Review of Tsunami Hazard in New Zealand

(2013 Update)

Compiled by William Power

GNS Science Consultancy Report 2013/131
August 2013

&

GNS

SCIENCE
TE PU AO







Review of Tsunami Hazard in New Zealand
(2013 Update)

Compiled by William Power

GNS Science Consultancy Report 2013/131
August 2013



DISCLAIMER

This report has been prepared by the Institute of Geological and
Nuclear Sciences Limited (GNS Science) exclusively for and under
contract to the Ministry of Civil Defence and Emergency
Management. Unless otherwise agreed in writing by GNS Science,
GNS Science accepts no responsibility for any use of, or reliance on
any contents of this Report by any person other than the Ministry of
Civil Defence and Emergency Management and shall not be liable to
any person other than the Ministry of Civil Defence and Emergency
Management, on any ground, for any loss, damage or expense
arising from such use or reliance.

The data presented in this Report are available to GNS Science for
other use from 13 September 2013.

BIBLIOGRAPHIC REFERENCE
Power, W. L. (compiler). 2013. Review of Tsunami Hazard in

New Zealand (2013 Update), GNS Science Consultancy Report
2013/131. 222 p.

Project Number 410W1378




Confidential 2013

CONTENTS

EXECUTIVE SUMMARY ...ttt ettt e e e e e e e et e e e e e et e e et e e et e eeanaees IX
1.0 INTRODUGCTION ...ttt e e e e e e e e et s e e e et e e e e et aeaestanaeaeees 1
11 SCOPE OF THIS REPORT ....cvvttirtttrssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnne 1

1.2 CONTRIBUTORS .. etitieete et et et et e e ettt e et e et e et e e e e e e e et e et e et e et e et e et aetaetaaetnaes 1

1.3 STRUCTURE OF THE REPORT ..tiitiitiitiiit e et eetee et e et ae et ae et e e et e et e eneeeneeeneesneesnaesnnns 2

14 WHAT IS ATSUNAMI? ... 3

1.5 WHAT DAMAGE DOES A TSUNAMI DO? ...uiiiiiieiee et e e e e e eans 5

2.0 TSUNAMI IMP A C T S e e e e e e et e e et e e e e et e aeaneees 7
2.1 INTRODUCTION ...ttt 7

2.2 TSUNAMIRISK .. 7

2.3 TSUNAMI IMPACT TYPES .ouiitniiieiiie i e e e e e e e e e e e e et e et e et e e e e e e e e eenns 8

2.4 ASSESSING THE COSTS OF TSUNAMI IMPACTS ..euuiiiiiieiieeieeeeeeee e e e eaaeee 12

2.4.1 Qualitative damage aSSESSMENES ........ccvvvrirreeeiiiiiiiriee e e e e sssenierrr e e e e e snrnreeeees 13

2.4.2 Semi-quantitative damage asSSESSMENLS ........ccoiiiiuiiiiiiieeieiiiiieeee e e e eiieeeeeas 14

2.4.3 Quantitative damage aSSESSMENTS .......ccuuuiiiiieeeeiiiiiiiee e e e 14

2.4.4 Tsunami damage asseSSMENtS — €X ANtC.......ccccvvvcvrreireeereiiiinnneeeee e s e snnrneeeeas 14

2.4.5 Tsunami damage assSeSSMENt — ©X POSL.....ccuiiieiiiiiuuiiiiieeaeeiiiiieeee e e eiieeeeeas 25

2.5 REFERENCES. . ceu ittt e e et e e e e e e et e et e et e et e et e et e ea e e e e esnesneesnns 28

3.0 PALEOTSUNAMI AND HISTORICAL TSUNAMI DATABASES .......ccoooivviiiiieennenn, 35
3.1 HISTORICAL TSUNAMI RECORDS .....ccttiiiiiiiiiieeierierssssessssssssssssssssssssssssssssssssnnnnnes 35

3.2 LARGE HISTORICAL TSUNAMI.....ctititeiie et et e e ee e e e e e e e e e e et e e e e eeneenaenns 39

3.3 RECENT TSUNAMI EVENTS 2005—2011......ccuniiiiieieeeeee e 43

3.4 APPLICATION OF THE NEW ZEALAND HISTORICAL TSUNAMI RECORD ........cccuuen.es 47

3.5 PALEOTSUNAMI RECORDS ...uituiitieiteiieiee et e e te e e e e et e et e et e et e eae e e e eneeneenns 47

3.5.1 Description of paleotSUNGMI..........uuiiiiiiiiii e 47

3.5.2 The New Zealand paleotsunami database............ccceeuvvveveeeeiiiiiiinieee e 49

3.5.3 Recent paleotsunami research 2005—2011 ..........coouiiiiiiiieieeniiiiiiiieeee e 55

3.5.4 Summary of paleotsunami in New Zealand .............ooccuveieeiiiiiniiiiiiieeeeees 59

3.6 REFERENCES. ....cettttitiiiiiiitiitiiiieteeeeteeeeeeeees s s sasass s s s s asss b s bssbnnbebnsesenees 60

4.0 TSUNAMI MODELLING ... e e e e et e e e e e e e s 63
4.1 NUMERICAL MODELS ....itniiieite e e et e e e e e e e e e e e et e e e et e ea e e esnesnesnns 63

