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VLF surface-illl.pedance tneasuretnents for ice-depth 
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ABSTRA eT. Th e enc'us on ITr;' IOII '-f'rcqucllc\ ' Sll r! ; lcc-i III pcciancc llle<1SUITnu' nts 
of' late ral I'ariat ions comlllonh- i'ouncl in ice cnl'ironlllcnt , halT I)(' ('n mcasurcd a nd 
mociellecl IlulTlc ri ca ll y lI sing ' the quasi- static tll'o-ciilllcnsio ll al boundan -cicmclll 
IllClhoci. Rcsults indi cate th at surface-impeciancc mC,ISlllTlllcnts macic in the I'icillitl ' 
oi' CITI'asses oricn tcci perpcndicular to thc planc 01' incicl c ncc . and those Illade ill the 
I'icinitl' ofll1orainl's ancimeit strca ms, can all , hO\I' sig nili C<lllt changes to the Illca ,urcci 
a pparent rcsistil ·it ;·. I t is, therefcJre. mi sleading' to lI se s lIch Il1C;tSUrCIllClIlS in thc 
interpretation of icc dcpth. 

INTRODUCTION 

Since the lirst II'ork with \ ' LF s llrl ;lce-illlpcdancc 
nlcaSUITllll'n ts ill ilT-cmTITd rcgion s Th icl. 19(1(i ' . t h( ' 
tcchniquc has bccn e1l1plo;ec\ in thc .\ lItarl'lir in thc 
so uthern SUlllllllTS of' 1988 H9 Thicl ancl " l'a!. 1989 , 
199192. 19939,1· alld 1991 9j. ,\11 Ilurk has hee ll 
dirc('[cd at c:->tran illg ice-depth illleJl'lllation rrolll thesc 
Ill cas urCl11ents, \\' hile sil11p le tIl'O-h\Tr i.e, icc rock 
inl'lTsion tcchniqllcs halT I icldec\ clata in line II ith icc 
racial' ancl othn gcop lll'sin , th('J'c h ,ll ,(, hCl'n SO IllC 
occas ions II hcn th e clata lICIT ,OIllCII hat l 'aria lJ ie, For 
this reason, a c\etailed stuch or the tc c hniqu c has heen 
uncierlaken in ,Ill ,lll elllJlt to c:->p lain thcsc lo ca l 
I';lriatinm, In particular. th e illl1ucnccs or chan,lics in icc 
conclitions a nd pro:->illlitl to morain e'S halT yielclecl 
elcc trom ,lgnctic scattering- clkl'l., which must be re-
11101'CcI bdell'e clata ill\Trsioll Iflr ice-clepth l':->tral'lion is 
altempted, \\ 'h ile thcse elTlTt' \I·ill he ciescril)('d in thi s 
paper. it is appropriatc to rn'icII th e hasic thl 'o r; upon 
II'hi c h th e techniquc is IJascd. 

SURFACE-IMPEDANCE THEORY 

,\ l 'tTticalh' polarizcci raclio l\ alT incident upon the 
surfilCC or the Earth inciu ce, ;1 horizollt;11 e!curic fielcl 
com poll clll E.r ciirel'lccI ill thc planc or in cidcll('l' (I.' ig, 11. 
1"01' a Ul1ilf)l'lll hall'space, tlic r,ltio l)('tll'c('11 thi 'i liclcl 
componcllt and thc ma g netic liclcl cOl11ponent If" 
pcrpenclicular to the planc 01' incidence. is ca l!cd the 
surf'ace imp cclal1cc Z, . Th e surf;llT illlp edallcc IS 
dependent on the c lectrical properties of th e hall' space 
anci is gilTIl bl' the relation: 

(1) 

I 

\I'here j = (- 1)' . ...u IS the angular freqllcnl'l 01' th e 
radiation. /1 i'i the mag llctic IXTnll'a bilitl or the hall' 
spacc , (J is the cOl1dul'lil 'it y or thc hall' spa lT a l1c1 f l'i till ' 
dielectric COll st;lllt or the hall' space. 

