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Abstract

Glaciers and ice sheets are importantlimate research due to theale in controlling
worldwide weather and temperature patterns as well as their potential imzaet level rise.
Because of this, scientists are atpgimg to modellarge ice sheets antnportant fast flowing
glaciers. These models are limited in large part tolabk of datawhich govern the nonlinear
behavior ofice flow. Seismic data acquisition can provide high resolution data which can be
used toextract informatiorof variables likebed topography, ice temperature and preferred ice
crystal orientation. But seismic data acquisition in polar environments is challenging. This is
mainly dueto the labor intensive processf manually handolanting geopones.In order to
improve the efficiency of active source seismic reflection data acquisition in polar environments
two prototype seismic snestreames were constructed for this investigatiand optimized for
deployment in remote locationghe first :iow-streamer (experimental snestreamer) was field
tested in the Jakobshavn Glacier located in central western Greenland. The experimental snow
streamer was equipped with multiple geophone configurations and two plate mateviisy
two variable angleecords were collected using the stationary snow streamer in the center of the
survey. The source consisted®b kgof explosives buried 10 m belowhe snow surfacat 160
m intervals. The resultant data set consistedffsiets ranging from1760 to +160 mandthe
ice-bed interfaceas well as two internal ice layers were imaged at approximately 1L.B&nd
1.7 km depthrespectively The snowstreamer data was simultaneously collected waithirror
arrangement of hand planted burigebphones in ordeio test for the effects of plate weight,
wind noise, geophone burial and plate to snow coupling in the seismic signal. The signal analysis

and the comparisoof streamer vs. buriegeophoneshowedthat geophoneburial can degrade



the seismic signal e the wind and signal analysigevealedthat the best snovstreamer
configuration was a combination of aluminum plates with vertical geoghbiseng these results

a second 480m full scale snatreamer was tested in the Thwaitscier Antarcti@a. The
snowstreamer data was simultaneously collected with a mirrored arrangensemtaake planted

and buried geophone$he trace by trace comparison revedigghersignal to noise in the data
collected using the snegtreamemwhen compared tthe surface plantg and buried geophones.

The full scale snovstreamer was easy to maneuver, very light and could be pulled in speeds up
to 15 km/h. The use of the snestreameproved to be an efficient data acquisition tool, yielding
high quality data. Therefore the uskesoowstreames canrepresent a significant improvement

in the efficiency of seismic data acquisition in polar environsiepening the possibility of

determining important ice column properties for areas of interest.

An importantparametenffecting ghcier flow is preferred ice gstal orientation. Seismic waves
in ice travel up to 5% faster along thexdas than when travelling perpendicular to it. Therefore,
reflected seismic wave slowness (inverse of the velocity) variability as a function ofadngle
incidence can be used to detect anisotropy in ice crystal orientByooombining themulti-
offset seismic reflection datetacquiredwith the experimental sneatreamer and al2seismic
reflection profilesimultaneously collected for the same lomatwe investigatel the presence of
preferred ice crystal orientation for the area of study on lhkobshavn GlacierThe
combination ofboth data setallowed the approximation of the averagey velociy as a
function of angle of incidenc&iven thatthe seismic velocity varies as a functiohice crystal
orientation we can usanexisting model to relate the variation of seismic veloagya function

of offsetto estimatehe mean ice crystal orientation for the bed and imaged internal layers



terms of a conical -@xes distributionBased on the anisotropy analysis we condutiat the

upper 1640 m of the ice column consists mostly of isotropic ice wétkes distributed over a
conical region of 70from vertical. The lower 300 m of the ice colo is characterized by ice

with preferred ice crystal orientation. These observations are consistent with laterally extensive

complex ice fabric development reported over the same region of Jakobshavn Glacier.
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1.0 Introduction
The Greenland ice sheet is the second largesh&ss in the world, covering approximate

area of 171x1@ km?. The total volume of the Gealand ice sheet amounts t82x1CF km® of

ice or equivalent to 7.2 m in sdavel rise (Church et al.,, 200pver t he | ast two d
has been increased interest in modeling ice s
enviromrHuoevetve.r , there are significant i mitat

Accordamgdeo Veen (2007) there is a need for

noni near behavior of t{clee s@reed rsl. a nlidoea rclabenwpal teixo ra
mai nly controlled by the effects of bed topoc¢
geol ogic formati oinlgeresreamateh tolib eviadéealbeaer j nt er f
devel opment icalfeayerf 0 rwiatblt ied .u@gmet(ho, gt . al ., 20
Faftt owi ngs waila cXakeosb b b hivne Gr eaernel aonfd parti cul ar
polar environment research due to their signi
behavioft| @i §lastci ers has potenti al I mplicatic
Geophysical i saige gt sceasn uhndddlepn s famelt t Qleawi @ g

| i k&@k ob.sAh a\bm rpreeneitaeat i ng radars ar e dammermslsy
over extensive ice sheets aatdhegl iacekbsesd aisn twer
Gogineni 1lpt Goglneni20O8tAddalt.i,onla9 9 & ,-p egnrecturnadt i lnay
radaGPR) measurements havd aheepr aahéetwned oi det
orientation and reflectivity c¢au(se.dg.b yMactoznudoucc
al ., 2003) . Seismic reflection surveys compl e
i mage geol ogi c thfeorintaet,i olnesy obnedl otvihfe 1 anchagr nNnga< aw

extract i nformation about the prePe@rtteitessalaf n



203% Anandakri shSeains mi 20 03prrweryisde alisnd or mati on 0
propsersagegheferred ice crystalledpireeanaadildn and

Bl ankenship aPRdteate,Rdl)e.y, 1987

However, sei smi cbhasvuad eygnsd atrleergafoaurned | abor i
pol ar sei smiphosnesveaeyxe, mpemual ly buried appr ox
and covered with snow to r edbuectewewe nn dt hneo i gseeo paht
the -saoivaTki s process is repeated over distan
ogeophones significantdlyanmelr easiesmitd er efolsd c to
in terms of manpower and time required for tI
the efficiency of seismic daeta nacclquudiesdi ttihoen uisn
streamers consisting of a towed array of geo
(Ei ken €dtX8atg. , 409 9%dn 19 9a8l).. These systems we
acquiring goodamgumealoint gfalmead tmior ¢ efqfuil eimemtt | y,0 st
coupl iscngsceptibility to wind noi sseamd asxXxXcead
over snow Tahnedr eifmea e there is stildl a need for

acqui spdliaorn @mvironment s.

