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Abstract

Seismic surveying of Arctic enanments is important fdsoth economic and environmental
reasonsThe world energy demandiiscreasing, and new areas needbéoexplored to cover
the demandOne of the new areas where hydrocarbons are expected to be found is the Arctic.
At the same timethe Arctic is severely afféed by climate changdising temperatures lead

to melting ice, and ntbods for monitoring thece are needed.

The seismic methd can be used both for mapping the subsurface, and for monitoring the
properties of ice. Therefore, studies about the usasshgein Arctic environments are needed.

The seismic method dodwwever not have a good reputation amongst everyone. Claims have
been made that seismic surveying may harm marine anichedgo thenigh sounds involved

when conductingseismicsurveysin Arctic environmentsin addition, gismic surveyingn

Arctic environments ichallenging. Harsh weather conditions and remoteness means that
special equipment is needed for Arctic surveyififpe wavefield in a sea ice covered
environment isalsocomplex,especially if te water depth is limitedrhere is a high presence

of dispersive surface waves that cannot be removed with conventional processing techniques.

Data was acquired in such an environment on Svalbard in 2016.

This master thesis therefore seslthe effect on theeismic datajuality of changing source

type (detonating cord versus air gun), source depthofoftice,or at differentdeptts in the

water), receiver depth (hydrophoneglditerentdeptrs), and air gun pressure (from 90 to 160

bar) in a seismic survey. The thesis also compares frequency spectra, sound pressure levels,
sound exposure levels and wave propagation underwdtetheory abouhearing damages in
pinnipeds(seals) From this, the potential seismic surveys have to fmnmmipeds is discussed.

The results reveal that survey geometan bave a large impact dime quality of the seismic

data. Strongr reflections and less noise af#ained in the records when an air gun rather than

a detonating cord is used, and whemgburce and receiver are located deeper in the water. The
results also reveal that pinnipeds probably cannot hear many of the frequencies used in seismic
acquisition, especially when the source is an air gun located deepattre The resultshow

that sound pressure levels and sound exposure levels that may be harmful to a pinniped are only
found veryclose to a seismic sourceoud levels decrease rapidly away from a seismic source,

but the attenuation is not constant in a shallow marine environm#msea ice cover. This

makes it difficult to conclude if, where and how a pinniped will be affected by seismic surveys

in such an environment.






Acknowledgements

This thesis has been written at the Department of Euittnce at the University of Bergen

under supervision of Professor Tor Arne Johansen and senior engineer Bent Ole Ruud. First of

all, 1 would like to thank my supervisor and-sopervisor for their help and useful feedbac

when writing this thesisTheiri np ut has been greatly appreci
suggestions fomprovenents ofthe thesisn the final few weekfave been very helpful.

The rest of Professor Tor Arne Johansenods r ¢

feedback and esoments on my presentations throughout the year.

Participation in the field work part of the UNIS course -B86/835 (Arctic Seismic
Exploration) gave me great insight into haeismic surveying ahe Arctic works in practice.
| would like to thank all paicipants for making it a fun and educational tripith many
discussions that have helped in my work withthis thesis.

Finally, friends and family deserve a big thank you for their suppopedially my fellow
students whdiave made my years at the ilgrsity of Bergen unforgettabjeas well as my

flatmates in Parkveien for helping me unwind during stressful times.



Contents

R 11 oo 1 Tox 1 o o T 1
IO I 1V o ()72 11 [ o OO PPRRPPRTPPPRIN: 1
Y @ o] [=Toi 1)V PP PP PP PP PPPPPPPP 5
0 T O )T TP 6

2. Background T SEISMIC WaAVES.......uuuuuuiiuriiiiiiiniimmneeeaeeeeaeeeaaeteeeeeeeesiaeeisnannsn s immreesseees 7
2. 1. SEISITIC WAVES ..ot iiiiiiiiiitit e e e e e e e e e e sttt ettt e e e e e s smmme e e e e s bbb e e et e e e e e e e s s rmmne s s ansbbbbeeeeeeeeenans 7.
A VAT VLR o] (o] o T= To F= i (o] o PO PPPRPPP P PPPIN 8.
2.3. Wave propagation in a layered MediUM..........coooiiiiiiii e rrne e e e e e e e e e e e e 9

2.3 LWAVETIEI. ...t mnne e e Q.
2.3.2. Behaviour of a wave at a boundary...............ooooiiimmmiiiiiii e 10
2.4. The seismiC MEthOM........cooi i e e ens e 11
2.5. Attenuation of a travelling body WaMe...............euviiiiiiiiii e 13
2.5.1. GEOMELriCal EffECES....ccii it rmne e 13
P Y o LT ] 1o ] o PP TP PP PPPPPPPPPPPPPPR 15
2.5.3. Atenuationof P-Waves iN WALEL............uuuiiiiiiee et reene e 15
B S T ST [ 11 0= /PR 16
3. Backgroundi SeismiC SOUICES and MECEIVELS...........occuiiiriiiiiieeeie e e e e e emme e e e 17
TN IS Y0 18] (o] PP USPPPPRRTT 17
G 700 Ot O N o 1] =R 18
G T 2 B =) (o] o =1 1 o T o0 o K< USSR UR 20
G T U= To7 1Y =T PP 21
G I B 1= To T o] g1 1= OO PRt 21
I o V{0 1 10T o] o] 1= 3P 22
T T |2 1 T EEPPR 23
3.3 SUIMIMABIY. ..ttt ettt ettt et ettt ettt e et eeme s e e s s e e s s e e s s e e e s e e e e e ammme e e eeeeeeeessensssennnnesrnnes 24

4. Background T ArctiC SEISIMIC SUINVEYING.....uuuuuiiuriiiiiiiiiiimmmeeeeeeeeeeeeeeee e e e e e e e e e eeeeaa s aea e e e s e e aaaeeas 25
4.1. Seismic acquisition in an Arctic @NVIFONMENL..........ccouuiiiiiimmmriiiiie e e e e e eeeeeeees 25
4.2.Wavefieldin an Arctic shallow water environment................cooo oo e eeeeeeeeiieevieeiieee e 26

4.2.1. The fleXUral I8 WAVE.........cceeieiiiiiie et eme e e e e e e s s e e es 28
4.2.2. ThE SCROIE WAVE......cci ittt eeet e e e e e e e e emme e e e e e e 29
G S 1011 0= 1Y PR 31

5. Background i Pinnipeds and sound propagation Underwater.............cccooeevvvvrimemivnneeeeeeeeennn 32

LS9 IR To 18] s o [ o] f0] o =T F= 1 1o ] o 1P 32
5.1.1. Sound PreSsure 18VEl (SPL)......u iiiiiiiiiiiieeei e e e 32
5.1.2. Sound eXposure leVel (SEL).......cooiiiiiiii et 34

L2 = 1= = U Vo 34



5.3.Pinnipeds and hearing damage..........c.ccoee i i i i e mmme e e e e e e e e e e e e e e e e e e e e e e e s anen 36

5.4.Pinnipeds 0N SVaIDAId...........uuuiiiiiiiime e eee s 38
5.4. 1. FIEQUENCHANGE .....ciiiiiiiiieeeeee e iee e eeeeen et e e e e e e e e e e e e e e e sensannns s e e e e e e e eenas 38
L B I = 1 To I 100 o = 39

D 5. SUMMAIY....ciiceiiiiii e srees s e e s e ensri s s e e sssessnnnsesessssnnseeeesssessennnsnnes D0

oY [ n g oTe ESgr=Tg o I F- L= TP PPPPR PP 42

6.1. SUIMNVEY GEOMELLY...cereeereeeeeeeerrrnrirrirrre e e eeeeeeeeeeeeeeeeaeeeesemsnrsnnnsnnnnnnnnnnnn s ssmmmeeeeeeeeeeeeeneeeees 2
6.1.1. RECEIVEI QEOMEIIY....ciiiiiiieiiieeeeeeeeeeeee e e e s e e e e s eereeessaesrersrrrrnrrnrnrrrnnneeeeeeeee e 43
LR S Yo 10 | o =30 =101 1= 1y Y PP 44

6.1.2.1. Detonating COrd SNOLS..........oiiiiiiiiii et erer e e e ennd 44
6.1.2.2. AIF QUN SNOLS....cciiiiiiie ettt e e e s emmr e e e e e 45

SR BT = W 1)Y= (o = 110 o PP 45
6.2.1. PlOtting OBEISMICUALAL.........uvveiiiiieeeiiiirree e e e e e e e e e eennanes 46
6.2.2. DAta COMPAIISONIS ... .uuuitiiiiieeeeee s s imme e e s sttt e e e e e e s e s rmmee s s e bbb e e e e e e e e e e e s nnee s s ennneees 48

6.3.QUANILY OFf dALA.......ciiiiiiiiiieieeeee e ———————— e 49

T RESUILS. ...ttt e e e ettt e e e e e e e e e nan bbbt e et e e e e e e e e nnnn b nnnn s nrpn e e s 51

7.1. Detonating COrd SNQTS........coiiiiiiiii ittt e e e e e e s s e e e e e ennes 51
7.1.1. COMMON SNOE PIOL....eeiiiiiiieiiiii e eenr e e e e et eeer e e e e eeas 51
N Y OTo ] aq1 0 o] AT = ToT o Y=Y o) [ A 57

7.1.2.1. Changing receiver depthiS.........ooiiiiiiiiii e 59

7.2, AT GUIN SNOS...cceiiiiiit ettt et e e e e et e e e e e s st e e e e e e r e e e e e e e as 6l

7.2.1.Common ShOt PIQL.........ooiii e ee e rrenr e 61
7.2.1.1. Changing SOUICE dePthiS........uuuuiiiiiiiiiiiime e 65
7.1.2.2. Changing &Il QUN PrESSUIES. ......ccueeeetiiiuttireeaiirererreeeaesaaaannssinnessrsneeeeeeeeesaans 68

FA A ©o] 1411 4To) g I L=ToT=T AV =T o] (o | SO 73

S T o (11T U =T PP PP PPPPOTTRRPUOPPRPRTRRPRY £ <
7.3.1. Pressure variation With time...........cccooiiiiiii e rees s e e e e e 78
7.3.2. SOUNd PreSSUre 18VE] (SPL)......uiiiiiiieiiiiieeee e e 80
7.3.3. Sound exXposure [EVEl (SEL).. ... e eeer e 83

7.4. Wave propagation UNAEIWALEL.............coiviiiiiiieeeiiieee e eee e e e e e e e e e e e e e s emmmeeeeeeeeeeeeseeseseseeeesrenes 85

S T o U111 o 88

8.1. Detonating cords versus air guns as SEISMIC SOLILCES...........ceeeeeiieeeeiurrrrerneennneennnennnnnan 88

8.2. The significance of SUIVEY gEOMELLY........ooiiiiiii e 93
8.2.1. RECEIVET UEPIN.....eeeeiiiiiii et eea e e e e as 94
8.2.2. Air gun depth @nd PreSSUIE.........uuuiiiiiiieei it rmeee s e e e e 98

8.3. Pinnipeds and SEISMIC SUIVEYS........ccoi i i ittt e e e e e e e e e e e e e e e eeeeees 101
TR IO I o (TS U< PP UPPPPPTPTRR 101

vi



8.3.2. Sound pressure 1eVel (SPL).......cooo oo 102

8.3.3. Sound exposure [eVEl (SEL).....cccoiiiiiiii e rrer e 102
IR I T o (=To [N =T o[y V] o [T o3 - ST 103
8.3.5. Wave propagation UNAEIWALEL..............uuvirriiiieeereeeee e e e s s e e e e emmr e e e e e 106
8.3.6. PINNIped hEAING.......cc i e e e e e e e e e e e e e e e e e e eee e 110