4.2 TSUNAMI GENERATION ...tuituiiieiie it eeet et e et e et e e et e eeaeeaneeaneeaneeaneeaneesneeanaenaennanns 65

4.2.1 Submaring earthqUAaKES .........ceeeeiiiiiiiiiiiie e 65

4.2.2 Landslides and VOICANOES .........cooiiiuiiiiiiiiea ettt 67

4.3 PROPAGATION MODELLING ...ctuitieiieiiee e et e e e e e e e et e e e et e e e e e e e e eenns 68

4.3.1 Modelling tsunami propagation numerically ..........ccccccoevviiiiieereeeeniiieeeeeeen 69

4.3.2 Insights from propagation Modelling ..o 73

4.4 INUNDATION MODELLING ...ituttietteeteeetee et et e et e et e e e et e et e et e eaeeaeenneeaaeaasanaens 77

4.4.1 Numerical modelling of tsunami inUNdation ...........cccccoovveiiiiiiie e 77

4.5 EMPIRICAL TSUNAMI MODELLING .. cvuitieiieite e e eee e te e e e e e e e e e e e e e e eneaenns 79

GNS Science Consultancy Report 2013/131 i



Confidential 2013

5.0

6.0

7.0

4.5.1 Empirical modelling of tsunami heightS..........cccccvvii e 79
4.5.2 Empirical modelling of tsunami inundation............ccccccooiiiiiiiiiiiiiiieeeeeee 80
4.5.3 Deriving rules for defining tsunami evacuation Zones...........ccccccevvviiiveeeeeeennn. 80
4.6 REAL-TIME TSUNAMI MODELLING AND FORECASTS .....ceeiiittitiiiaaaeeeeeeeiiiiiaaeeeeee 82
4.7 PROBLEMS AND LIMITATIONS OF TSUNAMI MODELLING ....ccuiivieiiieiiieeiieeieeeieeenee, 85
4.8 TSUNAMI MODELLING STUDIES RELEVANT TO NEW ZEALAND .......covuiiiniiineiinaennnns 85
4.8.1 Tsunami modelling studies in New Zealand............c.ccccooecvvveireeeniiiciinienneeennn 85
4.9 REFERENCES. . ctu ittt et e e et e e e e e e e et et e et e et e et e et e e e e esneesneesnns 86
DEFINING TSUNAMI SOURCES ... .ot e e 91
5.1 DISTANT SOURCES ....ccittttuieeeateeetttia e e e et et eetbbar e e e e e e eeebba e e e e e e eeeeabaa e e eeaeeennnes 91
LN I A - U i o U= 1= SR 91
B5.1.2  LANASHIAES ...ttt a e e 98
5.1.3  WOICANOES ......eeiiiiiieeiette ettt e e et e e e e e s e e e e e e e annee e 99
L0 I S = o] o L= 0] = o SR 99
5.2 REGIONAL SOURGCES ...uiitiiiiii it et ee et et e et e et e et e e et et e e e e e s e e s esneesnaesnaennnns 100
5.2 1 EArtRQUAKES .....coiiiiiie et 100
B5.2.2 VOICANOES... ..ottt ettt 104
5.2.3  LANASHAES ... 105
53 LOCAL SOURGCES .. .uiiiuiii it et et e e et e et e ettt et e et e e e et e et e et e esa e et e et e esaetaaennaes 108
5.3.1  EArNQUAKES ....oeiiiee ettt 108
5.3.2  LANASHAES ... 113
5.3.3  WOICANOES ...ttt a e a e 117
5.4 REFERENCES. ...t ettt ettt e ettt e et ettt e e e e et et et e e e e e e e eeabba e e e eeaeas 118
PROBABILISTIC MODELLING....... i 125
6.1 INTRODUCTION AND MOTIVATION ....iuiiiiei et e ee e e e e e e e e e e e e e e e e e enns 125
6.2 METHODOLOGY OUTLINE ...euiiiiiitieeieete e et e etee et et e et e et e e ete e e e e e e et e et e esneesnaennnns 125
6.3 TYPES OF UNCERTAINTY AND VARIABILITY ...uuiieetieiiiiiiaa e e eeeeiiii e e e eeeiinaans 127
6.4 SOURCE DEFINITION .. ettt et et et et e e et e e e e e e e e e et e et e et e ea e et e et eenaennaens 127
6.5 TREATMENT OF VARIABLE SLIP AND MODELLING UNCERTAINTY ...cccviiiiiiineeannnenn. 128
6.6 ESTIMATION OF TSUNAMI HEIGHTS .eittuiiiiieeei ettt 130
6.7 CALCULATION L.ttt ite et e e et et e e e e e e e et e et e et e et e et e et e et e et eaneennaens 131
6.8 DEAGGREGATION OF TSUNAMI SOURCES ....cuiiiiiiiciieeieeeeeeteeetee et ee et e e e eneeenaas 131
6.9 RESULTS .ttt ettt ettt e e e e ettt et bbb e e e e e e e e e rnb e e e e e 132
6.10 COMMENTS AND DISCUSSION OF RESULTS ...cuuiiuiiiiieieeieeieeee e ee e e e e e 169
B.11  FUTURE WORK .. ..ttt ittt ettt e et e e et e e et e e e e e e e e s e e e s e eseeanns 170
B.12  REFERENCES. ....cttttuutieetittetittia e e e e ettt bbb e e e et et et b e e e e et e eetba e e e e e eeenanenn s 171
DISCUSSION AND CONCLUSIONS ... .o e 173
7.1 SUMMARY .. et ettt et e e et et e e e e e et e e e e e e e e e e et e e e e et e e e e e 173
7.1.1 Subduction earthqUAaKEeS.............uueiiiiiiiiii e 173
7.1.2 Probabilistic tsunami hazard model...........ccccovviiiiiniii 173
7.2 DISCUSSION L.uiiiiiitieite it e et e e e e e et e e et e e et e et e e e e et e e s e et e et e et e et aetaaenaans 173
7.2.1  Self-eVACUALION ... e 173
7.3 RECOMMENDATIONS ...ccittttiteeeeetettttia e e e e et eeabbt e e e e e e e e ee bbb e e e e e e e eeanbbna e eeaaas 174

GNS Science Consultancy Report 2013/131



Equation 4.1
Equation 4.2
Equation 4.3
Equation 6.1

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4
Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8
Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15
Figure 4.1

Figure 4.2

Confidential 2013

EQUATIONS
................................................................................................................................................... 79
................................................................................................................................................... 80
................................................................................................................................................... 80
................................................................................................................................................. 129

FIGURES
The intersection of hazard, exposure, and vulnerability yields the risk (Reese and
SCRMIAL, 2008). ...eiiiiiiee ittt e bttt e e bttt e e ettt naneeas 8
Example of a qualitative risk analysis matrix (source: Standards Australia/Standards New
WY 1= Voo 2 010 PSP REPTE 14
Example of tsunami fragility functions (source: Reese et al., 2011); in this case for five
different damage STALES. ....c.icii i e e a e e e aaa s 17
Example of tsunami damage functions (source: Reese et al., 2007).........cccccvvvvreeeeeiiiiiiireeeennns 18
Distribution of tsunami that have been recorded on New Zealand shorelines from 1835—
P20 O O PP PU PP PPPRP 36
The distant source areas that have generated tsunami that have affected the New
Zealand coastling (L1835—20L11). .....uuuuiiiieeiiiiiiiiiieeeeeeiie e e e e e s st e e e e e e s setbraeeaeeessasbrraeeeeessannneres 37
The proximity of tsunami sources for tsunami that have affected the New Zealand
coastline since 1835 (Downes, unpublished data). ...........cccccveiiieeiiiiiiiiiiee e 38
The causes of tsunami that have affected the New Zealand coastline since 1835
(Downes, uNpUbliSNEd data)...........ceiiiiiiiiiiiiii e 39