Il'thc Earth i, ho rizo lltalll- \;l\('J'ed, thl ' l1 Z, lelr the 
upper la\ (T a"ul11in,!!, an infinitl' hall'spacc is Illodiliecl 
hI a i:ll'lOr Q \\ 'ait. 1970 1, 1\i1ich is depcndent on the 
depth or till' la\'lTS and thcir clertric,t\ propl'rtie'i, h lr 
nalllpk i I' t h( ' Ea nh Ilia 11(' com is\s or a si ng le la ycr or ic(' 
orlhickncss /i 1 ClITrh illg' rock oril1lil1itc depth, the ' Uri;I{,(' 
illlpl'dalllT Illca sureci on till' uPJJ('I' 'i ur!;lCl' or the icc is 
gllTIl hI ' 

(2) 

I\hcn' 01 = [Zl + Ztlallll ( lIlh l )]/ [ZI + Z1 1allll (lI\ h\ l ], 
ZI allCl Zl arc the impedanccs I(Jr an il1finitc hall' span' 
gilTIl 1)1' Equ atioll I ,and 11 \ i, the compk-" prop,lg,ltioll 
cocllicicnt or the CII'Cll'Cllllagnl'til ' II<I\T in th e UpPlT 
III I'd i u Ill, 

Incident radio wave 

Medium 1: Ice 

Medium 2: Rock 

Fig . I . ScllfIlI({I IC rt'lm' II'III({IIOII 0/ (Ill Ice /({I'I' !' Oil 1(1) 0/ 
mck . T//{, /)/(1111' (!/llIrirlmel' fie,l ill llil' ,H)'::: /)/(1111' . 
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For a thrcc-\;ll"('r Earth s trUl"lure. [ill' exampk ice on 

sca \I 'ater on rock, the impedan cc meas ured on LilC' S Urf~ICC 
is g iH' n bl ' Equation (2 ) \\"h('!"c no\\" 

QI = [Z,1 + ZI tanh (lIl h ll ]/ [ZI + Z,2 tauh (u1h l )] 

alld Z,2 = Q1Z2 

alld Q1 = [Z$ + Z1 tanh(u1h1l]/[Z1 + Z;$ tanh(u1h1)] . 

Th e sa m c principle can be a pplied to any number of 

la yers; h o\\"('\"('r, in most c ircumstances in ic e-cOI"Cred 

regions. a threr-Iayercd mod el is sufli e ient to obtain hulk 

cha raeteri s ti rs . 

C:orl1.lllonh-, th e sur/ace-impcdance measuremcnt is 

cxp rcssed in terms of an apparen t res is til 'ily p" and a 

phase measurem ent. These arc ddined in the rollo\l' in g 

p" = Izil-ufl 
phase = arg(Z,). 

Based on thi s theory, \,L1." surface-impedance mca

surell1ent s halT becn uscd success fully to deducc ice 

thickness, icC' conduClil' ity ane! rock co nduc til 'itl ' on 

tC'mperate g lacie rs and in the .\ntarct ic rThiel and 

:'\ca L 1989: Thi cl. 1986 . 

In th esc papers . the effcct of l"i"C'\ 'asses o n the 

measurements \\ 'a s hi g hli g ht cd as a sou rce 0[" signi fi can t 

int erfe ren cc \I 'hi ch may jeopardize re liable d epth dcter

mln 'lllOl1S. In thi s paper. hOIl"(,I"('r , thc prolllcl11 is 

examin ed ill marc dctail both nUllleri ea ll: usin g the 

boundary-c lement method ilnd ;!l so expnimental"·. I n a 

similar li ght. the scattcring ri'o m ot h e r lateral changcs in 

the ice s ur/~\('e is di sc ussed. 

CREV ASSE EFFECTS 

Thc efkct of a crcI 'a sse on s urf~lce -ill1pedanee mcasure

ments is d e pcndent on it s oricntation \I' ith respect to the 

plane of in c idcnce of" tlIe radio signal. Figurc 2 sho\l's a 

34· 
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F ig. 2 .. '/J/w ren I resisli l ' i~J' 1II1,(1.llIred ({CroS.1 a serif.1 ojjour 

Clel'{{s:m /(,hieh lie a/lIlUsl /)({I({//ello Ihe /J/all e qf illeidellcf. 

The (}"('1'(I.l.lfS ({re /oraled al /6.6 17.1,24.3 25.0, -l0.8 
41.8 alld -l2.4 -l3.6111 . 

s urf~lce-impcdan("e tral"('rse across a seqUt'nlT of four 

CIT\'asses \I ' hich \\"(' re- all parallel to the plane oi'incidence. 

The cre l 'a sses lI"('re all at leas t .'i0 III deep and at lea st 

0.5 m lI' iele at the surface. Th e clTl-ct on the appa rent 

rcsisti\ ' ity measured across the path is less than 25'10 and 

on'" jus t outside LiIC' meas urements \'ariat ions alon.g the 
t ra I"('rsc . 