8.4. USefUINESS Of the WOIK........eviiiiiiiiitieee et re e 113

LS T 0] T 11 1= o L 114
9.1, MAINCONCIUSIONS ... ..iiiieiiiiiie e eees sttt e e e s e e e bbbttt e e e e e e s s e e e bbb e e e e e aaeas 114
9.2, FULUIE WOTK. ... ttteeteee e ettt eees ettt e e neea bttt e e e e e e e e st b s ennnss et e e e e e e e e e e e nnnnnenes 114
] (=T (= o LRSI 116
Y o] 01T o [5G [P P PP PPPP R PPPP 121
Y o] o 1= o [5Gl | PP PPPPPPTRRRR 122

Vii



Chapter 1: Introduction

1. Introduction
1.1.Motivation

The worldenergy @mandhasbeen constantly increasirigr the lasthundredyears, and the
demandcontinues to rise As the worldpopulation rises, combined with an increadedng
standard for more and more people, the need for emesgurces continues to be one of the
main issues in the world. Fossil fuale hydrocarbon energy resourdasluding coal, oil and
natural gasthat have been present on the market for many yidaveever, fossil fuels are nen
renewable, andhe easily accessibleeservesare starting to become depleted. Renewable
erergy source$ike wind, water and solar energgre becoming more and more commbout

are not yet numerous enoutghcover the energy demand of the world. The need foit fasts

is sill present, and will bdor many years to com@ECD/IEA, 2016) Thus,new areas need

to be exploredor hydrocarbonsAt the same time, the effects of climate change are becoming
more and more obvious. We daily hear about extreme weather situations all over the world, and
studies showa clear relation betweethe worldé energy use and rising temperatures
(Hartmann et al., 2013Finding a balance between covering the world energy demémile

at the same time not changing tharted s ¢ | id oneattthee main challengg®world faces.

One of thenewareasvhere hydrocarbon resourcesght be founds theArctic. The Arctic is
the large region locatawbrth of theArctic circle, where therés 24 consecutive hours wigun
above the horizon,na 24 consecutive hours wittun below the horizont deast once a year
(National Snowand Ice Data Center, n.dynderstanding the geology andrh dynanics of

the Arctic areas is therefonmportant for both economic and environmental reasons:

o Economic because a large percentage of the world economy is somehow related to
energyin the sense that energy is needed for almost all services and goods produced in
the world In some countrie®.g. Norway, energy is also directly contributing greatly
to the economy through the oil and gas export busiiyég$ and CERA, 2012, Harriss,

2016) Studies have shown that there is a high probability that large amounts of energ
resources can be found in thecfie, both offshore and onsholtis, howeverdifficult

to exactly estimate the undiscovered oil and gas resources in the Arctic, and estimates
in these studiegary greatly(Gautier et al., 2009, Schenk et al., 2012, Harriss, 2016)
Gautier et al. (2009)reseniestimates from the USGS claiming that approximately 13
percent of the worl@ undiscovered oil resourceand 30 percent of the wofkl

undiscovered natural gas reserves are located in the Afigiae 1a and 1bhow the
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estimated remaining oil and gessources in the Arcticespectively(Gautier et al.,
2009)

UNDISCOVERED GAS
(trillion cubic feet)

UNDISCOVERED OIL
(billion barrels)

-
| o

6-100
-6

B 011
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(10(

Figurel: Figures fronGautier et al. (2009)Figurela shows the estimated remainind oésources in the Arctic, anijbre
1b shows the estimated remaining natural gas resour8egarker green or red colour mesa higher amount of oil and gas,
respectivelySvalbard is located between 10 and 35 degrees, Bdstre the estimates show that both oié gas can be
expected to be found

o Environmental because the Arcticveonment has great impact on the enviroemt
in the rest of the worl@Screen and Simmonds, 201Temperature seem to rise faster
in the Arcticthan the worlcaveraggHartmann et al., 2013Rising temperatures lead
to melting ice, andhis nelting ice canwork as aso-calledpositive feedbackleading
to an amplification othe rise intemperatures, which agadeads to further ice melting
(Screen and Simmonds, 201The Arctic is thereforespecially sensitive to changing
temperaturesand nce rising global temperatures can havgéimpactsll around the
world, being able to monitor the change in ice cover due to rising temperatures is
necessary. To do this, dd& knowledge of methods for measuring ice properties in

Arctic environments is needed

All in all, the conclusion is that detaildchowledge about the Arctic, including geology,
weather and ice coveis important. To acquire this knowledge, good metHodsurveying

the Arctic must be developed.

There are, howevemany challenges associated wstlrveying anditilizing the Arctic areas
for hydrocarborexploration. First of all, th&rctic environment is unlike any othérhe Arctic
is an expansiveregionwith many local variationsboth onshore and offshore. The common
factor is however that the Arctic areas haveld, harsh weather condition®nshore the

permafrost makes surveyidgficult, and offshoreapresence afeaice makes surveyinigoth
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challenging and riskyHall et al., 2001, Trupp et al., 2009, Johansen et al., 2011, Rice et al.,
2013) Special equipment that can hagitlleseextreme weather conditions is necessanrder
to avoid acidents(Rice et al., 2013)The Arctic ecosystem islso unique, with a large
biodiversity including mangnimalspecies thatannot be found any other plawe Earth, and
thatmay be affected by climate chan@urek et al., 2008)Second, drge parts of the Arctic
are locgéed faraway from poplated aregswith lack of infrastructure for transportation of
equipment and possibkxploitedenergy resorces This is yet another challengeelated to
Arctic hydrocarborexploration. It is specialy importantto focus orthe ch#lenges that would
arise incase of araccident, e.gan oil spill. It could take a long time to get hédpthe site of
the accidentand harsh weather conditionsuld makeit difficult to clean up Traditiond
equipment for this work magot functionin as cold conditions as in thctic (Venosa and
Holder, 2007, Harriss, 2016)

All the factors that maksurveyingin the Arctic challaging also add costs to the warkKo
make Arctic exploratiorieasible, finding ways to reduce the costsecessary. Doing field
work in the Arcticusudly requires a large workforce and expensive equipmemd therefore
each day of field wk can be very expensiv&penling weeksacquring data using methods
that donot work well can result in a large loss of monkyorder to reduce these costds
crucial withextensivetiesing and studyingf methods and equipment before they are used in
the field as well as detailed planniri§rupp et al., 2009)

One of the wigly used methods for surveying tharkhis the seismic methoavhere sound
waves are expelled from a seismaugsce to propagatirough the Brth. Parts of the waves
are reflected backrom geological boundariesnd theseare recorded by a seismic receiver
(Steeples et al., 1995, Association of Oil and Gas Producers,. ZBiLE) the seismic method
can be used in exploratidar hydrocabons by mapping the subsurface. The seismic method
can, howeveralsobe used to monitor changes in ice proper@sce gismic velocities in ice
andwater are very different (approximately 3000 m/s &Bd0 m/s respectively), areas with
melting ice can be identified using the seismic me{l&tein et al., 1998, Johansen et al., 2003,
Marsan et al., 2012fFigure 2shows how the seismic velocitiesf a materialchangewhen
water gradually freezggohansen et al., 2003)
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Figure2: Fgure fromJohansen et al. (2003)he figure shows what will happevrith the seismic velocities in a material when
the fraction of ice in a water filled material gradually increa¥gken water freezes and gradually turns into ice, both Vp and
Vs will drastically increase when a certain amount of the water (approxima@edy)has turned into ice. Thigriainlydue to

the nonexistent shear modulus in water, compared with a high shear modulus(seieequation2 and 3 in section 2.2.)

Historically, the seismic method has been developed from the beginning of'tlvertQry,
gradually becoming more and more advanced. During tfedStury, large advancemeris

the knowledge about elasticity wemeade A book written bylL.ove (1892)summed up what
had been found within the field of elasticit
extended to elasticity, the theory of stress and strain, the elastic penstinat describe a
medium and the existence of BRnd Swaves(Chapman, 2004)A paper byRayleigh (1885)
explained the existence of surface waves, and all of the acquired knowledge up unfil the 20
century led td_amb (1904 )peing able to explain the excitation and propagationwafies, S
waves, head waves and Rayleighves which is the foundation e seismic method.ige

the paper by Lamiwas publishedn 1904, the theory of, and concepts behind, the seismic
method have B improved drastically. New waves have been discoyaretithe propagation

of wavesunder different conditions have beexplainedChapman, 2004)

However, theuse of seismic in the vicinity ofseaice is less studiedSome of the most
commonly used seismic sources and receivers requiredpegearas without any obstacles,
thereforealternative acquisitiogeometries need to be testecaneas with sea ice covérhe
presence of ice hadsobeen showna affect the seismic records. Thas a high presence of
surface waves such areasyhich can complicate thevavefield(Proubasta, 1985, Rendleman
and Levin, D90, Del Molino et al., 2008Another type of environment that has proven to have
a complicatedwavefield is shallow marine areasvhere he water depths are very limited
(Richardson et al., 1995, Hermannsen et al., 200%¥ also tendo lead to a high presence
of surface waves. Based on thisfallows that thewavefieldin an area with botlof these

characteristics, i.e. shallow marine sea ice covered environmeah be expected to logite

4
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complicated(Hall et al., 2001) Effort has been made develop processing routingsat can
remove these surface waves from the seismic records, but thippeesred to be difficult

Many conventional processing techniques fail when it comes to the removal of surface waves
(Proubasta, 1985, Henley, 2003, Henley, 2007, Rovetta et al., 200@agfore, a suggestion

is to insteadchange the acquisition geometty see if it is possible to avoid reding these

surface waves at aih that way enhancing the quality of the seismic data.

While the seismic method has been warethbracedy oil and gas explorers,dbes not have

a good reputation amongst everyo®ee of theconcers that has beeraisedis regardingthe
factthatmarine seismic acquisitianvolvestheuse of high intensity soundsderwaterMost
people have experienced that very loud sowastsbe hurtful for their ears, anishae sound
can travel very well underwater, there has been worry about whether soyedlede from
seismic sources can hurt animals living in the sea, includihgs and marine mammé#Engas

et al., 1996, Malakoff, 2002, Gordon et al., 2008udies showing inconsistent propagation
patterrs for sound waves undeater havealso aised concerns about whetimapacts of sounds
can be predicted well enoughkingsimplemodelling methodéRichardson et al., 1995, Tolstoy
et al., 2004, Farcad al., 2016) It has been claimed by fishermen tkatsmic exploration
activity scares the fish away froaneas where they are fishing, and in that way reducing their
stocks a claim supported by a few studi@sg. Engas et al. (199%) There havelso been
reportsof strandedvhaleswhereseismic exploration has beentlad as the caugeutwithout
any direct link between the two being provdtalakoff, 2002) Concern haslsobeen raised
about the possible effects séismic operations on pinnipeds (commonly called seatso
breed and feed in areas were saesoperations might be performéHarris et al., 2001,
Southall et al., 2007)The uncertainties that existithin this field makes it clear that more
studies abouthe effect of seismic on marine animals are negtietie able to enforce the

necessary protection measures
1.2.0bjectives

The purpose of thighesis is twofold. Onebjective isto give an overviewof the impactof
acquisition geometry on the quality of seismic data acquired in artrasea iceThis will be
done by comparingeismic records acquireslith seismic sources ameéceivers at different
locations The thesis studidbe efect of havinga seismic sourcen top of the ice sheebr at
different depths in the watemderneath it. lalso studiesthe effect of having receivers at
different depths in the water
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The other main objectivef the thesigs to study and highlight any possible harmful effects
seismicsurveyscan have on marimaammals, with a specific focas pinnipedsln this thesis,

| focusmainly on threehings related to this.compare the frequency spectra from the seismic
datawith the hearing bandwidth for pirpeds faind in previous studied. also compare
recordedsound pressure levels and soungdasure levelsvith theory to look at whether any
physical or physiological effects can be expected when seismic exploratioforees. Since
P-waves are the only waves that can travel through water, that is the only type of wave that
needs to be considered when studying possible impacts of seismic waves on matiastife.

| will briefly study how the waves are attenuated befwihe receivers, and from this see if any
apparent propagation patterns in a shallow water sea ice covered environment like this can be
identified. This is important information to know when assessing wégsenic surveys can
affect pinnipedsThe thesisis based orseismicdata acquired in the Van Mijen fjord on
Svalbard in March 2016, and therefdine focus will be on pinnipedbatare common in the

waters close to the archipelago of Svalbard.
1.3.0utline
The outline of this thesis is the following:
Chapter 1presents the motivation and objectives for this thesis.
Chapter 2presents background theory about seismic waves and seismic wave propagation.
Chapter 3presents background theory about seismic sources and receivers.
Chapter 4presentbackgroud theory about seismic surveying inArctic environment.