Preferred ice crystal orientation within the ice column can have a strong influence on the
flow behavior of an ice sheet or glacier. Ice characterized by a preferred orientation (crystals
aligned optimally for deformation) is about ¢ler times softer than ice with crystals oriented
randomly (DahlJensen, 1985)Basal glide causes ice crystal rotation aeecmr yst al | i zat

whi dbavel oprsy sitcael fabriecal ( TH® VIt eilAnzsis@d@nScle t



measurements of crystalke fabrics in drill cores obtained in GreenlafphdHer r on and Lan
198Wang et )shbw thath® daxeof ice crystals frequently have a strong preferred
orientation.Uniaxial compressiotaboratorymeasurementef ice core samples collected the
Dye 3ice core (Greenlandl reveal that ice deformation occurs in the Wiscotage ice in the
lower 46% of the ice sheet. This entire depth interval is strongly anisotropic, with a vertical c
axis fabric pattern (Shoji and Langwah988). However, thre is little direct evidence for the
spatial extent of this basal layer and how its thickness varies across the ice sheet. This is
primarily due to the difficulty of remotely measuring ice crystaéntation. Typically, crystal
fabrics are measured onnsgles recovered from ice cores. Ice core information provides
accurate and high resolution data on ice fabite core data idimited by discontinuous
measurements, ordimensional data in the immediate vicinity of the sample and drilling cost
Thereforeremote sensing methséspecially developed for detecting ice column properties like
preferred ice crystal orientation can complement ice core measurements

There are many variables that control glacier flawt for the purpose of this investigation
we ae going to concentrate ongberred ice crystal orientatiom numerical models theffectof
preferred ice crystal orientatiaten be introduced bg viscosity variablevhich enhances ice
flow velocity (e.g.Van der Ve e).Buteue todd lak of irfobniation of ice column
properties like peferred ice crystal orientatipiscientistsare forcedto model ice sheets and
glaciers by assuming that the ice crystals are randomly oriehted.crystal orientation
information must be taken into acceul® generate accurate ice sheet flow modés (- | et
C h a uel elt2 O D Gherefore there is a need to use sounding techniques to determine the
spatial extent of deformablee layers and increase our knowledge of significant ice column

propertiessuchaspreferred ice crystal orientation.



Seismic waves in ice propagate to 5% faster along theaxis than perpendicular to the
c-axis (Bennett, 1968; Bentley, 1971a; Rothlisberger, 1972). Bennett (1968) investigated the
propagation of pwaves through monorystalline ice and concluded that layers of ice
characterized by preferred ice crystal orientation can be treated as a transversely @djropic
medium. Based on this information as well as diredtrasonic measurements in single ice
crystalsBennetf (1968) derived a set of equations thabdel theseismic propagation velocity

througha-10 Cice column at as a function nfeanc-axisice crystal orientation

In order to improve our knowledge of ice column properties like preferred ice crystal
oriertation, aseismic reflection profilevasacquired athe Jakobshavn GlacieiThe analysis of
the seismic profileevealed englacial reflectors occurring in the lod@481740m of the 180
m icecolumn (Horgan et al., 2008). The authors suggested thatetsteexplanation for the
englacial reflectivity is complex fabric development which can introduce changes in seismic
propagation velocity. In thithesiswe used a longffset common migboint (CMP) reflection
gather, coincident with the reflection prefilpresented by Horgan et al., (2008), and we
employed the method presented by Blankenship and Bentley (1987) to detect zones of preferred
ice crystal orientation in the ice column at Jakobshavn Glacier.

This thesishas two objectives:

1) Develop and test lightweight and inexpensive snetreamer for efficient acquisition of

multi-channel seismic data in polar environments.

2) Investigate the presence of seismic velocity anisotropy and its relation to ice crystal

orientation at Jakobshavn Glacier, Gresal.



2.0 Seismic Snow Streamer

2.1 Streamer Background

Seismic data acquisition in polar environm
remoteness of the field sites, the |l abor int.
we atchoenr@m Atii me consuming task in seismic data
geophones and movement of the seismic |ine. A

streamer smadwse nlgeearhe same concepts ay afar i ne
seismic sensors is towed behind a veaessael. Th
streamer datl&@8dobac¢lEi hnatseon et al ., 1977; K
1976) cboumtpamwro son between convemanhidon et fsananme p |
was perfar neldd 8t edlt.he same streamer configur
streamer data to tphatntcefd agemwpedrotniesn alT htearmsd r e :
hatyf mbal |l ed geophonesselBvedkeamgeophendéd®r azent :
enclosed in an oil filled cylindrical met al

with a diameter of 4.5 c¢cm and Tthoet aslt rneaasnse ro fc oan
main cabl eraitbtaesenmember surrounded by a |
(figuresmhépw.relmmam=rpul |l ed by a t rwaecikgehdt vaenhdi cd wer

dr ad t he maiFr omataloedg Km ne wusisnmgebadméh andnpl

geopéas, Ei ken et al. (1989) showed that the d
to thel @armtneld geophones. They also demonstrat
susceptible to wind due to snow impactianmgetdhdte
the wind. They concluded that i n wind speeds
comparable to conventional hand pl amttad agneop h
was buried in the snow drndrteastende bfyora ef ancetceers
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required the use of a | arge towing vehicle, w
as t hgei nhbaallfl ed| geoplocwyeased the cost of the fi
(1989) conltd uded obBatbéeémesmoiwas to be weighed
increased productivity and the downti me due t
streamer desi gn, It wa s successfully depl oy

envimeohsSgre,168. Anandakridi9BbBgnebtdingl ppsitive

A different streamerdesignwas developed by King and Bell (199R)is streameused
commercially availablgeophone elements encapsulated in polyurethadancorporad in25
m long rectangular sectian Twelve sections were connected to form what resembled a 300 m
long flexible ski(figure 1B). King and Bell (1996) collected several seismic lines using the
streamer and conventional hapldnted geophones over a perafdwo seasons. Thanalysis of
the datashowedgood quality results. The advantages of the streamer described by King and Bell
(1996) overearlier designanclude lower drag, lower building cost and the use of a snowmobile
for towing instead of a trackedehicle. The main drawback was greater susceptibilityital
noise limiting data acquisition to wind speeds under 8 Knots and increased transportation

difficulty due to the size of the streamer sections.

Given that data acquired using snestreamers yided good qualityresults theuse of
snowstreamers can significantly improve the efficiency of data acquisition in polar
environments. Thereforéor this investigation | tested twoew snowstreamers tht overcome
some of the limitations ofpreviously dscussed snowtreamersand are optimized for

deploymentsin remote locations without the use of latge/ing vehicles
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2.2 SnowStreamer Design and Testing

2.2.1 Experimental Sne®treamer Design

The d efstihgeni r s t-s esammeavx p €r i me rstt a le)ausseedw 1 n my
i nvestwagsatopmnmi mi zed f or deplTohyemeenftorien I ngmdt ew
smal | size were iImportant Hest gnsof a&her .i nOn
i mportant deshgnubeatbdreowaenti onal geophones
interchangeably depl oyed as a stde@menedi nogr ocr
environmental conditions (e.g. wind speed).

Thexperi me.staeameowwasi gbhmapt @ ddvrend | tRoDg ,
cm di aameteetrhaste served as the towing medium (
bet ween all.Bg)nwumd(IKgyweadhm( spacing bet When eac
exper ismeeswt a evaapeur! | ed iinown e dinr eaecdpdli atieo nian s tsatlele
the front of theomgaaectameme svtna roar dsantoea tdho rs ut h e
geopimomuet edTlpd at ed i ofepthibesaieded severbhiradhases
all owed fes thebealphaaed ipmroivdissteatehter hl diwgh s
towing materi al whi ch pntewamead ttohe el aad nasff etr
cables. Adflihewmenatl éd ¢yt dchet he geophonesw anmd fdab
(figBre Finally, the geophones and cables cou

together -wogsd itrhea ftiirght and compact2@lackage f



Figure2: A) SnowStreamer testing at the University of Kansas. B) Geophones covered whbdggeC) Snow
streamer ples and fire hose compactly packaged for transportation.