Figure 3 sholl"s a tral"('("se across a relati\ "C ly small 

cr('\ 'asse orientcd perpendi c ular to the plane of incidence. 

The erCI"C1SSe lI'as approximatel\" 10 III deep and 1 III lI·id c 

at the surface. I t is el·idcnt that th e- apparcllt resisti\·itl · 

has been s ignificant,," affect ed. changing bl ' morc th a n 
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Fig . 3 . . ljJJ)(l/"fIIl mJl"liI 'i{J' IIIf({JIIIW/ a("{o.ls (Ill i.lo/aled 

U(' m .I,le {('itiri! i.1 a/lllo.11 /lfIjJl'lI(/imlar 10 Ihe /J/allf of 
illeidmCf. The el"fl'asse i,1 /ocaled al 10 Ill . 

onc order of mag ni tudr .. \n elenrosta tic numerical model 

created using the boundary-element me thod Int egrat cd 

Engineering Softll"arc. 1993 at a riTqucnc: ' of"20k H z is 

g"l\"en in Figure ,I·. The model fe atured a 1 m lI·id e air-
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F ig. 4. BOllllda!} -(' /emCIII 1171'1/wd lIIode/lillg 0/ a 1111 (( 'ide 

rrezr({s.l(, i ll ia. The dijJ£' rml {l(1"1'e.1 re/ale 10 dtjJerflll 
oriflllaliolls oj Ihe (rl' {'(/ .I.I"I' ill Ihe 1"I'rli("({/ direrlioll (90 . 
82. " . 75.1 ,68.2 alld 61.9 .Jiolll IOjl 10 bOIIIlIll)' T he 

({{lIle allg/e jOI"llI('(//~J' Ihe ere/'a.I .11' ({III/Iitl' ifl' JI II/({{e lie:, 10 

Ihe 1"I:£:1i1 of Ihl' ::.ero jJooilioll. 
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Tftir/ ({I/d olhl'lI: I LF ,lIl1j(ICf- illl/)('(/OI/('(' 1II('(f .lllrtllll'lll.1 jin' iu,- ril'/)Ih 1I1({/)/)il/g 

fill edlT('\'asse in fi-cs h-II'ate r ice , Th e d e pth o f' thr CIT \ '<tsse 

Il'as 150 Ill , dkCl ilT ly infinite in ie rm s o f' th e mod e l. The 

l'C rti ca l o ri cJ1t a ti on o f' th e CITI 'assc Il'as I'a ri cd thro ug h a 

J1umber of angles, R es ults shO\l' a c h a racte risti c pa ll e l'll 

Il'hi c h is infl ue nced iJ >' the a ng le o r th e CITI'asse plane, 

res ult s imil a r to th c cfTe Cl or ;111 o rLh ogo n ,tI lTC I'assc sec 
Fig , 61, 

.'\ o te th a t as th e dip a ng le or th e creyasse in creases fi 'o m 0,02 

IT rti caL th e \'a ri a ti n n in th e ho ri zo l1la l elec tri c -li e ld 

co m po n e nt beco m es increas in g ly asy m me tri c. .'\ o te. 

a lso, t h a t the side or the cn'l'asse Il'h ere the ang le is 

m o r e ac u te is th e s id e \I 'he re th e a n oma h In th e 

ho ri zo nt a l e \ec lri c fidd is less p ro n o unced, In int e rpre t

in g th ese numni cal res ults, o nc l11u s t a dd a co n s tant 

ho ri zo nt a l elect ri c -fi e ld compo n e nt Il'hi c h res ults in th e 

tota l e lec tri c fi (' ld re m a ining pos iti\T across th e traWT Sl', 

Th e apparelll res is ti l' it l ' cha nge across the pa th Il' ill h e 

th e sCJu a re or th c sum or this co ns ta nt plus the a no m a ly 

CUI'\T , Th e d k c t o n th e appa rcnt res islil 'it Y m ea SIIlT

m e nts lI'ill be cl etCl'miJ1 ecl b l' th e \ 'a lu c o f' th e co n s[;lJ1l. 

