic basin to the west (tie Taranaki Basin) from the much

shaLlower wanganui Basin to the east (cope, 1965). The surface
geology of the Taranaki Basin is dominated by the Egmont chain of

e)

f)
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arrdesitic volcanoes (Kaj-take, pouakai and Egnront) and their
associated ring plains of raharic agglomerate. Vol_cani-c activity
commenced at Kaitake in the early Quaternary and has moved nrogressi.vely
south-southeastwards (Hay, 1967). Mt. Egnnont has been recentry active,
r-ts most recent identified ash eruption being dated at 1755 A.D.
(Druce, 1966) .
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CHAPTER 3

INSTRUI'IENTATION AND FIELD woRK

3.I INSTRI]MENTATION

Three tyPes of portable microearthquake recorder were used in
this study- Victoria University of Wellingrton provided five Sprengmether
srnked-paper microearttrquake recorders and two slow-motion magmetic
tape seismographs, whire tlle Geophysics Division of the DSrR supplied
five Kinemetrics smoked-paper nicroearthquake recorders.

Four of the sprengnether recorders were identical models
(MEQ-600) which record unattended for 26 hours at a dnrm speed of
60 run/minute. These recorders have a nominal peak displacernent
magnification (at 23 Hzl of 5.2 x LO7. fn the field, the recorders
were usually operated 36 dB below full gain, resulting in a displacement
nagnification of about I x 105. The remaining Sprengnether recorder
(model MEQ-800) is capable of 50 hours unattended operation at a dnrn
speed of 60 nur,/minute. Average displacement magnifications achieved
in the field with ttris recorder were arso about g x to5, peaking at
L4 Hz. All Sprengnettrer recorders incorporate a quartz clock vrhich
provides a tining accuracy within 0.1 sec when used in conjr:nction
with radio time-signals. During the Dannevirke survey (the first
microearthquake survey of this study), radio time-signals were recorded
daily on the MEe-600 recorders. However, in order to achieve more
efficient operation of ttre microearthquale array these recorders were
modified for the Ruapehu survey (the second survey of the study) so
tiat they automatically recorded time-signals broadcast on the hour by
ttre New Zealand Time Service. In bottr sur.yeys radio time-sigmals were
reeorded on ttre MEQ-800 recorder every two daysr the drift of the
quartz clock of ttris recorder (0.04 seclweek) was such that timing
accuracy was still well within 0.1 sec.

Tno moder PS-l anil three model ps-la Kinemetrics micro-
eartlquake recorders stere used in ttre study. Botl: models have sinilar
magnifications and firter settings. rn the field firter setting 4
(2o Hz peak) was usually used, but in tjmes of high wind noise it was
found beneficial to use filter setting 2 (5 Hz peak) . Displacement
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maqnifications achieved in the fierd averaged ?.5 x 105. Daity
calibration of the internal clocks of the recorders revealed that
four of the clock drifts were <0.03 secr/day while the fifth clock
drifted 0.12 sec/day.

AIl sprengrnether and Kinernetrics recorders were operated with
identical 1 Hz verticar seisnometers (Mark prod.ucts 

'odel L4). Except
for a few occasions when MEQ-5oo recorders were run at a dLur speed of
30 rur/rninute (2-day recording) , all recorders srere run at a drun speed
of 60 nm/rninute- This speed is necessary if microearthquake first
motions are to be clearly read. from ttre records. Filter settings adopted
in the study ensured all recorders gave good anprification in the
10-20 Hz range, into which the predorrninant mj-croearthquake frequencies
are observed to fall (Oliver et a1., l96G) .

The two portabre srow-motion maginetic tape recorders used in
the study are simirar and have been described in detair by Di-bble
(1964). Each recorder was used with a Trirrnore !4ark I vertica!.
seismometer (T = I sec). The four-channel recording head of the
instrunents enables the folrowing to be recorded sinnultaneously:

1) High-gain signal from the seismometer
2) Low-gain signal from ttre seismometer
3) rnternar time-marks generated by a crystal oscirlator
4l Radio time-signals broadcast by the New zeal-and Time service

A tape speed of 0.4 nurr/sec produces a recording frequency r€rnge
of 0-L-2o Hz when playback heads simirar to the recording heads are
used- At this speed a 550 rn magnetic tape lasts 16 days. These
recorders were installed at ttre nost inaccessible sites of the Ruapehu
s,rvey because of ttris advantage of a rong period of unattended
recording.

The magnetic tapes were played back on a four-channel tape
recorder with heads sirnilar to ttre slow-notion recorders. Ttre output
from this tape recorder was filtered at L-20 Hz and disprayed on a dual-
bean digital storage oscilloscope. Microearthquake arrivals and time
corrections were then read directly off the oscilloscope. The overall
timing accuracy of the rec.ording and playback systen is better than
0.1 sec.
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Typical 1ow-noise records produced by the various micro_
earthquake recorders are shown in figs. 3.I and 3.2.

stations cNz' MNG and TNZ of the nationar network of per.manent
seismographs (New zealand seismological observatory, L9-rga) provided
valuable information on larger microearthquakes recorded during the
iluapehu survey. Because of its proxirnity to ttre rricroearthquake array
and its high rnagnification (44,g8o at 0.3 sec), coupled with an absence
of vorcanic tremor from nearby active vorcanoes during ttre Ruapehu
survey, cNz clearly recorded almost all microearttrquakes selected for
analysis on the basis of arrivals at the microearttrquake recorders.
TNZ, arthough a lolr nagnification station, provided useful inforrnation
on larger Taranali microearthouakes, while MNG provided inportant
control on the numerous earttrquakes occurring at sea irunediately soutlr
of tlre city of Wanganui

Por ttre study of microearthquake first motions, it is essentiar
that t}'e polarity of alr seismographs with respect to ground motion-
is known' Laboratory tests on the sprengnether and Kinerletrics recorders
have estabrished that they are all of nomar polarity (i.e. r4rward
trace movement for r4>ward ground rption). As the porarity of the tape
seismographs used in the Ruapehu survey can vary according to the mode
of connection of t}le seismorneter to the tape recorder, the polarities of
alr seismographs of ttre Ruapehu array, incruding permanent stations
cNz, MNG and TNZ, r^rere tested in situ by reading first motions of earth-
guakes well outside the array. The use of these earthquakes ensures
arrivals at ttre array cover a small area on the focal sphere; they
often lie in the same quadrant of an earthquake's radiation pattern.
Analysis of the first motions of twelve such earthquakes revealed all
seisnographs to be of normal porarity except for the two tape
seismographs and the permanent station cNZ, which were of reversed
Snlarity. coroborating evidence on the polarity of cNz comes from
an explosion detonated in the crater Lake of Mount Ruapehu during
Easter, 1974. Ttris produced a downward trace motion on ttre cNZ
seismograph, indicating reversed polarity.
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Figure 3.1 Typical low-noise records produced by a

Sprengnether ME-Q-6OO (top; and a Kinemetrics PS_IA micro_
earthquake recorder (bottom). on both records, time marks

are one minute apart, and microearthquakes have been

annotated.
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Figure 3.2 Two examples of microearthquakes
slow-motion tape recorder. In both pictures,
is the high-gain signal from the seismometer,
bottom trace shows second pulses generated by

crystal oscillator.

recorded by a

the top trace

while the

an internal
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u

2)

3)

3.2 FIELD WORK

fn a microearthquake survey, ideally one would place the
microearthquake recorders in an array of aperture comparable with the
e4pected average depth of nicroearthquake activity. However, the
distribution of recorders in the field depends on the following factors:

Ease of access. The records of tl:e sprengnettrer and Kinemetrics
recorders and ttre l2-volt lead-acid battery pohrer source of the
Sprengnethers require daily replacement.
outcrops of bedrock. The recorders must be placed on cornpetent
rock to ensure a rrinimum of noise during ttre high-gain recording
necessary to detect rni croearttrquakes.
Distance from major noise sources. Ttre extrene sensitivity of ttre
recorders necessitates placing then at least one kirometre from
vehicular traffic. since wind in trees causes ground roll (which

has a predoninant freguency of about 20 Hz, i.e. near the frequenry
of peak response of the recorders), seismometers must be kept away

fron trees as much as possible. wandering stock nust arso not be in
the vicinity of a seismometer as, apart fron causing noise, they
revel in chewj-ng seismometer cables.
The rogistics of senricing the recorders with the personnel and

vehicles available.

3.2.1 The Dannevirke survev

This survey was carried out between February 6tJr and March 3rd 1974,
with a maximtm of five Sprengnether recorders operating at €rny one time.
Details of the nicroearttrquake stations occr4>ied are shown in tables 3.L
and 3.3, and ttre station positions are mapped in fig. 2.7.

A1most aLl earthqrrakes located by the New Zealand Seisnological
observatory in the Dannevirke region during the ten year period prior
to tltis survey had been interpreted as crustal and restricted to depths
of either 12 or 33 krn (ll.z. seis. obs, Burletins E-145 to E-154). rn
order to obtain good control on this crustal- activity, the uricroearthquake
recorders were placed in an array with a diameter of approximately 25 kn.
For the first half of the survey, such a five-station €rrray (TAr, wrN,
HIQ, oLD and TEU) ttas operated, the eastern-most stations of the array
being as close to the coast as possibre. By leapfrogging ttre three

4l
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eastern-most stations of the first array to the north-west, another
five-station array of approxinatery 25 kn diameter (HrQ, TEU, BRA, oRE

and CLH) was operated for the second half of the survey.
Because of an abundance of farm tracks and good outcrops of bedrock

in the region of tJle survey, good sites for microearthquake recording
away from vehicular traffic could be found. Magnifications achieved
averaged I x 105- However the region is heavily stocked, and it was
difficult to find sites which were not affected by stock noise. As
weather was favourabfe for nost of the survey, wind noise was no great
problem until ttre last week, when two qales played havoc with the
recording of microearthquakes and upended two tents housing rnicro-
earthquake recorders. owing to the nature and distribution of roads
in the area' it was found difficult to service the array with tl.e
single vehicle available. Thus when it becarne apparent during ttre
survey that a large amount of subcrustal activity was being recorded,
it was not feasible to increase the diameter of the array to get a
better fix on this activity.

3.2.2 The Ruapehu survey

This survey, which lasted from September 30th to October 3oth 1974,
was a co-operative effort involving Victoria University of Wellington
(vuw) and the seismoJ-ogical observatory of the DSrR. vtJW provided five
sprengnether recorders, two tape seisnnographs, two vehicres and two
personnel, while the Seisslological Observatory supplied five Kinemetrics
recorders togettrer with a vehicre and a technician. As a result of
this co-operation an extensive microearthquake Errray stretching from
Ta-ihape in the souttreast to whangamourona in the northwest r,vas

established, vrith a maximum of eleven recorders operating at any one
time' Details of the nticroearthquake stations (and permanent. stations
used to supplement their results) are shourn in tables 3.2 and 3.3, and
station positions are napped in fig. 2.7.

As well as crustar earthquakes, subcrustal earthguakes associated
with the North rsland Benioff zone occur in ttre region of the Ruapehu
survey, and the microearthquake €rrray was designed to be effective in
locating both types of activity. The array lras approximatery roo krtr
long and elongated in a sE-NW direction, the dip direction of the
underlying Benioff zone- rts width averagred 25 km. such a configuration
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Date (Universal Tine)
Station InstaLled

dh
Removed

dh

TAI

I'fIN

ErQ

TEU

OLD

ORE

BRA

CLE

DANNEVIRKE SI]RVEI 1974

Feb 06 23

Feb 07 07

Feb 08 O4

Feb 1O O6

Eeb LZ 02

Feb 15 O7

Feb 21 O4

Feb 22 O6

RUAPEIIU STIRVET 1974

Oct O1 02

Oct 01 23

Sep 3O 22

Oct 02 03

Sep 3O O4

Oct I-8 O3

Oct O1 22

Oct O1 O5

Oct O9 23

Sep 3O 05

Oct O3 O3

Oct 02 O5

Oct 15 O6

Oct 03 O2

Oct O5 04

Oct O7 04

Feb 18 23

Feb 14 06

Mar O2 21

Mar O3 07

Feb 2O O0

llar 02 14

Mar 02 15

Mar O3 O6

Oct 28 04

Oct 29 23

OcE 29 22

Oct 3O O3

Oct 18 O3

Oct 27 20

Oct 3O O5

Oct 09 21

Oct 30 O1

Oct 02 22

Oct 28 23

Oct 13 O5

Oct 28 O4

Oct 29 A2

Oct O6 13

Oct 27 O5

I'l@{

I{AD

ERU

HUI

OI(A

OKB

MAT

WUA

wtrE

WAI

It{G

SIB

I{HA

TMO

zoE

HIJN

cNz

It{z
I'lNG

Recording contlnuously
Recording continuously
Recording continuously

Table 3.3 Recording perl.ods of mlcroearthquake statlons
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of microearthguake recorders enables accurate location of earthqualces
in the direction of dip of the Benioff zone down to at least 150 kn
depth. Location accuracy arong ttre strike of the Benioff zone is
naturally poorer, but this h/as not considered crucial, since strueture
along the strike of the Benioff zone can be expected to be more unifornr
than that in ttre direction of dip. Ttre 20-25 krn station spacing proved
very effective in locating crustal microearthqr:akes, the bulk of which
were found to lie in the lower half of the crust. However, the
stations were too far apart to provide good depttr control on low
magnitude,very shallow rnicroearthguakes associated wiLh 149. irraFehr1.

A11 stations were located on Pliocene-Miocene sandstones and
mudstones, locally known as 'papaf. This papa proved surprisingJ.y
good for microeartJrquake recording, especially when a massive outcrop
well removed from trees was selected. Magnifications actrieved averaged
8 x 195 during favourabre weather, 4 x lo5 during periods of high winds.
The major difficulty of the survey was the uniformly bad weather. High
winds, rain and even snohr were encountered. High winds caused a rarge
tree to fall onto one of the microearthquake recorders; fortunately it
sustained only superficial danage. Persistent rain made off-road access
to the microearthguake stations difficult, and vehicles became bogged

on nrunerous occasions.

Notwithstanding the weatler, ttre axray operated successfully
for the duration of the survey, an abundance of rnicroearthquakes
compensating for the poor record.ing conditions. The shape of the array
was not changed significantly during the suruey. poor recording
conditions at some sites required only rninor changes in station location.
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CHAPTER 4

MICROEARTHBUAKE ANAI,YSIS

4.1 MICROEARTHQUAKE TDENTIFTCATION ANp LOCATION CRITERIA

Initially, all microearthquake records lrere scanned and the
approximate arrival times of all possible rnicroearthquakes noted.
Ivlicroearthquakes can be recognized by their sharp p-wave onset,
distinctive s-wave train and gradualry decaying coda (see figs. 3.1
and 3.2).

fn both the Dannevirke and Ruapehu surveys a large nuiber of
microearthquakes with a wide range of S-wave arrival time minus P-wave

arrival time (S-p) were recorded, and microearthquakes for which hypo-
centres were determined were restricted to those which were both well
recorded and close to the array. In the analysis of Dannevirke survey
data, only those microearthguakes which had an S-P time at the nearest
station of 10.0 sec or less and produced at least four readable phases

at a minimum of three stations vrere considered for hypocentre determination.
The S-P time restriction delimits a volune inside which rnicroearthquakes
can be reasona-bly rocated by the 25 km-diameter array, while the phase

restriction represents the smallest nrsnber of readings needed to
determine the location and origin tirne of a hypocentre. Of ttre
625 nicroearthquakes recorded during the Dannevirke survey, 267

satisfied the above location criteria.
For Ruapehu survey raicroearthquakes, a location criterion of

s-P <17.5 sec at stations ERU or HUr was imposed. This restriction
delimits a vohmte within which the resolving power of ttre 25 km x 100 kD

array is good. A microearthquake 150 kn deep and 75 km outside the array
Iies near the boundary of this volume. Earthquakes deeper than 150 km are
better studied using the permanent seismograph network of the Seismological
Observatory. The phase restriction used for Ruapehu survey data was based

on the records of the Sprengnether and Kinemetrics instrr,ments. fnitialty,
only those microearthquakes which were weLl recorded at nine of these

instruments were located. This restriction was then progressively
relaxed until sufficient microearthquakes to define the seismi-city of
the area had been located. Ten or more phases erere used for all but
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four hlpocentre determinations. The above procedure results in the
location of onry the larger magnitude activity, and for this reason
significant low-magnitude activity close to Mt. Ruapehu has not been
Iocated. Hypocentres were d,etermined for 133 of the gO5 rnj-croearthquakes
recorded during the Ruapehu survey.

4.2 HYPOCENTRE DEIERI{INATION

The data read from seismograms of rnicroearthquakes selected for
location consist of:

Direction of p-wave first motion.
p-wave arrival time.
S-wave arrival tine.
The arrivar time of proninent phases other than p and s.
Microearthquake duration, i.e. the time when the rnicroearthgr:ake
coda becostes indistinguishable from the background noise minus the
p-wave arrival time.
The nodal character of the microearthquake record.

A 10x nagnifier was used for all readings, and a 60 nm graticule was
used to divide nrinute lengths (which varied by up to tc) into sixty egual-
seconds' ALtbough the best overall accuracy that can be achieved with
the recorders is +o.1 sec, P and s arrivals were read to the nearest
o'ol sec to ninimise the effect of subsequent roundoff error. llicro-
earthquake duration times were read to the nearest second.

The reading of seismograms was the most time-consrun_ing part of
this study.

Hlpocentres, magnitudes and first motion patterns of microearthquakes
were determined using the HypoTl program on the Burroughs 6700 corputer
of Victoria university of welrington. This program enploys an iterative
least-sguares nethod of hlpocentre determination and has been described
in detair by Lee & Lahr (1975). Ttre program incorporates the folrovring
advantageous features :

Bottr P and S readings can be weighted
deternrined p readings were given full

according to quality. Well-
weight. S onsets were

a)
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invariably difficult to deterrnine as they occur during the p coda;
they were rarely given more than one quarter weight.

b) Azimuthal weighting of stations by guadrant can be applied in order
to minimise the effect of stations being unevenly distributed about
a hypocentre.

c) Auxiliary values of the root mean square error of the time residuals,
i-e- RIIIS, can be calculated at ten points on a sphere centred on tle
hypocentre. fhis feature indicates whether the solution is at ttre
RMS mini-mum-

Care must be exercised in the use of !IfPOTI. If a trial hl4ncentre
is not specified' HYPo7l uses the location of the nearest station as the
trial hlpocentre (wittr the addition of O.l minute to both latitude and
longitude to avoid ARCTAN (O/o) in calculating the azimuth between epicentre
and station). Ttris procedure can result in a solution converging to a
local minimr-un in the time residual surface near the array, rather than
to the global- minimum. The presence of relative minina in the time
residual surface is a manifestation of the lack of variable independence
intrerent in a four-parameter least-squares hypocentre Location method
(James et a1.,L969). Focar depth can be traded for origin time, even

when an earthquake is recorded at many stations and azimut}lal and range
contror is good. The inclusion of as many s readings as possible in a

hlpocentre location is crucial in combating tJlis solution instability,
since S readings serve to fix tJre origin time of an event. In the present
study hypocentres based on P readings only were considered unreliable,
even if their formal errors of rocation hrere aeceptable.

HYPO71 also experiences difficulty in moving trial hypocentres
across large velocity discontinuities (e.g. ttre MohoroviEi6 Discontinuity).
This shortcoming is best remedied by experimenting wittr two trial hypo-
centresr on€ above and the other below the discontinuity.

4.2.2 The P-wave velocitv model adopted for the Dannevirke arrav

Little direct inforrnation is available on the velocity structure
beneath tJ1e Dannevirke array, as no deep seisrnic sounding experiments
have been carried out in the area. The velocity structure will be
complicated by the subducted Pacific plate, and it is therefore necessarlt
to obtain an estimate of the depth of ttris plate berow the array.
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To this end, all microeartJrquakes satisfying the location criteria
of sect. 4.1 were first located using the stand.ard New Zealand crustal
moder (Hamilton, 1966i table 4.1). A vertical cross section along the
traverse of the resulting hl4pocentres is shown in fig. 4.1. Below the
Ruapehu array sulccrustal hypocentres define a thin, dipping band of
activity. Below the Dannevirke array, the distribution of hllpocentres
is rather diffuse, though two gror4>ings are apparent, one comprising
shocks shallower than 35 kn, the other comprising shocks 40-63 kn deep.
Microearthquakes of the group labelled A in fig. 4.1 have been located
with their first arrivals interpreted as head waves refracted along the
horizontal MohoroviEid aiscontinuity of the standard New Zealand crustal
model. The northwesterly dip of ttre upper linit of activity belonr the
Dannevirke array suggests structure in the region has a simirar clip.
Consequently, the microearthquakes of group A are like1y to be shallower
than shown in fig. 4.1. A shallorrer location for ttrese microearthquakes
would enhance the dipping trend evident in the shallower gror4ring of
hypocentres below the Dannevirke array. The dipping trend suggests
these hlpocentres form a shallow extension of the band of subcn:stal
activity below ttre Ruapehu array.

Dipping bands of subcrustal earthqr.rakes have been related to either
the oceanic crust capping ttre subducted plate (oriver c rsacks , Lg6'? i
wyss' L973'1, or some corder, more brittl-e region in the upper half of
the subducted plate (Engdahl, 1973). Tae extension of such a band of
activity to shallow depths below the Dannevirke array suggests that the
question of where in t]le subducted plate this actiwity is occurring
night be resol-ved by deep seisnic sounding.