2.2.2 Streamer Bad@lates

To study the effects of weight of the base
and the streamewo mainffuercematbi mat gr i (a4 .sSawkeg))e us
al umi(nunm( fkiggu.r eTh3eA)pl ates wecwm tbi2kcanwi 886, 2
(fi A+&BThe plates were curved in one directio
the streamer maneuverability. Three 10 mm thr
pl ates and three 10t hem tnoupt sofwetrtee wsetl @eld m@mitat

material and easily mount and di smount commer

y B) B y C)
15.2 cm 15.2 cm

89 cm| 20.2cm o 20.2 cm

2.5cm 2.5 cm

v v : A 2 7

€152 cI =— €152 cm=—>

1.9 cm

R
€152 cm=—>

Figure 3: A) Aluminum plate (left) and steel plate (right) used in the experimental streamer. Plate de
snowstreamers deployed at B) Jakobshavn Glacier, Gregtallath C) Thwaites Glacier, Antarctica.

2.2.3 Geophones

For the purpose of this investigation we t
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Figure4: A) Conventional vertical and horizontal (SH,SV) plate mounted geophones. B) Galperin mounted vertical

geophones. C) Galperin mounting configuration (Graizer V. 2009).
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2.3 Field Testing of the Experimental SnowStreamer

The experimental snostreamer was field testeth the summer of 207 at the
Jakobshavn Glacier, Greenlar{figure 5) against a control line of a mirrorearangement of
handplanted buried geophones (figu8e The recording sensors used in the experiment for both
the streamer and control line were a combination of vertical (100 Hz), SV and SHzMas
well as Galperin mounted 100 Hz vertical geophones (figuréhe Galperin mounted geophone
data was rotad through an axis transformation in order to obtain the SV, SH and vertical
component responséappendix 1).The data was recorded for 8 secondth a 0.005 second
sampling intervalising two 24channel Geometrics Geode seismographs with simultanbotis s
triggering and data recording enabled by GPS synchronizakios.seismic source was 0.5
kilograms of pentaerythritoltetranitra(PETN) placed in shot holes buried 10 meters below the

surface.

For this experiment, the recording array of geophonesineahastationary and twenty
two seismic sources were deployed at offsets ranging t@80 to +1600 m with a shot interval
of 160 m. In order to assess wind effects and determine the wind cut off threshiie
streamer, the seismaata was recorded uadvarying windconditions(0-10 knots wind speed
measuredn siteusing a hand held anemom@telJsing the data collected by the experimental

snowstreamer at thdakobshavn Glaciave will:

T Examine coupling to the strfaece glhy a@xmam
geophone burial on seismic data
T Analyze the effects of wind on seismic

pl at e apldwnrtieedd sensor s.
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Figure5: Site location at the Jakobshavn Glacier. Ice flow velocity from Joughin, 200,

Figure6: A) Galperin and B) Vertical (100 Hz) and horizontal (SH, SV 4.5 Hz) geophones deployed at Jakobs
Glacier, Greenland.
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2.3.1 Geophone Coupling to SnoRtate Materials and Geophone Burial Effects

Geophone coupling is affected by a number of variables that include geophone mass,
ground to sensor surface area of contact and ground compéegporAlZayer, 2010; Hoover
and O(1B80) Given the importance of coupling to data quality for thisestigation, we
compare the amplitude and frequency spectra of heavy versus light plates (steel vs. aluminum) in

order to assess the effectsginsomass o the seismic signal.

In polar environment# is common practice® bury geophones approximat€lp metes
belowthe snow surface in order to increase coupding reduce wind nois®ut therehas never
been any studies that tested the effects of buepith on the seismic signal. Taetermine
whether or not the there is a significant advantage topthetice of geophone burialye
compare the amplitude and frequency spectra of the plate mounted geopbmweface and

buried geophones

2.3.2 Plate Material Testing Results

The selection of the appropriate plate material is crucial for the strebasign. A plate
with excessive weight would be difficult to transport while a light plate could be easily tipped
over while pulling the snowstreamer.Therefore it is necessary to test the effeatsplate
materials on the seismic data and the streamer mauverability The plates used for this
investigation were made of steel as well @sminum. The reason for studying steel and
aluminum plates was to test for the effects of heavy versus light plates in terms of signal strength

and coupling.
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The compari®n of aluminum versus steel platesing conventional as well as vertical
Galperingeophones reveal that the steel mounted geophones constantly regyestést signal
amplitudes (figure 7)Furthermore, the signal to noise analysis under variable gonditions
(described in sectio2.5.1) shows that the S/N values of the steel plate® higher when

compared to the aluminum plates for the conventional and Galperin geoftigures8)

Recorded seismicnaplitudes can be affected by a number ofdet(e.g. soil type, soil
compaction, geophone mass). Several models have shown that heavier geophones can increase
the amplitude response of seismic data (e.eZajle;2 0 1 0 ; Ho ov e r198a)iGokenO6 Br i e
that the data was acquired simultaneously qughre samesource andequipment the higher

amplitudes cawonly be explained byheincreased mass of the steel plate.

The use of small planes for transportation and snowmobiles as towing machinery, make
weight a significant factorto take in to considetian in remote Polafield deploymentsEven
though the steel platemounted geophonesecord greateramplitudes over aluminum plate
mounted geophonesteel plates ar2.7 kg heavier. Therefore the use of aluminum plates offers

apracticaladvantage in tems of transportation and deployment.

16
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Figure7: A) Comparison of trace and B) frequency spectra: of steel versus aluminum plate using conventional and
Galperin vertical geophone traces under no wind conditions (frequency spfedata in trace windowA 200 Hz
reflection from the bed is recorded at approximately 0.985 seconesdwéravel time.
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17



2.3.3 Results of Burial Effects on Geophone Response

In polar environments geophones are traditionally placed approximately 0.5 wmthelo
surface and covered witnow to provide maximum coupling and protect the geophone from
wind and snowdrift (figure 6). The practice of gophone burial is comman polar seismic data
acquisition but no studies testing the effects ggophoneburial to the seismic signdlave ben
performed Figure 9shows acomparisonof data collected using streamer vertical geophone
mounted on @& aluminumplate resting on the snow surface spiked geophonelaced on the
snow surface, and spikedgeophone buried ~ 0.4 m below the surfé@gure 9a) Data from
the same source shots was recorded simultaneously by the three geophone configurations shown
in figure 9a. Trace by traceomparisos reveals that the plate mounted geophones recorded the
highest amplitudsignalfollowed by the surfee geophone, with the buried geophones recording
the lowest amplitude. This was the case for both intecelayer reflectionsand the bed
reflection (Figure 9b). The most likely expiation for this phenomenon & combination of
increasedecordedampitude due to the additional mass of the plate mounted geopimtiee
snow surfacdseesection2.4.2 anddestructive interference between the upconsngsurface
reflection and dowsgoing surfaceeflection As illustratedin figure 9a the geophone moted
to the plate onlyeceives the upcoming reflected sigrihkre is no downward component acting
on the geophondn the case of theurface geophonehe sensoreceives the upcoming arrival
and the down going surface reflection. Since the signalsesgrolarityat the snow surfacethe
interaction between the upcoming and down going signals results in destructive interdednce
reduction of the recorded signal amplitude. Using an approximate depth of geophone burial of
0.4 m and a near surface snpvwave velocity of 1500 m/s, the time delay of tirgeraction

between the upcoming and down going sigrialsapproximately 0.53 ms. This time delay

18



corresponds to approximately 10% of a wavelength shift between the upcoming and down going
waves whichreaults in destructive interferencand the decrease in amplitude of the buried

geophone when compared to the surface an plate mounted geophones (figure 9B).