Estimated tsunami runup values for the five largest tsunami in New Zealand between
1835 AN 2001, ..ttt ettt ettt 40

The location of the 2009 Dusky Sound earthquake and the locations where the tsunami
WAS TECONTEM ...ttt ettt ettt b ettt e bttt e b e e b et e be et et e ene e e beeennee e 44

Maximum peak-to-trough measurements of the 29th September, 2009, South Pacific
ESUMBIMIL 1.ttt ettt h et b e e bt b e e e b e e e b et e be e e b et e be et et e ne e e r e e 45

Illustration of the arrival of the 2010 Chile tsunami on the Chatham Islands tide gauge. ........... 46

Maximum peak-to-trough measurements of the 27th February 2010 Chile (Maule)
tsunami at tide gauges around NeW Zealand. ............c.uueiiiiiiiiiiiiiiiee e 46

The distribution of paleotsunami evidence around the New Zealand coastline from the

New Zealand paleotsunami database (Goff, 2008; Goff et al., 2010C). .......cccvveereeeiiiiiiiiiieaeeee 50
Estimated dates of paleotsunami deposits through time. Paleotsunami deposits have
been binned into age ranges according to their midpoint age. .........ccccuueiiieiiiiiiiiiieee e 51

The distribution of paleotsunami evidence around the New Zealand coastline from the

New Zealand paleotsunami database (Goff, 2008; Goff et al., 2010C). .......cccvveereeeriiiiiiiiieaeeene 52
The distribution of paleotsunami evidence around the New Zealand coastline from the
New Zealand paleotsunami database (Goff, 2008; Goff et al., 2009b).........ccceeveeiiiiiiiiiiienennne 53
The distribution of paleotsunami evidence around the New Zealand coastline from the
New Zealand paleotsunami database (Goff, 2008; Goff et al., 2009b).........ccceeveeiiiiiiiiiiienennnne 55
The locations of recent paleotsunami studies in New Zealand from 2005-2011...............cccuuee. 56
Seafloor deformation for the 27 March 1947 Gisborne earthquake (MW7.1) computed
using a uniform slip model (left model) and a variable slip model (right panel). ........ccccccceennee. 66

The modelled maximum tsunami elevations of the 27 March 1947 offshore Gisborne
CANNQUAKE (MWW 7. 1), .. iiiiiiiie ettt ettt e et e e e e e ettt e e e e e s s tb e e e e e e e e s sstbaaeeaaeessnntbraaeeens 67

GNS Science Consultancy Report 2013/131 iii



Confidential 2013

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15
Figure 5.1
Figure 5.2

Figure 5.3

Figure 5.4
Figure 5.5
Figure 6.1
Figure 6.2
Figure 6.3

Figure 6.4

Figure 6.5
Figure 6.6

Figure 6.7

Modelled distribution of maximum tsunami elevations throughout the Pacific for the 2010
Chilean tsunami event (numerical simulations by tsunami scientists at GNS Science,
N =T = g o ) PRSP SPRTP 69
Comparisons between the modelled sea surface fluctuations and the measurements at
DART buoys for the 2010 Chilean tsunami (numerical simulations by tsunami scientists
at GNS ScieNnCe, NEW ZEaIANG).......ciiiiiiiiiiiiii et e e e e e e e e s s rr e e e e e s sentaaaaeeeas 70
Modelled maximum tsunami elevations in the Pacific for the 11 March 2011 Tohoku
EANNQUAKE IN JAP@N ... .uuiiiiii ettt e e e e ettt e e e e e s st b e e e e e e e e s sntb e e e e aaeessnntanaaeaeas 71
Comparison between the tsunami sea-level fluctuations over time derived from modelling
and the measurements made at DART buoys (filtered) throughout the Pacific for the

2011 TONOKU ©VENE IN JAP@N. . .uiiiiieiieeiiiiiiiie et e e s e et er e e e e e et e e e e e e e s s b e e e e e e e e s sntbaaeeaeeessantaeaaeeeas 72
Measurements of the 11 March 2011 (UTC) Japan tsunami at coastal tsunami gauges in
N L =T =T o Lo O PP PPPR P 73

A series of images illustrating the propagation of a tsunami generated by an earthquake
ON the LaChlan fAUIE...........oiii e 74

A comparison of two scenarios for South American tsunami affecting New Zealand,
illustrating the effect that directivity of the source can have on distant locations. ....................... 75

The modelled flow depth in the Gisborne area for an MW9.0 scenario event involving
rupture of the whole HiKUurangi Margin............c.cccoiiuiiiiiie e 78

The modelled flow depth in Gisborne area for an MW9.0 scenario event involving rupture
of the whole HIKUrangi Margin. ...........coiiiuiiiiiie e a e e e st eee s 78

Water level plotted as a function of distance from the coast, using field survey data from

the districts of Lhok Nga and Banda Aceh, as recorded by Lavigne etal............cccccvveveeeiininnns 81
DART buoys in deep oceans (NCTR, USA). At DART buoys, sea levels are measured by

bottom pressure recorders and transmitted to related data centers in real time......................... 83
User interface of WebSIFT (NCTR, USA) and the forecasted tsunami amplitude and

arrival time for the 29 September 2009 SaMOA EVENL. ......cccviviiiiee e e 83
Web-based user interface of GDACS (http://MWwWw.gdacs.0rg/). .....ccuuveeveeeiiiiiiiiiiieeeeeiiieee e 84
Subduction margins in the circum-Pacific region. ... 93

(Left) Paleotsunami deposits and their height distribution for the event with an inferred
date of ~1450AD (Goff, 2008; Goff et al., 2010); (Right) maximum water level distribution

(offshore) in modeled MW 9.4 Kermadec Trench scenario (Power et al., 2012). ..................... 103
Distribution of submarine volcanoes along the southern Kermadec arc between 30°S

and 36°30'S (after Wright et al., 2006). .......coieiiiiiiiiiiieee e 107
Location of possible volcano sources for tsunami along the southern Kermadec arc. ............. 108
Schematic cross-section through the Hikurangi subduction zone. ..........c.ccccoccvvvievie i, 110
Simplified flow-chart representation of the Monte-Carlo modelling scheme. .........c....coccvvvvee... 126
Representation of the Monte-Carlo modelling scheme............ccccooiiiiiiiii e 126