Chapter Spresents background theory about sound propagation undem@veatdérow pinnipeds
will be affected by sounds.

Chapter 6outlines the data and methods that ased in the work with this thesis.
Chapter 7presents the results of the work with this thesis.

Chapter 8discusses the results presented in chapierlight of theory presented in chapter 2
to 5.

Chapter 9gives the conclusions and discusses fuluoek that can be done within this field.



Chapter 2: Seismic waves

2. Backgroundi Seismic waves

This chapter will present background theory about seismic waves and wave propagation. The
chapter will start bylefining seismic waves, and will then go on to presenting the behaviour of

a wave within a mediumand at the boundary between two media with different properties.
Then these concepts will be used to briefly explain the seismic method, before the cidspter e
with a section about the principles behind how a wave will lose energy when it is propagating

away from a source.
2.1.Seismic waves

A seismic wave is a package of elastic eneggnerated by a disturbance, that propagates
through a mediunfKearey et al., 2002)'he seimic wave willbe periodic andhave acertain
signature,andthe shape of that signature will depend on the strain made by the source that
created the wav@ he signaturevill thus vary depending on what kind of source made the strain
(Ziolkowski et al., 1982)A seismic wavas defined by many different measures both in the
time and frequency domain, including frequenegyvelength and amplitud&vhen the wave
travels, the energsind characteristics of the waweausecertainparticle movementéGelius,
2012a)

Seismic wavesan be divided into two typesplly waves and surface wav&ady waves are
waves that can travel through timerior of theEarth, without being immediately attenuated
These are either compressional wawath particle movemenin the same direction as the
direction of motionoften called Rvaves, or shear wavesth particle movemerin a direction
perpendicular to the direction of motiaften called Svaves An important difference between
the twotypes ofbody waves is thalue to the different particle movements associated with the
waves, Pwaves can travel tbugh liquids, while Svavescannot(Gelius, 2012a)

The other seismic wave type is surface waeesl these waves hayparticle movement

other directionghan the body waveslepending onhie layer properties close to timgerface
where they traveBurface wavelave a more limited area of distribution, and as can be deduced
from their name, they will usually only exist close to an interface like a surface.thbygp

not travel deep into thmterior of theEarth, and will notgive much informatn aboutdeep
Earth structure(Steeples et al., 1995, Gelius, 2012é9wever, they can still affect the seismic
records, sice the receivers are usually closehe Earth surface.According toBoiero et al.

(2013) seismic data acquired in a shallow marine environment often reveals many surface
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waves and guided waves (body waves -définedapped:c
dispersion pattern&ome surface wavéisatoccur in a shallow marine Arctic environmeain

for example bé&cholte waves (a type of oceanic Rayleigh/Stoneley wavbgaedottom in

very shallow water, anftexural ice waves (an asymmetric Lamb wave) in a rigid ice Idyer

Molino et al., 2008, Boiero et al., 2013hesetwo surface wavewill be explained in further

detail in chapter 4.
2.2.Wave propagation

Wave propagation within a medium is described by the wave equation. The elastic wave

eguation ints most basic form igiven by
N2 =——, (1)

for an isotropic redium, where cisthe velociyn d G i s adegendimd ot theyvaavei a b | e
type that the wave equation is for, for examplewsaWe(Krebes, 2004, Gelius, 2012&yave
propagation will not be discussed in detailthis thesis, but the presgrdragrapldiscusss
wave propagatiobriefly. See e.gChapman (2004fpr a complete discussioWVithin a layer,
the velocity of awave will depend on the elastic paramstef that mediumwhich are the
incompressibility or bulk modulus k, the rigidityorsheao d ul us O, a(fehrey he de

et al., 2002)The velocities of a bodyave within anedium arghengiven by

Vp = (2)
and
Vez - 3

Therefore, the velocity and field variahlsed in the wave equatiavill vary depending on the
medium, and in a complex medium the wave equation can become quite complicated.
Numerical solution of the wave equation is therefaiten verytime consuming, and for that
reason different approknations for the solution are ¢¢n used. Thesapproximate the
propagation of a wave front through a heterogeneous md#itehes, 2004, Gjgystdal et al.,
2007) A solution to the elastic wave equatiaas, howeverpresented by Pressid Ewing
(1951)for wave propagation faa modelconsisting of air, ice and wateFheir derivationis

partly presented ithapterd.
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2.3.Wave propagation in layered media
2.3.1. Thewavefield

The previous section coveredvin a wave will travel within anedium What is alsamportant

to understand for the scope of this thesis, is what will happen at a boundary between two layers

with different propertiesTo more easilylescribe travel paths of a wave, the concepaysis
often used. Aray is a theoretical carept where amall pencil of seismic energy that is
perpendicular to a specific point on the wavefront at all tisméefined as a rajKearey et al.,

2002) Figure 3 demonstrates this concept.
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Figure3: Aray isa theoretical concept used to descridbsmall pencil of energy that is perpendicular to the wave front at all
times.In the figure, the arrows represent rays, and the stippled lines represent wave fronts.

In the first sectiorof this chapter, it was explained how waves can be divideddifferent
groups based on where they trafeely. surface waves atdéstinguished from body wavesnd
based onvhat kind of particle motion they causten they pasi&.g.P-wavesare distinguished
from Swaves) Due to the behaviour of waves at a lapeundary, it is also possibke
characterizevaves basedn the paththey travel between a source ancteeiver(Steeples et
al., 1995)

A wave can travel directly from a source to a receiver, and this is calledirdo wave
However, a wavexpelled from a souroeill usually spread out in all directions, apdrts of

the wavewill eventuallytravel into a Iggered mediumAt a boundary between two materials

with different acoustic impedances, the incoming body wave will be split up. Parts of the wave

will then bereflectedasreflected wavespartsof the wave willtravelthrough the boundargs
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transmittedwaves and parts will be modeonvertedto other types of waveie.g. Rto S
waves) Refractedvaves will also occymwhich are waves that travaiong the boundariy the
layer below an interface, continuously sending up waves withsdkealled critical angle
(Kearey et al., 2002)
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Figure4: Figure fromKearey et al. (2002) he figure shows the different propagation paths a weam follow from a source
to a receiver. The figure showslamect wave, tworeflected wave and a refraded wave. The modeonverted P$Svave and
surface waves are not displayed in the figure.

Figure 4 shows the propagation paths for djrexflected andefracted waveg¢Kearey et al.,
2002) The next section will explaimn more detailhow these waves are gatedat a

boundary
2.3.2. Behaviour of a wave at a boundary

The amount of energy that will be reflectatd the amount of energy that will transmited
at a layer boundarglepend on the acastic impedances Z of the layabove (layer 1)and
below (layer 2) the boutary. As a measure of thike amplitude of the reflected ray relative
to the amplitude of the incident réyncideny Or the amplitude of the transmitted ryrelative
to the amplitude ofthe incident rayAincidens iS dten used. These amalled the reflectiorand
transmission coefficiestR and T respectively, and argiven by the following expressions

from Kearey et al. (2002)
R = A1/Aincident (4)
T = Ao/Aincident (5)

For the simple case of normally incident rays, the reflection and transmission coefficients can
be calculated quite easily, assuming the seismic velowitesd \», and densities1a n d of }
the layers above and below the boundary are known. To dohehifgllowing equationfound

in Kearey et al. (20029re used

Z=}v, (6)

10
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R= , (7)

When the rays are not normally incident, the more complicated Zoeppritz equations have to be
applied to compute the reflection and transmission aagli@soefficient¢Stewart et al., 1999)

However, theeflection anglg of all waves that are created at a boundaury still be computed
in a simple way, assuming the layers mo@-dipping. Since theay parameter—, should be

constant right above and below a boundary, the angles can be computech g Snel | 6s |
- )

(Kearey et al., 2002)

P-wave
S-wave

A D
-

\ plvl
p2v2

Figure5: An obliquely incident fvave issplit up into reflected and refracted Bnd Sg I @Sa | OO2 NRA(e2 (2 { y S
Equation9) when it hits a boundary

The waves that are created are often referred to agaR€s (incoming Rvave, outgoing P
wave), PSwvaves (incoming Rvave, outgoingS-wave), and SSvaves (incoming Svave,
outgoing Swave).Reflected and transmittde? and PSwavesare displayed ifrigures.

Due to all the factors mentioned in this chapter, the propagation of a wave through a

heterogeneous medium can be very corapdid.
2.4.The seismic method

The seismic methgdcommonly used for exploration of the subsurfatekes use of the
principles of wave propagation that haveen described earlier in this chapter. Seismic waves
are created by an artificial source, and seismic receivers record the wavesuimto the
receiver(Steeples et al., 1995, Association of Oil and Gas Producers,. Z0id yecorded

signals can be displayed in a seismogramerethe received signal is plotted againatrival

11
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time. Figure 6 shows a simplified example of such a seismogram, displaying only a direct,

reflected and refracted waviKearey et al., 2002)

Figure6: Figure fromKearey et al. (2002)he figure showlsow wewould expect to see the direateflectedand refracted
wavethat were displayed in figure 4 in a simplified seismogriiroan be seen thadboth direct and refracted waves will be
straight events, while reflected waves will be curved events. The direct wave starts in t=0, whilethedreind refracted
waves arrive later. ¥ certain disance away from the sourcthé crossover distancery), the refracted wave arrives before
the direct waveThe reflected wave never arrives first.