A) B) Bed Reflection Internal Layer
= R =-] 1050 { o5
= - = —— Streamer
= 1060 Buried 1000 —
4: 5- - :-: Surface 1010 = »
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Figure 9: Effects of geophoneburial on recordedsignal strength: A) Visual representation of the interactic
upcoming and down going seismi@ves B) Trace comparison of plate mounted geophones as well as hand

and buried geopines.
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2.4 Wind Noise

24.1 Evaluating wind noisen streamer vs. buried geophones
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2.4.2 Vertical Geophone Test Results

The performance of the plate mounted vertical geophones was evaluated byirgimpa
with a control data set of buried hand planted vertical geophones under varying wind conditions.
Figures 10 and 11show the bed (980 ms) and two internal layers (825 ms and 910 ms) very
clearly using the vertical geophones. The trace comparisevebetplate mounted arimiried
vertical geophones reveatlsat in all cases thamplitudes(bed and internal layers) recorded
using tre plate mounted geophones @eaterthan the amplitudes recordedth the spike
geophones (figurdl). Under no wind conitions, this behavioris attributed to theeffects of

geophoneglate massand burialas described earlier in sectichg.

The N/Nww analysis of the seismic data under varying wind conditions revealed that the
vertical plate mounded geophones are moreeptible to wind noise when compared to the
buried geophonedigure 12) The S/N analysiseveast that the signal to noise ratio for tsteel
plate mounted vertical geophones is superior when compared to the buried vertical geophones
(figure 12). Meanwlile the S/N of the aluminum plate mounted geophones where superior in
wind conditions up to 5 knots but less efficient in wind conditions over 5 knots when compared
to the buried geophones (figure 12). Furthermasesesen in figurel0and1lin wind condtions
over 5 knots it is not possible to clearly image the internal layers. The ice/bed interface was
imagal very clealy at the maximum wind speeds occurring at the time of the field deployment
(10 knots). In polar environmente seismic data acquigin cut off pointis between 5 and 15
knots. Given that the bed was imabm all wind conditions, we were not abledstablish a data

acquisition cut off pointor the experimental snostreamer
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Figure10: Comparison ofurface plate mountedleft) andhand plantedburied(right) 100 Hz vertical geophones

under various wind conditions.
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Figure12: Wind susceptibility analysis of aluminum (blue) and steel (red) plate mounted vertical geophones as well
as conventional buried vertical geophones (black).

2.4.3 Horizontal Geophone Results

Horizontal geophones were alsested in this investigation. This type of data is rarely
collected in polar environments. The SH and SV geophones record the parallel and perpendicular
particle motion of the $Vaves. The comparison of the data from both SH and SV geophones
(figure 13) shows a reflection occurring at the same time as the bed arrival recorded on the
vertical geophones (figuré0). Assuming ahorizontal interface, Pwaves can convert to-S
Waves and theeflectedsignal would appeaasthe SV component. The reflection reded in
the horizontal geophones arrives at the same time as-Wav® so we have to disregard the
possibility of a converte@&wavethat propagates at a lower velocity thamw&es Therefore,
the signal recorded by the horizontal geophones correspo@dP-wave impinging at an angle

to the surfaceallowing some of the particle motion to be recorded by the horizontal geophones.
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This explains the bed reflectiaf the far offsetgecorded by the horizontal geophoraesl the
lack of reflected signal in he nearvertical offsets. Furtherexaminationof the horizontal
componentata shows that noonvertedS-waves were recordeat times corresponding to 1.5

the arrival time ofP-waves noiS-waves at twice thB-wave arrivals

Another important aspect ihe evaluation of the data quality of the horizontal geophones
is their susceptibility to wind. The elements in the SH and SV geophones are oriented parallel to
the snow surface. Wind could also travel in the same direction as the elements in the horizontal
geophones. This would result in the introductiomxdessivavind noise in to the seismic signal.
As seen in figure 3, both geophones were severely affected by wind noise over 5 khets

compared to the vertical geophateta shown in figure 10
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0.85 133 0.85 3
0.9¢ I 0.9t
Bed Reflection b Bed Reflection =
’_\095 ~1.9 km Deep o Bl A095 ~1.9 km Deep
2 ! 3 : 1 i =
= [=) £ =
1.05¢ 1 1.05¢ 3 s
1.1 11 = =
3 =
1.15 1.15 £ =
=: = ==
1.2 -1500 -1000 -500 0 500 1000 1500 2000 el -1500 -1000 -500 0 500 1000 1500 2000
Offset (m) Offset (m)

Figure13: Comparison of horizont&V (left) andSH (right) geophones under various wind conditions.
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24.4 Galperin Geophone Test Results

The Galperin mounting allos\geophone to record all three components of the incident
wave field. Galperin recorded data can be transformed to obtain vertical, SH and SV ground
motion (Appendix 1). A comparison between the conventional vertical and Galperin plate
mounted geophones reveal that both data sets imaged the bed and internal layieds in
conditions under 5 knots, with the bed imaged in wind conditions up to 10 knots (figedBs 1
The noise analysis as well as the comparison of the trace and frequency spectra reveals that the
Galperin geophones are more susceptible to wind wherpa@th to the buried anglate
mounted verticajeophones (figuré4 and15). The signal to noise analysis siwivat the steel
base plate witliGalperinmountedgeophones has the best signal to noise in wind conditions up to
5 knots. The stedbalperinconfigurationis the heaviesbng with a total weight 06.0 kg. The
increased signal due to the effect of weight (see se2tf) accounts for the additional signal
to noise in the steel Galperin geophones (figurel4 and 17). The S/N of the transforticatl ver
geophones after 5 knots was diminished when compared to conventional or plate mounted
geophones. This effect is mostly attributed to the additional exposure to wind caused by the
Galperin mounting (figure 4C). The additional wind noise exposursgsagally evident in the
data fromthe rotated horizontal SH and SV Galperin components (figur6é) Were the bed
reflection was recorded in wind conditions up to two knots. Given the additional susceptibility to
wind caused by the Galperin mounting we @b recommend de use of Galperin geophones for

data acquisition in polar environments.
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Figure14: Display of the vertical component data recorded by 10@Hiperinmounted geophones on aluminum
plate under varying wind cortéins.
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conditions.
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2.5 Full Scale SnowStreamer Design

The successful imaging of the bed and internal layers using the vertical plate mounted
gehones coupled with the maneuverability and simplicity of the experimentalstneawmer
promptedthe construction of aecondfull-scalesnowstreamer for efficient data acquisitiom
polar environmentsThe full scale snovstreamer waslesignedo be usd for deploymerstin
remote locations in order to image large areas. Therefore the full scalesseamer needed to
be longer, lighveight and easy to transport. In traditional seismic polar data acquisition, 2D
seismic lines are collected in the scaldens of kilometers (e.g. Horgan et al., 2088rgan, et
al., 2011). For this reason the full scale snow streamer was built using 24 channel seismic cables

with 20 m spaced take outs for a total length of 480 m.

The towing material used in the expermta snowstreamer was a fire hose. Bbased
on the weight of the fire hose used for the experimental st@amer 15 kg) the total weight
of the fire hose for a full snowstreamer would be approximatelp30kg. Given the excessive

weight of the firehose anew towing material was necessary.