Hazard curves for 300 samples of the uncertain parameters, illustrating how the 16", 50"
and 84" percentiles of uncertainty are calculated for one coastal section..............cccccceeeeinnns 127

Illustration of the steps by which the tabulated fault properties are used to create
synthetic earthquake CatalogUES. ..........coi i e e e 128

Area map and tsunami hazard curve for Auckland East............ccccovveiieiiiiiiiiiiiee e 134

Deaggregation of tsunami sources for Auckland East Coast at 500 yr (top) and 2500 yr
[(oolucolaa) A= 00 Tq g1 o= oo LT EPPT 135

Area map and tsunami hazard curve for Auckland West Coast. .........cccccevuvvviieeeiiiiiciiiineeeeee, 136

GNS Science Consultancy Report 2013/131



Figure 6.8

Figure 6.9
Figure 6.10

Figure 6.11
Figure 6.12

Figure 6.13
Figure 6.14

Figure 6.15
Figure 6.16

Figure 6.17
Figure 6.18

Figure 6.19
Figure 6.20

Figure 6.21
Figure 6.22

Figure 6.23
Figure 6.24

Figure 6.25
Figure 6.26

Figure 6.27
Figure 6.28

Figure 6.29
Figure 6.30

Figure 6.31
Figure 6.32

Figure 6.33
Figure 6.34

Figure 6.35
Figure 6.36

Confidential 2013

Deaggregation of tsunami sources for Auckland West Coast at 500 yr (top) and 2500 yr
[(oolucolaa) A= 0UTq g1 o= oo LT EPPT S 137

Area map and tsunami hazard curve for ChriStChurch. ...........ccccccoviiiii i 138
Deaggregation of tsunami sources for Christchurch at 500 yr (top) and 2500 yr (bottom)

(100 g I o T=T 4 oo [ O EPPR ST 139
Area map and tsunami hazard curve for DUNEdIN. ............oeiiiiiiiiiiiiii e 140

Deaggregation of tsunami sources for Dunedin at 500 yr (top) and 2500 yr (bottom)
(10U g I o =TqTo o [P ETPT S 141

Area map and tsunami hazard curve for GIiSDOINEe. ...........veevieiiiiiiiiii e 142

Deaggregation of tsunami sources for Gisborne at 500 yr (top) and 2500 yr (bottom)
(100 g I o= T4 oo [P EPPR 143

Area map and tsunami hazard curve for Invercargill. .............ccoooviiiiiiiee i 144
Deaggregation of tsunami sources for Invercargill at 500 yr (top) and 2500 yr (bottom)

(100 g I o T=T 4 oo [P EPPT S 145
Area map and tsunami hazard curve for Kapiti COASt. ........c.cooiiiiiiiiiiieiiiiii e 146

Deaggregation of tsunami sources for Kapiti Coast at 500 yr (top) and 2500 yr (bottom)
(LU g T o =TqTo o [P PT S 147

Area map and tsunami hazard curve for NapPIeF. .........ccciuuriiiieeiiiiiieii e e 148

Deaggregation of tsunami sources for Napier at 500 yr (top) and 2500 yr (bottom) return
[0 1o LU EPPT S 149

Area map and tsunami hazard curve for NeISON. .........ccccvviiieiiiiiiii e 150
Deaggregation of tsunami sources for Nelson at 500 yr (top) and 2500 yr (bottom) return

[0 [0 LU EPPT S 151
Area map and tsunami hazard curve for New Plymouth. ..o 152

Deaggregation of tsunami sources for New Plymouth at 500 yr (top) and 2500 yr
[(oeluce]aa) A= (UTq g1 o1=] T o LS EU U ETPT ST 153

Area map and tsunami hazard curve for POIIUA. .........cccvviiiieeiiiiiiiis e 154

Deaggregation of tsunami sources for Porirua at 500 yr (top) and 2500 yr (bottom) return
[0 100 L= RO EPPT S 155

Area map and tsunami hazard curve for TAUraNQa. ........c.cveeiieeiiiiiiieii e e e 156

Deaggregation of tsunami sources for Tauranga at 500 yr (top) and 2500 yr (bottom)
(100 g I o T=T 4 oo [ O EPPR ST 157

Area map and tsunami hazard curve for Timaru. ........

Deaggregation of tsunami sources for Timaru at 500 yr (top) and 2500 yr (bottom) return
[07=] 1o L= USRS 159

Area map and tsunami hazard curve for Wellington. ...........cccoeiiiiiiiiiie e 160

Deaggregation of tsunami sources for Wellington at 500 yr (top) and 2500 yr (bottom)
(10U g I o= T4 oo [ RO PSPPSR 161

Area map and tsunami hazard curve for Whakatane. ...........cccceceuvieiieeiiiiiiiiiiee e 162
Deaggregation of tsunami sources for Whakatane at 500 yr (top) and 2500 yr (bottom)

(100 g I o T=T 4 oo [ O EPPR ST 163
Area map and tsunami hazard curve for Whangarei. ..........cccccooiiuiiiiieiiiiiiiiii e 164

Deaggregation of tsunami sources for Whangarei at 500 yr (top) and 2500 yr (bottom)
(10U g I o =T 4T o [PPSR 165

GNS Science Consultancy Report 2013/131 v



Confidential 2013

Figure 6.37

Figure 6.38

Figure 6.39

Table 1.1
Table 2.1
Table 2.2
Table 2.3

Table 2.4
Table 2.5
Table 3.1
Table 5.1
Table 5.2

Table 5.3

Table 6.1

Table 6.2

Vi

Expected maximum tsunami height in metres at 100 year return period, shown at median
(50th percentile) and 84" percentile of epistemic uncertainty. See comment on the

Wairarapa coast in SECHON 6.10..........uuuiiiiaai i e et e e e e e e e st e e e e e e e e e anebeeeeaaaaaan 166
Expected maximum tsunami height in metres at 500 year return period, shown at median
(50th percentile) and 84" percentile of epistemic uncertainty............cccceeeiiiiiiieee e 167
Expected maximum tsunami height in metres at 2500 year return period, shown at
median (50lh percentile) and 84" percentile of epistemic uncertainty. .........c.cccoeciieieeenininnes 168
TABLES
Summary of damage that can be caused by tsunami Waves.............cccvvviiieeeiiiiiiiiieee e 6
Potential direct impacts Of tSUNAIMI. ........uuiiiiiiiiiiiic e e e e e e e e 10
Summary of main indirect and intangible impacts of tsunami..............ccccccciiiiiii e 11