Based on the previous sections it should bardleat a seismogram will consist of siggfabm

many different types of waves, aodntherebrebe difficut to interpret. Sincéhe amplitudes

of the reflected waves from a boundary between two layers depend directly on the ggoperti
of the two layersthe seismic records cdre used to interpret the subsurface. The recorded
signal should ideally represent the reflection coefficients from all layer boundaries, convolved
with the source signal. Howevehis is only the case if theah is horizontallytayered, the
waves are normally incident, no noise is presamd the source pulse is not changed with depth
(Gelius, 2012h)

It has traditionally beaemost common to make useRwaves, but studying R8r SSwaves

are becoming more and more comn{Stewart et al., 1999, Boiero et al., 201B)ese types

of body waves haveften been regarded as noise in the seismic recusidike surface and
interface waves havé&ffort has therefore been made to remove these waves from the seismic
recmrds. Studies in recent years hahewever revealed that important information about
subsurface properties can be contained in records of these wave types as well, and for that
reason studies of these waves are increasing. By making use of several wave types, better

guality images of the subsurfacan be obtaineg(btewart et al., 1999, Boiero et al., 2013)

Due to attenuation effegtsources that generate low frequency waaes usually used in
seismic explorationThis is because we watd be able to perirate deep into the subsurface

before the wave is attenuat@ihd resolution is logiTen Kroode et al., 20)3The fequencies

12
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expelled from &eismicsource are typicallyp to 100 Hzbut might contain highdrequencies

as well (Hermannsen et al., 2015With thorough knowledge of how waves behave
underground, the seismic records can be interpreted to get a good understanding of the structure
of the subsurface. This thorough knowledge is crucial to be able to distinguish the different
waves from each othen distinguish reflectionfom noise, and to get a realistic interpretation

of the covered argdearey et al., 2002)
2.5. Attenuation of a travelling body wave

A wave that is travelling through a medium will lose enesmd this is called attenuatiorhe
mechanisms that contribute attenuatiorof a body wavegive attenuation effects thaean be
divided into geometrical effectsand absorptioneffects In addition to these effects,
transmission losses will occur at interfaassiescribed isubsection 2.3.2, as well as scattering
of energy at irregularitiegohnston et al., 1979, Gelius, 2012a)studiesof wave propagation

in shallav waterthe absqaption effects are very small, ggometrical spreadirgffects arenost
relevant to look afHermannsen et al., 2019ven though surface waves will beesttiated
much faster thabody wave, a body wave will also be attenuatetlem travelling awayrom

a seismic sourcen water,P-wavesare the only body waves thean travel and thus the
attenuation mechanisms that affectvBves are especially interesting when studying wave

propagation ira marine environmer§iGausland, 2000)
2.5.1. Geometrical effects

Assuming no absorption losd)ettotal energy of a seismic wave is constaBeometrical
spreadingf a wave frontneans that the area of the wavefront is increasing with distance away
from the sourcewhich means that the energy must be spread out over a largeSiaEa
intensity is definedasthe power transferred per area, spreading of energy over a larger area
means a decreaseiirtensity(Richardson et al., 1995, Kearey et al., 200%)o modelsoften

used to describe geometrical stimng are gherical spreadingand cylindrical spreading.
Depending on theource used and tlevironment where theave propagatiotakes place,
either one of these moddts geometrical spreadirganoftenbe usedqRichardson et al., 1995)
Figure 7 shows waves followinfé two spreading models Figure7, spherical spreading is
shown close to the sourcee( when radius<water depth), and cylindrical spreading is shown
further away from the source.. when radius>water depthThe formulas for these two
spreading mode can be derived, followinghe webpage Discovery of Sound in The Sea,

developed byniversity of Rhode Island and Marine Acoustics {2013)

13
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The decrease in energy per unit area due to geometrical spreading is oftetnegdtepagation
loss PL. he energy level P(iat a certain distance aw&rom the source (assuming _the
only energ loss) should therefore be XB(s)}PL, where P(s) is thiaitial energy level at the
source. Since spreading of energy means a decremserisity, propagation loss decibe] as

a function of intensity,lcan be given hy
PL = 10log-, (10

where b is the initial intensitylt would, however be desirable to havéaé propagation loss
givenas a fundbn of distance from the sourde be able to calculate the energy levelrat a

specific position.

A sphere hasthe r e &, thds'if anenergysourcdeads to spherical spreadirige total power
that crosses the p h e r él. Asssiming ernrergy is conserved, meaning that the total power
that crosses the sphere of energy at any time is the tand, 2lr=4 "¢’to, if rois the radius

of the initial sphere, and r is the radius of the sphere after spre&dingpving equal terms
gives I=b—, which shows that intensity decreases as the inverse square of the range for

spherical spreading. If one asswame1l m, the propagation losd.an be expressed:as

PL = 10log—= 10log(P) = 20log(r) dB (11

Figure7: Figure fromUniversity of Rhode Island and Marine Acoustics inc. (20h&) figure shows how a wave front will
spread otifrom a point source, assumirsphericakpreadingvhen the radius r of the wave is atter than the water depth,
and cylindrical spreadingvhen the radius is larger than the water depthis the initial radius, and r is the radiaster
spreading. Thesean be inserted int&quationll and 12.

* University of Rhode Island and Marine Acoustics inc. (2013 instead of-, but this is assumed to be a misprint
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A similar derivation can béone for cylindrical spreadintpy changinghe aredo the area of
acylinder2 " r h. The sam2  @alhdg imb further gives Isle. This shows

that intensity decreases as the inverse of the range for cylindrical spreadinig. dgain

assumed to be 1 m, tpeopagatiorioss R can be expressed:as
PL = 10log- = 10log(r)= 10log(r) dB (12

(University of Rhode Island and Marine Acoustics inc., 20I8) only difference in the
formulas for pherical and cylindrical is therefotleat the value before the log(r) expression is

20 for spherical spreading, af@ for cylindrical spreading.
2.5.2. Absorption

Absorption, also called intrinsic attenuation, is attenuation caused by the intrinsic properties of
a mediumJohnston et al., 1979)he absorbed energy ends up as heaggrtleat can increase

for examplethe temperature of the material. The amount of absorption in a medium is often

given as the dimensionless quality factorQ —, where E is th total elastic energy, and

is the elastic energy lost per cy¢®ato, 1967)The attenuation is thus = —e¥ (@), whereU

= — (Gelius, 2012a)The amount of absorption that happens when a wave travels through a

medium generally depends on the properties of the mediumfltie saturation and the
surrounding pressufdohnston et al., 1979ttenuation due to absorption does not happen as
fast as attenuation due to geometrical spreading. In most rocks, Q will be independent of
frequency, i.e. the same amount of energy will be lost per cycle for every frequency component.
This means that high frequencies will have more oscillations than loweineges, and
therefore they will be attemted more than low frequencies. ThaQswill increase for higher
frequencieqJohnston et al., 1979, Cormier, 198Hjgh frequencies Wlithus be attenuated
faster than low frequencies in the subsurface, so only low frequency corntgoaempenetrate

deep into the & r t imteyia. It thenfollows that resolution willdecrease with deptlsince

vertical resol ut i oamizontasresglutionasngiveln vy tredius offthe a n d

Fresnel zon&: = — (Gelius, 2012a)

2.5.3. Attenuationof P-waves in water

Gausland (2000presents a simple general formula for low frequency (<1 kHZ) wave

propagation in a water environmenthich takes into account geometrical spreading,
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absorptim, andscattering due to obstacleBhe sound pressurgrPat a distance from a

seismic soure isgiven by the formula
P(r) = P(s}Alog(r)-Br-C, (13

where A is an attenuation constant depending the type ofejeoal spreading of the wav®,
is a range dependent attenuation factor &ébsorption)and C is attenuation due to obstacles
(Gausland, @00). For short distances and open water, B and C can be neglected as a

approximation, anéquationl3 becomes:
P(r) = P(s}Alog(r). (19

This formula for wave attenuation ithe same ashe formulas derived for sphericahd
cylindrical spreading in the previous subsectihere A was 20 for spherical spreading, and
10 for cylindrical spreadingspherical spreading has been shown to be a good approximation
for compressional wave propagationdeep watefwater depth>>waelength) while in very
shallow waterthe geometrical spreading loss has been shown tondre complicated,
appearing to bdarger thancylindrical spreading, busmaller than spherical spreading
(Richardson et al., 1995, Hermannsen et al., 2015)

2.6.Summary

This chapter has shown that a seismic wave propagating through a medium will be affected by
the properties of that medium. The properties of the medium will detertmen®elocity,
propagation patte, and attenuation of a waveh&hges in properties cimereforehave a large

impact on the propagatigmatternof a wave. The next chapter will present the sources and
recevers that are necessdoybe able to use the paiples presented in this chapter in seismic

surveying.
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3. Backgroundi Seismic surces and receivers

A lot of advanced equipment that can be used during sesmm@ys exists, bubere are only
two elementshat are absolutely necessary to be #bl#o seismic explorationhé presence of

aseismicsource, and the presence &fagasmicreceiver(Kearey et al., 2002)

The purpos of the source is to creat@aves that should travel mthe medium that is being
explored In some cases, the source can be natural, for example two tectonic plaieg mo
relative to each othethereby creating an earthquake. In most planned seismic exploration
studies theseismic source is, howevaertificial. The purpose of the receiver is to record the
seismic waves that rela the receiver. The receivexcord all waves that reactihe receiver,

both waves created by artificial seismicsource, and waves created by other soyaksn

referred to as noiggearey et al., 2002)

There are several different types of sources and receivers that can be used in seismic
exploration. Which source and which receiver is best suited for a survey canpangitg on

several factors, including the purpose of the survey, the surroundings, the weather conditions,
andanimal lifein the areaThe combination of sourdgpe and receer type, as well as the
positionsof the equipmentmight affect the quality othe seismic record@ssociation of Oil

and Gas Producers, 2011, Haavik and Landrg, 2016)

3.1.Sources

Two of the seismic sources that are common in seisrploration arair gurs and dynamite.

For both sourcesthe idea is that an explosiaf air or dynamiterespectivey, will create a

pulse that travel away from the source. The wave continues into the subsusfadis, partly
reflected &geological boundaries, leadinggarts of the seismiwavereturring to the surface
again(Steeples et al., 1995, Kearey et al., 20@hertypes of sources, such as vibrators,
hammers, sparkers and water guns also exist, but are not described in detail in this thesis
(Kearey et al., 2002)

The main requirements for a source to be an appropriate seismic spaccelding tdearey
et al. (2002)that

It has sufficient energy, and energy at a wide range of frequencies
It is as close to a pulse as possible, containing as little coherent noise as possible

It must be possible to recreate the same source waveform several times

o O O O

It must be safe, efficient and environmentally acceptable
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3.1.1. Air guns

The concept of aair gunis that air under high pressure is stored in one or more chambers in a
meclanicaldevice. his compessed air iseleasedollowing a firing command, leading to the

air expading as a bubble in the wat&ome dthe energy that is releasedthms process is
converted to Rvaveghat propagatthrough the water, and further down through the subsurface
(Parkes and Hatton, 1986, Dragoset, 2000, Landrg and Amundsen, 2010, Association of Oil
and Gas Rrducers, 2011)

The size of thair gunbubblewill increase until thevork done by the pressured airthe water

is equal to the work done by theydrostatic pressurdt this time, the pressure within the air
gun is much smaller than the hydrostatic pres@ascouet, 1991 herefore the maximum
size of the bubbledepends on the initial pressure in @ie gun.When this point has been
reached,hie bubble willrapdly decrease in size until the @un pressuras yet againhigher
than the hydrostatic pressufde bubble will keep oscillatinig size, creating soalled bubble
pulsesfor a while(Parkes and Hatton, 1986, Dragoset, 200b¢se bubble pulses are amongst
the biggest problems related to processingeismic data acquired with air gun Ideally, we
would like to keepnly the primary bubble, and to getl of the oscillationshiat complicate

the signature of thair gunsignal(Landrg and Amundsen, 2010)

A second problem with using a&ir gunas a seismic sourceg related tahefact that abubble
will propagate in all directionaway from an air gurSince the reflection coefficient between
water and airrom belav is very close tel, the wavehat travels towards the water surface
will be almost completelyaflected at the sea surfachanging polarity in the procesandrg

and Amundsen, 2010y his behaviours visualizedn Figure8.