Using a force gaugee gradually applied a load and measured the percent of dwetch
cargo webbing, marine rope, climbing rope and diving webbing (fire hose was not tested due to
excessive weight). As seen igudre 18, the best material would be the marine rope followed by
the two webbings. Although the marine rope had a smaller stretching rate, the diving webbing
was less expensive and more convenient for the attachment of geophones due to its flat surface.

Because of this, the diving webbing was selected as the best towing material.

The base plate material used for the construction of the full scale snow streamer was

aluminum. This material was selected to maintain the total weight of the neamer lowijn
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order to make transportation easiéne plates were the same size as the first streamer but curved
in both directions (figur&dB and 19. This enabled the streamer to be pulled in both directions
limiting the necessity to turn the streamer while pulbgdthe snowmobile.The resultant full

scale streameweighed64 kg and was transported in two small boxes (43 inches long x 27
inches wide x 20 inches higlgs two 240 m sections with 12 plates attached seetion
excludingthe seismic cableand geopbnes. he only necessary asseminythe fieldwas the
attachment of the seismic cables and the mounting of the vertical geophones. By minimizing
weight andmaintainingstreamersimplicity, the amount of mapower andime for assembly is
minimized. Additionally it was possible for the streamer to be puly a snowmobileor by

hand if neededThe plates were able to carve a smooth path over the snow allowing the streamer
to glide very easily over the surfaddditionally, by the us®f conventionalertical geophones

it is possible to detach the geophones under harsh wind cosditidncontinue data collection

by bulying the geophones.
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2.6 Full Scale Streamer Testing and Results

The full scale snovetreamemvas testedh the austrasummerof 2008at Thwaites Glacier
Antarctica (figure 20) Due to adverse weather conditions in the ateaas only possible to
preformseveral test shotshile the streamer was stationafyhe source was one pound of PETN
buried 30 m be&lw the surface activated by means of the same trigger system used in Greenland
(section 2.3) Three parallel geophone lines (buried, surface and plate mounted vertical
geophones) were spaced 1 m apart, each line consistivwgloé 28 Hz verticatjeophons at 20
m spacing (figure21). The data from the snestreamer was compared to buried and surface
geophones under no wind conditions in order to determine if the full scalestreamer is an

appropriate tool for seismic data acquisition in polar enviems
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Figure20: Location of data collection at the Thwaites Glacier Antarctica (LANDSAT, 2007).
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The direct trace by trace comparison of the data acquired using the three parallel data
lines shows that the maximum amplitude @awas recorded using the plate mounted vertical
geophones (figure 22kigure23 displays all the geophone traces recorded by the thifeeent
geophone arrangemenisider no wind conditionsThe data comparisoffigures 22 and 23)
shows that the bestiaging was accomplished with the snstreamer followed by the surface
geophone antastthe buried geophoneBurying geophones appears to degrade significantly the

seismic signal as discussed in secfoh3

The streamer was easy to transport anérabke in the field. The maneuverability test
showed thathte streamer had to be pulledaatelocity up to15 km/hin order to avoid jamming
or rolling of plates on the snow surfaceGiven the high quality of the data collected, the
simplicity as well ashe low cost and low weight, this snestreamer could be used as a tool for
data collection in polar environments, thus improving efficiency and decreasing man power and

cost for field deployments.

20m
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Figure21: Acquisition geometry of test data collected at Thwaites Glacier Antarctica.
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Figure22: Comparison of tree and frequency spectra of filtered data (Butterworth filter 380 Hz) collected at
Thwaites Glacier under no wind conditions using a combination of plate mounted, buried and surface 28 Hz
geophones.
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Figure 23: Data collectedat Thwaites Glacier under no wind conditions using a combination of plate mounted,
buried and surface 28 Hz geophones (Butterworth filter 38D Hz).
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2.7 Snow-Streamer Conclusiors

Two snowstreamers were developed in order to optimize seismic datasaico in
polar environments. The experimental streamer was built with the purpose of testing multiple
plate materials, snow burial effects and geophone configurations in terms of signal strength and
wind susceptibility. In the casef plate materialshe analysis revealed thaeavier plates, i.e.
steel, resulted in greater signal to noise than lightweight aluminum plates and spiked geophones.
However, onsidering that aluminum plate mounted geophones yield adequate signal quality for
imaging the bed anthternal layers, e additional signal strength does not ijysthe added
weight of the steel plates. Therefore we concludedahamhinumis the best materidbr plate

construction.

The analysis of the multiple geophone configuratioaveals that theconventional
vertical geophones are the best sensor for streamer construction. Vertical geophones were able to
image the beat 10 knotwind speedsind two internal layers in wind conditionader5 knots.
Horizontal geophones recorded the bed refledtiomind conditionsunder5 knots. The arrivals
in the horizontal SV and SH geophones occur at the same time as the reflections recorded in the
vertical geophones. This reflection is explained by an obliqyanmmg pwave field The
arrival of this wave iéld at an angle would allow some of the energy to be recorded by the
horizontal geophones. Although, the horizontal geophones imaged the bed, no evid&nce of
waves was foundn the seismic record3 he lack ofS-wave signal coupled to their susceptilyilit
to wind makes the use of horizontal geophones unfit for data acquisition in polar environments.
Galperin mounted geophones where rotated in orderctoverthe response of vertical as well as
SV and SH horizontal geophones. Rotated vertical plate md@alperingeophones preformed

as well as conventional plate mountsad hand planted geophones imaging internal layers in
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wind conditiors under5 knots and the bed in wind conditions un8eknots. The comparison
between the conventional and rotated @atpgeophones revealed that the Galperin geophones
had the bessignal to noise ratibut showedhatthe Galperin geophones were more susceptible

to wind conditions over 5 knots due to the additional exposure caused by the Galperin mounting
Given the reults of this investigation, we have concluded that the best configuration for a large

scale snowstreamers aluminum plates witltonventionalertical geophones.

Burial effects proved to be a significant factor for data acquisition in polar environments
Direct comparisos of the plate mounted, surface and buried geophones revealed that the
recording signabmplitudes daease with burial This effect is explained by interaction of the
upcoming reflection and down going surface reflected signal resuitithgstructive interference.
For this reason the practice of pimg geophones ienly recommended in wind conditisrover

5 knotswhen surface conditions degrade the recorded signal significantly

Using the results of the experimental sheineamer a Ige scale snovstreamer was
constructed and testemt Thwaites Glacier Antarctica. In order to build the optimal snow
streamer several towing materials were tested. It was concluded that the best material was the
diving webbing. This material offered theast stretch while minimizing the weight and cost.
Twenty four aluminum plate mounted vertical geophones spaced 20 m apart completed the
snowstreamer. The comparison between the plate mounted, surface and buried geophones reveal
that the maximum amplite$ from theburied geophonesare weaker than the plate mounted

geophones.