Summary of existing damage and fragility functions (extended from Grezio and Tonini,

20LL)- ettt 21
Summary of existing studies of methods for predicting casualties. ...........c..cccoccvivieiieeiiiiiineen.n. 23
Damage state classification (Reese et al., 2011). .....cccoviiiiiiiiiieeiiiiiiiir e e e 26
Validity rankings for historical tsunami of New Zealand 1985-2011..........cccccvieiieeiiiiiiiinieneeenne 35

Large South American earthquakes that have produced tsunami with maximum tsunami
heights greater than 8 m locally (extracted from Gusiakov, 2001; additional information

on the 2001 and 2010 earthquakes from the NGDC tsunami database)............cccccceeevvivvnnen.. 95
Summary of available data from Kermadec chain volcanoes. * = local sources < 100 km

FrOM NEW ZEAIANM. ......eoiiiiiiiiiiie e e e 106
Summary parameters of the largest submarine landslides documented on the New
W= 1= Voo I 0 =T o |1 o PR PP UUPRNt 114
Standard deviations associated with random adjustments to the synthetic catalogue to
create a catalogue of ‘effective magnitudes’. The fault-specific uncertainty covers
uncertainties that are specific to the modelling of each fault, while the method bias
covers uncertainties that cause a systematic bias across all faults. Units are inthe M w

GNS Science Consultancy Report 2013/131



Confidential 2013

APPENDICES

APPENDIX 1: REFERENCES TO TSUNAMI-RELATED PUBLICATIONS
RELEVANT TO NEW ZEALAND .. .ottt e e e e 177
APPENDIX 2. BOLIDE FREQUENCY AND MAGNITUDE ......ccccoiiiiiiiieeeeie e, 197

APPENDIX 3: SUBDUCTION ZONE PARAMETERS, AS USED IN THE TSUNAMI
1@ L0 O o 1Y, [ ] 5 ! 199

APPENDIX 4: CRUSTAL FAULT PARAMETERS, AS USED IN THE TSUNAMI
SOURCE MODEL .ottt et ettt et et e et et e e e e e e e e e e eenes 201
APPENDIX 5: TENTATIVELY IDENTIFIED LOCAL FAULTS ...t 207
AD. L OUTER RISE FAULT S . iutitt ittt ettt ettt ettt ettt e e e e e et e e e e e e e eneenees 207
AS5.2  TARANAKI BASIN FAULTS uiitititeteteteeeee e e eas et et st stssse st sensensenseneesneenas 208
AS5.3  OFFSHORE WEST COAST FAULTS .utuitttittitiiteeesettstettsteseeseeenrensessessesnesneenns 209

APPENDIX 6: A PROBABILISTIC METHODOLOGY FOR ESTIMATING HAZARD
FROM TSUNAMI GENERATED BY SUBMARINE LANDSLIDES........cooo i, 211
AB. L REFERENCES ... it ittt ittt ettt et e e e e et et e ettt e e e et e e e eeeeeeerenaenes 212
APPENDIX 7: ADDITIONAL HAZARD MODEL INFORMATION....cuviiiiieiiieieeeeieai 213
A7.1 SUMMARY TABLE OF UNCERTAINTIES AND VARIABILITIES ..utenieieeieeeeeeeeeennennas 213
A7.2 GENERATION OF SYNTHETIC CATALOGUES .. cuuienieiteteeeie e e ee et eseieeaeaneenns 214

A7.3 EXPLANATION AND DERIVATION OF COEFFICIENTS DESCRIBING VARIABILITY
AND UNCERTAINTY USING AN ‘EFFECTIVE MAGNITUDE' APPROACH.......cuvvveunenn. 215
A7.4 ESTIMATION OF TSUNAMI HEIGHTS .. .euiiuiiniittineiteeeesteetestssseeensensensensssssnesnsenss 218
AT D REFERENCES ... itittttt ettt ettt ettt e e et et et ettt et e e et e e eeeaeeerenaenes 221

EQUATIONS

=T TUF= U0 o 1 N2 OO EUPTRRN 197
T LU= U 0] o 1 N0 PO SRPTNt 197
=T JUF= U0 ] o 1 N2 RO IUPTRN 197
=T TUF= U0 o 1 N A RO SUUTIRPTRRN 216
=T T = U0 o 1N A RO RRPTRN 218
=T JUF= U0 ] o 1 N A RO IUPTRN 219
=T JUF= U0 o 1 N A RSO IUPTN 219
=T T = U0 ] o 1N A T RO RRPTRNt 220
=T JUF= U0 o 1 N A RO IRPTRRN 220

GNS Science Consultancy Report 2013/131 vii



Confidential 2013

Figure A 2.1

Figure A5.1
Figure A 5.2
Figure A5.3
Figure A7.1

Table A 1.1
Table A 1.2
Table A 3.1

Table A 4.1
Table A5.1
Table A5.2
Table A 5.3

TableA7.1
Table A 7.2

Table A 7.3

viii

APPENDIX FIGURES

Estimated volume of water displaced by a bolide hitting ocean within 1000 and within

3000 km of Wellington for various return Periods. ...........ooouueeieriaaniiiiiiee e 198
Assumed location of Hikurangi Outer Rise faults as used for this study............c.cccooccvivveeeennn. 207
Assumed locations of tentatively identified Taranaki Basin faults............ccccccvveeiiiiiiiiinen e, 208
Assumed locations of west coast South Island faults. ............cccccoiiiiii e, 209

Hazard curves for 300 samples of epistemic uncertainty, illustrating how the 16" 50"

and 84" percentiles of uncertainty are calculated. ............cccooiiiiiiiiiiii s 221
APPENDIX TABLES

A brief summary of tsunami modelling and inundation studies in New Zealand...................... 177

Tsunami research and modelling studies relevant to New Zealand. ...............ccooocvvieiieeiiiinnnns 183