lI'hi c h is a m casure o r th e un pc rturbed e lec tr ic field, 

C lea rl y. i/, t h e I'(' rti ca l pl a n e o r Ih e (Tn 'assc is 

plTpe ndi c ul a r to th e plane or in c id e n cc. th e ho ri zo nt a l 

e lectri c li e ld is d isrupt ed sig llifi callth, H ()II('\ 'n , Il'h e n th e 

lTC I'asse is a lmos t p a ra lkl to th e plan e o r in c ide ncc . th e 

dkct is o /'t e n Cjuit e sm a ll, The a utoma ti c ill\'C rsio n or 

surElCe-impeda ncc da ta using simp le l11 ulti- \;II 'l'I' m o d e ls 

\I ' ill no t I' ield sa ti sfilClOry ice-d epth r es ul ts in th e I' ic initl' 

o r u n' asses lI'hi c h are o ri entcd in a direct io n \I 'hi c h IS 

c losc to perpe nd ic u la r to th e pl a n e or in c icl cnce , 

MELT-STREAM EFFECTS 

,\ tralTSC was condul'i cd anoss a SUrh (T Ill e lt s tre am 

lI' iti c h lI'as a p prox ima le h- I III 11 ick a nd I III dce p . Th e 

st ream lI'as o ri e n ted a lmos t per pc ndi c ul ar to the pl a n c o f 

in c ici c ncc , .\ieas ured rcs ult s a rc g i, '(' n in Fig ure .) , I t is 

clear th a t thi s sllT <l1ll has a n e !lc:ct o n Ih e ;Ippa r c nt 

res is li"it > but th c m agnitud e {J I' Ih e change is re latil '(' h

sm ;tlL a p prox im ate ly a f;lcto r o f 2, This is nut u l1l'x l)l'Clcd 

g in'n th e Sill a 11 s i/.c o /'th c katu lT .. \ num erica l mocicl o/'a 

st ream () I' 1111 h I I m sCju are noss-secL io ll ill i(T >'ie lcb a 
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ftm'illg riillll'll ,lio//.1 0/ J 11/ I~) ' / Ill, 

MORAINE EFFECTS 

10 

\\ 'hile th e ('/l(-cts o f' th e Ill o ra in e at J a c k 's I) o ll ga nea r 

Case> S tati o ll , ,\ n ta rc t ica li CIT rc po n e cl c arli er Thi e l 

and .'\ e;1I , I ~)W) , further llle,NII'l'Illl' llt s 11 e re Illade in th e 

I'icin itl o r ti1l'se m o ra in es, I II pa rti c uLtr . th e e fll-Cl s or 

lI oll-a li g nlll e nt ni ' th e ill st rttll l('n t lI ith th c t ra nsm itt er 

IIT n ' assessl'c\. .\ 1 three difTc: re lltloca ti o n s l OO m 'll' lo\ l' 

Ih e m o r ;lill e. 20 III a l)(J IT a nd 500 III ,1/)0\'(' bOih th e 

elect ri c a nd magll e ti c fi e lcl s liT re mcas ured as a f'ull ct io n 

of'a n.L{ ic Illeas ured in t h e' h o r i/.o ll ta l p la n e. T he mo ra ill e i, 

or ic ll teci at a p prox im a l c ly 20 f'ro lll th c p la n e 0 1' 
inc id e n ce , Th e ra il' d a ta liC IT a na l>sl'd h y fi t ti ll ,t; :t 

cmill e fUll ctio ll to ea c h fidel co nlpo ll e lll fro lll eac h d a ta 

, l' t in cicpell( ll'llll >, Th e fi tt ing ro utill e Ill in imi/.l'd ti t(' 

lea, l-sCj u ilrt's ('I'm I' bl'lIlTl'n th e fi t all d t hl ' rail data, Th e 

a ng ul a r cii s pl ace lll e llt b e tll ('l' nll l(' (' Ie('[ ri c- an d lllagnct ic

li ekl CO lll po ll c lm is g ilT ll ill T ahll' I, 

Th e ;lppa n'llt rcs is li \ ' it ) d ni n'c1 fi '()1ll tll O or th ese 

d ;lta Sl't~ 100 III a mi + :2() m it a, bl'e ll pl () tt ed in Fi g-ure 

7 <I,;t f'U IlClioll o /' <l ll g lc , .'\ otl' that. lI'hil e th(TC is a lll'a ls 

<;0 111 (' 1',In a ll Oll ill th c Ill easu red s urf~l(T imped a ll ce, a t 

lT I' > 10\1 ~ i g llal I('IT ls du e to tli e nOli- ze ro s ig- Il ;d - lo-no isc 

7 abie I, , fllgll/or rli,I/)/(ftl'lIIl'lIl ( rc/ill i r e III 90 ) hl'ln 'CI'II 

1111' I'Il'tlric- IIl1d /II({glll'lic:/idd COII//)Ol/I'I/!.I /II1'({lllInl ill lite 