The data acquisition cut off points due to the effects of wind, is dependent on the

objectives of the survey. If the objective of the investigation is to irmalgtieice column
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feaureslike internal layers, the streamer can be used in wind conslitizaher 5 knots assuming

no significant amount of snow drift. If the wirckceed 5 knots, the geophones can be
disassembled from the plates in order to hand plant them and continistacgup to wind

speed®f 7 knots. If the purpose of the investigation is to image the bed and geofegitaés

the streamer will perform apodas the hand planted geophones. Given that the bed was imaged
at the maximum wind conditions of dataleation (10 knots), more studies are necessary to

determine the wind cut off point for bed imaging.
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3.0 Ice Anisotropy

3.1 Background of Jakobshavn Glacier

JakobshavnGlacier is one of the fastest flowing glaciers on earth andnihgr
discharging outlet glacier in Greenland, draining approximately 7% of the ice sheet (Csatho et
al., 2008). Studies from satellite imagery and information from lateral and terminal moraines
suggest that Jakobshavn Glacier has experienced significant charnggedistharge. The retreat
of Jakobshavn glacier since 1850, coupled to the collapse of the floating terminus {figh887
24)was followed by an increase iregier speed. Thepeedup of 6 kma® in 1995 to over12 km
a’in 2006 (Joughinet al.,2012 accounts fom totalincreasen ice flow of 100%, speeds that
are sustained todaysiven the variation of the terminus position and the importance of this
glacier to the stability of the Greenland Ice Sheet, ice flow modelers have tried to explain the
recent behavior of Jakobshavn Glacier (e.g. Van der Veen et al., 2011; Thomas, 2004). An
important parameter affecting the results of these analyses is the viscosity parameter for ice. This
parameter incorporates the effects of temperature and preferredystal orientation. Glacier
flow can be strongly affected by the temperature of the ice column with warmer ice deforming
more rapidly, resulting in an increase in ice flow velocity (e.g., Hooke, 1981; Huybrechts and
Oerlemans, 1988).

Ice crystals are foned by stacking multiple layers of water molecules arranged in
hexagonal rings. These layers are called the basal planes of the crystal, and the normal to the
basal plane is called theaxis or the optical axis of the crystal. Preferreakis orientations a
result ofshearand compressional or extensional stresses induced on the ice column as a response

to flow or loading (Hooke, 1998). Ice characterized by a preferred orientation is about three
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times softer than ice with crystals oriented randomly (E3a&msen, 1985nd it exhibits seismic

velocity anisotropy

The increase in ice temperature within the ice column can enhance preferred ice crystal
orientation, further weakening the ice column. Internal ice column temperature is the result of a
complexinteraction between the downward advection of surface cold through accumulation,
horizontal advection via ice flow, geothermal flux from the geology beneath, and frictional
heating due to ice deformation and basal sliding (e.g., Cuffey and Paterson, R@L0)
temperature can result in a bulk increaselerreasen seismic velocity with in the ice column
(e.g., Tonn, 1991; Dasgupta and Clark, 1998; Kohnen, H., 1974). Studies using seismic and ice
core measurements show a temperate basal ice layer withiowermost 14% of Jakobshavn

Glacier Peters et al., 2012; Iken et al., 1993

A seismic reflection profileacquired at Jakobshavn Glaciesvealed englacial refctors
occurring in the lower @ m of the 1900 m iceolumn (Horgan et. al., 2008). The loits
suggested that the best explanation for the englacial reflectivity is complex fabric development
which can introdue changes in seismi@locity of up to 5% In thisthesiswe used a longffset
common midpoint (CMP) reflection gather, coincident withe reflection profile presented by
Horgan et. al., (2008), and we employed the method presented by Blankenship and Bentley
(1987) to detect zones of preferred ice crystal orientation in the ice column at Jakobshavn

Glacier.
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Figure24: Reconstruction of the Jakobshavn Glacier terminus ov@yéars (http://svs.gsfc.nasa.govjvis
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3.2 Seismic Anisotropy Background

Notation

X,Y,Z =reference coordinate axes (see
figure 25).

u, v, w = wave front particle displacenten
the X, y, z direction respectively.

" = angle of incidence & = average ray velocity
@ = velocity vector Y = Slowness vector

@ = velocity surface Y  =slowness surface

| = density 0 = wave surface

P = stress e = strain

| = angle of ice crystal orientation a solid

d represents the change in velocity as a

cone distribution function of angle of incidence

u angl e b et|C=elastic modulus

and tte direction é wave propagation

In this chapter | will review the theory developed by Ben(E#68 on seismic wave
propagation within ice. The concepts used in the theory of elasticity of solid anisotropic bodies is

that of the generalized Hoakes | a w:

0 o6 0Q (1)

where0 represents nine components of stré&srepresents nine components of strain

andd  represents eightgne elastic constants. By assuming a bodyirlérium (no rotation

of the volume element) the stress and strain tensors become symmétricaD( andQ
Q). This assumption reduces the number of elastic constants from-eightio thirtysix

resulting in only six indeendent components of stress and strain. Although the number of

vari ables necessary to solve Hookeds | aw has

practically determine the thirgix elastic constants usisgismicmeasurements.
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Severalgroups of symmetriesare used to control the stiffness of a medium (see equation
1: 6 and consequently the velocity the wave travels through solids (e.g. Isotropic,
Monoclinic, Triclinic, Cubic, Orthorhombic and transversely isotropidt)ese symmetries are
distinguishedfrom one another by the form of their tengdsvankin 2005). The analysis by
Bennett (1968) revealed that the type of anisotropy characteristic of hexagonal crystals like ice is
similar to that which is predicted for layered media. A medium of this type is called transversely
isotropic (TI) and has elastic gperties which are radially symmetric with respect to a fixed
direction, thus reducing the number of independent elastic constants fronsithiyfive. In the
case of layered media, the direction in which the elastic properties are radially symsetric i
normal to the layering. As mentioned previouslkyiseiic waves in ice travel up to 5% faster
along the eaxis than when travelling perpendicular to it (Bennett, 1968; Bentley, 1971a;
Rothlisberger, 1972)Therefore, if an ice column is characterized tg with preferred crystal
orientation, the elastic properties of the ice column would be symmetrical alongtie 8y
combining the stress strain relation of a wave front traveling in a homogeneous TI medium and

the equation of small motion we obtaimetwave motion of a plane wave front through a TI

medium:
" 0 — 0 — 0 — o6 o6 — o0 o0 —
" 0 — 6 — 0 — o6 o6 — 06 06 —¢
" 00 — 0 — 6 — o6 o6 — o0 o6 —
, O O
0
G
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The assumption of transverse isotropy implies that the medium is radially symmetric
Thus, the mathematics become&wo di mensi onal pr obl eseefigite = 0,
25). The expression of wave propagation on a plane wave field is given by:
ohuhy 6 Mm Q 3)
where0 is the initial displacement amplitude in thigh{d) direction, Qthe wavenumber
0 t he an goam thb \elboityevector , as well as the timed( (figure 25).
By constraining the analysis to only includevaves and assuming a plamave as well

as combining equations two and three, Bennett (1968) proved that the expression of the phase

velocity of the pwave in anisotropic ice is given by:

(4)

- av
do

plane definition
by 1%

\_~

av
a9
Figure25: Reference coordinate system (Bennett, 1968).
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A velocity vectorw (with magnitude V) expanding outward from the source will define
the velocity surfaced§ if we allow the vectorot o sweep through all pos
surface issymmetricalabout® (figure 26. The inverse of the velocity surface will define the

slowness surfacéyY

The wave surface (better known as the wa front) is defined as the surface over which

the phase of a traveling wave disturbance is the same (Sheriff, 2006).cHmebe constructed
by calculating the average ray velocity vectorfor each angle of incidenge. In a purely
isotropic case, the normal to is parallel tow. In the anisotropic case&} would not be

perpendicular te> and the relationship betweenhy and"Yis given by equation fivésee figure

26).