D

Ghost wave

6
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1 .
| Primary wave
1
1
1

Figure8: When a wave expelled from a source under water hits the water surface from belowbé alithost 100 % reflected,
changing polarity in the procedéthe ghost wave is refleetl with the same anglas the primary wave, thesan interfereat
a receiver
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Each of the pulsescreated by an air guwill therefore have an almost equally large, but
oppositely polarized, pulse arriving right after gremary pulse. This pulse is often called a
ghost andis a signal it is desirabl® get rid of(Landrg ad Amundsen, 2010At the receivg

the pressure signature of air guncan often be seen like iRigure 9, from Landrg and
Amundsen (2010)
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Figure9: Figure fom Landrg ad Amundsen (2010The figure showshe far-field pressure signature from a single 48 air
gun. PP is the pealto-peak pressure for the primary pulse, anB B the pealto-peak pressure for the bubble pulse. A & (K S
bubble period.

There aretwo main wgs to remove the effect of tHmubble pulses. The most common in
commercial surveys to use an array dir gurs that are fired with different volumes of air.
The different volumes will give different maximum bubble sizes, leading to diffetaritng
times for when the bubbleegirs to oscillate(Dragoset, 2000)The time between eadt the
following bubblepulses is called the bubble perip@nd is described by the Rayleigfillis

equation:

T=k (15)

P is theair gun pressure, V is the air gun volumegmis the atmospheric pressure, g is the
gravitational acceleration, D is the depth of the air gun, and k is a constant that depends on the
unit (Gelius, 2012h)From this, it follows that the bubble period will vary for air guns of

different volumes.

Therefore the primary pulse will arrive at the same time for all air guns in the array, and thus
interfere constructively. The bubblpulses will arrive at slightly different times, and thus
interfere destructively. The primatg-bubble ratio (P/B ratijocan in tkat way be increased
(Dragoset, 2000)

19



Chapter 3: Seismic sources and receivers

Another way to increase the P/B ratio is to use an air gun with two chambers, often called a
generatoiinjector (Gl)air gun referring to the chambers called the generator and the injector
Then the conpressed air in thgeneratois released first. When thisréias created a bubble

that hageached itsnaximumesize, the compressed air in the injedtoreleased. In that way,

air is pushed into theentre of thébubbleto increase the internal pressurehe value of tle
hydrostatic pressur@st when it is about tetart collapsingThis prevents the violent collapse

of the bubble, anthe sigral becomes less complicated. This makesseismic regdssimpler

to interpret(Pascouet, 1991, Sercel, 2016he processs happeningvithin a Gl air gun ee

shown schematically iRigure10, that was modified from a figure Bercel (2016)

Figure10: Figuremodified from Sercel (2016)The figure showthe principles behind a @ir gun In the first phase, the
generator is fired. When the bubble has reached its maximum size, the injector is fired and injects air into the mieldle of th
bubble. Thiseduces the oscillation of the bubble since the internal pressure is increased to tieeldifference between air

gun pressur@nd hydrostatic pressure.

There are severaldvantages withisinga Glair guninstead ofan arrayto removehe effect of
the lubble pulse. The main advantagdhat theseismicacquisition becomes simpler. S
using an array requires usesw®veralair gurs that needo be fired atexactlythe same time,
timing is crucial, and even small mistakes can lower the qualitige acquired seismidt is
easier logistically as welb use only onair guninstead of a whole arrgfPascouet, 1991)

3.1.2. Detonating cords

Dynamite is another type of seismic soutlceseismic exploration, dynamite is often used in
detonating cord, meaning ththie expbsives areonnectedn aline. When dynamite is used to
create an explosion, a higtmplituce pressure wave is generat®arts @ this Pwave will

travel inair with the velocity of sound in air (approximately 330 ynénd parts of the wave

will travel into the subsurfac&his P-wavewill have a short rise time, geraly much shorter

than for a Pwave created by aar gunwhere the rise timean be controlled more accurately.
However, when using detonating cords source pulse becomes relatively loihgnight be
difficult to know the exact signature of the source wavelet when using dynamite as a seismic
source, and the signatur@aymalso change from explosion to explogiBharpe, 1942, Johansen
etal., 2011)
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The most commonly known type of dynamite is TNfin{trotoluené. Dynamite canhowever

be of several tygs, but the strength is often converted to the number of grams of TNT that
would give the same size of explosion. When the dynamite is ignited at one end of the line, the
explosion will travel along the line Wi a speed of approximately 8 m/s. This meas that

when usinga 10 m long detonating corthe whole cord will eglode in less than 1.5 msh&
seismic source can thus be regardedraary point sources fired almostthe same time. This
leadsto interferenceandthusdirectionalityin thedirection the explosion trave{dohansen et

al., 2011) PETN (entaerythritol tetranitratgis a type of explosive #t is often used in
detonating cords. PETN is a stronger explosive than TNT, with a relative effectiveness factor
of 1.66 (i.e. 100 g of TNT will give the same strength of explosion as 60 g of REaM)and

Lee, 2008) Detonating cords are #éle and easy to use, and wowell in very low

temperatures. They can also be deployed effect{Velyansen et al., 2011)
3.2.Receivers

Devices thatecod the parts of the seismicavefieldthat return to the surfacdter reflection

or refractiorare necessary in seismic exploration. These devices detect either the ground motion
that the returning waves cays® the pressurehangethat arrves with a returning wave.
Receivers then convert these signaito electrtal signals, andecod the arrival imes of the
waves. The outpufrom the receivers is usually displayéd a seismogranshowing the
amplitudes of the returning waves wesshe time when they returneéd/hich frequencies a
receivercan detect depends tresampling interval. Usually the range is aroursl0l Hz, but
broadband receivetbat can detdosery high frequenciesiecessary for exploring éhshallow
subsurface, also exig¢Bteeples et al., 1995Feophones and hydrophones are such seismic
receivers, and as the names suggest, they are to be used on land and in water, respectively
(Kearey et al., 2002)

3.2.1. Geophones

Geophones are the most common type of receiver to ussdnThe geophone is constructed
to detectany ground motion caused by atarningwave, and to convert it into an electrical
signal. Theprinciple behind thenost common type of geophondhst a magnet is fastened to

a frame on the ground, so that thagnet will move if the ground moves. A coil is also hanging
freely from the frameSince movement of a coil in the presence of a magnet will induce a

current, a current can betected whenever the ground moy€sarey et al., 2002)
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The principle behind a geophone sounds simple enough, but there are several issues present
when using a geophone record ground movements caused by passing wagegxample,
onesinglegeophone canonly measure ground movement in aheection.Thus, when using a
geophone to measure ground motion, several geophones are needed to be able to measure
ground motionnalldi r ecti ons .0 B3 @Mhgeophdmee 0o mpaonnde nt
such geophonesme ofterused to avoid that problerihe response from the different geophone
components must be interpreted separatehyl can later be used together to get apbet®

image of the ground motigisteeples et al., 1995, Kearey et al., 2002)

Also, choosing which component of motion to measure (displacement, velocityetaraton)

can be difficult. Onanustchoose which parts of theavefieldto focus on when recording,
processing and interpreting teeismogramsGeophones that are used abtive water column

(e.g. ontop of sea ice) are often optimizedrfoegistering ground motion in theertical
direction. This is becaudbat is tke maindirection Rwave particle movemenand Swaves

cannot travel through watdn places where the focus is on registeringdves, it can thus be

more convenient to use several vertical component geophones instead of geophones that register
ground moementin all directions(Kearey et al., 2002, Association of Oil and Gas Producers,
2011)

3.2.2. Hydrophones

Hydrophones are the most common seismic recgeieeuse in water. Instead of measuring
ground motion like a geophone, a hydrophone records transient pressure changes. Transient
pressure changes could indicate teival of a compressional wa&earey et al., 2002)
Contrary to geophones, hydrophones do not measure in a specific direction. Pressure is a scalar
guantity, and only the total @ssure at a location will be recorded. This makes it simple to
measure the strength of the towhvefield but at the same time it makes it difficult to
distinguish between the different parts of thavefield for example primary reflections and
multiples (Hoffe et al., 200Q) Unlike geophones, hydrophones do not have a resonant
frequency. However, hydrophones that are made to be used in combination with geophones can
be made with a response that correspondgsypieal resonance fogiency of a geophonégr

simpler use of combinations of geophones and hydrophones in steditaw aeas(DTCC,

n.d.)

Hydrophones are commonly usedan array called a marine streamer. Since hydrophones are

made to be used in water, connecting thenatgd cableshat can be towed behind a marine
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vessel is a good way to get seismic coverage of large areas ineffécteve way. Typically,

thelength of a streamer will be-9 kilometres long, with receivel25 meters apartand up to

16 streamers can lw®nnected to one marine vesédssociation of Oil and Gas Producers,

2011, Gelius, 2012a)From thesenumbers,it is clear that very large areas without any
obstructions such as land, drilling rigs, or sea ice must be presentatieb® use marine
streamers. This is not always the case, and in areas without open water, alternative setups must
be used. In those cases, hydrophones can be used separately instead, as nodes hanging down

into the water at variable depths
3.2.3. OBS

OBS standg$or ocean bottom seismometer. This means thatadsté being placed either on
land(i.e. a geophone) or in the watalumn (i.e. a hydrophone), &BS is placed on the water
bottom. A 4C OBS is a device that Haar components, and these Hre sam&omponents as

in a 3C geophone and a hydrophone, all placed inside a {Beaded Geosolutions, 2015)

The 3C geophone recordfisplacemets, and the hydrophone recon®ssure changes. The
device also contains a computer that records and storest drgputhe four components.
Because of this, an OBS can be recording continuously on the sea bottom for a relatively long
time, depending on the design of the QB8abed Geosolutions, 2015)

The OBSis lowered to the sea bottomnd is pulled up agaiwhen tke acquisition is done
(Seabed Geosolutions, 201Blacing the seismic receiver on the sea bottom instead of on land,
ice, orin the water column, can have several advant&yes is thaif the seismometer is placed

on the sea bottom, there is no water column between the reflector and the réteisdroth

PR and PSwavescan be recorded. This can make it easianterpret the lithology of the
subsurface, for exampteterminingthe presence of liquid hydrocarbo(Stewart et al., 1999,
Hoffe et al., 200Q)Also, thedistance between source and receiver can be adpssasr than
when using a marine streamep thata wideazimuth coverage of an arean be obtained
(Bouska, 2008) Third, the presence of both a 3C geophone and a hydrophoneelgan
distinguishing the principal reflectioafrom the ghos{Hoffe et al., 200Q)

However,sincethe OBSmustbe placed on the sea bottom, a disadvantage with using it is that
moving it around can be veryme consuming. On the other hand, in narrow areas that can be
difficult to access using marine streamers, for example in fj@tdse to sea icar close to

drilling rigs, the OBS can cover areas that the other types of receivers (Bouska, 2008)
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3.3.Summary

From what haseen presented in this chapteshould be cleathat the main principkbehind
different seismic sourceand receiversrespectively, are similar. Seismic sourees devices

that create and send out seismigves, and seismic receiven® devices that recotide seismic
waves There are other sources and receivers than the ones mentioned in this (ehgpter
Vibroseises and snowstreamgEssen et al., 201%}that can be used in an Arctic environment

but the ones mentioned here are the sakvant for the scope of this thesis. Since the focus
here will be on seismic exploration in the vicinity of sea ice, the usenoé ofthese sources

and receivers in such situations will be further presented and discussed in the following
chapterslt should also be clear after reading this chapter that the placemeniroésand

receivers can have ampact on the quality of theeismic data acquired.
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4. Backgroundi Arctic seismic surveying

As described in the introduction, seismic surveying of Arctic areas is important for both
economic and environmental reasons. At the same time, seismic acquisition in Arctic
environments can be very challengifigpis chaptewill introduce some of the challgesthat

are typically associated with seismic surveying in shallow marine sea ice covered

environment.
4.1.Seismicacquisition in an Arctic environment

Special equipment and acquisition geometries might be needed in areas with a presence of sea
ice. Harsh weather conditions and sea ice makes it necessary with solid and well adapted
equipment that can work in very low temperatuf€sipp et al., 2009, Rice et al., 2013)
Traditional marine streamer surveys can only be conducted if large ice breakers are available,
extreme caution is taken to avoid the sea ice, or in the very short Arctic syRypdal et al.,

2012) The presence of sea ice makes it possible to either find sources and receivers that can be

put on top of the ice, or lowered down below the ice.