A dipping band of high nicroearthquake activity at shallow depth,
simiLar to that present belohr the Dannevirke array, has recentLy been
revealed by a telemetered nicroearttrquake array in the wellington
region (Robinson, in press). AIso, ttre Well-ington crustal structure
project (Eiby, f957) has provided information on deep structure in this
region. A reinterpretation of ttre refracted arrivals of this study has
revealed an 8.O4 km,/sec refractor at a depth of 36 kn below WelJ.ington
Province (Garrick, 1968). As this refractor lies near the lower boundarl'
of t.tre dipping band of high microearttrquake activity, it appears plausible
to associate it with the MohoroviEi6 discontinuity of t.l.e oceanic cnrst
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IHE .SIAI{DARD NEI{ ZESJ.AIID 6RUSTAL !{ODEL

(after llamilton, 1966)

A PoLssonrs ratlo of 0.9,5 ras adopted for a1l layers,

TE \MIOCITT UODEI! ADOPTED rOR lTE DAIIT{EVIRKE ARRdI

F-wave velocity of
(kn/se.c)

P-wave velocity of layer
fta/see)

4-40

5.43

6.21

6.46

8.04

8.50

Degth to top o-f

(lm)
layer

Eepth to top of layer
(kE)

o.oo
1.00

4,56

L2,93

30.o0

35.9O

A Fn{e:soats tattro of O.Z5 wae adopted for al.l. lay.rrre

('see aectlon 4'2,.6).

Table 4.1
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of the sr:bducted Pacific prate. The band of high mieroearthquake
activity is thus associated with the oceanic crust of ttre sr:bducted
plate. Such an interpretation is supported by observations of strong
P-wave reflections from quarry blasts in the llell"ington region. These
indicate the existence of a seisnic interface near the top of ttre band
of high microearthquake activity,which rnay be related to the top surface
of the subducted Pacific plate (E.c.C. Smith, pers. cordr., l97g).

These results fron ttre wellington region suggest ttrat tlre
shallower grouping of activity belor the Dannevirke array is likely
to be largely confined to the oceanic crust of the subducted Pacific
plate. Projection of the 8.04 km/sec refractor underlying Wel-tington
Province along the strike of the Benioff zone in the southern North
Island (fig. 2.2) and onto the line of the microearthquake traverse
places it at the point narked M in fig. 4.1. rtris point lies near
the lower boundary of the shallower grouping of microearthqualces below
the Dannevirke array, again suggesting that this refractor can be

associated with the MofrroroviEi6 discontinuity of the oceanic crust of
t}te strbducted Pacific pLate. Ttre dip of this shallcrvrer grorping of
activity indicates this MohoroviEid discontinuity will be approximately
30 km deep belovr the centre of tlre Dannevirke array.

A 30 kn crustal- cohmn in the centre of ttre Dalnevirke array,
conprising both continental and oceanic cnrst, appears consistent with
gravity in the area. The Bouguer anornaly there is close to zero
(Whiteford & Woodrrrard, f975) and can be interpreted as indicating a

continental crustat ttrickness of 30-35 kn. (A sr.nurarlr of formulae
rerating crustaL thickness to Bouguer anomaly is given by Reirry
(1952) ). The gravity effect of the crustal column below the array is
similar to that of a purely continental crust, since the average density
of the oceanic crust, excluding sediments, is close to that of the
continental crust (e.g. Worzel, 1974).

The above deduction of the location of the srrbducted Pacific plate
befow ttre Dannevirke array facilitates the specification of a P-wave

velocity model for the array. The model adopted is listed in tabte 4.1
and explained below.
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Layer I P-wave velocity (c) = 4.4O km,/sec. Layer thickness (H) = l.O0 krn.
rt is very difficult to assign a near-surface p-wave velocity to the

Dannevirke region because of the compricated geologll (see sect. 2.3). The
velocity and thickness chosen for this layer represent an attenpt to model
both an indeternr-inate thickness of cretaceous sediments (c =4.0 km,/sec
(Garrick, 1969) ) and uppermost baserent (tlre "unconsolidated grelnrackes,'
of Garick (l9GB) ) .

Layer 2

Layer 3

Layer 4

G = 5.43 kmr/sec

c = 6.21 km/sec

H = 3.56

H = 8.37

kn

kn

cl = 6.46 krn/sec H =17.07 km

These three layers have been inteqpreted from the Wellington crqstal
structure project by Garrick (1969). Because of a srrall nistake in ttre
calcurations of Garrick, rayer thicknesses given here are those recarculated
by Dibble (pers. comn, , Lg77). Layer 4 incorporates the subducted oceanic
crust. A standard nodel of the oceanic crust (worzel , Lg74l gir,es an
average P-wave veLocity for the crust (excluding sediments) of approximately
6-2 I'n/sec, close to the 6.46 kn/sec of layer 4. Any sqbducted oceanic
sediment present below the Dannevirke array wilt fo:rur a relatively thin
Iayer of velocity reversal, and the effect of neglecting it in a velocity
npdel will be smal1.

Layer 5 cr = 8.04 km,/sec H = 5.OO kn
This layer corresponds to the nantLe of Garrick (196g) and is here

identified with the uppermost nantre of the subducted plate. lrtre verocity
of this layer is very similar to the standard oceanic urantle velocity of
8.08 kmr/sec calculated on a world-wide basis by Worzel (Ig74,).

LayerS c=8.50km/sec
rn his deterrnination of upper rnantle velocities beneath New zealand,

Haines (1976) has fo'nd a high varue of p-wave verocity (g.5 kmr/sec) and
a similarly high value of S-wave velocity (4.75 kmr/sec) in the region of
the Dannevirke Errray. A high p-wave velocity of 9.6O kmr/secr at a depttr
of 5 kn below the oceanic l'lohoroviEi.6 discontinuity has also been determined
from a deep seismic sor:nding experirrent northeast of ttre xr:rile Islands (an
area of active subduetion). This high_velocity layer has been considered
definite enough to be included in a generalized seismic rnodel of the
typical- oceanic crust of the pacific (Kosninskaya & Kapustian , Lg76).
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Both these results suggest the inclr"sion of layer 6 in a velocity model
for the Dannevirke array,

station corrections were not used in the analysis of Dannevirke survey
microearthguakes. Ttre coastal ranges in the area of the array are
geologically cornprex, with intense faulting and folding cormon (see

sect- 2-31, and any downward extrapolation of surface geology, or correlation
of isolated borehores, is highly specurative. Moreover, except for oRE

and cLH, stations of the array vary in erevation by only r5o ur, and
relative eLevation corrections will be snall (<0.05 sec). Stations oRE

and CLH, though at a higher elevation than other stations of the array
(see table 3.1), f.ie on inliers of Lower Cretaceous sandstone,which is
older than the rock underlying other stations of the array. It is lilely
that higher seisrnic velocities in this older rock will at least partially
compensate for the longer paths to these stations.

The P-wave velocity nodel for the Dannevirke array determined in ttris
section includes certain simplifications. A najor sinplification is that
of horizontal layering, which is required by the lrypozl program. As
discussed previousry, structure berow the array appears to be dipping
towards ttre northwest, rather than horizontar. consequentry, nricro-
earthquakes occurring to the southeast and northwest of the array €rre
likely to be rnisrocated, especial-Iy in depth. The assr.mption of lateral
homogeneity in seisrnic velocity is also a simplification in a region of
subduction (cf. Haines, 1976). However, the distribution of nicroearth-
quakes located using the present velocity nodel should provide a structural,
picture from which nnre detailed velocity rndels can be constructed for
use with rrcre advanced rocation techniques, such as ray tracing.

Dannevirke survey microearthguakes

The often corplicated nature of seismogr€uns produced by Dannevirke
sur:\tey ndcroearthquakes reflects ttre conplicated crustal structure of the
region. Many seismogralns dispt-ay phases other than direct and, critically-
refracted P and s; examples of these are shown in figs . 4.2 and 4.3. An
atternpt was made to explain the nore prominent of these anomalotrs phases

lanation of nt phases other
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Figure 4.2 Seismograms of microearthquakes record.ed.

Dannevirke survey showj_ng phases other than p-phases

The phases in these seismograms marked with an X were
as reflected P-phases.

during the

and S-phases.

interpreted



Figure 4.3 Seismograus of microearthquakes recorded
Dannevirke survey showing phases other than p-phases

The phases in these seisuograms marked with an X were
as S to P converted phases,

during the

and S-phases.

interpreted
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as reflections or conversions at suitable d.iscontinuities within the crust
and upper mantLe, with a view to testing and possibly refining the
velocity structure discussed in the previous section.

For microearthquakes shallower than 20 km, the interpretation of
anomalous phases as reflections from a discontinuity below tl-e hypocentre
proved inconclusive. Determinations of the depth of such a reflector
centred, on 20 kur, but contror was poor, largely because there are few
well-located microearthquakes shallower than 20 kn in the Dannevirke
region (see fig. 5.3). The most likely reflector present at this depth
is the top of the subducted pacific plate.

Interpretation of anomalous phases of nicroearthquakes in the 45-60 kn
depth range in terms of S to P conversion at an overlying discontinuity
proved more successful. OnIy those nicroearthquakes which produced
definite anomalous phases correlateable at three ot more stations were
studied. The rethod involved calculating rnodel travel- tinres for S to p

(sp) converted phases produced at suitable d:iscontinuities in the velocity
model d'etermined in ttre previous section, and corparing these with observed
travel times for the anomalous phases. As no three-cotrponent instruments
were used in the Dannevirke survey, there is no direct way of testing the
validity of the interpretation of the anomalous phases as Sp. However, for
the six rnicroearthquakes studied, the slowness of the anomalous phases across
the array was consistent w'ith the phase Sp, and the microearthquakes were
so positioned that the angles of incidence of S-waves at suitable conversion
interfaces lay in a range from which energetic Sp phases would be e:cpected
(nwing et aI., L9S7r.

@nerally speaking, s to p conversion is best developed for the
strongest and sharpest discontinuities in a given crustal corumr
(e.g. Burd.ick & r,angston, L9771 . rnterestingly, the anomalor:s phases of
all six microearthguakes stud.ied were inconpatible with conversion at
the interface identified with the t'tohoroviFi6 discontinuity of the
subducted plate, even when the moder depth of this was varied. one
rnicroearthquake indicated conversion at the g.o4/g.50 kur,/sec discontindty,
while all the others indicated conversion at an interface above the
t"tohoroviEi6 discontinuity. The lack of conversions at the uohoroviEic
d'iscontinuity ndght be extrllained by recent results of Kosrninskaya &

Kapustian (L976), who have deterrnined that this discontinui,ty is not as
sharp as first thought, and that a layer of intermediate verocity



43

(7.55 kn/sec) 1-21 tcn thick separates the nantle and layer rr of the
oceanic crust. Sinilarly, synthetic modelling of a seisrnic profile in
the Bering Sea has revealed a 2 km thick oceanic crust - mantle transition
zone (HeLnberger, 1977). The conversion apparent at ttre g.O4/g.50 kn,/sec
interface suggests this uray be a sharp d.iscontinuity.

Conversions interpreted as occurring above the !{ohorovili6 ais-
continuity of the sr:bducted plate were rcdelled as being prod,uced at the
interface between layers I and Ir of the subducted oceanic crust. Before
subduction, the velocity contrast across this discontinrrity is large
(r.6 kmrzsec - e-g- worzeL, Lg74), and it is likely that a sizeabre
contrast still exists r:nder the Dannevirke array. The discontinuity
can also be e:rpected to be sharp (e.g. Helrnberger, L9771. Another
possible conversion interface is the boundary between layer r of the
subducted oceanic crust and subducted sedinent. However, this was not
npdelled because of uncertainty as to whether a significarrt amount of
sedirent is sr:bducted, and if so, the level of induration of such
sedinent below the Dannevirke array. The aforementioned rrcderling
indicated ttrat the anomalous phases were consistent with layer II of the
subducted oceanic crust having a thickness of approximatery 5 km. This
thickness is indistingruishable from a standard thickness for this layer
of 4.8 km (WorzeL, L974). The Sp conversion interface determined by
smith (f970) to lie 24 !3 km below wellingrton rnay sirtilarly represent
the interface between layers r and rI of the oceanic crust of the sr.rbducted
pJ-ate.

Thus information yielded by phases other than p and s broadly
corroborates the velocity rrcder adopted for the Dannevirke array.
Although these phases enphasise the iurportance of ttre layer l/Layer IT
interface in the sr:bducted oceanic crust as a region of conversion,
Iayers representing the sr.rbducted oceanic crust were not added to the
velocity npdel as they are relatively thin and-have an average velocity
close to that of layer 4, which incorporates the subducted oceanic crust.

4-2.4 Th" P-r.r" r.lo.ity *d.r 
"dopt.d for th. R*p.hr "rtry

since a large number of rnicroearthguake stations were used in the
Ruapehu survey, it nright have been possible to determine simultaneously
both hypocentre and velocity noclel pararneters using a properly formulated
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least-sguares estimation procedure (Crosson, Lg76). However, such an
approactr was not adopted, since the assumptions of lateral hogogene5-ty
and horizontal layering required by the nethod appear invalid for the
region underlying the Ruapehu array (e.g. Adams & ware, !97-lr Haines, Lg76)
In the absence of any deep seismic sound,ing results, the standard New

Zealand crustal lodel- (table 4.1) was used as a basis for structure below
the array- Extensive prospecting for oit, involving gravity surveys,
seisrnic reflection and refraction surveys and drilling, has resulted in
a detailed determination of basement structure in the region of the array
(e.g- cope, 1966). This has pernuitted the addition of a l0w-velocity
surface layer to the velocity noilel and the calculation of relative
station corrections.

The adopted velocity rrodel and station corrections are shown in
table 4.2- The low velocity layer chosen is based on seisutic refraction
carried out by !{atson & Allen (1964) near Raetihi, whictr is close to the
centre of the Rr:apehu array. Here sed.irents with an average p-wave

velocity of 3.4 kVsec overlie 5.3-5.5 k4,/sec baserent interpreted as
lying approxirnatery 1.7 kur below mean sea leveL. The datun of the
verocity rpder for the Ruapehu array was taken as me€rn sea rever, and
elevation corrections were incorporated in the station "or"""tions. The
near-surfac€ crustal structure rrnder each station was deterrai.ned from
nearby geophysical data, and station corrections relative to the adopted
velocity nodel were calculated assuming verticaL paths for seisrnic waves.
The assu4>tion of vertical paths is justifiable since the majority of
m:lcroearthquakes recorded during the Ruapehu survey were lower crustal or
subcrustal (see fig. 4.I).

rn the deternr:ination of station corrections, extensive use was made

of a tine-depth curne for the Raetihi area obtained by Watson & ALlen
(1964) through reflection shooting. Near-surface Tertiary sedirents were
nodell-ed as having a velocity of 2.3 km,/sec (cf . fngham , L97Li Watson &

Allen, 1964). Basenrent depths below stations were interpolated fron the
tentative basernent contor,u map of @pe (196G). The rarge station
correction of G.IZ (+0.35 sec) reflects the 1tl6 m elevation of this
station; this is t].e least reliable of all the station corrections since
structure below ttre station will be corplicated by lava flows, which have
not been npdelled. The very large station correction of TNZ (+0.55 sec)
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TUE VELOCNS MODSL ADOPTED FOR THE RIJAPEEU ARRAY

P-wave velocity of l-ayer

(lo/sec)

3.40

5.50

6.50

7.60

Depth to top of l-ayer

(t@)

o.o
L.7

12.O

33.O

Dl.fferent values of the ratlo of P-wave

were adopted for crustal- and subcrustal
described Ln sect. 4.2.6.

velocity to s-wave velocity
uLcroearthgualces, as

STATION CORRECTIONS ADOPTED FOR TIIE RUASEEU ARRAY

DELAY (sec) STATION DELAY (sec)

wcl{

I{AI}

ERU

HUI

otu
OKB

UAT

I{uA

wt,B

WAI

o.o2

o.01

o.20

o.L4

o.24

o.24

o.06

o.19

o.18

0.15

TIIG

SIB

IIHA

It{o

zoB

ET'N

cNz

It{z
I.{NG

o.18

0,05

o.09

0.00

0.06

o,06

0.35

o.55

-0.08

Table 4.2
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is welr dete::ruined from seismic surveys (Kaan, 1960), it reftects the
great depth to basement (c. 6.25 km) under the station.

The determination of the velocity structure of the upper mantle below
the Ruapehu array is problematical, as the subducting pacific plate is
likely to produce both vertical and lateral variations in nantle properties.
A detailed study of vel-ocities at the top of the upper mantle in New Zealand
has been nade by Haines (L976). fie has approximated the distrilution of
velocities using a simple urodel consisting of regions within which the
velocities were assuted to be constant. His regions of assurned constant
verocity in the area of this study are shown in fig. 4.g. Bor.mdaries to
these regions courd not be defined to better than 30 km.

rt is possible to deterrnine the velocity at the top of the upper
mantle below .rn array by measuring the variation in arrival tine across
the array of the phase Pn from local crustaL earthguakes. To this end,
ten earthquakes which occurred during the Ruapehu survey and were determined
to be crustar by the Seisrnol-ogical observatory were studied. of the
earthquakes chosen, five occurred to the northeast of the array, the
other five to the southwest (see table 4.3). It was hoped that by using
arrivals from both directions a leversed sestion of the top of the upper
nantle beneath the array could be deterrnined, and hence the d1p of the
l,tohoroviEi6 discontinuity could be calculated.

on studying these earthquakes, the following facts ererged.:
The first-arriving phase at stations of the array is invariabry
of much lower aq>litude than the following p-phases, and precedes them
by up to 2.75 second,s. Exanples of these low arqllitude phases are
shown in fig. 4.4.
Conparison of the arrival times of these low anplitude phases reveals
that they arrive at the array from an azimuth which is often sigmificantJ.y
different to that defined by straight-1ine propagation between the
epicentre deterrnined by the seisnorogical observatory and the array.
For earthquakes to the northeast of the array the phase appears to
arrive from an azimuth east of that e:<pected, while for earthquakes to
the southwest it appears to arrive from an azimuth south of that
e:rpected.

Ttrese observations suggest that the initial low anqrlitude phases
have been laterally refracted through a region of higher velocity thal

r)

2)
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Date

Oct.1974
Latltude

(dee)

Longlcude

(dee)

Depth

(kn)

01 2331

02 0400

03 0320

04 0,445

04 L602

L2 L746

L7 2333

20 1639

22 L446

24 2300

37.90 S

37.77 S

33.19 S

42.62 S

42.4r s

43.20 S

41.93 S

41.52 S

37.95 s

38.34 S

L77,62 E

178.09 E

178.95 W

L72.85 E

L72.L3 E

L72,42 E

L72.22 E

L74.38 E

L77.45 E

L77.22 E

33R

33R

33R

12R

12R

12R

12R

12R

33R

12R

Table 4.3 Earthquakes used to study pa velocl_ty below rhe
Ruapehu array. Hlpocentrea are those determined by the sele-
nologLcal obseratory (Bulletln E-155). R denotee a restricted
depth.
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Figure 4.4 seismograms of loca1 crustal earthquakes showJ.ng a

low ampJ-itude first-arriving phase.
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that traversed by the later P-phases. From joint hypocentre deterrninations
of subcrustal North Is1and earthguakes, Srnith (L977) has deduced a

velocity contrast for both P- and S-waves of 5-1Ot between paths in and
entirely out of the subdusted Pacific plate. fie attributes a calculated
8.6 i0.I krn/sec P-wave velocity in the sr,rbducted plate to oceanic crust
transfoned to eclogite. Thus a logical high-velocity refractor for
the observed low amplitude phases is the crust of the sr:bilucted plate;
the later-arriving P-phases have preswnably travelled above the subducted
plate.

It is thus clear that an analysis of first arrivals of the above
earthquakes wiII not yield the velocity at ttre top of the upper nantle
below the Ruapehu array. However, such an analysis rniqht give the p-wave

velocity in the crust of the subducted plate. This was not pursued since
the configruration of the top of the subducted plate in the region of the
array is not sufficiently well-known for the accurate dete:mination of
path differences. If one Lnterprets the larger arplitude phase following
the first-arriving phase as a true Pn phase, the calculation of a velocity
at the top of the upper mantle night be possible. This was attempted, but
without success, since it is difficult to read accurately the arrival
time of this phase as its cormlencenent is often rnasked by the coda of
the first-arriving phase.

The upper mantle P-wave velocity finally adopted for the Rrrapehu

array is based on the work of Haines (L976). Stations of the array straddle
bor:ndaries of his regions of assurned constant velocity, especial.J.y that
between regions 2 and 5 (fig. 4.9't. Consequently, an averagre upper nantle
P-wave velocity between that of regions 2 and 5 was chosen, narely
7-5 kVsec. trhis velocity, although row corpared with the g.l krn/sec of
the standard New zealand crustal rpdel (tafte 4.1), is sisdlar to that
measured above subduction zones in other parts of the world. Using large
exprosions at sea, the Research Group for E:<plosion seismrogqy $g77)
have detenni.ned, with good accuracry, a pn velocity of 7.5 km,/sec beneath
northeastern Japan. Above the subducted plate in Kamchatka, the average
P-wave velocity in the mantle has been calculated as 7.2 km,/sec, decreasing
Lo 7.2 P'rr./sec in regions containing basaltic magrma (Fedotov, 196g) .

Adoption of a single upper mantle vel_ocity of 7.6 kmr/sec for the
location of all subcrustal microearthqr-rakes recorded by the Ruapehu array
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is an obvious sinprification of upper rnantle structure, Different
velocity lpdels change a h14>ocentral depth more than they do an epicentre
(e.9. Ward et aL., L974) . Thus a different choice of upper rnantle velocity
will primarily change the dip of the Benioff zone as defined by the micro-
earthquake hypocentres. ft should be noted that one cannot use the root
nean sguare error of the tine residuals of a hlpocentre to discriminate
between different velocity nrodelsras this is very insensitive to structure
(e.9. Hashizr:me, 1970) .

