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Instrulllents and Methods 

Estilllation of permafrost thickness using ground geophysical 
measurements, and its usage for defining vertical telllperature 

variations in continental ice and underlying bedrock 
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Geological Sllrv~J! qf Fillland, Geo/)/~J!sics DejJartment, Betoll illZieilenkllja +, SF-02/50 E 5/)00, Fin/and 

ABSTRACT. In bed roc k covered by contine nta l ice, the de pth to electrica ll y conduc­
t i\ 'C sa lin e wate rs enri c h e d be low p er m a fr os t can be d e fin ed by elec trom ag ne ti c 
meas urem ents. Thus, if th e ice thickness is a lso meas ured we o bta in es tim ates o fpcrma­
li'ost thickn ess \'a ri ations in the sun'ey a rea. iVlo reO\'er, using the relati on betwee n ice a nd 
permafrost thicknesses a nd a pprox imati ons of the mel ting temperature of sa line wa ters 
combined w ith the m'C rage a nnual tempe ra ture a t the sur facc, wc can estima te temper­
al ure \'ari a ti ons within bo th th e bedrock a nd the ice. These ca n furth er be used fo r esti­
mating the tem pe ra ture \ 'alues a t th e ice base . 

The me th od was de \'e loped fo r in terp re ting two geophys ica l fi e ld profil es meas ured on 
continent a l ice in western Dro nn ing Maud La nd , Anta rctica. G rav ity, magnetic a nd e lec­
tromagne tic profiles \\'e re m easured betwee n th e nunataks Base n a nd Plogen ( ~22 km ) 
and Base n a nd Fossilrygge n ( ~38 km ). In th e Basen~Fossi l rygge n profi le the e lect rom ag­
netic sound i ngs 1'C \'Ca led good conductors in t h e bed rock benea th the ice. The sig n i fi cant 
cor rela ti o n be t ween th e ice thi ckn ess a nd th e d epth of th e co nductor in th e b edrock 
st rongly suggests that th e cond uctors a rc no t sedimentary rock layers but ra th e r saline 
groundwater in which salinit y has bee n enha nced by perma fros t processes. Fro m the re­
gress ion cu n T wc ca n conclude that th e te mperature \'s de pth C llnT in the ice ca n be rep­
resrn ted by a first-degree line and th at th e "warm" ice base o f a bo ut 2 C is ex pected to 
occur a t de pths of about 650 m , the base o f p e rm a frost in o utcropping bedroc k be ing a t 
abo ut I km . The mea n temper a t ure g rad ients in th e ice a nd in th e bed rock ca n be esti­
mated as be ing about 20 C km I a nd 13 c: km I, respeCl i\·ely. 

In th e Base n Pl oge n p ro fi le, conducto rs were detected on I)' in the begi nn i ng o f' the 
profile , w here ice th ic kness \\'as below 650 m . I n the ma in part o f the profile w here th e 
ice th ickn ess exceeds 650 m , no conductors we re o bse l'\ 'Cd. In th ose a reas our inte rpre ta­
tion is tha t t he ice base is "warm" a nd no sa l i ne waters enriched b y perm afrost a re prese nt. 

INTRODUCTION 

W hen predi ct i ng the d urabi I it y o f radi oae ti\ 'C-was tc repos i­
to ri es a nd t he stabili ty of' th e sur rou nd ing bedrock during 
future per iod s o f g lac iati on, it is esse nti a l to Ill odel the beha­
\'iour a nd cha racteri stics o f g ro und \\'aters dri\ 'C n by perm a­
fros t related to contine nta l ice sheets (e.g. Bo ulton and 
o th ers, 1996). For exa mple, Ba th a nd oth ers (1996) consid­
ered hyd rogeo logica l mod els in deducing how the g round­
wa ter system m ight h3\'C responded to cha ng ing cl imate, 
spec ifi ca ll y w ith respec t to g lac ia tion. eertes and others 
(\996) conside red the tra nspo rt or radi onucl ides due to 
g round wa te rs dri\ 'c n by pe rma frost during g lac ia ti on cy­
cles, \\'hile D eli sle (1996a ) dcvelo ped a nLlm e rica l model fo r 
perm a fros t growth and decay. King-Clayto n a nd others 
(1996) p resented a model fo r predi ct ing po tenti a l changes 
in \'a ri o us cli ma tic, strcss, hydra ulic a nd h ydroehell1ical 
pa ra meters oye r approx im a tel y the next 130 000 ),ea rs \\' hen 
eva lua ting th e future bchav io ur of a deep d epos itory for 
spe lll fuel. 