Properties of subduction zone sources. Mmax is the maximum value of M w , C is the
coupling coefficient, and B-value is the Gutenberg-Richter B-value..............ccccoeveeiiiiiinnnnn.n. 199
Crustal faults properties. Fault Name and NZSHM_Number are as used in the National
Seismic Hazard Model (Stirling et al., 2012). NZSHM_Number can be used to identify

fault locations using the figures in Stirling et al. (2012). .....cooiiiiiiiiiiiiee e 201
Assumed Hikurangi Outer Rise fault Properties...........occiiviiiieiiiiiiiiieiee e 208
Assumed Taranaki Basin fault properties. ............eeiieiiiiiiiiieie e 209
Assumed west coast South Island fault Properties. ............eeeveiiiiiiiiiiiee e 210
Summary table of uncertainties and variabilities. ............c.ccccvviiiiiiiiiiii e 213

Standard deviations associated with stochastic adjustments to the synthetic catalogue to
create a catalogue of ‘effective Magnitudes'............uuviiiiiiiiiiiiiiee e 215

Magnitudes of scenario events used for modelling of local subduction zones.......................... 219

GNS Science Consultancy Report 2013/131



Confidential 2013

EXECUTIVE SUMMARY

In this report we have examined all likely sources of tsunami that could affect New Zealand,
and evaluated their potential to generate tsunami, the likely waves produced, and the likely
size of tsunami at the New Zealand coast. This review builds on the 2005 Review of Tsunami
Hazard and Risk in New Zealand, and summarises the current state of knowledge,
highlighting the results of new research and changes in scientific understanding between
2005 and 2013. A substantially revised probabilistic hazard model has been constructed for
this report, which for the first time estimates the tsunami hazard for all parts of the New
Zealand coastline.

This report focuses on quantifying tsunami hazard, i.e., the likely size of tsunami for specified
timescales, along with estimates of uncertainty. It does not provide estimates of risk, i.e.,
expected costs of damage and numbers of casualties. Every effort has been made to assign
realistic parameters for seismic tsunami sources in terms of their likely earthquake
magnitudes and frequencies, but there are large uncertainties. Our probabilistic method
incorporates these uncertainties throughout the analysis, so that the results contain realistic
‘error bars’.

The hazard posed by tsunami generated by landslides and volcanic activity has been
carefully considered. At this time it has not been possible to quantify the hazard from these
sources, though research work towards this goal is being undertaken. For most parts of
New Zealand, the hazard posed from these tsunami sources on time frames of up to 2500
years is considered secondary to the hazard from earthquake-generated tsunami. This is
consistent with the global experience of tsunami, in which relatively few events in the
instrumental era have been attributed to landslide and volcanic sources relative to the
number of earthquake-generated tsunami.

The 2011 Tohoku tsunami in Japan illustrates some of the key changes in scientific
knowledge since 2005. That event was the latest in a sequence, starting with the 2004 Indian
Ocean tsunami and the subsequent 2009 South Pacific tsunami, that were produced by
earthquakes substantially larger than had been considered likely to occur at those locations.
These earthquakes contradicted previous geophysical assumptions about the maximum
magnitudes of earthquakes that could be created on tectonic plate boundaries. There are
now far fewer restrictions on possible maximum magnitudes than was previously thought to
be the case, and the new probabilistic model attempts to account for this. It is now known
that there was a similar tsunami in Japan in AD 869, indicating that the interval between the
largest earthquakes there is over a thousand years. The tectonic plates in Japan are
converging twice as fast as those around New Zealand, which suggests that the interval
between the largest earthquakes on our local plate interfaces could be in excess of two
thousand years. The important implication here is that our brief historical record of 200 years
can, on its own, provide very little guidance in estimating the magnitude of the largest
earthquakes that New Zealand may experience.

To improve estimates of the earthquake potential of subduction plate interfaces around New
Zealand, where one plate is pushed below another, we must study the evidence of
prehistoric tsunami and earthquakes (paleotsunami and paleoearthquakes) in the geological
record, and work with the global community to find new, statistically valid, geophysical
estimates.
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The movement between the tectonic plates in the Tohoku tsunami was very non-uniform—in
some areas the plates moved more than 50 metres whereas in many other areas the
movement was much less, typically around 5 to 10 metres. This ‘non-uniform slip’ has
important implications for tsunami, as the distribution of movement between the plates
affects the motion of the seabed, which determines the size of tsunami. The probabilistic
model in this report attempts to incorporate the effects of this phenomenon to a first level of
approximation; this is at the cutting-edge of current science and the analysis represents a
first attempt at tackling this important problem.

The greater uncertainty that now exists regarding the maximum size of earthquakes on plate
boundaries close to New Zealand, has led to an increase in the estimated hazard from
tsunami triggered by local and regional sources. While for most parts of New Zealand the
overall levels of tsunami hazard have not changed greatly from the assessed hazard levels in
the 2005 report, the estimated hazard has generally increased in those areas most exposed
to tsunami from local subduction zones — notably the east-facing coasts of the North Island,
and the southwest corner of the South Island.
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1.0 INTRODUCTION

1.1 SCOPE OF THIS REPORT

Following the disastrous tsunami in the Indian Ocean on December 26, 2004 the
New Zealand Government resolved to consider the risk of such events in New Zealand. The
Ministry of Civil Defence & Emergency Management commissioned a report from the
Institute for Geological and Nuclear Sciences (now GNS Science) to answer this question.
The report “Review of Tsunami Hazard and Risk in New Zealand” was compiled by Kelvin
Berryman and completed in 2005.

In the period between 2005 and 2012 much research has been undertaken on the subject of
New Zealand’'s tsunami hazard. A new report was commissioned by the Ministry of Civil
Defence & Emergency Management to update the findings of the original 2005 report with
this new information. The new report builds upon the findings and structure of the original.
Like the original it represents the work of many scientists, and it directly incorporates material
from the original report where the present understanding is unchanged.

This report is a synthesis of available data on the hazard of distant, regional and local
tsunami in New Zealand. It includes summaries of geologically and historically derived
information on the occurrence of tsunami, and of numerical modelling studies. A revised
probabilistic model of tsunami hazard has been developed for this report which incorporates
new information on tsunami sources resulting from studies since 2005. It also differs from the
2005 hazard model by developing hazard estimates for the entire coast, not only the major
cities.

Estimates of expected casualties and damage costs have not been included in this report. It
is anticipated that the Riskscape project (see Section 2.4.4.2) will use the tsunami hazard
model developed here to produce revised estimates of tsunami risk.