I' itilli!) ' II/Iltl' Iri/J/I'- liallril'ri IIIOrllill1' III .lac!.-',I /) {}lIgl1 (.11'1' 

11'11 ) 

/ .omliol/ 
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F ig. 7 . . I/J/)(Irflll re.li,l/il'i!!, Il/f(l,llIl'I'd {(,I a jlll/rlioll 0/ 

be{(rillg allgle Jar 11('0 d!lfi'relil 10mlioll,I ill Ihe ricilli(r 0/ 
Jack ·.1 D Ollga . T he large-l '{(rialillll ,1 IIIfajllrelllelll ,l 

( (ircll',I ) /l 'erf I{(km 20 III ji-olll llie IllOraillPs It ,herc llie I~' 

alld JJ jlflr/s (Ire 1101 orillllg(}lIall~J' 11.9 Th/' ol/m jcl i!l 
1II/,(f .1II relJl ell /,1 ( (I'o.I,lej ) 1(,1'1'1' 1II{(r/1' 500 III j;-olll Ihl' 

III ora 1111'. 

400 

r a ti o o f' th e in s trulll e nt. \I ' he n th e tll'O fi e ld s a r c 

sig nifi ca ntl y di spl aced ( in thi s case bl' a pprox illl a tch-

9 th is a ng ul a r d epe ndc n cc beco lll es s ig nifi ca nt. I n 

Fig ure 7, the I',ui at io n in a ppa ren t resist i\' ity is gTca t('l' 

tha n a Elc lOr or 3:). Fi g- lilT 8 illu stra tes t h e I'ariat ion in 

ap pa rc nt resis ti l' it l ca lcul ated f'rom the m isa li g nm ent o r E 

a nd H fields ror thest' t\l 'O a ngles . i.e. 1.3 a nd 8.9 . T he 

correct I'aluc 10 1' the surracc im ped a nce is fo und in th c 

p la ne o r inc ide nce o nll·. This p hcnom e ll o n has I)(' ('n 

plTI' io usly re po rted fil l' th e case of' a unifo rm a ni so tro pi c 

half ' space (l' hi e /' 198'1 L Thus, measure m ents in th e 

I'ic init y of sca tt erin g so urces like th e S Urf~ICC mo raine 

can not b e used in in lT l"sio n met hods \I' hi ch ass ull1 e 

st ra tifi ed medi a o nh- . This dkn is a lso like '" to be 

found III t he I' ici nit l or bu r ied objec ts a nd sur face 
I'(' hi eles. 

CONCLUSIONS 

\\ 'hile Lt number or la tera l c h a ng('s in icc conditi o ns ha l ,(, 

h('C n Ill c; lsurecl a nd a ll a lysed, it mll st be c ll1ph asil:ecl th a t 

th e use o r su rf~l cc im ped a nce as a n ice-de pth m a pping too l 

has yie ld ed sat i sl~lcto l'l ' res ults OIT r sha llo\\' ice regions. I t 

is clea r fi 'o l1l thi s studl', hO\\'(,I'(' r. that \I 'here such reat ures 

ex is t. th ese d ata sho uld be IT Ill OlTd fro ll1 th e cl a ta se t 
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C' 
i" 
'" "-
"« 

102L-____ L-____ ~ ____ ~ __ ll_-L ____ ~ ____ -l ______ LL __ ~ 

o 50 100 150 200 250 300 350 
Angle (deg rees) 

Fig . 8. T II(, ((Ileulall'd c//(/lIgl' ill a/I/HlI'ml rl'lil/il'iU dill' 10 

a lIIi\{//igllmelll ill liIl' I:' allrl J-J jielrh .Iin· In 'v allglllar 

jl'jHlralivlI.1.' 1.3 (lIfII1J' /ill I' ) alld 8.9 ( fighl filiI' ) . . \ '011' 

Ihallill' Ime a/}/}armlll'.li,l/ir'i~J' il IIIfa.lllred ill l/ie /llalll' 0/ 

illeidl'llCf l(·/ticli ill Ihil ((1.11' i ,l 01 90 
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be lo rc sta nd a rd In l"tTS10 II ro uti nes a rc impicnl(' nt ed. 

Th ese sca ltering elkns ca n b e used in th e m a ppin g' or 

sur race a nd s Llb- s llrf~lce [(-a tures . such as C<II ' iti es, melt 

s trea ms a nd m e ta ll ic objects, in ice-cOI'creel reg io ns. 
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