g lac iers. However, it is relati\'e ly diffic u lt to obta in info rm a­
ti o n on these p ara meters. In p ract icc it can be done indir­

ec tl )" for example, by obse l'\ 'ing bedrock a nd so il in 
ter ra ins that ha \ '(' been co\'ercd by g lac ier ice (e.g. D eli sle, 

1996b; G lynn a nd \'oss, 1996; h 'a noy ich a nd others, 1996). 
Direc t obserya t io ns can bc m ad e by dr ill ing thro ugh the 
ice (e.g. Paterso n, 1994-, and refe re nces therein ) a nd perma­

frost (e.g. Gold a nd others, 1973). H owe\'Cr, th e ind irect 

m ethods a rc rel a tin' ly unce rta in, w hile dr illi ng is ex pensi\'e 
a nd slo\\' a nd thus cannot provide extensive co\·e rage. 

L ike a ny o th er Iheoreti ca l m odel, th esc a lso requirc tes t­
ing using o ur c ur rent knowledge o f perm a frost a nd g round­
wa ter behm' io ur associated w ith exi sti ng a nd relent 

A relati\'ely rapid a nd econo m ic way is to a na lyze thc 

\ 'a ri ati ons of pe rm a frost gcophys ica ll y using electromag­

ne tic measurem e nts to defin e the conductivity va r ia ti ons 
within and beneath the perm a fi-ost. H ockstra a nd ~,f cNe ill 

(1973) g i\ 'C a summa ry ofrcsistiv it ies o f vari o Lls soil a nd rock 

ty pes a nd conclude th a t th ere is a pprox imatel y a fac to r o r 10 
be t wee n th e res isti\ 'it ), of' frozen ( ~~ 10 C) and unfrozcn 

( ~ 1 C) soil a nd rock. The res istiv ity \'a ILl es a lso d iffer 
be twee n \'a ri ous rock a nd so il ty pes, w h ich thus can bc L1 sed 
fo r determining lithologica l a nd so il \'a r ia tions in th e pcr­

m a fi ·os l. Sinha (19 75, 1977), Da ni e ls a nd others (1976) a nd 
Sinha a nd Step hens (1983) conside red th e thcore t ica l back­

g ro und and ga\T exa mpl es 0 [' fi e ld tests of th e elec t romag-
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netic methods used in perm a fi'ost-co\"ered areas. Odegird 
a nd o thers (1996) demonstrated thc use of DC resist ivit y 
soundings for pcrm afrost mapping in southern Norway. 

I n the following wc descr ibe a rel a ti\Tly simple model 
fo r expla ining the electrical conducti\'it y va ri a tions 
obsen Td by us in the bedrock beneath the Antarctic conti­
nenta l ice sheet. The principle of this method is based on the 
hypothesis that the saline content of wet ground is reduced 
by freez ing, and the res ulting enriched sa line waters a re 
"squeezed" below the permafrost (e.g. D aniels and o thers, 
1976; Pisa rskii , 1983; Nurmi, 1985). The model is based on 
the fact that the obsen'ations we m ade are difficult to ex­
plain solely by I ithological conclucti\'it y \"ariations, so the in­
fluence of sa line wa ters on the conducti\'ity anomalies scems 
appa rent. 