1.2 CONTRIBUTORS

Many people have worked on this project. The project also draws heavily on the 2005 report,
particularly in the area of tsunami sources. The following researchers are acknowledged for
their contribution to writing the following chapters of this report:

Introduction (2013 update): William Power*

Tsunami Impacts: Stefan Reese??

Historical and pre-historical tsunami databases: Kate Clark*

Tsunami Modelling: Xiaoming Wang®, William Power*

Tsunami Sources (2013 update): Laura Wallace®*, William Power®, Joshu Mountjoy?
Probabilistic Modelling: William Power*, Joshu Mountjoy?

Discussion and Conclusions: William Power

GNS Science
NIWA

SwissRe
University of Texas

B w N P
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The following are additionally acknowledged for their scientific contribution to this report in
the following areas:

Tsunami Sources: Philip Barnes®, Kelvin Berryman', Nicola Litchfield, Andy Nicol,
Martin Reyners', Aggeliki Barberopoulou®, Stuart Fraser"®

Probabilistic Modelling: Christof Mueller*, Stuart Fraser™®, Biljana Lukovic®

The following are additionally acknowledged for their contributions to the 2005 report on
which this report draws:

Warwick Smith!, Mark Stirling', David Heron', Gaye Downes!, Ursula Cochran’,
Willem de Lange®, James Goff"’, Scott Nichol®, Roy Walters?, Terry Webb?,
Russell Robinson®, John Beavan®, Rob Langridge!, Geoffroy Lamarche?, Arne Pallentin?,
Mauri McSaveney?, Nick Perrin, lan Wright?, Alistair Barnett®, Doug Ramsay?, Jim Cousins’,
Andrew King®.

Project management was provided by: Ursula Cochran® and Hannah Brackley!, and
document editing and preparation by: Eileen McSaveney' and Kat Hammond'. Reviewing
was performed by Emily Lane?, David Burbidge'° and Kenji Satake .

1.3 STRUCTURE OF THE REPORT

In this Chapter 1 we briefly describe the structure of the report, what tsunami are, how they
are generated, and what damage they can do. Chapter 2 describes the impacts of tsunami
and how they may be quantified to evaluate tsunami risk. In the following chapter on
historical and paleotsunami (Chapter 3) we present the current state of knowledge about
tsunami that have occurred in our relatively recent recorded history and earlier tsunami that
have left evidence in the form of sedimentary deposits.

Chapter 4 describes techniques for numerical modelling of tsunami, and summarises
modelling work that has been done for New Zealand. Chapter 5 on Tsunami Sources
characterises the set of possible causes of tsunami, whether generated by earthquake,
landslide, volcano or bolide impact, and whether this occurs close to New Zealand or far
overseas.

A nationwide model of tsunami hazard was developed for this report. The model, the input
data it uses, and the results it produces are the subject of Chapter 6. Finally in Chapter 7
there is a discussion about the findings of the report and conclusions are drawn, including a
series of recommendations for further research.

Massey University

Waikato University

University of New South Wales

University of Auckland

Barnett & McMurray Ltd

Geoscience Australia

Earthquake Research Institute, University of Tokyo

© oo N o O
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14 WHAT IS A TSUNAMI?

A tsunami is a natural phenomenon consisting of a series of waves generated when a large
volume of water in the sea, or in a lake, is rapidly displaced. Tsunami are known for their
capacity to violently inundate coastlines, causing devastating property damage, injuries, and
loss of life. The principal sources of tsunami are:

o large submarine or coastal earthquakes (in which significant uplift or subsidence of the
seafloor or coast occurs)

o underwater landslides (which may be triggered by an earthquake, or volcanic activity)
o large landslides from coastal or lakeside cliffs

o volcanic eruptions (e.g., under-water explosions or caldera collapse'?, pyroclastic
flows™ and atmospheric pressure waves)

o meteor (bolide) splashdown, or an atmospheric air-burst over the ocean.

In a tsunami, the whole water column from the ocean floor to its surface is affected, the initial
disturbance creating a series of waves radiating outwards, until the waves either dissipate or
collide with a shoreline. Tsunami waves can arrive at nearby shores within minutes, or travel
across the deep ocean basins at speeds in excess of 500 kilometres per hour (km/hr). Very
large sources (disturbances) are required to cause tsunami that are damaging at great
distances from the source. For example, the 1960 magnitude® (M) 9.5 Chile earthquake,
which had a rupture length of several hundred kilometres, produced a 25 metre (m) high
tsunami locally, over 10 m in Hawaii, and nearly 4 m in New Zealand. On the other hand,
tsunami that are generated locally do not need such a large source to be large and damaging
at nearby shores. For example, the 1947 M7.1 earthquake off Gisborne affected 120 km of
coastline, with a tsunami of 10 m maximum height occurring along tens of kilometres of coast
north of Gisborne.

The amplitude of tsunami waves™ in deep water is generally less than one metre, producing
only a gentle rise and fall of the sea surface that is not noticed by ships, nor able to be seen
by aircraft, although new satellites with sea-surface elevation technology can detect large
tsunami in the deep ocean. When tsunami waves reach shallower waters, their speed
decreases rapidly from their deep-ocean values, and at the same time their height increases

12 CALDERA COLLAPSE refers to the formation of a large depression when the underlying magma chamber of a

volcano collapses during or following an eruption or explosion. The collapsed caldera is a crater-shaped
depression which may be many hundreds of square kilometres in area, and many hundreds of metres deep.
The collapse needs to occur suddenly to cause a tsunami.

A PYROCLASTIC FLOW is a ground-hugging avalanche of hot ash, pumice, rock fragments, and volcanic gas that
rushes down the side of a volcano at hundreds of km/hr, and can have temperatures greater than 500°C. In a
coastal setting, such flows cause tsunami when they enter the sea. Pyroclastic flows can also occur from
underwater volcanoes.

The MacNITUDE of an earthquake is a measure of its energy. There are several methods for estimating the
magnitude, which often give slightly different results. At present the most widely used form of the magnitude is
the moment magnitude M. In this report M is used to signify an approximate generic magnitude in situations
where there is significant uncertainty; this is often the case when discussing earthquakes that occurred before
the instrumental era.