4.2-5 E:<planation of prominent phases other than p and s shown

by Ruapehu survey nicroearthquakes

As in the Dannevirke survey, prorninent anomalous phases are present
in many seisrmgrams of nicroearthquakes recorded dr:ring the Ruapehu survey.
These phases can be classified into five groups:

1) Iow anplitude first arrivals (see fig. 4.5). These have been discussed
earlier, and were interpreted as phases lateralLy refracted along the
top of the sr:bducted plate. The phases are recorded fron earthquakes
well outside the arrayi they are especiall-y well-defined for earth-
guakes in the Benioff zone below the Kaweka Range. A rough estiurate
of the velocity of the phase is provided by the earthquake of L974
oct. 22nd Oghosm. This earthquake occurred atong the strike of the
Benioff zone from stations TID and HUN, and thus the d,ifference in
epicentral distance between Tl@ and HuN shouLd not be greatly d.ifferent
from the difference in dist€rnce waves to these stations have travelled
in the inferred refractor. Irence the velocity of the phase can be
obtained by sirnply dividing this difference in epicentral distance by
the arrival time difference of the phase at TlrD and HIIN, corrected
for station te:ms. The 8.7 km,/sec obtained must be e.onsidered rather
approximate, since both the configuration of the top of the subducted
prate and the station terrls of TMo and HIIN are not well known.
Nevertheless, the fact that this velocity is indistingruishable fron
the 8.5 t 0.1 km,/sec attributed by Snith (L9771 to the crust of the
subducted plate rends weight to the interpretation of the low
arplitude first arrivals as phases laterally refracted along the top
of the subducted plate.
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STATION

EARTHOUAK

Figure 4.5 A seismogram exhibiting a low amplitude first-arriving
phase and a diagram indicating an interPretation of the phase.
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2l A strong phase closely following the first-arriving energetic p-phase
(see fig. 4.6). This phase is producecl by sr:bcrustal earthquakes
werl outside the array. rts explanation is difficult, but the
tendenry of earthquakes showing this phase to lie berow the top of
the Benioff zone suggests it eould be an sp phase generated near the
top of the subducted plate. The effectiveness of this region as a

conversion interface tras been dermnstrated in the Dannevirke surivey.
A strong phase between p and s for earthquakes in the Dannevirke
region (see fig. 4.7). During the Ruapehu survey, sigrnificant
activity was recorded frorn the Dannevirke region. Depth control
on this activity was obviously poor; R!4S errors of the tiue residuals
of these earthquakes rdere abnor-urally large, reflecting corplicated
structuLe between these earthquakes and the Ruapehu array. The results
of the Dannevirke survey suggest that the great rnajority of these
earthquakes occur in the subducted pacific prate. conseguently, a
ready e:qpranation of the strong phases seen between p and s in these
earthquakes is that of converted phases generated near the top of the
subducted plate. The large error in location of the earthquakes
precludes any calculation of the location of the top of the sr:bducted
plate interpreting the phases as conversions.
A definite phase between P and S for sone earthqr:akes in the Benioff
zone near the Ruapehu array (see fig. 4.9). This phase is difficult
to e:qrJ-ain, especially in the absence of three-component seisnngraphs.
An attempt to npdel it as a conversion at the MohoroviEi6 disontinuity
of the rndian plate, taken as horizontal, ret with tittle suceess.
Phases between P and s from 33-42 krn deep microearthquakes in the
upper basin of the vfanganui river (see fig. 4.9). These are generally
poorly developed. rnterpretation of the phases as conversions at the
l{ohoroviEi6 discontinuity of the rndian prate proved inconcrusive,
Atthough one rnicroearthquake (L974 oct. 3ra rgn4gm) indicated a
uohoroviEi6 d.iscontinuity at approximatery 26 km depth, cont:ror was
poor and the question of whether the shallow activity in the upper
basin of the wanganui River below the 33 km deep tohoroviEid
discontinuity of the velocity noder adopted for the Ruapehu array
reflects a greater than nornal crustal thickness rernains unresolved,

3)

4)

s)
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slAlroN

EARTHOUAKE

tigure 4.6 A .seismogram showing a
f j-rst-rrriving p-phase ancl a cl iagiram
this phase as Sp generated near the

sErong phase closely following rhe
illustratlng the interpretarion of

top of the subducted plate.
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Station of Ruapehu array

Figure 4.7 A selsmogram of
recorded by the Ruapehu array
pretatlon of the strong phase
near the top of the subducted

NOT TO SCALE

in the Dannevirke reglon
illustratlng the lnter-
and S-phases as Sp generated

an earthquake
and a diagram
between the P-
plate.

Dannevirke
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Figure 4.8 SeLsnograns showing deflnile phases between P and S'

recorded from an earthquake in the Benl,off zone nea! the Ruapehu

array (top) and a mlcroearthquake 39kn below the uPper basin of

the Wanganui Rlver (botton).
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4 .2.6 D€temination of the ratio of P-wave velocitv to S-vrave velocity

If one assunes that Poissonrs ratio is the sane in all layers

traversed by the waves of an earthquake, it can be shown that the plot
of S-P against P, where P is the P-wave arriva] time and S is the S-wave

arrival tite, is a straight line (Wadati, 1933). In such a plot, known

as a Wadati d:iagra:n, the ratio of P-wave velocity to S-wave velocity (V)

can be obtained from the slope of the line, and the intercept of the line
on the P-axis corresponds to the origin tine of the earthguake. In

addition to giving an estimate of the origin tirre, the Wadati diagram is
useful because it yietds irnportant inforrnation about .1 without reqrriring
the development of travel-tine curves or the location of the source event.

Caldwell & Frohlich (f975) have attenpted to determine y by nEans

of the Wadati diagrram using data obtained in an eight-instrunent rnicro-

earthquake survey near Haast in the South Island of New Zealand. They

conclude that because of scatter in the data, errors in the reading of
S and errors in clock-tirre corrections, Y values have an error of lOt,
and thus nothing can be said about the 1 variation found' nanely

L.62-L.76, as this could be due solely to errors in the data. fn

contrast, Rynn & Scholz (1978), using data from two microearthguake

surveys in the South Island (one utilLzLng ten instruments, the other

eight), find neaningful 1 values can be obtained from the l{adati diagram.

By restricting the data set used for the calculation of y to those micro-

earthguakes which

a) are 'rlocatable from four or ltpre stations" and

b) have a range of P-wave arrival tine greater than- four seconds,

these authors find the average r:ncertainty of individual 1 values is
approxirnately 1-21.

During the Ruapehu survey a large nuriber of stations (up to l-4

including permanent stations of the Seisrnlogical Observatory) were

operating in a well-distributed array, and the effect of different
restrictions on the nurnber of (prS) pairs and the range of P-arrival
tire used in the !{ailati diagram could be studied. ft was found that
neaningful y values could only be obtained fronn the Wadati diagram for
those microearthquakes with seven or lpre (PrS) Pairs and a range of
P-arrival tirre of seven seconds or greater. Hereafter these rnicro-

earthquakes will be referred to as (7,7) nicroearthquakes'



57

Errors inherent in the calculation of 'y fron a wadati diagram

include:
a) errors in reading P- and s-arrivals, particularly errors due to

nisidentification of the S phase, and

b) errors due to a differing Poisson's ratio in the various layers

traversed by the Ltaves of an earthquake'

The use of a large nudrer of (Prs) pairs in a !{adati diagran often reveals

bailly urisidentified s phases, and the use of as large a range of P-arrival

time as possible gives a good indication of the linearity of the diagram

and hence the validity of the constant Poissonrs ratio assuuption'

For all 0 r7l microearthguakes, Y values and their starrdard

deviations were obtained by least squares fitting of a straight line

to the data of Wadati diagrams. Correlation coefficients obtained range

from 0.96 to 1.O0, suggesting that a straight line is a good rnodel for

the data, and t]'at variation in Poissonrs ratio in the layers underlying

the Ruapehu array is likely to be small'

Infig.4.g,trreYvaluesobtainedareplottedatt}reepicentres
of the rnicroearttrquakes used to deterrnine them. Ttre standard New Zealand

crustal model (table 4.1) was used for ttre location of ttre rricroearthguakes

and the interpretation of their first arrivals at stations of the Ruapehu

array. Y values determinedl rnainly from crustal 9- and *-phases are

itistinguished from those determinefl mril]y frorr n-phases and subcrustal

phases. Fig. 4-9 shows a weighted uean J value for a tight cluster of

7 crustal (7r7) microearthquakes insrediately souttr of Wanganui' A

weighted mean Y is also shorcn for a groqP of three sr:bcrustal earttrquakes

beneath the Kaweka Range. fhese earthquakes had seven or trPre (P'S) pairs

and a P-arrival time range of five seconds or grreater; they were included

to obtain an estinate of Y in the uPpel mantle in the region of the

Ruapehu array. upper mantle ys determined by Haines (1976) are included

in fig. 4.9.
Fig. 4.9 has several interesting features:

f) 1 values for crustal 0 r7ll microearthguakes determined mainly from

g-and*-phases;excludingthoseofthetightclusterofmicro-
earthquakes inunediately south of wanganui, shcrr good consistencl'

ttreirweightedrreanbeingL.6Tto.o4.lvaluesdeterminedfroma
wadati diagrarr give a measu:re of ttre average crustal structr:re between

amicroearthquakeandttrestationsrecordingit'lftredistribution
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of (7 ,71 microearthquakes shorn in f i9 . 4.9 indicates that the

y values of these nicroearthquakes will largely reflect the average

crustal structure beneath the Ruapehu array, and ttrus some consistency

in Y deter:slinations is to be expected.

A crustal 1 of 1.6? is somewhat lower ttran that found in other

parts of the world, where normal crr:.stal '1r values range from 1.71 to

L.77 (e.g. Agganral et al ., L973, L975i Brown, L973i Feng et al.1

L974i Nersesov et a1. , L}TL). In a microearthquake study of a 600 ku

long section of the Alpine Fault zone in ttre Souttr Island of Nett

Zealand, Rynn & scholz (1978) have found the region to be characterised

by crustal .y values of l.7O-1.74, except for a 75 km long section near

Arthur's Pass, where Y is 1.63. Explosions recorded by a telemetered

microearthquake array around Lake Pukaki in ttre Souttr Isl-and have

yielded a preliminary crustal y value of 1.7L (I. U. Calhaem, Pers.

conm.,1978) .

y values of t].e order of L.67 have been considered anonalously

Iow, and indicative of an iryending large earthquake (e.9. Nersesov

et a1., 1971) . As a physical basis for tenporal and spatial ';t

variations prior to earthquakes, a dilatancy model has been proposed

(Nur, L972i Scholz et al., 1973b) . Hostever, the present 1 does

not warrant an explanation in terms of dilataney, as there is no

way of knoring from only one month of recording whettrer its low

valueofL.6?isofatetrporaryorpermanentnature.Laboratory
results indicate that quartzose sedisrentary rocks have a lower

y than metamorphic or igneor:s roclts (Anderson & Liebernrann, 1966) '
Thus ttre present yr if a permErnent featurer nay show ttre effect

of Tertiary sedinrents, which reach a thickness of over 2 km beneatlt

the Ruapehu arraY (CoPer 1965) -

2) y values for (7r7) microearthquakes deterrnined rnainly from n-phases

and subcrustal phases also show good consistencry, ttreir weighted

rnean being L.72 !0.04. n-phases and phases frour srrbcrustal

microearttrquakes salple bottr ttre uPPer mantle and the crust on their

way to recording stations. Conseguently, ttre present result indicates

that y in the upper mantle is higher than ttrat in the crust in the

region of the Ruapehu array. oling to ttre lack of control on

crustal structure, it is difficult to separate the uPper mantle
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and crustal contrilutions to Y, but it is likely that Y in the uPper

rnantle lies in the range of 1.73-1.87 detennined by Haines (1976)

(see fig. 4.9). Ttre weighted mean Y of 1.76! O.04 for the three

(7 15) microearthquakes occurring at depths of 44-59 krn below the

Kavreka Range supports this conclusion-

3) The weighted mean Y of 1.80 t O.O3 deterrnined for ttre cluster of

seven crustal (7r?) sricroearthquakes irunediately south of Wanganui

is unr:sually high. Owing to poor depth control for these uricro-

earthquakes, as they are over 50 kn outside the Ruapehu array, and

meagre control of crustal structure in the wanganui region, it is

difficult to determine if this high Y is a feature of the crust or

upper mantle or both. Iulicroearthquake activity inunediately south

of wanganui is also unusual in other resPects, and its geophysical

significance will be discussed later.

The HYPOTI location program reguires t].e specification of a model

.y value if S-readings are used. The following model Y values were adopted

in the present studY:

a) Ruapehu survey Qr7, rnicroeartlrquakes3- Y values determined

from Wadati diagrams were used.

b) Other crustal Ruapehu survey microearthguakes:-

crustaL y of L.67 determined above was used'

c) Other subcrustal Ruapehu survey uricroearthquakes:- appropriate Y values

were estimated, taking into account ttre average crustal Y, the upPer

mantle Y values of Haines (1976) and the depth of the nicroearthguake'

d) AII Dannevirke survey nicroeartltquakes:- the Wadati diagra'm could

not be used to deterrnine y values for these nicroearthquakes as

too few recording stations were available. A Y of 1.73 was adopted

for these microearthquakes. Ttris value represents the average ny of

ttre layers of the standard New Zealand crustal nrodel (table 4'1) '
It also lies between the average crustal Y of 1.67 determined for

ttre Ruapehu array and the upPer mantle Y of 1.79 determined for the

Dannevirke region by Haines $976). The appropriateness of this

choice is difficult to test since hypocentre quality is rather

insensitive to Y.

the average
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4.3 HYPOCEIITRE QUALTTY

Hlpocentres of microearttrquakes

and Ruapehu surveys have been divided
recorded in bottr the Dannevirke

into the following quality cl-asses:

A

B

c

D

>g* -<0 .20 _<2.5

>7* <0.30 <5.0

).5* <0 .30 <5.O

Other microearthquakes with

<2.s
<5.o

<s.0
convergent

122

(22

422

solutions

* including 2 S-readings

Where

NO = Number of phases (both P anit S) used in locating a nicroearthquake

RMS = The root mean square error of the time residuals

ERH = The standard error of ttre epicentre

ERZ = lfhe standard error of the focal deptlt

DM = The epicentral distance to the nearest station

z = Ttre focal ileptlt in km

The adopted limits on the nmber of phases were dictated by

microearthguakes of the Dannevirke survey, for which never npre than

l0 phases were recorded. In contrast, the large nrunber of stations

operating during ttre Ruapehu survey, coupleil with the location criteria

adopted (see sect. 4.1), result in from 7 to 22 phases being used to

locate Ruapehu survey rnicroearthguakes. llhe use of two or more S-readings

in all A, B and c quality events serves to fix the origin time of the

event, thereby conrbating the solution instability discussed in sect' 4'2'J.'

RMS, ERH and ERZ togettrer give a statistical ureasure of the

goodness of fit of the data to the adopted velocity rnodel. It should be

noted that tryPO7l uses a biased estimate of ttre error of the time residuals'
..lr

namery RMS = /lr,lno (where R. is *"jt:**t "1 ft 
i*' station) '

ratler ttran the unleiased estimate of /Zxrz/(No - 4)' This causes ttre

RMS of a solution to increase, while ERH and ERZ decrease, as more

readings are added. consequently, t.l-e R!4s limits of A, B and c quality

events have been set rather widely. It should also be noted that ERII

and EM may not represent ttre actual error linits of a hl4pocentre, as
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the statistical interpretation of standard errors involves assuugrtions

which may not be net in earthguake locations. Nevertheless' ttrey do

provide a relative rrEasure of the consistency of the data.

The DM criterion adopted for A, B and c quality events ensures

that good depth control is maintained. Accuracy in the dete:mination

of focal depth depends critically on the rate of change of travel tire

with focal depth. Por direct arrivals, this rate of change becolres

unacceptably srnall beyond DM = 22. This need not be the case with

critically refracted arrivals, but since the clip and depth of refractors

below bottr arrays are poorly known, the sale Dt'[ criterion has been adopted

for alL rnicroearthquakes, irrespective of the interpreted nature of ttreir

arrivals

4.4 ESTTMATTON OF MTCROEARTHQUAKE MAO[rrUDE

Trpo rethods of estimating rnicroearthquake magrnitude are in comIIDn

use, one utilizing the anrplitude of the waves of a rnicroearthquake

(e.g. Brune & ALIen, L9677 Eaton et al., 1970), the other event duration

(e.g. Lee et aL., L9721 . As both the sprengmether and Kineretrics

recorders used in this study clip large anplitudes, a snall range of

observable arplitude results. conseguently, event duration has been

routinely used to estimate raicroearthquake nagrnitude-

The event duration-nagmitude relationship used in tlris study

is that empirically cletermined by Robinson et al. (1975) from

earthquakes within 1.Oo of Wetlington recorded on both ttre Wood-Anderson

seismograph at WeLlington and the Sprengnether MEQ-500 rricroearthquake

recorders, nanrelY

where MU

T

"d = -t-51 + 1.74 log T + o'o19 R

= duration rnagrritude

= event dr:ration (ttre tinre in seconds from the onset of the

first P-arrival to the point where the microeartbguake

becones indistinguishable from the backgrowtd noise)

= the radial distance in kn from the bypocentre to the station'

the analysis of nagrnitude distribution was not a Primary goal

study, the calculation of a similar duration-nagrnitude relationship

region of ttre microearthquake traverse was not atterpted. The use

and

As

of th,is

for the
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of the above relationship is justifiable since the constants in it

appear to be a frxrction of the instrgments and criteria used to lreasure

event duration, rather than of the geologlf or tectonic regine of t$e

region where the data were acquired (Langenkamp & conbsr L9741. To

achieve uniforrrity in rnagrnitude dete:mination, duration magnit'udes were

calculated from only the Sprengmether MEQ-600 recorders in both the

Dannevirke and Ruapehu surveys. In the few lnstances when duration

magnitude could not be calculated because the coda of a nicroearthguake

was obscured by a closely-following event, the nragrnitude adopted was

the mean of the P-wave and S-wave aqrJ-itude nagrnitudes calculated using

the formulae of Robinson et al. (1975) '
Larger eartlrquakes located botl' by the n-icroearthguale arrays and

ttre pernanent network of the Seisurol-ogical Observatory provide infor:nation

on how duration rnagnitude contPares with loca1 rnagmitude detencined fron

llillupre and Vfood-Anderson seismographs. Results of the analysis of

the four earthquakes in this category are shown in table 4.4. Hlpocentree

deterrnined by the microearthquake array and the Permanent network differ

sigmificantly, especially in depth. However, this difference does not

signnificantly affect \ ana \. fr" \ nagrnitude of table 4.4 is based

on a rncdifiecl definition of Richter local magmitude, incorlnrating

a-uplitude-distance relations dete:ltined directly from New Zealand earth-

gr:akes (Haines, 1978) t it differs only slighttV fron \' 1rhe scant data

of table 4.4 reveal that for earthguakes nearer to the array, Md agrees

well with M, and \, but as t}le hylrccentral distance of an earthquake

from the array increases, ltl. grossly onerestimates rnagmitude coupared

with \ ."d +r. ctearly, the duration uragnitude scale used in this

study is inappropriate for eartfrquakes at hypocentral distances of 1'0o

or lmre.

4.5 @NSTRUCTION OF COMPOSITE FOCAL MECIIA}IIS!4 DTAGRA}IS

For individual rnicroearthquakes of this study, insufficient P-\rave

first uotions were recorded to enable ttre r-uranbigtuous determination of

a nodal pattern. Hence the courposite focal nechanisur technigue

(e.g. Scholz et aI., 1969) , in whictr the first motions of closely related

earthquakes are superposed as if they originate from a single focust was
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where

z^ = The hypocentral depth calculated ln thls study.

zo = I,he hypocentral depth calculated by the seismological

obsenratory (BulJ.etln E-155), R denotes a restrlcted depth'

A = Dl.fference betseen the ePicentre determlned ln thls study
e

and thar deternlned by the Selsnological Observatory (fbid')'

R = Bypocentral dLstance to the nearest station for whieh MU was

determl-ned.

Ma - DuratLon nagnitude dete:mined Ln this study'

Mt = Richter local nagnitude dete:mined by the setsnoLoglcal

ObsenratorY (ibld.).

\ = Modifled Richter local magnltude determlned by the method

of llaines (1978), uslng the hypocentles determLned ln thl's

study.

Earthquake

oct. L974

z
m

(l@)

z
o

(lm)

A
e

(kD)

R

(lo)

ild Mt \

03 1517

15 0654

18 1139

24 L632

33

42

59

92

12R

93

33R

12R

15

10

2L

L4

110

56

76

r66

4.6

3.5

3.5

5.6

3.9

4.O

3.6

4.L

3.7

3.7

3.5

4.1

Table 4.4 Comparlson of rnagnltudes
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employed. If a consistent focal mechanisrn results from this technique r

it is the orientations of the stress axes defined by the mechanisn

that are significant, as they reflect the regional stress field.
For groups of closely related rnicroearthquakes first sction

observations were plotted on an egual-area stereographic projection of

the upper focal hemisphere. A double-couple nodel \ilas adoPted for the

focal tpchanisns, and orthogonal nodal planes rtere fitted to the first
rotion data by inspection, having regard to the fol-lowing:

a) pirst motion quality. Clear first rmtions were distinguished fron

those which were nore uncertain (e.g. because of their low anrplitude) '

b) Near-noda1 arrivals. Ihese were interpreted on the basis of the

relative anplitudes of P and S waves (Honda, 1957). A nicroeartlrquake

record was considered definitely near-nodal when Sz t l0 P, and less

definite but worth noting when Sr rS P" (where P, and S, are the

maximum amplitudes of the P and S waves respectively).
Arrivals interpreted as head waves or as leaving the focus at less

than l0o from the horizontal. These arrivals were considered less

reliable, even when clear first nptions were read, because srall
changes in velocity lrcdel and/or h14>ocentral depth critically affect
the interpretation of the arrivals (cf. Adams et a1., L9741.

c)
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CHAPTER 5

MTCRoEARTIIQUAKE RESULTS

5.1 GENERAL FEAII]RES OF THE MICROSETSMICITY

Microearthquakes located in this study, using the location

criteria of sect. 4.1 and the velocity nodels described in sect. 4.2,

are listed in the appendix and pl-otted in figs 5.1, 5.2 anil 5.3.