Many Arctic areas aralsovery remoteand can be difficult to access, but one of the biggest
challenges is that theavefieldin Arctic areas isot very well understood, and is assumed to
be quitecomplicated. If the acquisition is performed in an area with shallow water as well, the
wavefidd becomes even more complica&t8oth the presence of sea exedshallow water give

rise to several differa@rtypes of surface waves, whigive a complexvavefield and hence a
seismic record that can be difficult to process and interpret profieetydleman and Levin,
1990, Henley, 2007, Johansen et al., 2011)
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4.2 Wavefield in an Arctic shallow water environment

The wavefieldin Arctic areasmay includemany different types of waveand carbe quite
complex Shallow water deptlnd apresence of sea ice can complicatevilawefield and in
addition both the upper sediment layers acelcan be highly varying med{Bress and Ewing,
1951a, Rendleman anhevin, 1990, Johansen et al., 2011)

Direct wave
Reflected wave
Refracted wave
Air wave

Figure1l: Shematic figure of a typical seismogram from a shallow marine Arctic suinvelyding body waves (direct,
reflected and refracted -Raves), sourcenduced waves (air wave and bubble pulse), and surface waves (flexural ice waves
and Scholte wavesiNot all waves will be present in all seismograms from such avébgh types of wvesare present in

each surveywill depend on the characteristics of that survey.

The waves that would typically be presenthia records frona shallow mene Arctic survey

are shown irFigure 11 The same waves as inraditional seismic survey areually found

i.e. direct, reflected ahrefracted Pand Swaves but other events will be present as well
Various types of souréeducedwaves, i.ebubble pulsesnd air wavegseesulsection 3.1.1
and 3.1.2,)arecommon to find in seismic recordi®m areas both with and without sea ice.
However, a higtpresence of surface waves is typiaal $uch an environment, and thegn
complicate thavavefield (Johansen et al., 201 urface waes will typically travelclose to

an interface, bubavecoupled waves thanake it posible to record thenfurther away from

the interfacgPress and Ewing, 1951 xamples of such surface waves can be flexural ice

waves and Scholte waves.
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As explainedn section 2.2wave propagation can be described by the wave equation

204 =——o, (16)
Press and Ewing (1951dgrivethe solutions of the | A | P =0=vacuum o
wave equations an airice-sea environment Tee
. . W1 pzzl

(Figure 12)In that case, the wave equations. are L « pr=0
n20;= ——— in the ice (17)

Figurel2: The boundary conditions usedmress an
rl2\{1: _ in the ice (18) Ewing (1951a)s shown in the figure showing

infinite vacuum layer, a finite ice layer, and an infi
water layer. There is no pressurem the air on th
ice (pzz), the pressure and displacement from tr
N2, = ——— in the water (19) on the water and from the water on the ice
similar (pzz1, wl, pzz2, w2), and there is no ¢
pressure (pzX, pxz).

Gand Yy etastigpotentmisfor P- and Swaves, respectivelyThese are defined frothe
horizontal and verticalisplacemers and thus displacement can be derived from the potentials.

This means thator a Rwave, pressure will bgoroportional to the potentiallhe solutions

become

d1=[Asinh (z)3+Bcosh ( )Xz , (20
y1=[Csirh (zd+Dcosh ( <X , (21
G,=EQ1Q , (22
where

3= k(1—), (23)
o = K¥(1—), (24)
&= K(1-—)*, (25)

for the boundary conditions given Byess and Ewing (1951ayhere p means pressure, and w

means vertical displacesnt Figure 13.

* In Press and Ewing (19514Jquation 25 is given a= k(1-—), but this is assumed to be a misprint.
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A, B, C, D and E are constants that caricaend fran different boundary conditions. i s

angul ar frequency,

k is thephagedelecityvaadvz esthadepth.bfe r ,

subscript 1 meanthat the property ig ice, and the subscript 2 meatisat the property ig

water. \y means the fvave velocity, and ¥means the Svave velocity. Press and Ewing

(1951a)give a thorough derivation of all the waves present invilgefidd based on these

three wave equation®r the three cases afall wavelengths compared to ice thicknéssge

wavelengths compared to ice thickness, aadelengths similato the ice thicknessThey

assume that the wave equation reduces to diffevameé modes for each of these conditions.

The whole derivation bfPress and Ewing (1951&)too déailed for this thesis, but twaf the

waves that cabe found inan Arctic environmenwill be presented in the next subsections

4.2.1. The flexural ice wave

The most relevantegardingseismic explorations the case wherte wavelergths are large

compared to ice thicknesBhen it can be shown thahasymmetrical Lamb wave will travel

as aflexuralwavein the ice(Press and Ewing, 1951a)

The flexural ice waves a surfacewave that isevident on seismicecords from areawith

shallow water deptlndice cover The rigidity of ice leads to a horizontally travelling wave

t

he

c

within the ice layerwhen a vertical disturbance is inflicted on the ice surface. The wave makes

the whole ice sheet move, and theretbeeflexural ice wave will have coupled waves travelling

in the water as we(lPress and Ewing, 1951a, Henley, 20@%) analogy to what happens can

be to think about a drum skin. Applying a vertid&turbance to the drum skin ame place

will lead to a horizontally travelling disturbance, makiing whde drumskin move vertically

(Proubasta, 1985Figure 13shows how the flexural ice wave will make the whole ice sheet

move asymmetrically around the horizontal plane.

Particle motion

= Wave motion

Figurel3: Schematic figuref a flexural ice wave. The figusbowsthe particle and wave motion of a flexural ice wave. The
flexural ice wave is a Lamb wave that is asymmetric around the horizontal pla@dlexural ice wave makes the whole ice

sheet move due to the rigidity of ice.
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The wave is dispersive, maag that different frequency components will travel with different
phase velocitiesOn a seismic record of offset versus time,fteeural ice wavewill therefore
appear as broadfan, as was seen in Figure.IPhe amplitudes of the flexural ice waveare
often high compared to reflections from the subsurfaaad thusthey tendto mask the
reflections on a seismic recof®endleman and Levin, 1990, Henley, 2Q0Varying ice
thicknessand temperaturean affect the generation dfexural ice wave (Kohnen, 1974,
Rovetta et al., 2009a)

Since thdlexural ice waveends to mask reflections on a seismic record, it is usually considered

to be noiseSeveral filtering techniques haveen testedo removethe flexural ice wave

i ncluding the r adon -p)raadireqgienawavenurROE(J-k)filtexihga nt st
(Henley, 2003, Henley, 2007, Rovetta et al., 2009a, Jensen,. 20&e have had limited

success in removing thikexural ice wavelt has been suggested that chandingacquisition
geometryto avoid thelexural ice wavdrom being createdt all could be a better approach to

the problem(Rendleman and Levin, 1990, Henley, 2007, Delikb et al., 2008)

Press and Ewing (1951Bhowthat when a seismic source is placed in air, a wave train of
flexural waves with constant frequency and the velocity of sound in air (~33Ccam'd)e
observed. They relatihe existence of this wave train to a coupling between air waves and
surface waves when the phase velocity of the surface wave is close to iy wélsound in

air. They refeto these waves as aioupled flexural waves
4.2.2. The Scholte wave

The Scholte waves another typeof surface wavehatis oftenencountered in seismic records
from shallow marineareas with sea ice covérhe model used biPress and Ewing (1951a)
assumanfinite air and water layst with a finiteice layer between them. If a water bottom is
added to the modethe solutons become more complicated, and a Scholte wave will occur.
Just like the flexural ice wave, the Scholte wave will have coupled waves travelling in the water.
If the water depth is less than thawdengths of the two surface waves, a coupling between
the Scholte and flexural ice wavemay also occur(Senior Engineer Bent Ole Ruud 2017,

personal communication, 02.05.17)

Scholte waves arnaterfacewaves that occur at the watdottom, at the interface between the
solid subsurface anliquid water.The wave is elliptically polarizedwith a particle movement
resembling the particle movement afRayleigiiStoneleywave (Boiero et al., 2013)The

Scholte wave usually travels with very low velocifiaadis often dispersiveStudieshave
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shown that the waveseagenerally contained within the lefinequency range-20 Hz(Boiero

et al., 2013)The reason why the Scholte wave is dispensiyartly due to sediment layering,
and partly due ttimited water deptt{Bohlen et al., 2004, Kugler et al., 2008}y previously
mentioned, dw frequency componentsf a wave will not be attenuated as quickly as higher
frequencies, andtan thus penetrate relatively eep into the swurface. Highfrequency
component®f a Scholte wavean on the other harahly penetrge 1-2 wavelengthsnto the
subsurfaceSince the propagation velocity in sediments generally increases with depth, the low
frequency components will thus travel in heghelocity layershan the higher frequenciesnd
therefore with a higher phase vekycfDosso and Brooke, 1995, Boiero et al., 20I3)is is
opposite of the flexural ice wave, where the high frequencies will travel with the hiditesst
velocities. If the subsurface is homogenous, and wWater depthis much larger than the
wavdength the Scholte wave will generally not be dispersiVhis is also opposite of the

flexural icewave, which igispersiveby naturg(Del Molino et al., 2008)

Figurel4: Figuremodified from Boiero et al. (2014)The figure shows a common receiver plotdatallow water towed
streamer. Thewent marked withB is believed to be thdispersiveScholte waveandthe event marked wittD is believed to
be guided Rvaves.We see that we can expect Scholte waves to have steep sklptge to guided Rvaves.

Figure14is modifiedfrom Boiero et al. (2014)and shows how we caxpect to see the Scholte
waves in a common receiver gatfrem a hydrophone stream@ince tle velocity ofthe wave

is verylow, the gradient is expected to be steep.