TSUNAMI HEIGHT (m) is the vertical height of waves above the tide level at the time of the tsunami (offshore it is
approximately the same as the AMPLITUDE). It is far from constant, and increases substantially as the wave
approaches the shoreline, and as the tsunami travels onshore.The term “WAVE HEIGHT” is also often used, but
there is a potential ambiguity as many scientists define WAVE HEIGHT as the peak-to-trough height of a wave
(approximately twice the amplitude). Note that this is a change in terminology from the 2005 Tsunami Hazard
and Risk Review, intended to bring greater consistency with international usage of these terms.

13

14

15
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(as the front of each wave slows down and the back of the wave, which is moving faster,
catches up on the front, piling the water higher). A tsunami wave that is only half a metre
high in the open ocean can increase to a devastating 10 m high wave travelling at 10-40
km/hr at impact with the shore.

Tsunami waves differ from the usual waves we see breaking on the beach or in the deep
ocean, particularly in the distance between successive waves, because tsunami waves
occupy the whole ocean depth and not just the top few tens of metres as in storm waves.
Both of these factors contribute to the huge momentum of water in a tsunami at the coast.
The distance between successive tsunami waves (called wavelength) can vary from several
kilometres to over 400 km, rather than around 100 metres for normal waves at the beach.
The time between successive tsunami wave crests (called period) can vary from several
minutes to a few hours, rather than the few seconds usual for beach waves. Hence, when
tsunami waves reach the shore, they continue to flood inland over many minutes, and then
the waves may retreat over as many minutes, before the arrival of the next wave. The waves
may come in at irregular intervals, often without complete withdrawal of the inundating water
from previous waves due to retardation of the outflow and impoundments. The first wave to
arrive may not be the largest wave.

New Zealand’s location astride a plate boundary means that it experiences many large
earthquakes. Some cause large tsunami. New Zealand’s coasts are also exposed to tsunami
from submarine and coastal landslides, and from island and submarine volcanoes. In
addition, tsunami generated by large earthquakes at distant locations, such as
South America, or western North America and the Aleutians in the north Pacific Ocean, can
also be damaging in New Zealand.

Tsunami with run-up heights*® of a metre or more have occurred about once every 10 years
on average somewhere around New Zealand, a similar frequency to Hawaii and Indonesia,
but about one third that in Japan. Smaller tsunami occur more frequently, the smallest of
which are only detectable on sea-level recorders.

New Zealand can expect tsunami in the future. Some coasts are more at risk than others
because of their proximity to areas of high local seismic activity, or exposure to tsunami from
more distant sources. No part of the New Zealand coastline is completely free from tsunami
hazard.

¥ TSUNAMI RUN-UP (m), a measure much used in tsunami-hazard assessment, is the elevation of inundation

above the instantaneous sea level at the time of impact at the farthest inland limit of inundation. This measure
has a drawback in that its relationship with the amplitude of the waves at the shore depends markedly on the
characteristics of waves and on the local slopes, vegetation, and buildings on the beach and foreshore areas,
so it is highly site-specific.
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WHAT DAMAGE DOES A TSUNAMI DO?

Tsunami damage and casualties are usually from four main factors (see also Table 1.1 and
further discussion in Chapter 2):

Impact of swiftly-flowing torrent (up to 40 km/hr), or travelling bores'’, on vessels in
navigable waterways, canal estates and marinas, and on buildings, infrastructure and
people where coastal margins are inundated. Torrents (inundating and receding) and
bores can also cause substantial erosion both of the coast and the sea-floor. They can
scour roads and railways, land and associated vegetation. The receding flows, or “out-
rush”, when a large tsunami wave recedes are often the main cause of drowning, as
people are swept out to sea.

Debris impacts—many casualties and much building damage arise from the high
impulsive impacts of floating debris picked up and carried by the in-rush (inundating)
and out-rush (receding) flows.

Fire and contamination—fire may occur when fuel installations are floated or breached
by debris, or when home heaters are overturned. Breached fuel tanks, and broken or
flooded sewerage pipes or works can cause contamination. Homes and many
businesses contain harmful chemicals that can be spilled.

Inundation and saltwater-contamination by the ponding of potentially large volumes of
seawater will cause medium- to long-term damage to buildings, electronics, fittings,
and to farmland.

17

Tsunamis often form bores in harbours, man-made waterways, and in coastal rivers and streams. A bore can
be a smooth or turbulent, non-breaking step-like increase in water height resulting in wall-like change in water
levels from normal to some higher level. They can travel 3 or more kilometres up a river with the water many
metres above the normal level, sometimes well over the bank height, causing damage to bridges and
wharves, and causing water to flood nearby flat areas.

GNS Science Consultancy Report 2013/131 5



Confidential 2013

Table 1.1

Summary of damage that can be caused by tsunami waves.

People and animals

Built environment

Natural environment

Shipping

Washed off feet

Drowned, especially in
out-wash

Injured by debris or
impact with structures
Skin may be removed
by the “sand-blast”
effect of suspended
particles

Injuryl/iliness due to
contact with
contaminated water

e Damaged by
inundation and
deposition of sand

e Damaged by floating
debris (including cars
and boats)

e Wooden buildings
floated and damaged

¢ Reinforced concrete
buildings damaged
(with on-land water
levels of 4m+)

¢ Reinforced buildings
badly damaged (with
on land water levels of
10m+)

e Coastal wharves,
coastal defences
(seawalls/gabions)
and bridges damaged
or destroyed

¢ Riverside wharves and
bridges damaged or
destroyed 3 km or
more upstream by
bores

e Walls, fences, road
surfaces,
power/telegraph poles
damaged or destroyed

e Qil spills from
overturned vehicles,
heaters or floated
storage tanks, with
consequent fire
danger

e Aqua-culture rafts, etc.
damaged

e Sewerage systems
obstructed, or
damaged, with
consequent
contamination

e Erosion or deposition

e Trees snapped or
uprooted

e Long-term sea-water
contamination effects
(salt)

e Sewage contamination

e Fish and shellfish
thrown ashore, with
consequent
contamination

e Disturbance, siltation,
contamination of the
near shore marine
environment with
subsequent reduction
in fish stocks

Ship and boat damage
by impact with
wharves, breakwaters
or other boats

Ship and boat damage
by complete
withdrawal of water, or
too rapid a return of
water to allow floating
Ships and boats torn
from moorings and
thrown on shore
Buoys moved
Channels altered by
scouring and
deposition

Shipping lanes littered
with floating debris

Qil spills from
overturned boats and
wharf installations with
consequent fire
danger

Port and marina
docking facilities and
breakwaters
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