Quality D hypocentres have not been included in fig. 5.3 as depttt

control for these is invariably very poor. It should be noted that

the microearthquakes shown in figs 5.I' 5.2 and 5.3 do not represent

a sanple of the nicroseisrnicity which is homogeneous in time. Although

the Dannevirke and Ruapehu surveys bottr lasted approximately one monttr'

the region between the arrays ltas sanpled in both surteys and thus

the activity recorded there represents a two-monttr sample of the

microseismicity. Furtherl6re, the nicroearthquake satrple is not

homogeneous in magnitude,as the minimrxr rnagnitude required by a

ulicroearthquale before it is capable of location increases with

increasing distance from an array. This is illustrated by the concen-

tration of tlle lower magnitude activity near the arrays evident in

figs 5.1, 5.2 and 5.3. fhese figures also show the lack of located

activity of nagnitude less than I.0 near the Ruapehu array resulting

from the location criteria adopted.

There has been some debate as to whether microearthquake surveys

of short duration give a representative picture of longer term

seisrnicity. Udias & Rice (1975) maintain that conclgsions concerning

seisnicity based on microearthquakes recorded by terqlorary stations

running for a few days or even months nay be elroneous owing to the

inhomogeneity of microearthquake activity in time. In contrast,

Crompton & Butler (1976) suggest that a good statistical estimate of

seismicity can be obtained from surveys whose length is rneasured in

tens of days. The degree to whictr the present rnicroearttrguake sample

is representative of longer te:at seisnicity can be ascertained by

conparing it with macroseisrticity located by ttre Seisnrological Obsenratory

in tlre region of the traverse. comparison of fLgs 2.4 and 5.1 reveals

ttrat ttre rnain features of the macroseisrricity evident in a l9-year

conpilation of shallor earthquakes are reproduced by ttre rricroearttrquake
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sarple. Bottr figures show seismicity is high along the east coast'

in the upper basin of tie wanganui River and near the city of tilanganui,

while it is relatively low in the Ruahine Range. Sirnilar corresPondence

between short-term microseisrnicity and longer-term nacloseisnricity has

been observed in the central North lsland (Evison et al ', L976) '

5.2 DETATIED STUDY OF GROUPTNGS OF !4TCROEARIT{QUAKES

5.2.L t{icroe uakes shallower tharr 40 km located with

the Dannevirke arraY

l4icroearthquakes in the region of the Darrnevirke array less than

40 kn deep have been grouped separately from those at greater deptlt

because of the break in rnicroseismicity at about 40 kn depth apparent

in fig. 5.3. Epicentres of ttrese microearthquakes show significant

clusterinS (see fig. 5.1) ' and it is inportant to determine whether

tJris clustering identifies microaftershocks of previous large earthguakes

or is a feature of the backgror:nd microseismicity. A survey of past

seismicity suggests the Dannevirke array rnay have recorded micro-

aftershocks from for:r prior earthquakes. These are plotted in fig. 5'I'

The greatest anount of nicroaftershock activity e:<pected is
from the uragnitude 5.7 earthquake of 1973 February 21st, which the

Seisnological Observatory located near Hastings at a restricted depth

of 12 kn. Arabasz c Robinson (1976) have derived an expression for an

esti:nate of tr, the time after a nrainshock, in days, when aftershodcs

of magnittd. Mri' or greater occur at a rate of one per day. This is
a function of \r the urainshock magmitude, nanely:

lo9 t, = (1.87 - !t .n) + 0.98 (\ - 4.0)

This expression assumes that b =.1 .O in the Guterrberg and Richter

frequency-magnitude relation and ttrat aftershock rate decays hlper-
bolically with time. It indicates residual aftershock activity of
the earttrquake of 1973 Febrr:ary 21st of about one shock per day of
magnitude 1.0 or rrcre during tJ:e Dannevirke survey. Thus nicroafter-
shocl<s of this earthquake are likely to contribute to the significant
microearthquake activity near Hastings shown in fig. 5.1-
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Aftershock activity of one shock per day of magnitude 0-8

or more can have been expected during the Dannevirke survey from the

magnitude 4.4 crr:-stal earthquake which occurred below the western flank

of the Ruahine Range 15 days before the beginning of the survey. One

microearthquake has been located near the epicentre of this earthquake.

A low level of aftershock activity can also have been e:cpected from

the magnitude 5.2 crustal earthquake of L972 Deceutber 21st and the

magnitude 5.5 crustal earthqr:ake of 1971 April 28th. For these earth-

quakes, Mnin = 0.4 ancl 0.3 respectively. It is possible microaftershocks

of these earttrquakes have been located, as the mainshocks occurred close

to the Dannevirke array.
Much of the clustering shown by microearthquakes located wittt

the Dannevirke array cannot be accounted for by the above large earth-

quakes. Sone of the clusters represent rricroearthquake sainshock-

aftershock sequences. The best developed sequence of this kincl is that
of the rnagnitude I.9 microearthrguak e of L974 February 17th OOh35n,

which occurred 20 kn northeast of Dannevirke at a depttr of 33.1 km.

Three nicroaftershocks of this event,with magnitudes L.2, 1.0 and

l.O,were located by virtue of their proximity to stations of t}te array.

Other clusters of microearthquakes represent intermittent activity
occurring in a localized a!ea. The cluster 25 krn west of Waipukurau

is a good exanple of this. Microearthquakes conprising the concentration

of activity 20 km southeast of Cape Turnagain are part of a sequence of

17 microearthquales, ranging in uragnitude frorn 1.3 to 2.9, which occurred

in Less than 12 hours on February 20ttr, L974. Eight of the nicro-
earthguakes of tJ:is sequence were insufficientJ-y recorded to be located,

ttrough S-P intervals suggest they occurred in the same region as tJle

located nicroearthquakes of the seguence. The seqJuence resembles a

swaln insofar as it does not include an outstan&tg, principal event.

Earthquake svirarms are not unknown al-ong tlre east coast of the North

Is1and, a recent good exanple being ttrat whictr occurred some 60 km

northeast of Napier during March and April of L975' This sr.rarm

included 37 earttrquakes between magnitudes 4.0 and 5.6, with no single

event being outstanding (N.2. Seismological Obsenratory, 1978b).

A featr:re of tl:e vertical cross section of microeartltquakes

located wittr the Dannevirke array' shown in fig. 5.3r is the marked

lack of activity shallower than 15 krn. llhis precludes correlation
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of microseismicity with sr:rface faults. It is also in contrast with

the Wellington region, 200 kn to the souttrwest, where diffuse activity

occurs above 15 krn depth (Robinson, in press).

t{icroearthquakes shallower than 40 kn, especially t}rose of A

and B quality, define a band of activity whic| dips towards tl.e northwest'

As discgssed in sect. 4.2.2, tJris band of activity can be identified

with the crust of tJle subducted Pacific plate. It should be noted that

ttre group of three microearthquakes at about 30 kn ilepth beLow the

Ruahine Range and the southeastern-most group of six rnicroeartbguakes

in fig. 5.3 have been located with some of their arrivals interpreted

as head waves refracted along horizontal discontinuities of tlre adopted

velocity rnodel. As refractors below ttre Dannevirke array can be

er<pected to be dipping towards the norttrwest rattrer than horizontal ,

these t\ilo grouPs of microearttrquakes are likely to be deeper and

shallower, respectively, than shown in fig. 5.3, and trlay fo:m extensions

of the dipping band of activity defined by ottrer uricroearttrguakes

shallcrrer than 40 km.

t{hile activity in the dipping band is fairly uniforo belor the

Dannevirke array in ttre direction of the raicroearthquake traverset

this is not the case normal to the traverse. Fig. 5.4 illustrates
an abrupt decrease in activity of the band inunediately northeast of

the Darrnevirke array, which is underlain by a sirnilarly abnpt increase

in deeper activitY.
For the pua?ose of constructing a cortposite focal mechanisn

diagrarn, a!.J, quality A and B microearthquakes wele gror4)ed together'

Itre first motion pattern produced, sho'rn in fig' 5'5, is rather

consistent. A mixture of no:ma1 and strike-slip faulting is indicated'

Relative to tlre surface of tlre sr:bducted plate belon the array, normal

faulting predorninates. wtrich nodal plane is to be preferred as the

fault plane is d.ifficult to decide. Surface faulting in the region of

the Dannevirke array strikes predorn-inantly norttr-northeast and shows

bottr dextral strike-slip and yertical movement (Kingrna, L9621 t

suggesting that the nodal plane striking at 45o is to be preferred

as the fault plane. on the ottrer hand, ttre abrupt decrease in nicro-

earttrquake activity shallower than 40 krn along ttre norttreast edge of

tf.e Dannevirke array, alld the submarine Madden canyon souttreast of the
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Figure 5.5 A composite focal mechanlsm for all quallty A and B micro-

earthquakes less than 40 kn deep located wlth the Dannevirke array'

Thediagramisanequal-areaproJectlonoftheuPperfocalhemi-
sphere. Open symbols rePresent dilatatloralP-wavefirst motions, solid syn-

bols are compressions. clrcles signlfy arrivals leaving the focus in an

upward direcEion; squares are crltically refracted arrivals projected fron

t.he lower hemisphere. Srnaller symbols rePresent less reliable readings' Xfs

denote near-nodal arrlvals, For large X's, Sz > 10 P", whlle for small X's

s > 5 P , where s and P_ are the maximurn arnplitudes of the s-wave and
zz'zz

P-wave respecrively. 0 and 6 are the strike and dip of the nodal planes, and

P and T denote Che axes of compression anc tension resPectively' The dashed

curveshowstheapproximateorlentationofthesubductedplatebelowthe
Dannevirke array.
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array (fig. 6.5) ' which both

the nodal plane striking at
strike at approximatel-y 1300 ' suggest

I09o may represent ttre fault plane-

5-2.2 Microea uakes r than 40 km located with the

Dannevirke array

The significant subcrustal nicroearthquake activity dovrn to

70 krn in depth located with the Dannevirke array was une:q)ected.

compared with crustal activity, very few sr:bcrustal earthqualces

have been routinely located in the region of tl.e array by the

Seismological Observatory (e.g. N.Z. Seis. Obs. Bulletins E145-8154) '
One possiJcle reason for this is that the subcrustal activity seldom

reaches a large enough magn.itude to be well recoriled by tlne national

network of pe:roranent seismographs. A more Likely explanation is

that subcn:stal activity has been rrisinterpreted as crustal , as a

consequence of deficiencies in the standard New Zealand crustal npdel

and tJre poor azimuthal control provided by the permanent network in

the region of the Dannevirke array, tlere being no stations to tJ:e

southeast apart from Chattram Island' sone 700 kn away'

Other rricroearthquake studies of regions where a subducted plate

Iies at shallow depth have sim-ilarly revealed the existence of

sigmificant activity ttrroughout much of ttre ttrickness of ttre sr:bducted

plate. A telemetered array in the Wellington region, Netr Zealand,has

located rnicroearthquakes up to 40 km belor the surface of the sr:bducted

plate (Robinson, in press), while microearthguakes in tJle sr:bducted

Pacific plate in ttre region of t.l.e Japan Trench reach depttrs of about

70 kn (Hasegawa et a1., 1978) .

t; The 40-70 km deep m:icroseisnicity below ttre Dannevirke €lrray
II

,/"pp."r" confined in the direction of dip of t*re s'bducted plate
\T

T trin. 5.3). rts southeastern boundary is like1.y to be real, since

the resolving power of the array is good in this region, whereas its

northwestern boundary rIBy reflect a limit of detectability of the

array. As can be seen from fig, 5.4, this microseisnicity is continuor:s

but non-unifor:n along the strike of ttre sr:bducted plate, a shartrr increase

in activity in the 40-55 km dept?r range occurring northeast of the

array.
The composite focal nectranisrn diagran produced when all 39 quality

A and B microearthquakes deeper t].an 40 km located with the Dannevirke
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array are gror4)ed together is shown in fig. 5.6. clearly these

microeartltquakes do not share a conmon focal mechanism. AttenPts $tere

made to define composite focal mechanisms for sr:bsets of the rnicro-

earthquakes. For exarq>le, a1l events to the nortlteast of the array

were grouped separately from those below and to the soutltwest of the

array. Interyretation of ttre resulting corposite focal mechanisn

diagrams proved difficult, largely becagse of the small nrmiber of

first motions recorded from each microearthquake and ttre srrall spread

Of data on the focal sphere2 and no unambiguous focal mechanisms

were obtained.

5.2.3 Microearthquakes deeper trtgn 40 krn located tith tl.," n

array

Apart from one event 42 knr below the r:pper basin of the Wanganui

river, whictr will be discussed later together with shalloruer shodcs

in the same region, these microearthguakes define a northwest-d'ipping

Benioff zone. Adoption of the velocity model for the Ruapehu array

described in sect. 4.2.4 has resulted in a greater nrmber of weII-

located hypocentres than that determined using ttre standard New Zealand

crustal rnodel, as can be seen by conparing figs 5.3 and 4'1" Hypocentres

in fig. 5.3 are aLso shalLower than ttrose in fig. 4.L, because of t}te

lower velocity adopted for the uPper nantle.

A conspicuous feature of the Benioff zone below the Ruapehu array

is the tJlin band of concentrated activity at the top of ttre zone'

Between ttre Ruahine Ralge and Mt Ruapetru, this band dips towards the

northwest at about 20o. When location errors are taken into account,

it appears likely ttrat nr:icroearthguakes in this section of the band

originate in a zone about 10 kn thick. Ttris ttrickness, and correlation

of ttre band with the sirnilar dipping band of activity below the Dannevirke

array identified wittr the crust of the snlcducted plate, both suggest

microearthquakes in the band originate in the crust of the subducted

plate.
Norttrwest of Mt Ruapehu, ttre dip of the band of activity at the

top of the Benioff zone steepens to about 7Oo. There are insufficient

microearthquakes in this section of t}re band to enable an estim'rte of

its thickness. Ansell & Smith (19?5), who have studied tJre structure
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of the Benioff zone below the North Island using the homogeneous

station netJ:od, have suggested that below 100 ktrt the zone is about

9 km thick. This result is in good agreement with the thickness of
ttre band of microearttrquake activity at the top of tJre Benioff zone

between ttre Ruahine Range and !!t Ruapehu, and suggests Benioff zore

activity deeper than 100 km is also largely confined to the cnrst of
the subducted plate.

The trrodnent bend in the Benioff zone below Mt Ruapehu will
cause problems in the location of microearthguakes in the deeper

part of the zone to ttre northwest. Ray paths from these events to
southeastern stations of the Ruapehu array wit-l tie partly within
the subducted plate, whereas ray paths to nort}western stations will
lie almost entirely outside it. As a velocity contrast for both P-

and S-waves of 6-IOt between pattrs in and entireJ.y out of the sdbducted

plate is present below ttre North Island (Smith , 1977) ' it is clear that
these events will be located southeast of their true positions. llttis

mislocation will increase as the depttr of an event increases. The

Iaterally inhornogeneotrs velocity nodel of Art:ms 6 Ware (L9771 conpensates

for pattrs in and outside ttre subducted plate, and deeper than 100 kn

the Benioff zone dete::ninecl by these authors is to be preferred to
that defined by the microearlhguakes of this study.

The four earttrquakes underlying tJre proninent bend in the band

of activity at the top of the Benioff zone all occurred in the sarne

region, some 60 km southwest of Waaganui. It is unlikely that ttrese

originated in the crust of the sr:bducted plate and have been mislocated,

since nearby earthqr:akes have been located in the band of activity
identified with this crust. The location of ttre earthquakes suggests

they represent defo:mation in the rnantle of ttre subducted pJ.ate resulting

from the sigrnificant bending of ttre plate.
A conspicuous feature of the epicentral distribution of micro-

earthquakes deeper than 4O km located with the Rr:apehu arr4; is the

southeast-no!:tttwest lineation of lO epicentres Passing close to

Mt Rr:apehu. When continued into the region of the Dannevirke arrayt

this lineation coincides wittr the abrupt change in the depth distribution

of microseisrrnicity along ttre northeast edge of the array.
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The seven microearthquakes gror4>ed beneath the Kaweka Range

in fig. 5.2 occurred interrnittently dr:ring tJre Ruapehu survey, and

cannot be related to a prior large earthquake.

For ttre construction of a com;rosite focal mechanism diagrarn,

all microearthquakes in the band of activity at the top of the Benioff

zone in the 40-100 kn depth range were grouped togetfrer. This group

conprises a1l microearthquakes interpreted as originating in the cnrst

of tJle sr.rbducted plate except those deeper than 100 km, which are likely

to be rnislocated as described above, First motion data proved consistent

near the centre, but inconsistent near tie northeast and southwest edges

of ttre resulting diagran. The inconsistency near the edges of the

diagram can be explained when it is realized that as the epicentral
distance of one of the above microearthguakes from the Ruapehu array

increases, first arrivals are likely to be a mixture of direct phases

and phases critically refracted along the subducted plate (cf. sect.

4.2.5'), wh5-le all first arrivals were interpreted as direct phases in

the construction of the diagran.

Because of rrncertainties in the position and velocity structure

of ttre top part of the subducted pJ-ate, and in the location of a

microearthquake, it is d.ifficult to ascertain whether a first arrival

from a microearthquake at a large epicentraL distance from tlre Ruapehu

array represents a direct or critically refracted phase, and thus plot

it accordingly. Consequently, rnicroearthquakes likely to produce

criticaLly refracted arrivals were separated from those nearer tlle

array. A neasure of the closeness of a sticroearthquake to the array

is provided by DM, t}re epicentral distalce to the nearest station

recording tJle rnicroearttrquake. As first stotion data becomes inconsistent

for microearthquakes with Dt'l >36 krn, ttrese were grouped separately, as

shorr'n in fig. 5 . 7.

A well detetrr.ined composite focal mechanism is definecl by the

eleven microearthquakes with Dl{ <36 km' as shown in fig. 5.8. In any

interpretation of focal mechanisrns of Benioff zone earthquakes, allowance

must be made for the refraction of P-waves at the upPer boundary of the

sr:bducted p)-ate (cf. Harris, 1975). The effect of such refraction on

the position of the nodal planes of fig. 5.8 should be minimal, since

both these planes are nearly perpendisular to the Benioff zone and

hence the subducted plate. The alignment of the P and T axes of the
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mechanism parallel to the Benioff zone indicates that the subducted

plate acts as a stress guide, as suggested by Isacks & Molnar (197f).

The significance of the azimuths of these axes will be discussed in
the next chapter in conjunction with focal nechanism results from

interrediate depth earthquakes below the North Island. The nodal plane

striking at l21o is to be preferred as the fault plane, as eight of
the eleven events defining the nrechanism for:nr part of the southeast-

northwest lineation of microearthguakes discussed previously. Relative
to the surface of the subducted plate, sinistral strike-slip nption is
indicated on this near-vertical p1ane.

First rption data for the four Benioff zone rnicroearttrquakes

deeper than 120 km are plotted in fig. 5.9. Although the data are

insufficient to define a composite focal nechanism, they show good

agreerrFnt with the nodaL plane of fig. 5.8 whictr strikes at I21o.

The definition of this plane should not be greatLy affected by the

previously discussed rnislocation of the nricroearthguakes, as this nis-
location is rnainly in the direction of dip of the subducted plate. The

good fit of a nodal plane of fig. 5.8 to the data of fig. 5.9 suggests

that the stress regire in the crust of the subducted plate nay be

continuous across the proninent bend in the plate below Mt Ruapehu.

Because the four earthquakes r:nderlying the proninent bend in
the band of activity at the top of the Benioff zone occurred in a

restricted area well outside the Ruapehu array' their first rction
data, shown in fig. 5.10, cover a limited area of the focal sphere,

and no oryosite focal rnechanism can be defined.

5.2.4 Crustal nicroearthquakes near Waiouru

Dr:ring the Rr:apehu survey, a high level of crustal rticroearthquake

activity was recorded near Waiouru (fig. 5.1). Persistent earthquake

activity near Waiouru is also a feature of the longer tern seismicity
located by the Seisnological Observatory, this activity being eharacterised

by lower rnagrnitude shodcs whLctr rarely reach magnitude 5.0. It is likely
that a large part of the activity recorded during the Ruapehu survey

represents microaftershocks of a magrnitude 4.6 earthquake which occurred

near Waiouru five weeks prior to the survey, since
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a) the microearthguake hypocentres lie near the hypocentre of this

earthquake as determined by the seisnrological observatory and

b) the level of nicroearthquake activity recorcled is about that

ercpected for microaftershocks of the earthquake. rhe enrpirical

relation of Arabasz & Robinson (1976) for estirnating the duration

6f rrricroaftershock sequences suggests nicroaftershod< activity
of about one event per day of nragrnitude 0.7 or greater during

the Ruapehu survey. In fact 19 rticroearthquakes of uragnitude 0'7

or rrDre occurring during the 30-day Ruapehu survey were located

near waiouru, indicating a level of activity in good agrreenent with

the estimated level of microaftershock activity, considering the data

set of located rnicnoearthguakes in this region cannot be considered'

corplete at the 0.7 rnagrnitude level because of ttre location criteria

adopted.

The scatter of rnicroearthquake hypocentres near Waj-ouru shown

in figs 5.11 and 5.12 is greater than that nornally e:q>ected for

nj-croaftershocl<s of a magnitude 4.6 earthquake. For exanrple, the

empirical fornula of Utsu (196I), namely log D = 0.5M - 1.8' estimates

the linear dinension (D) of the aftershock area of an earthquake with

a rnagrnitude (M) of 4.6 as about 3 km. In order to deterrnine if this

scatter is real and not caused by different subsets of stations being

used to locate different ruicr:oearthgr:akes, nine microearthquakes were

relocated using tJre houogeneou.s station rethod. ftris rethod requires that

the sarre phases fron the sanre set of stations are used to locate eactt

rnicroearthquake. The horrcgeneous data set used included seven phases:

the P recorded at WIJB, and both the P and S recorded at T!O, TNG and tflllA'

AII P readings were equally weighted in the hypocentre calculation' as

were all S readings, and the IIYPOTI options of azimuthat weighting and

,Jeffreysr weighting of residr:aIs were not used.