- o wAiro (5)
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Figure26. Wave surface and velocity surface interrelationship and notation

Bennett (1968) determined five elastic constants on single ice crystals obtained from the
Mendenhall Glacier in Alaska (ice temperattt®: C) by meansof ultrasonic measurements
@ pBle WP xpuv W LYY MW p& T

o8t o p T Q®EIDIA).

Using his results in equation 4, Bennett (1968) modeled (figure 27) the mean sl@fvnes
ice crystals by assuming that the crystallograpkéxes were spaced evenly along a solid cone
of semiapex angles | with radial symmetry about thaxes (figure 28). The choice of a solid
cone was not random. The geometry of the solid cone gudrdly observed in core
measurements collected in ice sheets (Blankenship 1982). The expression for mean slowness was
obtained by space averaging the slowness contribution of each single ice crystal orientation.
According to Bennett (1968) the expressimia slowness surface on a solid cone for mono

crystalline ice at1(°C is given by:
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where a, b, and ¢ are coefficientslBDEmpiric
(a=256.28-509/8m,0slb m5. 9a2n dOscs mt he angle is betw
sypme taayndwer e | represents the ice crystal or i
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Figure27: Model for slowness surface on a solid cone for menystalline ice at10 (from Bennett,
1968).
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Z

Figure28: Geometry and notation for a conicaagisdistribution from Blankenship and Bentle®987).
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3.3 Calculating Mean Ice Crystal Orientation from Seismic Measurements

In order to determine the slowness variability in maftset seismic data, it is necessary
to calculate the angle of incidendg ) and the average ray velocityo (. According to

Blankenship and Bentley (1987), theerage ray velocityuf) andangle of incidence,( ) for a

Tl medium underlainbg di pping reflector (dip = b) can b
‘ x
W — (7)
, I OAT —— 71 (8)

Where X is the soureeceiver offset in the plane of incidence, h is the thickness of the ice sheet
atx/2, t is the travel time, and indicates the upgoing and dowsgoing rays (see figure 29).

Using thecalculatedw and, it 6s possi ble to approxi mate th
equation (9) by means of a least squares regression. The resultant D, E, and F incorporate the
anisotropy in the medium and are used to generadivmess/ector’Y (equation 10) based on

the wave front (equations 11 and 12). The resuliowness vectorYis used to calculate the
coefficient y (equation 11), which represent ¢
i nci dence. dXxseiangt oftincidencg () an we calcul ated O, w h

angle between the axis of symmetdy(figure 28), and the direction of wave propagation. The

resultant™Y calculated in equation (10) are used to determine the averageesB)“\?Fnin
equation (13). The resultant slowness is compared to the model in equation (6) using multiple
ice crystal orientations (figure 27). The ice crystal orientation model that best matches the

slowness results is selected as the meaxigoriatation for the area of study.
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Figure29: Visual representation of variables necessary for seismic anisotropy analysis.
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3.4Experiment

For the purpose of this investigatiowe use a stati@my array of eightlosely paced
vertical geophones with twentwo variable offset sources as described in chaptgr The
traces from all the vertical plate mounded geophones were stacked in order to improve the signal
to noise ratio. Due to the acqmign geometry of the survey, the dataset is not tadgnmon
mid-point (CMP) and covers an area of 1600 m. The method developed by Blankenship and
Bentley (1987) requires knowledge of the depth and dip angle of the reflecting horizon. Based on
the acquidion geometry of the mukoffset gather, we extracted the ice thickness and dip angle
for each midpoint shot record fothree horizons of interest relative to the corresponding
horizons in the seismic profile presentgdHiorgan et al. (2008) (figure BOBy combining the
information of themulti-offset data with the 2D seismic profilé,was possible to calcukathe
sl owness vs. intérprefed morizonk. éAnalysts ofettee three horizons allows us to
determine where the preferred ice crystal orientation is occurring within the ice column

(appendix 2)

Ice temperature hamaffect on seismic velocity ad seismic attenuation (e.g., Tonn,
1991 Dasgupta and Clark, 199Bohnen, 1974)Temperature variations within the ice column
translate to a bulklecreasgwarm ice) or increase (cold ice) inwave velocity. Given that
studies using seismic and ice careasurements show a temperate basal ice layer within the
lowermost300 mfor the area of studgPeters tal., 2012; Iken et al., 1993) it is necessary to
correct the temperature effects for each horizon in order to successfully preform the anisotropy
andysis. To compensate for the effects of temperature variation on seismic veloaibgjty
correction factors were determined based on the fit of observed data to the slowness model of

Bennett (1968)The model byBennett (1968)s expressed in slownessd itwas developed for
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a constantice temperature ofl®® C. Therefore, the sign of each velocity correction factor will
provide information of the internal temperature of the ice column, with a positive correction
factor indicating warmer ice thari(® C and negative correction factors indicating ice colder

than-10°C.

In order to test for the accuracy of the Blankenship and Bentley equatidnstudy the
effects of fast (colder) vs. slow (warmer) ,i@@2D model was generated to simulate a 2000 m
isatropic ice sheet with a glacial till bed (Vp = 2000 m/g 2/1000m/s} = 1.9 g/en®). Three
CMP synthetic simulations with varying ice velocity ( 1: Vp = 3780 m&=\X890 m/s 2: Vp =
3830 m/s ¥ = 1915 m/s 3: Vp = 3900 m/s s\t 1950 m/s and a constant density of 0.91 g/c
m®) were generatedThe model was generated byeamsof a Ricker waveletwith a sampling

rate of 0.005 s using the Omni softwaréappendix 3) Using the time picks of the synthetic

Co

trace and the geometry information from the mpdehe sl owness vs.
calculated. The results from the #yetic were compared to the model by Beh(E968 using

isotropic ice (1=90).

Picking errors represent a significant problem for the study of anisotropic properties,
especially with limited data. Small errors in time picks, translate into changesshape of the
wave front thus introducing significant errors in the reconstruction of the slowness surface. In
order to assess the susceptibility of the analysis to picking errors, random Gaussian noise
constrainedo onewavelength(5 ms) wasadded to edctof the interpreted horizons and used to
determine the sl owness and 0. This process
deviation as well as the mean was calculated for each hqappendix 4)The results for each

horizon were compared tbe model byBennett (1968jor the corresponding | of each horizon,
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to determine the effect of picking errors in the method and determine the stability of the

interpretation using the available data.
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Figure30: 2D seismic priile collected by Horgan et al., (2008) along flow of the Jakobshavn Glaefdr M ulti-
offset data simultaneously collected with 2igf{t).
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3.51 Results

The depth and dip for the bed and two internal layers (shalwivdeep Table ) were
successfully extracteat the midpoint of each trace of the mudfifset datgfigure 30: left)using
the 2D seismic lineffigure 30: right)collected in the same area of study (Horgan et al., 2008).
Using the interpreted depth and dip, combined whil time picks extracted from the multi
offset data for the three interpreted horizons, it was possible to calculate the slowness variation
wi t h r es pethé methad descrihed in segtion .31he analysis for all three layers
revealedthat theslowness rsults match the models of 1=33, | =34 and 1=70 with correction
factors 0f90, 125and30 m/s for the beddeep and shallow layersspectivelyfigure 31-32 and

table ).