Just like theflexural wave, the Scholte wave haften been regarded as noise in the seismic
records, but studies have shown that Scholte wavdsseased tabtain important information

aboutthe subsurface. Since there is a relation between how deep one frequency component of
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the Stholte wave will penetrate, and the phase velatity frequency component will travel
with, studies have indicated ththe shear wave velocity profitef the shallow subsurface can
be estimated based on the dispersion characteristics of the Scholt@wave donén practice

by finding the dispersion characteristics of Scholte waves fexperimental data, and
estimatingthe properties ahe subsiuface by adjusting emodelof the subsurface to match the

dispersion characteristi¢osso and Brooke, 1995, Socco et al., 2010, Boiero et al.,.2013)
4.3.Summary

When performingseismic exploratiomn Arctic areas, several special considerationstbe

made The presence of sea ice makes it necessary to use seismic equipment fitted for those
conditions, meaning that instead of using marine streamers, seismic sources and ressivers

to be placed either on top of the sea ice, or in the water column below the sea ice. If the
equipment is placed on top of the sea ice, land seismic equipment such as detonating cords and
geophones can be used. If the equipment is lowered into tiee bedbw the sea ice, marine
seismic equipment such as gurs, hydrophones and OR%nN be use(Hall et al., 2001, Del

Molino et al., 2008) Studies have indicatdfat the seismiwvavefieldcreated during seismic
acquisition in areas with sea ice camy depending the equipmensed and the combination

of them(Rendleman and Levin, 1990, Del Molino et al., 20B6&)wever, more stiies of the

effect of this needo be done, and this is partly what this thesis will lookhahe following
chaptersThe seismiavavefield from an area with shallow water depth and sea ice cover has
been seerotinclude some surface wav@shis is for exampléexural icewaves in thece, and

Scholte waves at the seabsdter interfaceThese surface waves also have coupled waves
travelling in the waterSurface waves are often considered as noise in the seismic records, but
can contain important information ihey are interpreted correctiBoiero et al., 2013)
Depending on the goal of the seismic study, effort can be made to either remove these surface

waves, or to interpret them correctly.
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5. Background 1 Soundpropagation and pnniped hearing
5.1.Sound propagation

The seismic waves most often used in seisuiveysare @mpressional waves, as these can
penetrate througtine interior of the Brth. Also,as opposed to-@aves, they can travel through
water As explained in chapter P-wavesare quantified bynany different measures, both in
the time and frequency domaifhe compressional particle movement associated with\s
makes it possible to hear them whenytldt an eay assuming thathe wave cosists of
frequencies within the hearing bandwidth of the receiMeerefore, Rvaves are often referred
to as sound waveshe particle displacemeAtassociated with a passing wave is given through

the relation
o —. (26)

P is the pressurg, is the angular frequency, is the specific density, and c is the velocity of
the medium the wave travels througlheTamount of displacement will determine how high
soundlevel is perceived(Association of Oil and Gas Producers, 2008)und propagation
underwater is a subject that Hasen extensively studied, but the literature can be confusing
and difficult to compare. There are many different notions used within the sujdatpany
different relationships between efgequencies, sound presssirand intensitiethat needo be
understoodAlso, different terms tent be used by &erent authors. The followingulsection

is meant to give a clarification of the concepts used, afatgelybased on the review paper
written by Gausland (2000)

5.1.1. Sound pressure levébPL)

Soundlevels are often given as sound pressure levelsq)SBaunds are usually measdrey
their effective soungressure., which can be measurad many different ways a seismic
record When comparing soungressures, adjustments due to different measuring methods

mightthereforebe necessary

0 P¢rms) is when Pis measured as theaibmean square of the pressure.

0 P¢0-p) is when Ris measured as the value of the largest positive pressure in the signal.

0 P¢(p-p) is when Ris measured as the difference between the largest negative pressure
and the largest positive pressure in the signal.

0 P¢f) is when Ris given as a function of frequency.
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(Gausland, 200).

Soundpressurés given in either Newton/fror Pacal but when talking about sounds, it often
makes more sense to talk about the intensity of the sound, since intensity takes the medium that
the soundsgravelin into account as welllhe formula® compute intensity from sound pressure

is given by
0o —. (27

The denominatom Equation27 is the acoustic impedanceith J o being the density of the
surrounding medium, and c being the sound velocity in the surrounding medium. Since the
formula for intensitytakes theacoustiampedance of the medium where the sound travels into
account sounds in diffenet media carthus be canparedeasier by referring tintensities

instead osoundpressure (Gausland, 2000)

In addition to different elastic properties, different media akwo have differentreference
pressure levelB, or reference intensity levels. | This mustalsobe taken into account when
talking about sound levels, so a given sound level must be given relatikefeoegaceressure
level. This can bedoneby converting the intensitidsor soundpressures £o decibel levels
using the formuds given below:

Intensity level:dB = 10log-, (28
or
Sound pressure levdB = 20log—. (29

It is important to highlight the fact that a decibel level is not a unit for measuring sound, but

rather a relative measunsedfor giving sound level§Gausland, 200).

If we, as an exampldook atthe case where it is desirable to compare sounds travelling in air
and in water, we can find thatsound neegito be approximately 62 dB Ider under water than
in ar to hear the same sound level. This is duéditfierent acoustic impedances in the two

media, and di#rent reference pressure levels:

o Theacoustic impedance in air is approximately 415sfa* and the acoustic difference
in water is approximately 1.54*$®a*dm?>. This corresponds to a difference of 35.6

dB between air and water
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o0 The referenceressure in air is approximately 2@Ra,andthe reference pressure level
in water is approximately dPa. This corresponds to a difference of 26b@Bveen air

and water
(Gausland, 200).
5.1.2. Sound exposure level (SEL)

It has been claimethat impulse sources such as seisaiicgurs should have sound levels
expressed as sound exposure levels gpiaktead of aSPLs(e.g.Farcas et al. (2016)While
SPL gives a deciél value for sound, it takes ramcount of the duration of the soyrmt that
there migh be several sounds following each othemhas been shown that a soundhna
certain SPLcan be perceived similar to a soundhna differentSPLif the sound has a long
duration or occurs several times a row The idea is that it is the total sound energy received
that matters, often referred to as the equal energy hypotl@sidon et al., 2003SEL is a
measure that takesto account theduration of a sound, and aliwe factthat apulsecan be

repeated several times.

The formula for SEL is givety Southall et al. (2007s

SEL=10log——— (30)

N is the number of pulseg, is the duration of each pulsp,is the instantaneous effective
pressure, andops the reference pressues can be seen from the formula, the SEL sums the
integralof the squareéffective sound pressuoxer timefor all pulsesand gives aound level

in dB re 1 uP% for measurements underwater. The formula assumethéhnatis no recovery

of hearing loss between the pulses, therefore only pulses that occur wjitiendime frame
(e.g.without al12 hourbreak) are summed together.

5.2.Hearing

How asound is perdeed by a marine mammalependsoth on the sound pressusé the
signal,the intensityand the frequencies that the signal consisHefring isthetrait of being
able to perceive a sound, anadie of the primary sensory modalities for mastebrates, both
terrestrial and maringSouthall et al., 2007Hearingis also one of the senstsat are most
useful in watersincesound tendto travel very well invater, while sightis rapidly degraded.
Sounds havdeen recorded as far as half tharth away fron a strong sound sour¢8hockley

et al., 1982, Harris et al., 200Different receivers have different frequency bandwidths that
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they carhea, e.g. ehumanwill usually hear sounds within the frequency range of 20 Hz to 20
kHz (Richardson et al., 1995 receiverwill not hear all frejuencies within this range equally
well, e.g.for humans the frequendlat is usuallyheard besis 1kHz (Southall et al., 2007)

In addition to only being able to a hear a limifesjuency rangehere is also a lower limaf

how low SPLsa receiver can detect, aad upper limit of how higlisPLsa receiver can detect
without being harmedThefirst is often referred to as the hearing threshold, andiather is

often called theéhreshold of damagé&orhumansthe low limit is 0 dB in air or 62 dB in water,

and thethreshold of direct damage is 160 dB in air o2 2B in water The hearing threshold

of marine mammals can be assumed to be 20 dB lower than humans, i.e. it €sumiedathat
marine mammals would hear sounds of approximately 42 dBefealin water(Gausland,

2000) Whether a receiver can detect a specific sound also depends on the amount of
background noise presefRichardson et al., 1995%ince whether a signal can bealgkor not
depends both on the frequency loé signal and the SPmeasuring hearing thresholds can be
quite difficult. One method to measure hearing thresh@ds study the response of receivers
when they are exposeddaunds with different frequeneg at differentSPLs. The lowestSPL

that gives a response for each specific frequency can be assumed to be give the audiogram of
the receive(Gordon et al 2003, Southall et al., 200Bxample of suclaudiograns for several

different pinnipedspecies are displayaad Figurel5 (Kastelein et al., 2002)

160 1
Harb I i Male California sea lion
140 - o g%t::sti?r:‘a?:gss) (Schusterman et af ., 1972) E
: (Mohl, 1668a) Bt
(Turnbull & Terhune, 1990)
120 - 5
. Male Pacific walrus —|
100 d (present study)

ao: /

Female elephant seal "
(Kastak & Schusterman, 1999)

-‘. : ‘ Lot ""'-,,___‘_ —
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40 1 : m
Ambient noise

{dB re 1pPalHz)

SPL (dB re 1 yPa)
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Figurel5: Figure fronKastelein et al(2002) The figure shows the audiograrior several different pinniped species, based
on resuls from several studies by Kastelein, Kastak, Schusterman, Mahbull and Terhune.
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An audiograncan be used to make adreencyweightingfunction wherethe SPLs thatare
needed to heatifferent frequenciesare determined relative to each oth&he result can be
plotted as a curve whered bestheard frequency is weighted 0 dB, and all other frequencies
that need a highe3PLto be hearareweighted with a negative decibel val(#&outhall et al.,
2007, National Marine Fisheries Service, 20E6yure 16showsexample of curves of such

theoreticalfrequencyweightingfunctiors for two pinniped families
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e Otariid
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-40
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0.01 01 1 10 100
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Figurel6: Figure fronNational Marine Fisheries Service (20Bnplified frequeneweighting curve foin water. Individual
differences between different pinnipedegjes have been observed, so a simplified curve like this is probably not adterate.
can see that for frequencies belapproximately 200 Hz, the hearing sensitivity of Phocid pinnipeds is between 20 and 45 dB
lower than at 3 kHz to 8 kHz.

For pinnipedsthis curve is often called an-Meightingcurve, whilefor humans Aweighting
curvesare often usetb deemphasizéequencies below 1 kHz and above 6 K3outhall et
al., 2007, National Marine Fisheries Service, 20I8)e technical guidance froiational
Marine Fisheries Service (201&)ntains formilas for weightingfunctions for several different

types of marine mammals (table E$23.
5.3.Pinnipeds and hearingdamage

The ears are thearts of the body that incorporatee trait of hearing, and thexsually consist
of three partsthe inner the middle and the outer e®innipedsare mammals thought to have
developed from terrestrial animatbusthere are several similaritiggtweenthe human ear
and the pinniped ear.dwever since sealsre marine mammals and thpead ime both above
and under watetheyneed to hear in both environmentslaptionsn the anatomy of their ears

have led to efficient underwater heariimgaddition to the possibility to hear in airhias been
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suggestedthat thepart of the ear that promotesderwater heang is the middle earStudies

have shown that the middle @apinnipedss large and denser than the middle eatarrestrial
animals, and that it might function as a variable transformer allowing hearing both in air and
underwate(Kastak and Schusterman, 1998, Southall et al., 2007)

If a receiver is exposed t@ry high SPE, thehearing thresholdan be changed. This is called

a threshold shift, and a threshold shift can be either temporary (TTS) or permanenT{FST'S).

or PTSin sealscan according taSouthall et al. (2007pe inducedy physicalconsequences
related to thearrival of the wave Whether this leads to a temporary change msisgity in the

tissue in the &s or a permanent damage to the tissue in the earsdepend othe intensity

or the duratiorof the exposureThisis why it has been suggested te tiee SEL instead of the

SPL when assessing the possible harmful effedtnoise exposur¢Southall et al., 2007,
Kvadsheim et al., 2017As was explained above, if we follow the equal energy hypothhbsis,
thresholdshift shouldoe proportional to the produet intensity and timéGordon et al., 2003)
Sounds from seismic sources are amongst the strongest anthropogenic noise sources that exist,
and studies aboutow andwhere these can cause TTS or PTS are therefore necessary

(Hermannsen et al., 2015)