Tlhe distribution of the relocated hypocentres is sinllar to that

of the original hypocentres, the difference between the tuo solutions

being less than the standard errors of location for the rnajority of the

microearthquakes. The scatter of the hlpocentres prsists, and there

appears to be no enhancement of the lineations and clusterinq evident

in the original hy5rocentres. The congruence of hlpocentres detennined

by the two uethods demonstrates the efficiency of the station corrections
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and azimuthal weighting routinely used in the determination of the

hirpocentres of Ruapehu survey microearthquakes in mj.nirnizing the

effect of using different subsets of stations to locate different

microearthquakes.

A cornposite focal rmchanism diagram for all nricroearthquakes

near waiouru is shown in fig. 5.13. Interl>retation of the diagran is

rendered difficult by the great predominance of conpressions over

ditatations and the lack of data in the northeast quadrant of the focal

sphere. The positions of the nodal planes of the double-couple solution

shown were dictated by the large areal distribution of compressions'

Although both the near-nodal arrivals and the few dilatations indicate

a nodal plane d,ipping towards the northeast at a low a:rgle, its exact

position is uncertain owing to the reduced reliability of ilata near the

edge of the focal sphere (see sect. 4.5).

subsets of the microearthquakes indicate corposite focal rnechanisms

very sindlar to that of fig. 5.13. For example, fig' 5'14 shows that an

adequate solution of the conposite focal recharrism diagram of the tight

cluster of activity inunediately southeast of waiouru outlined in

figs 5.11 and 5,12 is proviiled by the nodal planes of fig. 5.13.

The conposite focal rnechanism shown in fig. 5,13 indicates

predominantly thrust movenent on either a steeply-dipping plane striking

at l28o or a gently-dipping plane striking at I2Oo. Wtrich plane is to

be preferred as the fault plane cannot be ascertained from ttre surface

geology. In contrast to the nodal planes of fig. 5.I3, Recent faulting

near waiouru strikes N-s and ENE-wsw (N.2. eeological sur\tey, 1973) '

A preferred fault plane is also not suggested by the distribution of

the microearthquake hypocentres.

5.2.5 Crustal microearthquakes near TaihaPe

Although the Ruapehu array provided goocl coverage of the Taihape

region, only five crustal microearthquakes htere located there, all

thesebeingtothewestofTaihaPerasshowninfig.5.l.lltreseaLl
occgrred in the lower crust, the depth of the events increasing towards

the southwest. The conposite focal nrechanisrn diagram for these micro-

earthquakes (fig. 5.15) is fairly consistent. Ho$tever a lack of data

in the southern half of the focal sphere leads to poor control of the
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nodal planes of a double-couple solution, and two egually valid solutions

are shown, Strike-slip faulting is indicated by the solid nodal plane

solution. while the dashed nodal planes indicate a nixture of strike-slip

and norrnal faulting, the strike-slip conponent predorninating. If

microearthquakes occurring in tJ:e lower crust can be related to surface

geology, the NNE and NE nodal- planes of fig. 5.15 are to be preferred as

the fault planes, as these planes have a sirnilar strike to the major

faults of the Taihape region (fig. 2.7). Also, dextral strike-slip rntion

on these planes is in agree[Ent etith Recent rtpvertent on the major faults
(Kingma, L962).

5,2.6 Shaltow nicroearthquakes in Ule upper basin of the Wanganui Rivet

During the Rr,rapehu sunrey, a large number of shallow uricroearthquakes

occurred in the upPer basin of the Wanganui Riyer, west of lrlt Ruapehu'

The epicentral distribution of these nicroearthquakes (fig. 5.1) is very

similar to that of the corresPondingly large nurnber of larger earthguakes

that occurred in ttre sane area in the nineteen-year period Prior to the

snrvey (fig. 2.4'r. In both cases the activity is elongated in an east-

west direction, and stretches from Mt Ruapehu to just west of the township

of Whanganpabna. The vertical cross section shown in fig. 5.3 reveals

microearthquakes in the western part of the basin are largely confined to

the 29 Eo 42 km depth range, while those in the east of the basin extend

from the lower crust ahmst to the surface.

The first rDtion data of the microearthquakes suggest a variation

in focal nechanism with depth, arrd the rnicroearthquakes have been divided

into subsets to trDnitor this change. Because its first nrction pattern

differs narkedly from that of aU the other nricroearthquakes' the

shallowest event has been considered separately (fig. 5.16). The first

notion data of the retnaining nicroearthquahes can be satisfactorily
e>rplained by two composite focal mechanismsr oll€ for events between 5 and

25 km deep (fig. 5.17), the other for events between 25 and 42 kn deep

(fis. s.18).
rt is possible, assuming a dor:b1e-c.or.p1e nodel , to fit quadrantal-

nodal planes to the first rmtions in fig. 5.16. The sinplest interPretation

is one of thrust faulting, although the orientation of the P-axis of

such a mectranism cannot be deterrnined from the scant data. An interesting
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alternative e:(planation of the first nrction pattern is that of an

explosive mechanism associated with volcanic activity. Such a

nechanism is suggested by the shallow focus of the nicroearthquake

(1.4tO.4 krn) and its location less than 2 km north of a grouP of at

least five volcanic vents 1 km NW of ohakune (cole, 1978) '
The nodal planes of fig. 5.17 are well deterrrined by both first

rnctions and near-nodal arrivals, and indicate pure nornal faulting.
The east-west strike of both these planes parallels the trend in rricro-

earthquake epicentres (fig. 5.I), isogals of the Bouguer and isostatic
gravity anomalies (neirty et a1., L977) and the strike of Recent

faulting (Hay, 1967) in the uPper basin of the Wanganui River. On

the basis of surface faulting near Raetihi, whic| is ccnsistently

downthrown to the south (Hay, L967r, tJ.e southerly-dipping nodal plane

is to be preferred as the fault plane.

The couposite focal nrechanism for rnicroearthquakes between 25

artd.42 km deep (fig. 5.18) is again well determined. l'loverent has

been either dextral with a slightly snaller normal couq>onent on a plane

striking at 0090, or sinistral with an equal nonnal corq>onent on a plane

striking at O72o. Which plane is to be preferred as the fauLt plane is
not suggested by the microearthquake Aistribution.

T'he first rmtion data of rnicroearthquakes occurring in the upper

basin of the Warrganui River are insufficient to resolve whether the

change in focal mechanism with depth apparent in figs 5.17 and 5.18

represents a gradual- change or a disc-ontinuity in the stress field. The

25 kn depth used to partition the microearthquakes was chosen rerely to
give the best separation of the first rrction data into two conposite focal

rrechanisms. There is no evidence to suggest a physical discontinuity
is present at this depth.

5.2.7 Shallow nulcroearthquakes in the lower basin of the Wanganui River

fhis group of five rulcroearthquakes is centred some 20 kn NNE of
Wanganui city (fig. 5.1). Microearthguakes of the grouP show a similar

depth distribution to those occurring in the western part of the qrper

basin of the Wanganui River, their depths ranging from 25 to 38 kn' The

first nntion data of the nicroearthquakes are lnorly distributed in a

conposite focal mechanism diagram (fig. 5.19), owing to the occurrence

of the events in a restricted area outside the Ruapehu array. Nevertheless,
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some consistency in the data is apparent, and tentative nodal planes,

shown dashed in fig. 5.I9' can be fitted. The NE-SW elongation of
the microearthquake epicentres is in general agreement witlr the strike
of both these nodal planes. Thrust faulting is indicated by the

tentative nodal planes, a mectranism markedly ilifferent from the nuixture

of strike-slip and normal faulting determined for rnicroearthquakes

in a similar depth range in the upper basin of ttre tlanganui River.

Surface faulting is also at variance with the tentative mectranism'

since although it strikes NE, it is predominantly normal (Lensen, 1959).

5.2.8 Microearthquakes immediately south of the city of Wanganui

A conspicuous feature of the shaLlo$r seisuricity of the Nortlt

Island is the frequent occurt'ense of earthquakes within a sma1l area

situated 20 krn south of the eity of Wanganui (fig. 2.4r. As shown in
fig. 5.I, this feature is reproduced by raicroearthguakes l-ocated wittt
the Ruapehu array. Thirty microeartho-uakes, ranging in magnitude f:rom

2.3 to 3,4, were Located immediately south of Wanganui. lltre magnitude

distribution of these rnicroearthquakes indicates a high value of the

coefficient b in the frequency-rnagnitude relationship of Guteriberg and

Richter; this is also suggested by ttre numerous earthquakes located by

the Seismological ObservatorY in the same region, which rarely exceed

magnitude 4.5-

The velocity rrodel used to determine hypocentres of these m.iero-

earttrguakes differed from that in sect. 4.2.4 in that it incorporated an

upper mantle velocity of '1.80 kn/sec, which has been found by Haines (1976)

to be appropriate for the Wanganui region. An interesting feature of the

hl4rocentre detenrinations was that arrivals at the permanent station MNG,

soure 75 km southeast of the microearthquake activity (fig. 2.7) t disagreed

with hypocentres determined with the Ruapehu array. These arrivals were

consistently early, by uP to 1.5 sec for the P-wave, indicating that
paths to this station are of higher velocity than paths to the stations

of tJ:e Ruapehu array. The depth of ttre microearttrguakes suggests the

first arrival-s seen at MNG are likely to be head waves' refracted either
along tl1e MolroroviEid discontinuity of the Indian plate or along the top

of the underlying sr:bducted p1ate. Bottr these paths can be ocpected to
be of higher velocity than paths to stations of the Ruapehu array

(Ilaines, 1976; Srnith, Lg'77). Because of tJ:is difference in path, MNG

readings were not used in ttre deterrnination of the rnicroearthquake

hlpocentres.
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The 30 nicroearthquakes located cluster rrore tightly than earthguakes

in the sane region located by the Seisnrological Observatory, a circle of

radius 12 km serving to dellutit their epicentres. As the rnicroearthquakes

occurred well outside the Ruapehu alray, depth control is generally poor'

Nevertheless, the t hlpocentres of quality A and B, which range from 28 to

33 kln in depth, suggest the microearthquake activity is likely to be

tightly clustered in dePth.

The first uption data of a conqrosite focal nedranism diagram for

the quality A and B rricroearthquakes (fig. 5.20) show little consistencY'

and no dor:ble-couple solution has been attempted. The incpnsistency of

the data rnay in part be due to errors in the interpretation of first

arrivals as direct waves (P*) or head waves (Pn) arising fron errors in

the velocity nodel used to detem-ine ttre microearthquake hypocentres'

The possibility that the earthquake activity iuunediately south of

Wanganui has a consistent mechanism is suggested by the earthquakes

located there by the Seistrclogical Obserrratory, the great rnajority of

whictr produce conpressional first nrctions at MNG (E.G.C. Snith, pers'

cellm.,1979). AlI first nptions of the rnicroearthquakes recorded at

MNG were also corPressions.
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CT|APTER 6

ACTI\IE DEFORMATION AT THE NORTH ISLAI.ID PLATE BoqNDARY

6.1 ACTIVE DEFORMATION OF TTIE PACIFIC PI"ATE

6.1.1 The geometnr of the subducted Pacific plate

when mic:roearthquakes located in this study are corbined wittt

well-l-ocated earthquakes deeper than lo0 km, as shown in fig. 6.1' a

fairly complete cross section of the Benioff zone associated with the

sr:bducted Pacific plate is obtained. The open triangles in fig. 6'I

denote earthquakes studied by Ansell e sni,t]r (1975) using the

homogeneous station method and sulcsequently relocated with a laterally

irilronogeneous velocity nodel by Ailans & Ware (L9771. lltre epicentres

of all eartJrquakes and nicroearthquakes shcnrn in fig- 6.1 lie within

132 kn of the line of section. t4icroearthquakes thought to be badly

mislocated owing to inadequacies in the velocity model, as discussed

in ttre previous chapter, have been omitted frorr fig' 6'1' llhose

omitted are the four rnicroearthquakes deeper than 120 kn' the three

microearthqr:akes approxirnately 3O km belor* the Ruahine Range and the

six southeastern-rpst microearthguakes located with the Dannevirke

array (see fig. 5.3).
As discussed in sects. 5.2.3 and 4.2.2, the dipping band of

concentrated activity at the top of the Benioff zoner and the continuation

of this band below tle Dannevirke array' can be identified with ffie crust

capping t}e sr:bducted Pacific plate. lFhis interpretation enables the

delineation of an approximate upper surface of the subducted plate' as

shcftrn by the solid line in fig. 6.1. The line represents an attempt

to fair a srpotb curve to the upper envelope of earthguakes of the

band of activity, with sore discretion exercised in tj:e exclusion of

points judlged to represent scatter dge to location errors, and bearing

in rnind that before sulcduction tl.e crust of the Pacific plate is some

7 krn thick (e.9. Worzel, Lg74l. Ttre dip of this surface below ttre

Dannevirke array indicates that srjrduction connences in the vicinity of

the Hjlurangi Trench, and the dashed souttreasterly extrapolation of the

surface shown in fig. 6.1 assunes a sediment ttrickness of 3 krn (a
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rninimr:m value - D. Bennett, pers. cornm., l97g) and a near-horizontar
plate in the deepest part of tlre trenctr.

The geometry of the sr:bducted plate dete:anined from the
distribution of seismicity rnust be consistent with obse:nred gravitlz.
The absence of deep seisnic sounding in the region of the nicroearth-
quake traverse precludes any detailed rnodelling of gravity. Moreover,
modelling of gravity at the subduction zone in the central Aleutians
(Grcrr, 1973) has revealed that even v*ren control of crtrstal and upper
mantle structure is good, differing geometries of the sr:lcducted plate
suggested by tl.e seisnicity cannot be distinguished using gravity.

Hatherton (197oa) has given two interpretations of the negative
gravity anomaly over the North Island; one €rssociates the mass deficiency
with the suibcrustal seismicity above go klr depth, while the other
associates it witlr a thiclcening of the continental cmst. fnterpre-
tation of ttre same anotnaly by gJoodrpard (1975) involves a crrrstal
thickening closely related to the top of the suleducted plate. The
geometry of the surbducted plate detenr:ined in this study provides a
oonstraint on future interpretations of ttre gravity anonaly.

The subducted pacific plate derineated in fig. 6.J. appears to
contain trpo knee-1ike bends r on€ below the northwest ed.ge of tl:e
Dannevirke anav, where the top of the prate is about 25 kn deep,
and ttre other below t'it Ruapehu, where tlle top of the prate is about
70 kn deep. Seaward of the shallower bend, ttre dip of the pJ.ate is
very srnall, averaging soue 50. Various expranations have been
proposed for an initial snall dip of a subducted plate. llhese include
(a) Loading and depression of ttre descending plate ttrrough sediment

accretion at the trench (Karig et al., 1926).
(b) Inhilcition of sr:bduction ttrrougtr the incorporation of low density

terrigenous sediments into ttre descending plate (Jacob et al. , Lg77r.
(c) The slid.ing of continental urargin slivere along Ern arc as a

result of oblique subduction (ritch, I972t Karig, L974,).
(d) Suction of ttre descend.ing plate to the overlying continental

wedge (Jischke, 1975).
The presence of thick sedi-nents in the Hikurangi Trench (e.g. Katz,

L974) suggests both (a) and (b) may contribute to ttre initial snall dip
of the subducted prate at the Hikurangi Margin, but ttre relative
inportance of eadr proc€ss cannot be determined as the protrnrtion of
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sediment subducted wittr the Pacific plate j.s currently not knorvn.

As sr:bduction at the Hikurangi Margin is oblique, (c) can also be

errpected. The nr.unerous NNE-striking transcurrent faults of the eastern

Norttr Island (fig. 2.71 provide evidence of ttre sliding of continentaL

fragments along the margin. (d) is r:nlikely to control ttre initial
small ilip of the subducted plate. Conposite focal mectranisrns of

microearttrquakes in the top of the subducted plate seaward of its
shallower bend (mectranisms A-F, fig. 6.2) indicate coryression no:ltal

to the pl-ate interface,rattrer than the tension that would be expected

if suction was occurring.
Varior:s explanations ca;1 also be proposed for the shallower

bend in the subducted plate. Jacob et al. Q977) attribute a similar

bend in the Alaska-Aleutian Benioff zone at 40 km depth to an increase

in the average density of the spbducted plate. Ttrey suggest tttis

density increase can be produced either by shearing off the terrigenous

sedimentary cotrponents of the sqlcducted plate, or by initiation of

extensive dehydration of ttre subducted and altered oceanic crust, or

by a coribination of both. ALternatively, tJle bend can be e:plained

in terms of contraction of the bottom of ttre subducted plate or.ring to

ttre initiation of a phase change there. A likely candidate for such a

phase ctrange is that of spinel peridotite to garnet Peridotite (e.9.

Wyltie, L971). A visco-elastic finite elerent analysis of sr:bduction

zones (woodward, Lg76) indicates phase changes play an important role

in the bending of the subducted plateras they lower tJle effective
youngrs modulus and hence the flenrral rigidity of the p1ate. Woodward

calculates that stresses due to phase ctranges are an order of magnitude

larger than ttrose due to tJ:e negative buoyancy of ttre sr.lbducted plate

in tfie asthenosPhere.

The 40-70 km deep rnicroseisnicity in the region of the Dannevirke

array appears closely related to ttre shallower bend in tJ:e subducted

plate,asitisliutitedtottrevicinitlroft}rebend.Ifonelikerrsthe
sgbducted plate to a bending beam, this activity can be interpreted as

due to coryression, the apparent gap in microseisrnicity at about 4o kn

depth being interpreted as the neutral fibre of ttre beam and the

activity at the top of the plate as due to tension. ftris interpretation

is supporteil by the sigmificant coryonent of doom-dip tension shown by

nicroearthguakes at the top of the subducted plate (fig. 5.5). However'
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the 4O-70 km deep rnicroearthquakes do not share a common focal
neclhanism (fig. 5.6). The elastic thickness of the suleducted plate
suggested by the raicroeartlquakesr and the depth of ttre interpreted
neutral fiJcre of bending, nr€ in line witJ: a reduction of the flexural
rigidity of the lower part of ttre plate through phase changes and

creep.

Woodward (L9761 has sho*.rn that bending stresses extend the area

of a phase change. Extension of the spinel peridotite to garnet

peridotite phase change throughout the mantle of the subducted plate

is J-ikely to be accorpaniecl by the gabbro-basalt to eclogite phase

change (Green & Ringwood, 1967) in the crust of the subducted plate,
as shown schematically in fig. 6.8. Herein lies an explanation of
the apparent restraightening of the subducted plate between the Ruahine

Range and Mt Rr:apehu (fig. 6.f) - the plate has now changed phase

ttrroughout its entire thickness, and consequently ttre bending associated

with the unequal running of a phase drange at different depttrs in tbe

plate is no longer present. Ttre restraightened plate does not reverE

to the dip it had seaward of its shallower bend because bending is
continuing seaward of the restraightened section. Whereas the plate
is moving, ttre areas of phase change, being depenclent on tenperature

and pressule, renain comparatively fixed in space.

The occurrence of the d,eeper bend in the subducted plate d,'J-rectly

below Mt Ruapehu suggests it is closely related to volcanism- Similar
coincidence of a benil in the Benioff zone with the volcanic front has

been found in the Alaska-ALeutian arc (,facob et al. o L977i Engclalrl' 1977)

Becatrse of a dramatic ctrange in focal mechanisros and in the character of
seisndcity at the bend in the Benioff zone underlying the volcanic front
in the central Aleutians, Engdatrl (L9771 postulates the bend represents

the onset of segmentation of the subducted platerorring to either Lateral

variation in plate properties or tearing. Sudr an errplanation of tJte

bend in the sr.rbducted plate bel-ow Mt Ruapehu is unlike1y, since there

appears to be no dramatic change in focal mectranisns (see fig. 6.3)

or in the character of seisrnicity across ttre bend. As the generation

of magrna inyolves the rernoral of lighter volatile or hydrcus components

from the sr:bducted plate (e.g. Anderson et al., L976r, tJ:e bend in the

sglcducted plate belol.r Mt Ruapehu niry siuply reflect an increase in ttre

density of the plate.
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The location of tJ:e four earthquakes in t}te mantle of the

subducted plate in the wicinity of the deeper bend (fig. 6.1) suggests

tJley are closely related to the bend. As with activity in ttre nantle

of the sr:bducted plate in the vicinity of its shallower bend, these

earthquakes can be considered to be a response to bending str:esses.

The depth to the sribducted plate below the volcanic front of

approximately 70 km detenuined in ttris study is shallower than that

for:nd in other areas, where it is nornally about 100 kn (e.g. Isadcs

& Barazangi, Lg77r. Clearly, this depth reflects the 1ow uPper rnantle

velocities used to locate ttre nicroearthquakes (see sect. 4-2.4).

Nevertheless, ttre shallow depth seens to be a real feature, as a

similarly shaLlow depth of about 80 ks is indicated when ttre standard

New Zealand crr:stal rpdel is used (see fig- 4.1). A depth of

approxinately 8O kn is also suggested by earthquakes studied by

Ansell & Smith (1975) using the honogeneous station rrethocl ancl

subsequently relocated with a laterally inhornogeneous velocity model

(Adans & Ware, L977i fig. 17). It appears that the dePttr to the

subducted plate below tJ:e volcanic front in the Norttr Island is

sinilar to that in tl1e northeastern Japan arc, where microearthquakes

have revealed the top of the Benioff zone to lie some 80 km below t.}te

voLcanic front (Hasegawa et aI.' 1978).