The synthetic analysis reveals anisotropy of less than 0.1% with offset for al thre
models. The Y velocity of 3830 m/s matched the modelB¥ankenship and Bentley (89) for
isotropic ice. An increase or decrease of velodity$ 3900 andv,= 3780 respectively)esults

in a bulk shift of the slowness and does not change the sh#pesidbwness surface (figure 33).

The arrival time error analysis revealed that the shape of the slowness surface can be
susceptible to the time picking. But the analysis of the mean and standard deviation determined
by multiple iterations with random Gssian noise show that the overall trend of the shallow
internal layer is represertiige of isotropic ice (I=70) whiléhe bed (I=33anddeep internalayer
(I=35) is characteristic byce with preferred ice crystal orientation and closely matches the

resuts obtained using the analysis developed by Blankenship and Bentley (1987) (figure 3
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Figure31: Mean ice crystal orientation results of three interpreted horizons fromoffgkit stacked data. Error
bars calculated fronhe standard deviation of multiple iterations of time picks with added random noise

270 T T T :
: ' —Model [=35
_ _ —Model =33
E ‘ : : —Model I=70
%] E——— e R [ S Layer
P L * Deep Layer
. ee % ® P * Bed
260:' LA R Lo S A S ]
‘g g 1] ]
2 ,
7 o] MR S _
@
=]
z
2
250F =
0 10 20 30 40 50 60

sigma (deg)

Figure32: Uncorrected mean ice crystal orientation results of three interpreted horizons froroffeattstacked
data.
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Figure33: Synthetic analysis results for the three models with multiple velocities.
Bed Deep Shallow
Offset Depth Depth Depth
(m) Sigma | Slowness| (m) 1=33 Dip Sigma | Slowness| | =35 (m) Sigma | Slowness| | =70 (m)
1755 26.5 256.2 1900 | 256.3 | 0.04 28.0 256.6 256.9 | 1750 | 27.4 257.9 258.2 | 1600
1595 24.8 255.9 1897 | 255.9| 0.03 26.1 256.3 256.5 | Dip 25.3 258.1 258.3 Dip
1435 22.8 255.5 1895 | 255.7| 0.01 24.1 256.0 256.1 0 23.2 258.3 258.4 0
1275 20.7 255.2 1894 | 255.2 | 0.03 21.9 255.6 255.7 20.9 258.5 258.5
1115 18.5 254.7 1892 | 254.6 | 0.00 19.6 255.1 255.4 18.6 258.7 258.6
955 16.1 254.3 1892 | 254.2 | 0.00 17.0 254.7 254.8 16.1 258.8 258.8
795 13.5 253.9 1892 | 253.9| -0.05 14.4 254.2 254.4 13.6 258.9 258.9
635 10.9 253.5 1896 | 253.4 | -0.05 11.6 253.8 254.1 11.0 259.0 259.0
475 8.1 253.1 1900 | 253.0| -0.05 8.7 253.5 253.7 8.3 259.0 259.1
315 5.3 252.8 1904 | 252.8 | -0.04 5.7 253.2 253.5 55 259.1 259.1
155 2.5 252.6 1907 | 252.7 | 0.00 2.7 253.0 253.3 2.7 259.1 259.2
5 0.3 252.6 1907 | 252.6 | -0.01 0.4 253.0 253.3 0.1 259.1 259.2
165 3.1 252.8 1908 | 252.7 | -0.05 3.4 253.0 253.3 2.8 259.1 259.2
325 5.9 253.0 1912 | 252.9| -0.08 6.4 253.2 253.5 5.6 259.1 259.1
485 8.6 253.3 1918 | 253.2 | -0.08 9.3 253.5 253.7 8.3 259.0 259.1
645 11.1 253.5 1924 | 253.4 | -0.04 12.1 253.9 254.1 11.0 259.0 259.0
805 13.5 254.0 1927 | 2539 | -0.11 14.8 254.3 254.5 13.6 258.9 258.9
965 15.9 254.3 1936 | 254.2 | -0.08 17.4 254.7 254.8 16.1 258.8 258.8
1125 18.2 254.7 1942 | 254.6 | -0.08 19.7 255.2 255.4 18.6 258.7 258.6
1285 20.4 255.1 1948 | 255.0 | -0.04 22.0 255.6 255.7 20.9 258.5 258.5
1505 22.6 255.5 1951 | 255.7 | -0.03 24.9 256.1 256.3 24.0 258.3 258.4
1605 23.4 255.4 1953 | 255.9| -0.21 26.2 256.3 256.5 25.4 258.1 258.3

Table 1 Anisotropy results for the three horizons of interest.
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3.6 Discussion

The seismic velocity anisotropsnodel developed by Bennett, (1968) retdtee slownessf
ice at atemperature ofl0 C as a function ofce crystal orientationl andthe direction of wave
propagation(d). But sismic velocity propagation in icgVp) is dependent on temperature
(Kohnen, 1974)Therefore the elastic moduldetermined experimentallyy Bennett, (188) and
used in tle field dataanalysis developed by Blankenship and Bentley (1@8dusedin this
investigation is affectedby the ice columntemperatureThe syntheticanalysisin figure 33
shows that the Blankenship and Bentley (1987) techniquensstise to anincrease odecrease
in velocity due toa decreaseor increase ince temperatureyesuling in a bulk shift of the
slowness(decrease in velocity)lt is notable thatchangs in velocity due to temperature
variations do not introducevariations in velocity with offset (figure 33) Therefore the only
likely explanation for slowness variation with offset (figure 31) is preferred ice crystal

orientationdue to the anisotropic properties of the ice crystal

Studies using seismic and ice coreasurements show a temperate basal ice layer within the
lowermost 14% of Jakobshavn Glacier (Peters et al., 2012; Iken et al., 1993). To compensate for
the effects of temperature variation on seismic velocity, reflector depth correction factors were
deternined based on the fit of observed data to the slowness model of Bennett (Ai968)that
the model by Bennett, (1968) simulathe slowness respong# ice at a temperature 6.0 C,
positive velocity correction factors would correspond to ice worntent-10 C and small
correction factorsvould indicatetemperatures close td0 C. The correction factor of 30 m/s
for the shallow layer (near offset time arrival 0.82 s) indicated that the top 1640 m of the ice
column is characterized by ice with a teargture close tel0 C, while the correction factors of

125 m/s for the deep internal layer and 90 m/s for the bed indicate warmer ice at the bottom 300

55



m (figure 3132). This result strongly agrees with the temperature model for the area of study

derivedby Peters et al. (2012) using seismic attenuation (figure 34).

Figure 34: Comparison of calculated temperature profile based on seismic attenuation by Peters et al.;
glacial temperature observations by lken et al. (1993) and motietguerature profiles of Funk et al. (1994
well as Poinar and Joughin (2010).

Using thevelocity correction factors, the seismic anisotropy results of this investigation
suggest that the top 1640 m correspond to ice isttttopic ice (I=70, while the bottom 300n
is characterized bgnisotropic icgaverage 1=3%1 However,multi-azimuth data is necessary to
capture thdull radial extent of velocity anisotropy in an ice colun@iven that the 2D mulki
offset data was collected alonige flow direction ofthe glager, the results from the analysis
using the method from Blankenship and Bentley (1987) would aorhespond tohe anisotropy

along the 2D line which does not necessarily indicate the mean anisotropy in the ice dblemn.
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