The effectsintense sounds can have on marine mammatsbe divided into four groups:
physicd and physiological effects, perceptual effects, behavioural effects, and indirect effects
(Gordon et al., 2003Yhese neetb be treated separately, since each effect can come into play
at very differentsound leved and distances from a noise souiideus, different spatial zones
around a sound sourcan be definedbased orhow the sound is perceived there. The first is
where a sounavill be detected (zone afudibility), the second isvhere a sound will cause
behavioural change (zone of responsivengks)third iswhere a sound will make it difficult

to detect other sounds (zone of masking), taedast isvhere a sound will physically harm an
animal (zone of hearing loss, discomfortinjury) (Richardson et al., 1995, Davis et al., 1998,
Gordon et al., 2003, Tougaard et al., 2009, Kvadsheim et al.,.20&i8thod that is often used

to make sure seismic operations do not harm marine mammatsdeterminghe extent of
thesezones and to use this to makeocalledisei smi ¢ s hufihesd aones z one
determine when seismic operations should be shut dowraiine mammals are observed

within the zongTolstoy et al., 2004, Tougaard et al., 2009, Hermannsen et al., 2015)

Investigating the effects aghanmade noise on mime mammals can be difficulThere are
relatively few pinniped individuals helthpive, and the behaviour of those individual®ften
alteredsince they araisedto taking part imoise exposure experimer{tsordon et al., 2003,
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Southall et al., 2007Background noises usuallypresent during noise impact studiasd this
may also affecthe results of the studi¢Kastelein et al., 2009Behaviouralresponses may
alsobe difficult to interpret objectively, and they magry depending on the expences of the
specific animal(Gordon et al., 2003Neverthelesghe studies are harmless to the aalgras
opposed tavhat studies off TS or P'S might be. When studying physical effects of noise
exposuregthical and legal considerans make the studiadifficult to obtain(Southall et b,
2007) Therefore, there is an uncertainty involved in determihimg certain sound levels will

affect an animal
5.4.Pinnipeds on Svalbard

The Norwegian polar institute is registering observations iohipeds on Svalbard, and
according tohem therare six types of pinnipedising on Svalbard. This includes the walrus
(Odobenus Rosmar)sthe bearded seaEfignathus Barbatus the harbour sealPfoca
Vitulina), the ringed seaPusa Hispidg, the harp seaRhoca Groenlandica and the hooded
seal Cystophora Cristatpa(Aanes et al., 20)1 Whales ¢etaceansare the other family of

marine nammals living in the waters close $valbard.

Pinnipedscan be divided intthe familiesPhocidae(true seals/earless sealS}ariidae (eared
seals/sea lions and fur seals), @dobenidagwalruses) where d the seals on Svalbard
belongto thePhocidaefamily (Aanes et al., 2011, Reichmuth et al., 20¥&)cording to the
Norwegian polar institutehree of these species requsggecial caution by peopleamingin

their habitat. Thesare the ringed seal, the bearded seal, and the harbour seal. The ringed seal
spends a lot of time on the sea ice in the fjords of Svalbard in the period when they are giving
birth andmolting, from mid-March to Juné€Krafft et al., 2006, Aanes et al., 2011)has been
claimed that activities in the fjords of Svalbard in that period, including for exasaisi@ic

surveys could be harmful to the ringed s€Bhger et al., 1987, Aanes et al., 2011)
5.4.1. Frequency range

The science available does not give exact exposure arftarivhen harm occurs for every
species and every sound source, and there is a special lack of studies forfteguewcies
(<1000 Hz) most common in seismic surveys (Richardson et al., 1995, Kastak and
Schusterman, 1998)able 1 sums up a few studiwbkere frequency rangdor pinnipedfiave

been tested in a controlled facility.
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Author Species Studied Best heard Lowest heard
frequency frequency frequency
range

Kastelein et al. | Pacific walrus | 125 Hz to 15 12 kHz (at 67 | 125 Hz at106

(2002) kHz dB re 1ePa dB re 1ePa,

rmes) rms)

Kastelein et al. | Harbour seal 125 Hz to 100 | 1 kHz (at 54 125 Hz (at 77

(2009) kHz and 56 dBre 1 | dB re 1¢Pa,

ePa rms) rms)

Tablel: A summary of two sidies where low frequency hearing capacities of pinnipeds have been tested in a controlls
facility. Frequencies down to 125 Hz were tested, and were heard quite well, however wAB9 aR3ower hearing
sensitivity than the best heard frequency.

Southall et al(2007)suggested that pinnipedsgeneralcan hear frequencies in the range of

75 Hz to 75kHz in water, and 75 Hz to 3Hz in air. These values wer®r many years
accepted as the standard criteria for assessing hearing damages in seals, but were recently
updated in d@echnicalguidance fromNMFS (NationalMarine Fisheries Servicesfhen,the

hearing range was extended® Hz to 86 kHz foPhocidpinnipeds in wateras was seen in
Figure16 (National Marine Fisheries Service, 201Bhe science is too uncertain to draw any
definite conclusions, butothing indicates that they can hear frequencies below this limit of 50

Hz.

Air gun pulsesmainly contain frequencies belo®00 Hz, butaccording taHermannsen et al.
(2015) some frgguency components up to 10 khiave been recordea shallow water surveys.
This suggestshat frequencies that pinnipeds can h&all arealsopossiblyfound in seismic

signals.The presence ofigh frequenciesluring seismic surveys have also beeported by

e.g.Landrg et al. (2011andGoold and Fish (1998%00ld and Fish (1998¥cordedSPLs up

to 90 dB re 1pPa, rmsatfrequencies up to 22kHiuringan air gurarraysurvey.

5.4.2. TTS and PTSonset

When it comes to sound leveouthall et al. (2007laimthatTTS-onsetin marine mammals

will happenwhen the hearing threshold is temporarily raised 6 dB comparédte normal
hearing thresholdThe relationship between TTS and PTS is complicatedSbuthall et al.
(2007)developed a way of extraptitag data from TTSnset taPTSonset They assumed that
PTSonset happens & TTS of40 dBoccurs It is important to note that 1 dB of TTS does not
necessarily mean 1 dB of rais&PL Based on thisas well as knowledge about hearing
capabilities of mane mammalsSouthall et al. (2007alculateda precautionary criterioof 6

dB of extra noise exposure after T-68set to behe SPL when PTSonset occursTable 2
summarizes somstudies where the effect of sound exposure has been studied for several

species of marine mammals.
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Author Species SPL Duration Comment
Southall et al] Harbour 152d B r e 1 ¢ 25 minutes TTS-onset
(2007) seal
Finneran et | California | <183d B r e -1| Pulse No TTS
al. (2003) sea lions p
Blackwell et | Ringed seal| <151 dB rel eP3g Offshore No behaviour
al. (2004) rms construction | change
work
Harris et al. | Ringed seal| >190 dB rel ePg Air gun pulses | Small avoidance
(2001) rms behaviour
Crum and Marine <190 dB rel ePg Sonar pulses | Decompression
Mao (1996) | mammals | rms sickness unlikely
Davis et al. | Marine 202 dB re 1 yPa,p | 100 pulses of | TTS-onset,
(1998) mammals 0.1s extrapolated from
the Ward DRC
Gordon ¢al. | Marine 195 dB re 1 pPa,-p | 100 pulses of | TTS-onset,
(2003) mammals 0.1s extrapolated from
the Ward DRC
Richardson e| Marine 178 dB re 1 pPa,-p | 100 pulses of | TTS-onset,
al. (1995) mammals 0.2s extrapolated from
the Ward DRC
Richardson e| Marine 244 dB re 1 yPa,p | 1 pulse of TTS-onset,
al. (1995) mammals 0.025s extrapolatedrom
the Ward DRC

Table2: A summary of studiesherethe effect ofsound exposuren marine mammal$iave been studiedhe mentioned
DRC are damage riskiteria developed byvard (1968¥or humansby considering how exposure to 100 pulses of varying

duration would lead to TTS in humans.

There is clearly some uncertainty invetl in determininglamage thresholds for pinniggtut
thedistance from the seismic soarahere 18 9 0
the radii of the seismic shut down zof@ausland, 2000, Tolstoy et al., 2004e recent
technical guidance biational Marine Fisheries Service (208im that SPLs of 212 dB re
1uPa, pp, or SELs of 170 dB relpPaare needed for TT8nset for impulsive sounds, and
SPLs of 218 dB re 1uPa-m or SELs of 185B relpPasare needed for PF8nsetfor

impulsive sounds ifPhocids

5.5.Summary

This chapter has given an overview of the propagation of sound waves inamdtdrg impact
sound waves might have on pinnipeds. A soundemaill be characterized both he
frequency components it consists of, andstiend levebf the waveSPLs are given in decibel,
tThe challenged related to c e

measuring hearingamdwidths for marine mammals means tfea studiesare available.

and mus

However, he studies that dexist indicate¢hat sals cannohearlow frequerties very well, but

that frequencies down to 50 Hz may be heard if the sound levels are ve(Maigimal Marine

t be

gi ven
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Fisheries Service016) In seismic operationg is most common to use low frequencies, but
higher frequencies can also be observed in some (fdsamannsen et al., 201Fjrom these
studiesit is therefore assumed that seals can hear at least some of the frequency components
used in seismic operationshe SPL that seems to be the limit for when harm can occur is
approximately 180 dB re 1pPams but the nature of the pulse will also have a lot to Shg.

duration and number of exposures may have a large impact on the harmful effectd of |
sounds, andfithe pulse is repeated several times, it might be better taresthat the SEL

should be belovthis limit.

41



Chapter 6: Methods and data

6. Methods and data

A seismic survey was conducted in ¥Man Mijen fjord, close to the settlement of Sveagruva

on Spitsbergen, Svalbard, in March 20TBe location of the survey area is displayeBigure

17The survey wil/|l hereafter be referred
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Figurel7: The survey area was in the Van Mijgord a1 Spitsbergen. The upper windaows the inner Van Mijen fjord,
while the lower window shows the area closest to Sveagriiacoordinates of the spread amearkedwith red dots in the

lower window

In the survey, different seismic sources and receivers were used to be able to study and compare

the seismic data from different combinations of equipment. The surveg @@sacquisition,

and the spread was @35neters longAir guns and detonating cordsene used as seismic

t

(0]

sources, and geophones, hydrophones and ocean bottom seismometers (OBS) were used as

seismic receivers. In this thesis, the seismic data from2@i® Sveasurveyhave been

investigatedto produce the results that Wik presented ichapter 7 Smilar acquisitiors were

conductedin the Van Mijen fjord inMarch 2013 and February2017 as well where |

participated in the latter

6.1.Survey geometry

Detailed information about the layout of sources and receivers during the 2016 Sveassurvey i

important to know to be able to understand the differences in the seismicalatad by
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di fferences in survey geometry. ALocationo v

the spread, and Adeptho will be used to refe
6.1.1. Receiver geometry

The receiver geometry in the survey was similar to thensatieFigure18 below.

Figurel8: Schematic figre ofthe receiver geometry in Svea in 2088ey box represents a node, yellow cross represents a
geophone, red circle represents a hydrophone, and green box represents an OBS.

Four different types of reoeers were used, includingydrophones (of the type Unite
manufactured by DTCC EDR and DAR 4C OBSs (of the type Trilohimanufactured by
Seabed Geosolutions), gimballed geope strings, and 3C geophon8sme of these can be

seen in Figure 1A spread with a total length of 450 m was measured up, and 37 stations were
distributed evenly along the line, meaning that the distance between each station was
approximately 12.5 m. At each statjame or two node were placed. Each node worked as a
recording device with four exits that receivers and external batteries could betedrioe All
receivers wer@laced in positions that were later given relative to the nodes.

o0 One Unite hydrophone was lowered dowtoithe water from one node at each station,
giving a totalof 37 Unite hydrophonest differert depths (9 Unite hydrophonesiam
depth, 12 Unite hydrophones at 3 m depth, 11 Unite hydrophones at 5 m depth, and 5
Unite hydrophones at various deeper depths

o0 The geophone strings were laid out on top of thepaeallel to the spread. They were

laid outin two directions opposite to each other, with the centre at the node. This was
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