Beyond its deeper bend the subducted plate is closely planar

and dips into the asthenosPhere

may be controlled by cleftection
about 50o (tig. 5.f). This diP

ttre plate from tJre vertical bY

at
of

mantle flow entrained by, or associated wittr, ttre plate (Davies, L97'I) '
Alternatively, t|e dip may be a result of the convergenoe rate and the

sinking rate of the sqbducted plate being nearly egual (cf. Luyendyk,

l97O). How the sqbducted plate restraightens after its deeper bend is

open to speculation. It is interesting to note that cross sections of

interrrediate depth earthquakes below ttre North lsland (e.9. Ailarns C

!{are, L977i Snith, Lg77) shovr little evidence of a dopbLe-planed

Benioff zone similar to ttrat founcl in the Japan arc (e'g' Hasegawa

et al., 1978), the Kurile arc (e.g. Veith, L9741 and the central

Aleutian arc (Engdahl e Scholz, Lg77l. If such a doubLe-planed Benioff

zone reflects elastic unlcending of ttre subducted Plate, as suggested

by Engdahl & Scholz (L9771, iB absence belotr ttre Norttr Island nay

indicate elastic r:slcending is relatively rurfurportant there.
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2',)

6.L.2 The stress regine in the subducted Pacific plate

Pioneering work on the stresses set up in tJ:e Pacific plate as

it subducts below the North Island has been carried out by Harris (1975)

who has studied ttre focal mecfianisrns of 215 intennediate depth

earthquakes between latitudes 38oS and 40"S. Harris has for:nd

1) For 155 of tlle internediate depttr shocJ<s (group A - see fig. 6.3)

conposite focal mechanisms indicate that bottr the P and T axes

are paralle1 to the Benioff zone. Ttre T axis is inclined sone 30o

to ttre dip of the Benioff zone, and Harris has related tl^tis

orientation to the sloping bottorn edge of ttre subducted Pacific

plate, ttre plate being interpreted as si-nking through the astheno-

sphere under its cnrn weight.

For a further 41 intermediate depth earttrguakes (grow B - see

fig. 6.4) a composite focal mechanism gives the T axis in the

direction of dip of tlre Benioff zone and tJ:e P ax'is no:anal to the

zone. Most of these earthquakes were 150 kn to 2OO lo deepr and

Harris proposes that at such depths the occurrence of a gror4> A

earthquake tenporariJ,y renoves the effect of the sloping botton

edge of the sr.rbducted Pacific plate on the local stress field.
The focal mechanism of ttre deepest well-obsenred earthquake between

latitudes 38"S and 4oos,which was at 274 l<n (see fig. 6.41 t gines

a donn-dip P axis, suggesting that at this depth tl1e subducted plate

has encountered resistance to its downward motion.

It is apparent frorn fig. 6.3 that the T ares of the coq>osite

focal rnechanisns for rnicroearthquakes in tJ:e top of tlle subducted

plate Located in ttris stuilyr being nearly parallet to the subducted

plate and inclined sorne 30o to its clip, agree closely with the T axes

of the groqp A earttrquakes of Harris. Clearly the subducted Plate is

acting as a stress guide, ttre effect attributed to ttre sloping bottom

edge of ttre plate being transrnitted to the section of the pLate seaward

of its shallower bend. The c-onposite focal mechanism for rnicroearthguakes

between 40 and 1OO km deep is very sinilar to tltose of the groult A

earttrquakes of Harris, having both the P and T axes parallel to tlle

sr:bducted plate and thus indicating strike-slip notion relative to

the surface of the plate. Ttre P axis of ttre coqlosite focal medtanism

for microearthquakes shallower than 40 kn is more nearly noranal to the

3)
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sr:bducted plate. This suggests that seaward of its shallower bend,

ttre subducted plate is being loaded by ttre overlying p1ate.

All eurrently available composite focal mechanisms for shallow

microearthqr:akes with hypocentres believed to be in the subducted

plate at the Hikr:rangi Margin are shown in fig. 6.2. The mechanisurs of,

rnicroeartlrquakes shallower than 40 km (A-r) all indicate predominantly

normal faulting relative to the surface of the subducted plater while

ttre mechanisurs of microearthquakes 37 to 60 kn below Marlborough (Grn)

in&icate a rnixture of strike-s1ip and no:oral faulting relative to tfie

surface of the sr:bducted plate, intermedj-ate to the no:rmal faulting
at the top of the sr:bducted plate when the plate is shalLower, and the

strike-s1ip faulting when tJle plate is deeper (fig. 6.3). Ttre tendency

torrard the vertical of tjre P-axes of mechanisms A-F is consistent wittr

ttre suggestion that seawaril of its shaLlower bend, ttre subducted plate

is being loaded by the overlying plate. Although the T ares of all-

tlre rnechanisrrs of fig. 6.2 are nearly parallel to the subducted plate'
tlre strike of ttre T axis of medtanism A differs s.ignificantly from

the consistent SE-NW to ESE-VINW strike of tlle T ar<es of medranisre B-H.

This suggests that the stress regime in ttre shallow part of ttre subducted

plate in the region of this study differs from that in the southern Part.
of the Hikurangi Margin. This rnay be a conseguence of lodcing of the

plates, as discussed later.

6.1.3 Lateral segmentation of the subducted Pacific plate

Lateral segnentation of the descending plate at subduction zones

has often been proposed (e.g. KanaroorL, L97Li Abe, L972i Carr et aI.,
L973; VanWormer et a1., L9741, and ttrere is evidence to suggest that
ttris is occurring in ttre sulcducted Pacific plate at the Hikurangi Margin.

For exanple, Arabasz 6, Robinson (1976) have for:nd ttre Benioff zone beneath

t1.e Marlbo:rough region (norttrern Souttr Is1and) to be segmented, the zone

in south Marlborough being much shorter than ttrat further to the norttr-

east. Eiby io;g77) has suggested that the norttrern trnrt of ttre Main

Seismic Region is separated fronr the souttrern end of the Kemadec

Seisrnic Region by a transverse fracture. In addition, a lineation

defined by relocated earthquakes in the Gisborne region has been

tentatively interSrreted by Srnittr (L9771 as a fault striking roughly

dq'rn ttre dip of the sr:bducted Pacific plate.
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lfhere is also evidence for a rnajor discontinuity striking clmn

the dip of the subducted ptate and passing beneath the TongarLro volcanic

centre, Ttris eviclence' sulmnarized in fig. 6.5, incLudes:

1I Ttre distribution of subcrustal earthquakes. trhe occurrenoe of very

deep shocks beneath an area in which there is a discontinuJ.ty ln the

dlepttr of maximqra activity in the Benioff zone (see fig. 2.3) has

led Adams & !{are (L9771 to suggest that both these features rnay be

related to some past dl,sturbance or dislocation in ttre lithospheric

uraterial fo:mring ttte zone.

2l lltre interme&iate dlepth earthgr:ake of Januarl 5, 1973 ancl its after-
shocks, which define a lineation which strikes dorvn ttre dip of ttre

srrbducted plate (Earris' 1975I .

3) The distribution of rricroeartlrguakes of this study, i-ncluding the

prorninent Lineation of ten Benioff zone nicroearttrquakes striking
dorrn the ilip of the subducted plate and passing beneath the Tongariro

volcanic centre (ftg, 5.21 t anit tjre abrupt change in the depttt

dlistribution of nuicroseismicity along the norttreast edge of the

Dannevirke array (fig. 5.4).
4l Batlrlznetric features. lttre southeasterly extrapolation of the

discontinrrity clefined by (U-(3) ueets the Hikura-ngi Trenclr in an

area where the trench undergoes a significant ctrange in strike
(fig. 2.U and a prorninent piercenent structure, probably of igneotrs-

rrolcanicorigin(Kat.z,l9.74iD.J.Bennett,Pers.colErr..L978|
occurs in the trench. AIso, such an extrapol-ation passes through

Madclen Canyon, a najor bathymetric feature trarrsverse to ttre trench

which is difficuLt to explain in te:rrs of erosion. Ttre ctrange in strike

of ttre trench, ttre piercement structure and Madden Canyon can aII be

related to a discontinuity striking dovrn the clip of the subducted

Plate (cf. Carr et a1., 1973) -

Focal mechanisms of earttrquakes and microearthquakes on ttris

d.lscontinuity (fig. 6.5) indicate it represents a near vertical, sinistral,

strike-slip fault. Why should such a fault occur in the subducted plate?

It nay be a product of the contortion of the subducted plate needed to

Accomrodate the ctrange in strike of the Hikurangi Trench. Then again'

it nray have developed in response to'the stresses produced by the sloping

bottom e,Jge of the subducted p!-ate (cf . Earris' 1975) '
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6.2 ACTIVE DEFORMATION OF TIIE INDIAN PI.ASE

6.2.L The east coast of the North Island

on the evidence of retriangulation results, Walcott (1978b) has

proposed that defornation in the Indian plate along the east coast of

the North Island involves episoclic conpressional and extensional

strain nonnal to the plate bor:ndary, together with a continuing regional

dexLral shear Parallel to the bor.:ndary. The episodes of coupression

and extension are suggested to be the result of locking and r:nlocking

of the subducted and overlying plates, and walcott has interpreted

retriangulation data for the period after 1931 (fig. 6.6) as indicating

that the plates are currently decoupled along the east coast of the North

Island, except in the southern North Island where they are locked

together, resulting in the accumulation of elastic strain.
Focal rechanisms of earthguakes in bottr the subducted and overl'ying

plates appear to support this interpretation. Mechanisns A and B of

fLg.6.2 indicate c-orq)ression in the fndian plate no:sral to the Hikurangi

Trench in the southern North Island, whereas nechanism S indicates

extension in the Indian Plate nor^mal to ttre Hikurangi Trench in the

Hastings area. The almost exact coincidence of the T axes of rrectranisrns

B-E of fig. 6.2 with the P axes of mechanisms A and B of fig' 6'7 further

suggests locking of the plates in the southern North Island, while the

sigmificantl-y ilifferent orientation of the T axis of nechanisur A of

fig. 6.2, cornpared with srechanisrns B-E of the sarne figrure, suggests this

J.ocking does not extend as far north as the Dannevirke region.

In the wel-lington region, where the plates are interpreted as

being locked, significant microearthquake activity occuls in the overlying

plate (Robinson, in press), By analog1g, the occurrence of nicroearthquakeS

in the overlying plate beneath and southwest of the Dannevirke array

(fig. 5.4) may indicate a locking of the plates, while the colplete

absence of rnicroearthquakes in the overlying plate northeast of the

array nay indicate a ilecoupling of the plates. Thus the northeastern

boundary of the postulatecl locked zone mEIy coincide with the fault

striking dor*n the dip of the subducted Plate discussed in the previous

section. ihe inferred sinistral., strike-slip mvetrent on this fault is

that expected from differential subduction caused by a locking of the
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plates to the southwest. The fault roay in fact control the extent

of the postulated locked zonef in line with the observation of Carr

et al. (1973) that transverse faults fo:m the lateral margins of the

focal regions of great earthquakes in the Japanese arcs.

Seaward of the shallower bend in tlle subducted plate, locking of

tJle plates will be facilitated by the l.oading of the subducted plate

by the overlying plate evident from focal mechanisms of rricroearthguakes

in the subducted plate (see sect. 6.1.2), and by the shallow clip of the

ptate interface (cf. Kelleher et al., 1974) . At the shallower bend in

the subducted plate, however, unlocking of tJle plates is to be expected

as here

1) ttre bending of the subducted ptate leads to a decrease in the

normal stress across the plate interface (since this stress is of

gravitational origin, being produced by ttre ]-oading effect of tie

overlying plate) r and hence leads to a decrease of friction at the

plate interfacet and

2l bending stresses, as welL as stresses driving t}re relative plate

motion, are available to ruPture a locked portion of the plate

interface.
Indeed, there may be a sympathetic relationship between the

unlocking of ttre plates and the shallornrer bend in the subducted plate.

An unlocking of the plate interface will produce a decrease in
tensional stress in the top of ttre strbducted plate, as tensional stress

produced by the deeper, sinking part of tl:e plate will be relieved. This

will pronrote bending, anil tJ:us lead to an increase in conpressional stress

in the interior of ttre plate. Vice versa, the relief of conpressional

stress in the interior of the sr.rbducted plate tlrrough fracture and,/or

phase changes will also pronote bending, leading to an increase in
tensional stress at the top of the plate which may in turn unlock the

plate interface.
The great Hawkers Bay earthquake of 1931 (see sect. 2.21 illustrates

the above ideas. Hypocentres detersrined by both Adans et al. (1933) and

Bull-en (1938d place this earthquake in a position ttrat can now be

recognized as situated in the overlying plate close to the shallo^'er bend

in the subducted p1ate. Defo:rration of the overlying plate associated'

with the earthquake (Henderson, 1933) has been inte4preted by !{alcott (1978b)
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as in&icating unvetr€nt on a thrust fault through nrcst of the thiclsness

of the overlying plate, with attendant r:nlocking of the plate interface.

An interesting feature of aftershocks of ttre earthquake is ttrat sore

felt intensely in New Zealand were not recorded overseas, while ottrers

not felt as intensely in New Zealand were weLl recorded overseas

(Bul-len, L938a) . lilris suggests that sose aftershocks nay have occurred

in the interior of ttre sgbducted plate. As exptained abone, deforoation

there would be an e:cpected result of the rnlocking of ttre plate interface'

The relationship of the 80 km deep earthquake of June 28th, 1921 (see

sect.2.2)tothel93lHawke|sBayearthqualceisa]'sointeresting.
Bullen (1937) has conjectured that "it is possi"ble this earthquake

contributed substantially towards an instability nearer ttre surface

which resulted in the disastrous earttrquake of I93L". His location for

this earthqualce places it in ttre interior of the sr.rbducted plate' llhus

if the earthquake recluced the coapressive stress there, lt will have

pronoted bend,ing of the subducted plate and thus will have contributed

to the tensional stress in the top of the pJ-ate which was eventually

relieved in the Hawkers Bay earthquake.

The l{airarapa earthquakes of Jrne 24t}r and Augiust lst 1942 (see

sect. 2.2) can also be interpreted in terms of the plate bending <+

r:nJ.ocking mechanisn. On this interpretation, ttre earthqrrake of June 24ttt'

which was about 20 km deep, would have unloclcedt the plates, thus producing

an increase in corpressi.ge stress in the interior of the subducted plate

which resulted in the 55 km-deep earthqr:ake of Augrust lst'

6.2,2 1[he Ruahine Range

A conspicr:ous lack of nicroseisrniclty in the Indian plate Ln the

region of the Ruahine 8an9e has been rerrealed ln thls stucf' Ttris is

a real feature, since although there were no rtlcroearthquake recorders

in the Ruahine Range, bottr the Dannevirke and Ruapehu arrays were capable

of recording uricroearthquakes, and roughly locating them, had they

occurred there. Arso, this lack of nicroselsnrici.ty Ls ln agrreerent wittt

the low level of shallovf macroselsrnicity in the sare area, as shown by

fis.2.4.
Jacob et al, (Lg77l harre found a similar aselsmic region to be

presentintheoverl.yingplatelandrgardoftheshallowerbendinthe
subductedplateattheAlaska-Ateutianarc.Theyha\'€suggestedthat
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aseisn:lc creep Proncted by the upward mignation of water produced by

dehyilration of the sr:bducted oceanic cn:st is occr:rring in this region'

Although similar aseismic creeP in the fndian plate below the Ruahine

Range cannot be disc-ounted, the aseisrn-icity there ciur be siryly attributed

to a low level of stress resulting frorn the plate interface being currently

unlocked in ttre Dannevirke region. fn ttre Wellington region, where the

plates are interpreted as being cr:rrently locked, the southwesterly

extension of the Ruahine Range (i.e. tlre Taran:a-Rimutaka Range) is

underlain by significant activity in the Indlan plate' both on the

macroseisuric and nr-icroseismic level (fig. 2.4 and Robinson, in Press) '
The structure of tl.e Ruahine Range has been described as that

ofahorst(Kingrrna,1957).Alackofanygravitationalanornalydirectl'y
associated with the range has led RoberEson c ReilLy (1958) to suggest

that it is not r:nderlain by a crustal root. CIearJ'y, the shallow deptlt

of the subducted plate below the range, whiclr is inferred to be about

32kn(fig.5.1)lprecludesthedeveloprcntofsuctrarootinttrelndiart
plate. Nevertheless, the crust of the sr:bducted plate, if lt has not

yet transforrned to eclogite, will constitute a de facto root to the range'

upJ-ift of the Ruahine rErnge can be interpreted as a resPonse to

corpression resulting fron episodic locking of the plates at the

tlikurangi Margin. The maJor active faults intersecting anil bordering

ttre range, which show both dextral transcr:rrent a1d vertical mverent

(fLg, 2.7i Kingma, Lg62l, ale suitably positioneil to take up defomation

resulting from such episodic locki3g of the plates, as they lie landtlard

of the shallower bend in the sgbducted plate and hence beyond ttre inferred

region of l-ocking.

6.2.3 The Wanganui Basin

A distinctive feature of the microseismicity of the Wanganui Basin

is the c€ncentration of activity in the 25-42 kn deptlr riurge' shallower

activity being largeLy esnfined to the northeast edge of the basin,

near Mt Ruapehu and Vfaior:ru. Corposite focal rnechanLsrns for the

25-42 km deep activity, susunarized Ln fig. 6.7, suggest it is a response

to stresses set up by the locking and r:nlocking of the plates at the

Hikurangi I'targin. The orientation of the P axis of the tentative uectranisn
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P of fig. 6.7 is verT sirrilar to that of mechan:isms A-L, and can be

related to a locking of the plates in the souttrern North lsland and

northern Souttr Island. Sirnilarly, the T axes of mechanisms N and

R are in general agreement with that of mechanism S, and can be

related to the plates being unlocked in and norttreast of ttre Dannevirke

region.
In contrast, rnicroearthquakes shallower than 25 km at the northeast

edge of ttre basin appear to be a response to local stresses' The nonnaL

faulting shown by rnicroearthquakes shallower ttran 25 km near lrlt Ruapehu

(urectranisur O, fig. 6.7) can be related to local volcanic phenomenat

such as an t4>ward migration of rnagma, or sgbsidence caused by the

depletion of a rnagrnra reseruoir. The tight clustering of both macro-

seisrric and microseisnr-ic activity near Waiouru, and the dissi:nilarity
of tlre focal rnechanism of this activity (mectranism Q, fig. 6.7) wittt

the mechanisms of nea:Cey activity, suggest that it is likewise a response

to local "it"""".. 
Suctr stresses could be produced by voleanic activity

in the nearby Tongariro volcanic centre or, on a larger scaLe, active

spreading of the Taupo Volcanic Zone, as ProPosed by Callaem (1973)

(see sect. 2.3).
The tectonic significance of ttre continuing actiwity irunediately

south of the cl-ty of Wanganui, evident at both the rnacroseismic and

microseisnic level-, is open to speculation. The activity rnay siutply

represent aftershocks of the large earthquakes that have previously

occurred in the same region (see sect. 2.2). An unusual feature of the

rnagnitude 6.1 Opunake earthquake of Novenrber 5' L974, which occurred

some 14O kn ffiiW{ of the Wanganui activity, was the long duration and

high b-value of its aftershock sequence (aobinson et al. , L9761. If

it is assurned ttrat the paxameters of the aftershock sequence of the

oprrnake earthquake are appropriate for eartlrquakes near wanganui, and

that ttrey do not change with time, one would expect the present rate

of occurrence of aftershoclcs of magnitude 4.0 or greater to be about

7 per year for the nagnitude 7 earthguake of 1897 and about 2l per year

for the rnagnitude 7.5 earthguake of 1843. The rate of occurrence of

I{anganui activity of magnitude 4.0 or greater is currently o'bse:nred to

be 3.3 per year. Thus, taking into account the large uncertainties

involved in ttre calculation of the aftershock rates, interpretation

of ttre activity as aftershocks apPears plausS'ble'
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Such an interpretation of the Wanganui activity begs ttre question

of why t?re large earthquakes occurred in the first place, The proxinity
of the Wanganui activity to tJle largest negative gravity anonaly in Nelr

Zealand, the Rangitikel anomaly (fig. 2.5r, is highly suggestive of some

basic connection betlueen the two phenonena. As pointed out by tbbeltson E

ReilLy (f958), the gravitational effect of thick Pliocene sedinents near

the centre of the Rangitikei anomaly is sorre 400 ttN/kg, leaving a

Bougruer anornaly of about 1200 UN/kg to be ascribed to deep-seated causes.

llhey prefer to e:qllain the anomaly in terms of a crustal downwarp. There

is, however, no independent evidence that this exists.
In order to accowrt for the shortening determined from plate

tectonic considerations to have occr:rred in the South Island in the last
1O l[yr, Wa].cott (1978a) has speculated that continental crust caught

between the converging In4ian and Pacific plates in the vicinity of ttre

Souttr Island may have been squeezed nortlreastwards and thrust back over

the Pacific plate at the ttikurangi !4argin. If similar rafting of
continental crust is currently occurring in the Wangranui regionr ttre

Wanganui earttrquake activity could be Lnterpreted as defo:mation

resulting from a resistance to suctr rafting of a local downwarp of the

crust.
Alternatively, the Wanganui earthquake activity can be e:<pLained

in terms of incipient volcanism. A well-devel-oped Benioff zone underlies

ttre activity at a depth at whidr magrna genesis is likely to occur

(e.g. Ailarns & Ware I Lg77; fig. 13). Volcanism near Wanganui would

continue the southward rnigration of the North Island rnagnatic arc that
has ocsurred during the Upper Cenozoic (e.g. Ballance ' L9761; this
nigration may be related to a southward migration of sr:bduction

(Schotz et al., I973a; Arabasz & Robinson, 1976). Also, volcanism

would provide an e:<planation of the Rangitikei gravity anonaly - that
of an upwelling of low density volcanics in the lower crust and upper

mantle.

The qualitative interpretation of active deformation at the Norttr

Island plate boundary presented ln this chapter is sumnarized in fig. 6.8.

This interpretation in terms of stress-strain fields is put fonard as 3

basis for further work. A large arpunt of research wilL be needed before

the interpretation can be represented rigorously by means of a guantitative

rrcclel-.
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CHAPTER 7

@NCLUSION

A rnajor achievenent of this study has been the accurate determination

of tfre depttr distribution of microsel,snicity at the North Island plat'e

bowrclary. F:rom this the geornetry of the sr:bducted Pacific plate at

shaLlor,* depths has been inferred, and the relationship of ttre Hikurangi

Trench to the interned.iate depth seLsnicity below the Norttr Island

resolved. Microearttrquake activity below the North lsland aPpears to

be excl-usiveJ.y intraplate; there is no evidence of ttrrusting focal

rrechanisms whictr rnight be related to interplate activity.
The nlcroearthquake traverse lies in a region where a ruarked

change in the stress regime at the ptate boundary occurs' Interpretation

of this change has been hanpered by the paucity of microearthquake studies

to ttre north of the traverse. A recent rnicroearttrguake study in tlre

East cape - Bay of Plenty area (R. Frith' Pers. cortrn.r L978) will remdy

tlris to some exteni. Further studies to the north of the traverse ale

both clesirable and logistically feasible. For exarqrle, a rnicroearthquake

traverse could be carried out frorn Napier to TauPo'

Further study of the 40-70 km deep nicroseismicity between the

east coast of the North rsland ancl the Ruatrine Bange is needed in order

to test the interyretation that this actlvity represents compression

in the interior of the subducted plate due to bending of the plate'

l4ore work is also needed on the enigrmatic earthquake activity inunecliately

south of the city of wanganui. A recent rnicroearthquake study in the

wanganui region (E.G.C. snith, Pers. comm.' L978) has confi::ned the

lower crustaL depth of this activity detemineil in the present stucly'

If the level of microseisrnicity in the Indian pl-ate in the

eastern North Island is related to tl.e degree of coupling of ttre platest

as suggested in this stuity, periodic rnonitoring of this actiwity nay

prove valuable in identifying areas where the plates have locked,

resulting in the accumulation of elastic strain which may be released

in a large earthquake.

Finally, it must be remembered that earthquake studies cannot provide

infozrnation on anelastic, aselsrnic strain. lfhus future work must include

geodetic and geologic earth deforrnation studies before a quantitative

nodel of active deformation at the Norttr Islanil plate boundary can be

constructed.
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APPENDIX

DAIINEVISKE SURVEY A]tD BIIAqEHU SURVET TOCATED ]tICROEAItffiaU

TEGEND

IIAG llLcroearthquake duration magnitude.

NO Number of phases (both P and S) used in locatlng a mlcroearthquake.

DU Epicentral distance Ln lm to the nearest station.

RUS. Root mean square error of the tlme residuals Ln seconds.

ERB Standard error of the epicentre in lcn.

ERZ Standard error of the focaL depth Ln lm.

ND Standard error not determined.

a E5ryocentre quality. See sect-4-3 for explanation'

C Classification of mieroearthquakes of the Ruapehu Survey.

A: Aftershock of the earrhquake of L974 August 25th l-9h46n.

B: Microearthquake occurring in the Benloff Zon.e'

U: Microearthquake occurrlng in the upper basln of the

l{anganui River.

VI: Microearthquake in the dense cLuster of actlvl-ty lmediately
south of the citY of Wanganui.
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DA}.INEVIRKE SURVEY LOCATED MICROEARTHQUAKES

Origin Time Epicentre

h m sec Lat. S Long.

Depth

E lcn

MAG NO RMS ERTT

sec kn

February 8th 1974

o70g 16.8 39059.2r

L827 L9.2 40 L9.9

February 9th

0605 05.5 40 Lz.O

L76043.4'33.6 t-.8

L76 29.4 42.8 0.7

L76 53.2 4.6 0.5

o.01 0.4 0.2

o.03 1.3 0.7

16 0.O1 0.3 23

7 0.2L 6.6 8.5

11 0.04 1.1 L.2

43 0.04 3.O 9.5

16 0.14 3.O 3.5

22 0.02 0.6 0.5

20

L4

February 1-0th

o7L3 56.1

1056 53.2

112r_ s1. 9

L3L7 04.2

L332 r_5.9

February 1-lth

0227 00.9

0451 39.4

0502 01.6

o746 52.5

0929 33.8

Lr24 58.6

L222 48.8

2L45 19.1

2242 38.s

February 12th

0239 46.5

0257 09.5

1302 27.3

1311 50.4

L3L2 53.2

L728 44.4

t755 37.6

1817 01.3

1834 22.2

40 15.5

40 22.9

40 36.7

40 04.7

40 02.3

39 s8.9

40 2t-.0

40 L2.2

40 Lz.l
40 2L.4

40 28.4

39 53.6

39 56.s

40 37.8

40 00.3

39 42.8

40 22.O

40 r7.9

40 25.3

40 20.8

39 56.8

39 43.4

40 00.o

L76 3L.2

L76 23.7

176 09.5

L76 24.O

L76 Zo.8

L76 L5.2

176 31.3

176 28.8

L76 28.9

]-76 29.O

L76 L9.4

L76 29.5

L76 23.7

176 11.1

23.2 0.4

19.8 0. 4

1r.5 L.2

18.3 t.2
27.8 0.7

26.5 L.4

43.4 0.8

30.2 1.5

26 .9 1.1

16.2 0.8

29.5 2.O

40.9 1.2

4L.6 L.4

3.9 2.O

31.8 L.2

30.2 2.L

24.4 0.1

29.5 0.5

L9.9 0.8

19 .6 0.4

29.8 0.9

49 .7 1.5

33.1 1.6

5

5

5

6

6

D

c

D

c

c

B

B

D

B

B

c

c

c

D

7

7

6

7

8

6

5

6

5

32

9

10

11

8

23

27

26

44

30

59

4

11

26

18

z5

45

26

o.o9 2.4 2.3

o.13 3.2 2.5

o. 19 4.L 6 .6

o.o3 0.5 0.4

o.26 2.5 2.7

o.L0 3.7 2.3

o.o3 2.4 1.1

o.o8 3.5 2.L

o.05 28.7 51.6

o. t-3 4.5

o.11 4.4

o.04 1.3

o.33 4.o

o.o8 2.7

o.01 0.7

o.02 1.o

o.12 5.O

o.10 2.7

176 L5.7

t77 0,0.2

r_76 35.8

L76 4L.3

176 11.1

176 48.1

L76 24.O

L76 36.L

L76 L9.4

7

7

5

t_o

6

5

5

8

7

3.7 B

L71 D

1.1 C

3.1 D

2,6 C

o.7 c

L.2 C

4.I B

3.o B
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DAI{NEVIRKE SURVEY LOCATED MICROEARTTTQUAKES - continued

Origin Time

h m sec Lat.
Bplcentre
S Long'

Depth

Ekn
DM

h
RMS

sec

ERII ERZ

lo lo

February L3th

o1r-o 36.8

021_3 5l-.9

051_O 46.3

0704 o,4.7

1056 32.8

1315 33.7

1858 30.2

20,09 18.5

2LO7 47.8

February 14th

oo50 55.9

o3L2 00.8

0448 45.7

0825 38.2

0835 37.1

1109 33.4

L243 55.2

1500 35.2

1510 4L.6

t527 a4.2

L527 59.0

1553 52.6

2026 43.1

February 15th

ooo2 59.3

0225 28.4

o94Z 20.7

1r_19 56. 1

1140 27.5

L349 L2.2

1353 58.2

1537 25.2

1829 15.1

February 16th

oo13 55.O

oo45 48.6

4oooo. o'

39 s7.6

40 01.l-

40 15.3

40 22.2

40 29.9

39 35.7

40 09.2

40 37.4

39 43.7

39 s8.8

39 50.5

39 47,5

39 4s.8
39 44.s

40 27.7

40 22.9

40 r.s.9

40 31.1

40 33.3

39 50.O

39 42.4

39 s9.9

39 47.3

40 26.9

40 37.6

39 53.8

40 44.7

40 47.8

40 33.7

40 24.2

40 28.4

40 37.1

u6o t3. g'

L76 07.3

176 39.1

L76 4L.9

L76 L7.2

L76 49.o

176 32.2

t76 33.3

L76 02.3

t76 39.4

L76 13.6

L76 32.4

176 30.3

L76 29.O

175 59.5

l_76 05.8

r"76 ro.6
1-76 15 .6

175 58.8

L76 59.3

t76 47.8

L76 45.2

L76 t6.6
L76 40.3

L75 54.3

L76 36.5

L76 44.7

L76 50.9

L76 55.5

L76 47.3

L76 34.9

41.3 1.O

l_9.0 1.8

51.9 l-.3

t5.2 0.5

53.6 1-.O

r_8,4 1.9

43.8 2.3

57 .L 0.5

52.4 1.6

50.5 1.9

28.7 l-.6
47.3 L.7

29.5 1.7

29.2 1.8

30.6 2.5

3.5 1.9

53.3 L.4

60. 5 1.1

26.9 1.9

5.1 1.8

22.9 1.4

28.8 1.8

37 .7 1.3

5L.7 L.7

47.9 L.7

10.7 2.O

35.7 1.6

28. 1 1.9

25.3 2.8

4.8 1.3

24.7 L.4

20.3 1.3

9.6 1.8

D

D

c

A

D

D

D

c

D

'6

7

6

I
6

7

10

5

5

B

B

A

A

B

D

D

c

D

B

D

B

B

9

9

9

I
I
7

7

6

7

7

7

7

7

8

6

5

10

8

6

9

7

I

33 0. 08 5.2 4.3

43 0.19 8.O 16'5

L4 0.07 3.9 2.9

30 0.14 1.6 1.5

29 0.10 Lo.4 6.4

20 0.18 4.L 5.6

59 0.L2 4.7 6.9

3 0.o2 1.6 0.5

50 0. 06 6.8 8.7

45 0. 1-3 4.9 3.7

34 0,11 2.4 2.8

32 0.O5 L.8 1.4

38 0.09 2.L 0'6

4L O,15 4.O 1.O

66 0,O7 3.3 44.3

35 0.O8 70.6 '126

25 0.O5 3.7 L.7

16 0.11 5.9 2.8

47 0.O5 2.2 2,8

44 0.32 7.8 487

38 0.O8 2.4 3.2

49 0.I-1 4.9 0.7

29 0.L2

38 0,O9

49 0.O2

39 0.23

29 0.14

56 0.O8

64 0.14

35 0.2L

L4 0.22

3.4 3.3

6.3 3.8

L.2 2.2

3.9 13.6

3.2 3.6

4.2 0.9

4.2 0.8
4.1 3L2

3.8 3.1

26

38

o.19 3.5 6.4

o.21 5;1 19.6

B

D

c

D

B

D

D

D

B

L76 15.2

]-76 36.5

I
8

D

D
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DAUMVIRKE SURVEY LOCATED ITICROEARTIIQUAKES - contlnued

Origl.n Tine

hm sec

Epicentre

Liat. S Long.

Depth

Elo
DU

km

RMS ERH ERZ

sec 10 kn

oo57 04.4

0652 05.1

0839 32.9

o9L1 27.L

L629 06.2

L922 59.5

1951 06.4

2100 58.4

2242 30.3

February 17th

0035 30.6

oo39 20.6

0118 57.9

0119 L6.9

0135 o,4.7

0451 36.5

0809 L4.6

1107 L7.4

L247 16.9

L3L2 37.s

L354 48.1

t-608 07.4

1930 44.2

20t2 37.4

2044 06.2

2L52 13.3

February L8th

0150 Lo.3

0557 13.8

1005 46.7

1138 L2.3

1242 08.1

L324 40.6

1538 26.8

r-84r. 52.8

ao"ot.d
39 55.4

39 45.2

40 15.6

40 07.7

40 00.3

40 L2.7

40 03.7

40 L4.3

40 08.5

40 06.1

40 06.2

40 07.4

39 53.8

40 2L.8

39 47.O

40 07.o

40 2L.6

40 23.5

40 2L.9

39 20.5

39 59.O

39 59.7

40 17.3

40 32.3

u6" 31.6'
L76 34.4

L76 39.4

L76 3L.6

176 30.8

L76 3L.8

L76 28.9

176 09.5

1-76 10.8

176 r_8.0

L76 Lg,2

176 L7.7

L76 L5.6

L76 34.3

L76 25.3

L76 56.6

L76 23.L

L76 44.L

L76 47 .L

L76 43.6

L76 55.3

L76 47.3

L76 29.L

L76 0.3.7

175 10.1

50.8 0.6

52.O r.4
58. 6 1.5

6.2 0.6

59.4 1.O

62.O 1.O

66 .8 1.3

56.9 1. l-

58.6 0.7

33.1 1.9

36.1 L.2

33.3 1.O

33.5 1,O

35.4 l-.O

23.4 L.2

52.9 1.9

19. 3 0.5

25.L l-.6
2L.5 1.3

27 .5 0.8

68.8 2,8

50.4 L.2

54.2 0.9

5L.2 L.4

4.6 2.L

t9.7 L.2

51. l_ 1.5

27.9 I-.1
l_5.5 1.8

46 . O l_.6

23.6 0.8

19.9 L.4

53.O O.9

513
723

10 42

87
95
7L5
89

10 L9

623

10 11

87
88
8L2
625

108
753
96

1_O 14

720
7L4
892
724
7L2
833
836

o.o4 2.6 1.6

o.o2 1.O 0.6

o.15 4.6 3.2

o.09 0.9 1.5

o.16 4.4 2.4

o.o5 2.2 1.6

0.o7 2.L 1.O

o.18 4.5 2.5

o.o5 2.5 L.4

o.10 1.5 L.2
0.o8 2.o 1.4

o.17 2.8 2.O

o.24 4.O 3.O

o.o9 2.7 2.O

0.16 1.8 1.5

o.03 L.2 1.8

o.11 1,1 1.O

o.o8 L,2 0.9

o.o3 0.6 0.5

o.24 5,O 4.8
o.o4 3.o 3.9

o.o5 1.9 1.5

o.o5 1.9 0.9

o.o7 2.2 1.6

0.43 18.L 957

c

B

B

A

B

B

A

B

c

A

A

B

B

c

A

B

A

A

B

B

B

B

B

A

D

40 24.7

39 59.8

39 48.9

40 50.5

39 59.3

40 l-8.9

40 36.4

40 c'4.7

L76 31.8

L76 46.8

L76 36.2

176 09.0

L76 32.7

L76 48.2

L76 2r.3
L76 37.3

9 l-5

823
833
s66

10 16

10 13

736
97

o.12 1.5 r.2
o.o5 L.4 L.2

o.l_9 5.4 5 .6

o.o2 1.6 11.5

o, 13 3.0 I-. 8

o.16 2.2 1.6

o.20 6.4 8.2

o.r2 2.9 1.8

A

A

D

D

B

A

D

B



I28

DAIINEVIRKE SURVEY LOCATED MICROEARTIIQUAKES - continued

Orl.gin Tfune

hm sec

Epicentre

Lat. S Long.

Depth

Elm
I'IAG NO DM

l@

R}IS ERII ERZ

sec 10 l<m

February 19rh

0246 54.0

0848 31. r-

11s4 39.4

12L8 16.0

L236 30.0

L25L 30.1

L826 31.r.

February 2oth

0247 08.5

o24g L6.7

0323 50.3

0328 19.6

0343 24.9

0424 07.1

o5r-4 09. 8

0804 11.4

0902 18.5

0911 39.4

o9L2 09.4

1346 06.1

1419 31.3

1533 39.1

1859 07.7

1939 37.2

21-10 54.3

February 2l-st

0803 39.3

1338 5L.7

r.509 07.5

L737 s4.3

L927 50.5

1931 L4.7

4c. 22.6'

40 5L.2

39 28.8

40 23.3

40 21_.O

39 s8.9

40 29.O

40 37.3

40 36.2

40 38.1

40 36.5

40 38.5

40 37.9

40 30.1

40 01.8

40 36.9

40 35.3

40 34.6

40 02.4

40 14.3

40 03.1

39 57.3

39 53.1

39 s4.5

40 09.2

40 33.7

39 52.L

39 36.8

40 25.7

39 s3.9

L760 42.g'

L76 07,5

L76 24.3

176 45.6

L76 40.2

L76 29.3

L76 38.7

t76 49.A

L76 50.7

L76 52.6

t76 5L.6

t76 48.7

Lt6 47.O

L76 L3.4

L76 32.9

L76 52.2

r_76 5l_.1

1_76 50. 5

I_76 3s. 8

L76 3L.6

176 33.O

L76 58.2

L76 27.2

L76 59.O

L76 24.O

L76 2L.8

L76 52.O

L76 39.4

L76 L9.O

L76 48.2

26.2 1.1

L7.3 2.O

26.3 3.2

24.5 0.5

28.6 0.3

55.9 0.9

Lr.2 1.1

27.7 2.2

24.8 r..9

L6.2 2.O

27.4 2.6

26 .9 1.9

33. 6 2.O

L5.2 l-.5

4s.3 1.1

22.9 2.O

27.6 2.9

28.8 2.7

44.7 0. 5

56.7 0. 6

49.7 0.8

25.2 L.4

s9.4 L.4

12. l- 2.O

60.o 0.3

L6.4 1.3

42.6 t.8
26.O 2.O

I_8.O L.2

L2.7 1.3

6

I
8

I
6

6

5

648
548
653
550
550
647
530
5 l-1

651
448
646
510
69
69
639
620/
542

o.17 5.3

o.17 5.6

0.09 2.6

0.09 L.7

o.17 5. O

o.08 4.6

o.10 3.7

4.8 D

31.9 D

o.5 D

L.7 A

3.O C

2.5'C
10.1 D

o.7 c

3.9 C

4.2 I)

L.4 C

0,6 c

o.8 c

4.9 C

2.L C

3.1 I)

NDD
2.6 D

1.6 C

1.5 C

2.L C

5.4 D

1.6 C

3.8 D

L4

68

64

18

10

l_8

23

o.08 2.3

o.03 2.2

o.o3 L.1

o.07 3. r
o.03 L.4

o.04 1.3

o.08 3.2
0.05 3.2
o.03 1.5

o.oo ND

o.22 7.L

o.08 2.9

o. 09 4.o
o.12 4.2
o. to 3.9

0.08 3.5

o.08 4.6

5

6

I
6

6

7

2 0.o3 25.7

31- O.O4 1.6

38 0.06 L.7

55 0.11 5.1

19 0.O5 1.5

32 0.11 2.6

L.4 D

2,O C

2.O A

1.5 D

1.5 C

2.2 D
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DANNEVIRKE SURVEY LOCATED I"IICROEARTIIQUAIGS - continued

Orl-gLn Tine

h m sec Lat.
Epicentre

S Long.

Depth

E lrrl

Dt'l

lm

RMS

sec

ERE ERZ

10 kn

1931-

2033

2322

37.8

34.8

35.4

39o 54.4'

40 37.O

40 32.6

rzo" sr. +'

Lt6 57.9

L76 22.4

24.O L.2

13. 1 1".9

23.9 L.7

42.4 L.4

39 .0 2.3

50.9 2.r
34.8 2.3

62.9 0.8

5

6

6

c

D

B

D

B

6

6

10

7

8

34

57

28

o.03 1.8 2.4

o.o8 2.7 L42

o. r-4 5.2 4.7

c

D

D

February 22ncl

0659 40.6

0707 L5.7

0927 50.5

r_411 35.1

L756 17.8

February 23rd

000L L7.9

ooo9 03.3

o22r 24.3

0350 05.4

0743 24.8

0820 34.O

1105 4L.9

L447 2s.2

L524 44.L

2054 58.9

February 24th

0211 37.2

0615 56.s

t224 19.9

12s3 43.3

1400 08.7

1418 01.9

2324 39.1

February 25th

oo58 09.5

0619 2L.5

0652 0L.3

0700 32.8

39 48.6

39 3l-.3

39 49.4

39 47.6

40 11.3

L76 38.3

t76 43.O

176 40. 1-

L77 09.6

t76 25.9

36 o.o8 4.5 4-5

66 0.06 4.O 15-9

35 0.L2 3.3 2-8

62 O.32 531 l{D

3 0.o8 2.7 1-O

39 38.7

40 32.5

39 59.5

40 02.L

39 25.2

40 22.5

39 48.3

40 L4.7

39 43.9

39 5L.5

40 32.4

40 45.3

40 25.O

39 50.0

39 47.L

39 28.9

39 46.s

39 40.O

40 42.L

40 48.4

40 02.1

176 51.0

L77 03.6

]-76 29.7

L76 3L.7

L76 2r.2
176 L4.9

L76 24.L

L76 L5.7

L76 45.9

L76 35.3

38.3 2.6

L3.2 2.3

48. 8 1. 1-

48.4 1.1

28.L 2.5

59.9 t.2
29.5 2.4

56.7 0.6

27.O L.9

29 .6 1.4

D

D

c

A

D

B

A

B

D

c

9

6

6

9

6

I
9

7

5

6

58 0.10 3.O 6.L

59 0.20 11..7 338

13 0.06 2.8 1.3

11 0.O9 2.L 1.5

7t o.05 8.O 10.1

19 0.11 3.7 L.7

28 0.O8 L.4 0.4

5 0.o9 4.L 1.3

47 0.O9 11.9 15'4

30 0.o5 1.6 0.3

38 0.13 3.1 1.6

52 0.O4 3.2 9.1

23 0.L2 1.6 1.9

27 0.10 3.3 2.9

31 0.19 5.5 7.8

67 0.O9 3.6 1.6

55 0.O3 L.6 0.5

L76 08.2

L76 30.2

L76 39.6

L75 29.3

176 1-8.8

176 08.8

L76 54.6

L75 55.4

L76 46.L

176 18.o

176 25.9

29.O 1.5

2L.6 1-.8

22.5 1.8

44.L 1.3

22.L L.4

27.O 2.2

27.5 2.L

25.o 2.4

29.1 2.O

25.2 2.5

36.6 0.6

B

D

A

B

D

D

D

7

5

10

7

7

6

6

D

c

D

A

8

5

10

10

58 0.12 2.5 1.O

53 0.O4 4.4 0.8

58 o.Lo 2.o o.8

6 0.16 2.4 2-2
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DANNEVIRKE SIIRVEY LOCATED MICROEARTHQUAKES - contl-nued

Origln Tlne

h m sec Lat.
Epicentre

S Long.

Depth

Ekm
NO DM

lcn

ERg ERZ

kr lcn

RI,IS

sec

0736 26.4

0746 26.7

0840 46.4

0841 39,8

1007 37.9

1120 19.0

L239 3L.0

132i 21.0

1336 3l_.5

l-507 17. O

1849 48.1

20L7 05.1-

2026 44.6

February 26th

0957 42.5

L4L6 2r.5
L425 28.L

1738 33.1

L948 38.1

2225 22.6

February 27th

0430 52.4

0839 27.7

0926 4t.9
12L8 05.8

1218 27.2

L224 25.9

L259 53.4

1635 37.L

2L22 38.3

March lst
0758 14.3

40" 24.g'

40 04.9

40 01.6

40 45.2

40 4L.7

40 31.8

39 57.2

40 22.L

40 24.2

40 09.7

40 41.O

39 39.8

40 03.9

u5" 57.8'

l.76 23.2

L76 46.8

L76 2t.8
1_76 18. 6

L76 33.5

L76 28.3

L76 48.5

L76 5L.4

t75 42.6

r75 42-7

L76 48.L

L76 45.5

52.r 1.5

54.2 0.6

5s.4 1.1

5.O 2.3

5. r- 2.O

22.O 1.9

5r.7 L.2

22.O L.?

11.9 L.7

L4.7 2.1

9.7 3.O

56. 8 2.2

54.4 1.3

B

A

B

D

D

A

B

B

D

D

D

B

A

I
10

7

8

I
1_O

8

I
9

10

8

7

l_o

35 0.09 3.9 3.3

3 0.o8 L.7 0.8

2L 0.06 3.1 1.8

52 0.17 4.O 236

46 0.40 l-1.3 561

28 0.o9 1.6 2.4

14 0.11 3.6 1.7

32 0.12 3.O 3.2

37 0.14 2.6 8.1

47 0.11 2.L 10.8

7L 0.06 1.5 0.9

55 0. 07 4.3 3.3

L7 0.I-O 2.5 1.6

40 09.7

40 U-7.6

40 06.6

39 35.3

40 06.6

39 42.2

39 58.L

40 06.9

39 58.8

40 18.7

40 l_8.4

39 s2.3

4A L9.7

40 18.7

40 08.9

L76 29.2

L75 43.O

r_75 33.3

L76 20.3

t76 40.3

176 48.5

56.0 O.6.

7.3 1.9

27.O 2.O

25.7 2.2

47 .6 0.8

42.4 1.9

25.6 2.9

57.8 0.9

47.8 r..3

29.O O.7

30-.2 1.1-

32.9 L.7

23.7 L.4

r_8.5 1.6

53. 8 L.6

8 0.11

57 0.l-6

61 0.O7

5t- o.o7

8 0.o3

51 0.08

2.9 1.9

3.2 47.8

3.5 0.6

1.5 0.5

0.9 0.8

3.9 5.7

L77 04.4

L76 32.7

L76 36.9

L76 23.2

t76 24.5

L76 53.4

L76 38.2

L76 4L.7

L76 A9.2

B

D

D

A

A

D

9

8

8

I
I
8

B

B

A

B

A

D

B

B

B

946
7L4

Lo L7

95
l_o 4

739
10 L7

92r
10 1L

0.11 2.6 4.O

o. 05 2.7 0.9

o.o9 2.o 1.3

o.20 3.1 2.2

o.1B 2.3 2,O

o.to 3.8 5.7

o.25 3.3 3.O

o.15 2.2 2.8

o. 15 3.6 1 .8

40 29.6 L75 57 .9 31.1 1.6 4r- o.13 s.8 L9.2
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DINNEVIRKE S JEf LOO,AT,EE MICROEARTHQUAI(ES - contLnueil

Origin Tlne

h u sec Eet.
Epicent:e Depth

S Long. E lm

NO DM

l@

Enn

lil
ERZ

h
EDIS

aeJ

1357 27,7

L6:23 36.0

L732 52.3

1758 34.1

1816 07.5

1838 (}4-rr

g9o 4g.9t

40 09.3

39 34,5

39 47.6

39 28.6

39 3;9,9

u6o4r.3t
L76 24.2

L7'5 54,7

176 33.1

176 13,1

176 3.5.O

47,9 2.4

31.O 1,1
36.7 2.4

53,9 1.7

23,8 2.4

28.2 2.4

A

A

u*

B

D

D

I
10

I
7

8

I

36 0.o5 1.6 L.4

2 g,Li 1.4 1,5

75 0.19 12,2 171

33 0.07 3.4 L.9

66 0.O8 2,8 1,5

47 0.16 4.9 0.8
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RUAPEHU STJRVEY LOCATED MICROEARTHQUAKES

Origin Tine

hm sec

EpLcentre Depth MAG NO

Lat. S Long. E kn kn

ERIIDM

lo

RltS ERZ QC

kn

October Znd L974

0719 13.1 39030.1r

0841 32.L 39 1"4.5

175"16.3r 74.4

L75 25.9 LL.7

1.3

1.6

BA

B

157
18 11

o.07

o,22

1.O 0.6
0.9 0.6

October 3rd

oo18 57.L

0530 54.4

0551 42.2

0834 34.2

1134 22.8

L517 33.3

165L 07.3

1849 24.4

1849 40.2

L9l_5 L2.2

October 4th
otoS il..3
01_57 34. I
o32r_ 19. o

0542 20.o

o71_O 03.1

1035 59.1

1200 L6.4

L206 11.5

L452 44.5

1559 59.3

L7t6 29.2

1835 46.9

2L20 53.5

2L2L 38.8

2L44' 4L.7

2158 L4.4

Occober 5th

oo11 23.L

06r_6 4t.4

39 29.3

39 23.2

39 40.3

39 05.3

39 zL.L

39 4L,7

40 19.6

39 19.O

40 07.8

39 08.4

39 25.O

39 L4.4

39 t 9.8
40 00.4

39 45.3

40 02.8

40 04,6

40 03.2

39 38.4

39 37.2

39 20.3

39 L4.2

39 17.1

39 27.6

39 44.7

40 04.5

19.6

48.7

L75 43.4

L75 24.9

175 t_O.l

L75 20.3

L75 42.O

L77 0?.9

1_75 05.6

175 03.4

175 01.3

175 06.8

13 24

L2Z
15 14

L2 I-6

L3 2L

10. 105

t4 46

lL 16

10 66

195

13

L6

15

15

L7

L7

L7

10

16

14

r_9

16

11

10

13

16

o.09 0.8

0.15 0.7

o.16 1.3

o.19 L.7

o.15 3.1

o.20 L52

o.13 2.9

o.08 1.1

o.34 4.6

o.13 1.O

L.2 AA
o.4 A

1.6 A

L.7 AU
1.8 BB
204 D

2.6 BB
o.9 AU
433 DW

o.8 AU

2.3 AU
2.O BU
L:4 AU
6.9 DW

2.O B

1.4 D r{

1.1 DW

307 D !il

0.6 A

2.7 D

L,2 BU
3.2 BB
2.2 BU
1.3 AA
L.7 A

2.2 D lI

L75

L74

L75

L75

L75

L75

L74

L75

L76

L76

L74

L76

L75

L75

L75

L75

oo.9 36.3 2.8

52.3 37.5 2.5

06.9 34.9 2.3

o2.8 25.2 2.7

05. 1 33 .9 2.L

oL.7 27 .5 3.1

59.8 28. O 3.2

ol_.1 L2.7 2.5_ __--_:\.
20(o 3L.1 )L.9\----
37.3 2L.2 2.2

5L.o 30.1 2.6

31.o 55.2 2.8
t4.L zL.O L.4

43.2 16.6 0.8

06.9 37.5 L.7

00.7 24.4 2.6

19.1

r.4
24.9

19.7

67:5

32.6

52.7

39.8

L2.L

33.6

1_,6

L.7

2.4

r..6

1_.1

4.6

2.9

1.7

2.7

2.4

2.3

3.0

11 0.16 1.5

13 0.23 2.2

14 0.14 1.O

52 0.23- 2.8

25 0.26 2.L

57 0.19 L.7

61 0.2L 2.2

58 0.24 3.2

44 0.11 1.5

68 0.1-9 2.6

20 0.23 1.4
72 0.12 2.L

7 0.23 2.O

L2 0,10 1.3

23 0.19 2.O

60 0.30 2.7

L2 L4

11 85

39

38

175 06.3

176 05.9

32.4

75.1

o,o8 0.6 0.6 A U

o.o9 3.6 5.O B B
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RUAPEHU SURVEY LOCATED MICROEARTHQUAKES - contLnued

Origin Ttune

hm sec

Epicentre DePth MAG NO DM RMS ERE

Lat.S Long.E kn ktn sec 10

ERZ QC

lm

o75t 28.I
0834 02.3

LO44 08.9

1058 33.1

LL24 15.0

1336 51.1

1358 4r.6

1801 r_3.8

2009 3l_.9

2358 s0.8

L75o 49 .5' 54.g

L74 24.5 36.o

L74 56.3 29.3

L7s 42.6 r4.1
L75 22.5 LO.z

175 41.6 20.2

rt4 22.2 100.9

175 10.O 30.6

L74 59.O L2.2

L74 47.6 4L.7

10 L2 0.10

13 109 0.3L

L7 58 0.15

L9 9 0.22

1-3 10 0.2L

1l- I O.11

L6 LO3 0.11

15 l-O O.11

r.r- 59 0.13

18 5 0.17

L.7 2.O A B

7.9 L29 D

L.2 0.6 A W

0.9 2.L B A

o.9 1.8 B

L.2 L.2 A A

2.6 2.8 B B

o.9 0.9 A U

L.7 l-50 D I{

L.7 L.O A U

zg" zg.i
40 18.2

40 01.5

39 29.8

39 L7.7

39 29.5

40 L5.2

39 08.7

40 01.7

39 12.1

2.8

3.5

2.7

1.3

L.2

o.8

3.9

L.7

2.6

3.2

1.8
October 6th

0623 38.9 39 49.6

October 7th

0749 06.8

0351 31.9

1133 59.6

L402 34.r-

39 58.2

39 35.8

39 18.4

39 18.3

October 8th

a623 22.4 40 05.6

October 9th
0905 40.8 40 28.2

1159 15.O 39 25.O

October loth
1304 4L.5 39 31.O

October llth
L250 17.8

1931 L7.8

2353 47.2

Octobqr 1-2th

0550 07.o

0646 03.s

L204 07.7

t522 40.4

39 20.3

39 29,6

38 54.2

39 r.3.5

39 26.5

38 53.8

40 03.3

]-75 32.5

176 51.L

L74 56.9

L75 38.2

l_75 09.O

175 06.5

L74 30.2

175 15.9

L7s 4L.7

L75 02.9

t7s 42.2

L74 27.O

L76 L2.7

r75 47.4

L75 L4.9

L75 02.2

29.6

30. 6

94.9

67.9

28.4

29.2

35.6

15.6

27.O

50.8

62.4

L76.2

26.O

18 97

22 23

L7 20

20 L4

L2

15

L2

11

15 L4 0.10 0.9 0.6 A

3.7

2.8

L.7

2.L

3.0

99.7 4.6

26.9 2.O

15.O L.2

60

0.39

o.14

0.1-5

0.13

o.2L

o.r2 3.4 3.2 B B

0.06 0.5 1.0 A U

0.o9 0.6 0.9 A A

78.1 L27 D

1.4 L.2 A B

1.9 L.6 A B

0.6 0.8 A U

2.8 L.O D W

L.2 1.O A U

o.9 0.8 A A

4.7 1.5 D

1.6 AB
O.9 AB
L.7 BB
1.9 DW

85

L2

1.9

1.O

3.5

2.4

1.8
2.9

2.9

L4

L2

16

L7 53

20 L7

L4 38

20 57

o. l_1

o,09

0.39

o.10 1.O

o.l2 1.1

o.10 3.6

o.24 L.7

14

9

40
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RUAPEHU SURVEY LOCATED MICROEARTBqUAKES - contioued

Origin Ti.ne Epicentre DePth l'lAG NO RUS ERH

h m sec Lat. S Long. E }m kn

DU

kn

ERZ QC

!o

18 11

138
158
1-9 15

785
L4 42

158
1r_ 55

1_6 67

176 1e(.-6=--n..) t.o

L729 05.5
202L 44.6

2025 57.O

2A36 07.1

2LL7 L6.2

October 15th

0654 19.1

1012 59. r_

r.128 44.L

1314 33.8

1536 34.L

1758 40.o

2006 26.4

October 16th

o2o.7 50.8

0331 28.3

0851 55,3

0920 5L.2

1651 07.6

L827 10.3

2L56 2L.3

2253 23.L

2355 56.2

October 17th

o62L 58.3

r.405 L7.9

L524 34.1

2332 56.5

October l-8th

0118 L4.4

1r.39 48. 8

L207 36.5

39o 15.7'
40 06.6

40 05.6

40 01.5

39 40.7

39 28.6

39 1.7. O

39 L2.5

---- \
176 13.7 \L2-2) 2.5

L75a L4.7'
L74 56.6

r75 0,o-.2

L75 05.2

L76 47.3

L76 09.2

L75 00.2

L74 32.9

L75 26.5

L75 32.8

L75 4L.6

L74 50.3

L75 42.O

L76 07.1

t75 05.2

L75 04.3

Lls 4L.9

175 13.5

L76 L8.4

5 0.15
66 0.31

62 0.27

52 0.1-3

36 o.LO

l-.1 1.1 A U
4.O L4.2 D W

2.4 1.1 D I{

1.5 4.O D W

L.2 L.2 A B

23.2
25,7

29.O

24.2

1.5
2.8

2.9

2.6

L2

15

L7

15

L7

October 13th

1849 51.3 39 50.O 15 91 0.44 60.8 98.O D

1t

13

r_6

22

13

t-3

15

2.O

3.3

2.O

o.6

o.8

o.7

2.5

L75 26.9 Ls.o

175 39.1 L9.4

L75 42.O L9.2

L74 5L.8 28.8

L76 48.9 45.3

L75 4L.3 20.3

L75 40,4 LO6.2

L76 Lg.L 54.6

I
L1

L7

11

9

86

59

57

L7

L4

I4

39 4l-.l-

40 00.9

38 49.8

39 L6.2

39 40..6

39 30.8

40 05.9

39 15.7

39 4L.7

39 30.5

39 L6.4

39 39.2

39 38.3

39 29.3

38 50.6

39 06.0

39 29.7

40 28.5

40 04.7

40 03.2

30. o

--.-)(9.-g'
26.5

18. s

6.5

30. 5

20.6

59.9

3.5

3.5

2.8

3.5

L.9

t_.1

L.4

3.1

L.4

2.O

L.2

2.7

3.2

L.4

3.0

3,O

24.2 0.7

60. o 3.4

30.o 3.L

2L.5 2.5

19.5

59. O

53.8

1.6

3.5

2.2

30 0.o9

54 0.18

42 0.15

L2 0.26

1 0.o8

7 0.11

69 0.15

1.3 AB
8.5 D !l
4.3 D

1.3 B

o.7 A

O.9 AA
3.6 BB

L.2 A

1.3 A

O.8 AA
1.1 AU
8,5 D

o.7 A

L.2 AA
8.6 DB
2.t AB

o.l-5 0.7

o. r_4 1.3

0.10 0.6

o.13 0.8

o.09 6.3

o. t6 2.o

o.13 0.6

o.25 7.7

o,10 t.4

o.16

0.17

o.24

o. r_9

1.9 1.8 A A

5.2 5.4 D

2.O 1.O B I{

2.9 LL.4 D W

9 0.o9 0.5 0.6 A A

49 0.O7 1.1 L.2 A B

60 0.13 2.O 2.8 B B
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RUIPETIU SURVEY LOCATED MICROEARTITQUAKES - continued

Origin Tine

h u sec Lat.

Epicentre

S Long. E

Depth

kn

},IAG NO DM

h

RMS

sec

ERI{

km

ERZ QC

krn

October 19th

2054 34.7 39 02.4

L525 32.5

October 2Oth

1330 33.4

1335 09.r
t7L4 15.3

1835 5t.2
22L7 35.5

October 21st

0151 2L.5

o23L 09.7

1056 13.4

L2L6 51.O

1545 01.9

1614 58.5

t7L6 l-0.5

0ctober 22nd

0112 44.4

0356 26.2

0617 57.6

0856 14.9

0905 20.8

L727 30.6

22L6 14.8

2334 L2.9

October 23rd

0914 04.7

1004 41.8

1322 07.2

L9L4 40.3

2001 01.2

+0" ro. r'

40 01.2

40 01.3

40 l_l-. I
40 03.9

39 09.8

40 00.4

40 02.2

39 32.2

39 29.8

39 30.3

39 29.2

39 56.3

40 28.7

39 L6.2

40 06.4

39 31.9

39 08.6

40 07.6

40 08.8

39 28.6

39 19.s

39 L7.2

39 48.7

39 30.7

38 54.9

L760 44.5'

176 11.3

L74 56.9

L74 57.O

L74 4L.4

L74 59.7

r73 46.0

175 05.1

175 05.0

r.75 l-3.6

175 43.5

L75 43.4

L75 42.9

175 05.8

23. O 113.7

2.7

6.9 2.O D

L.4 1.8 A B

1.5 0.7 A }'I

1.3 0.5 A W

3.O 2.3 B B

L.4 0.6 D I'I

4.9 L.2 D

2,3 5.5 D lil

1.3 1.5 A W

0.9 0.6 A B

o.4 0.9 A A

o.9 0.9 A A

o.4 0.9 A A

o.7 0.5 A W

57.3

30.7

3L,4

I-02.0

29.2

23.8

29.9

28.5

82.L

L5. O

L2.9

18. r_

29.4

o.27

o.09

o.15

o.l-4

0.15

o.19

o.26

2.9

3.O

3.3

3,O

3.8

2.5

2.7

2.O

2.L

1.0

L.2

2.7

98

58L4

T4

L7

r-4

20

20

57

57

83

60

53

13

1_1

t_3

11

8

L4

16

5L 0.15

55 0.O8

3 0.06

10 0.06

10 0.08

10 0.o8

44 0.09

L74 52.L

175 0l-.2

L74 57.9

L7s 37.4

L76 L6.7

174 58.1

L74 59.7

175 36.6

175 18.3

L73 40-.4

1_75 01. 9

L75 39.9

175 15.8

L75 40.6

3L.4 3.4

38.8 2.4

25.O 2.8

L6.2 l-.6

57.8 2.8

23,5 3.O

I2.2 2.6

19.0 1.1

27.5 2.2

8.9 5.O

32.9 2.8

L7.2 0.9

11.1 2.6

o.2r 10.'5

o.09 0.6

o.37 5.O

o.07 0.3

0.15 1.9

o.36 2.9

0.20 2.L

o.15 0.9

10.7 D

o.7 AU

L7.4 D I,I

O.8 AA
2.5 AB
3.3 DW

244 DW

1.1 AA

10

r_9

16

16

19

18

r-3

I4

54

L7

65

2

63

67

68

5

18

2L

20

r.8

20

9 0.11

93 0.27

33 0.15

5 0.18

29 0.28

o.5 0.8 A U

4.8 5.8 D

1.3 0.4 A

o.7 1.1 A A

2.O O.9 D U

October 24th

oL32 30.6 39 36.9 L6.9 2.O L2 t2 0.09 0-6 L-4 A
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.RUAPEIIU SIIRVET LOCATED MICR0EARTEQUAKES - continued

Origin Tlne

hm sec

Epicentre Depth I"IAG N0 DM RUS ERH

Lat. S Long. E lm

ERz QC

lil

o2t6 43.2

0806 09.9

1049 3r-.0

1055 29.7

Y1632 46.4n
L643 22.5

L924 22.9

2L29 55,5

2206 LO.7

October 25th

0726 49.5

L232 42.4

1532 00.4

L720 22.4

1811 52.7

1915 11.9

2040 05.9
2043 07.9

October 27th

1200 30.o

?o29 32.9

October 28th

0051 39.5

39o 36.6'

39 5r_.7

39 43.8

39 s9.4

40 23.o

39 00.1

39 43.s

39 L2,2

39 39.1

39 15.4

39 25.2

40 01_.7

40 02.4

39 56.9

39 04.2

40 05.1

39 s6.s

39 22.2

39 27.5

39 31.9

r75" 56.6'

]-75 04.4

L75 42.L

175 05.5

1-74 26.3

L75 t_6. 3

175 15.3

L74 4L.4

L74 42.7

L74 4L.5

L74 54.5

L76 2L.2

175 03.9

175 05.1

t75 32.8

L75 02.L

175 03.6

L75 26.L

175 38.O

L75 39.2

L.4 15

2.8 22

1.O L2

2.3 t r_

5.6 L4

3.1 9

1.5 20

3.6 22

3.t L8

3,3 2L

2.8 15

3.0 15

2.8 L7

2.6 L7

2.4 13

3.1 16

3.4 L4

1.5 l_6

L.4 L4

10 0.o7

36 0.15

4 0.L3

49 0.06

92 0.07

23 0.O8

18 0.l-8

6 0.25

42 0.O8

10 0.27

19 0.11

6r_ 0.11

55 0.14

45 0.11

L4 0.O9

61 0.27
45 0.L2

2 A.L6

7 0.L9

4 0.o4

1.O O.8 A B

1".8 1.3 A B

L.2 1.1 A

1.1 2.3 A W

2.O 2.7 B B

3.3 L.7 B B

1.3 L.2 A

L.4 1.1 B U

1.6 1.O A B

2.3 2.4 B U

3.3 L,5 B B

1.8 0.9 D

l-.6 4.6 D Id

o.9 0.7 A I,I

1.8 1.2 A B

2.3 2.O D $r

L.8 1.1 A W

o.8 1,O A

1.3 1.5 A A

0.3 0.5 A A

46.8

7L.6

22.L

29.O

9L.6

r32.4
29.5

19. 1

L25.4

35. I
L36.2

22.5

24.8

28.3

96.2

25.O

32.9

L7.3

19.3

20.7 11L.2

I
\tr"
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