ESTIMATION OF PERMAFROST THICKNESS IN 
THE BEDROCK, AND EVALUATION OF TEM­
PERATURE VARIATIONS IN BEDROCK AND ICE 
BASE 

PresulTIption s a nd a t h eoret ical exalTIple 

(I) In genera l, the temperature \"s depth cunT, 7i(Zi) (O C ), 
of continental ice measured from the upper surface of 
the ice can be arbitra ry, i.e. of a ny deg ree; but the iso­
therms in the ice are assumed to be pa rallelLO the ice sur­
face (see Fig. I). In the example shown in Figure I, 7i(Zi) 
is modell ed for simplicity by a first-deg ree line, 13zi -
15 (° C), where Zi is the depth in the ice. The tempera ture 
g radient in the ice is thus 13°C km 1 and the a\ 'e rage 
temperature on the ice surface is ass umed to be about 

15 C. 
(2) The temperature gradient in the bedrock, T/ (O C km I), 

is ass umed to be of first degree a nd not to \'ary across the 
survey a rea. ] an 'imaki and Pura nen (1979) a nalyzed 
temperature g rad ients in 18 dri ll holes co\'Cring rela­
ti vely \'a ri able bedrock el1\ 'ironments in Finland. In all 
these holes the temperature vs depth cun'e is very close 
to a first-degree line. Gold a nd others (1973) g i\T 

o 

-0.5 

-1 

-1.5 

-2 

-2.5 

-3 
z [km] 0 5 10 15 20 

examples of holes dri lled in permafros t where a stra ig ht 
li nc wou ld also gi\T a very good approx im ati on of the 
temperature vs depth curve. In the theoretica l example 
ill F ig ure [the perm a frostthiekness h as been calculated 
using Tt' = 8 C km I. 

Calculation of the t e lTIpe rature vs d epth curve in 
the ice 

We defin e the pa ramete rs (see Fig. I) as fo ll ows. Tj ( C) is the 
tempe rature at the ice surface, roughly equa l to the a\'Crage 
annua l temperature in the a rea (in th is model - 15 C ); 
T2 (O C ) is the temperature a t the base of'the ice, 71(z,); a nd 
T;:l (D C ) is the temperatur<.' at the base o f the permafrost, 
rough ly equal to the freez ing/melting temper ature of sa line 
waters enriched below p ermafrost (~ -2 °C ) . 

The ice thickness z, (km ) can be interpreted from g rm'­
it y or radar Illeasurements. In Figure I the ice thickness \"a r­
ies be tween 0 and 1.25 km. 

The depth to the bottom of the p erm afrost, zp(km ) 
(depth to electrically co nductive saline waters enriched 
below p ermafrost), is de termined by electromag netic meas­
urements. ' Ve rhus obtai n the permafrost thickness in the 
bedrock from Zr (km) = zp - z,. 

By p lotting rhe perm a frost thickness (zr) as a function of 
ice thickn ess (Z1) we obtain an estimate of the tC' mperature 
g radient (Tt') in the fro zen bcdrock from the equation: 

Tr'=T3 -Tj (1) 
Zr() 

where ZrO = Zr(Z, = 0) is the perm afrost thickness benea th 
ex posed bedrock. 

The temperature a t the base of the perm afi 'ost in ice­
cO\'e red bedrock ca ll be wriLlen: 

T;j = -2 = 71 (z,) + T/ Zr. (2) 

' Vc thus obtain: 

7i(Z1) = - 2 - T,l zr. (3) 

which is the temperature \ 'alue at the base of the ice (= T2)' 
In Equa ti on (3) the temperature g radienL in the bed roc k 
(T,l) is assulllcd to be constant in the sunTY area, and the 

25 30 35 40 45 50 

X [km] 

Fig. I. Geomell] oflhe IheorelieaL permafrost model. For defillilions oflhe jJaramelers see lexl. Hatched lines: conlin fl1lal ice ( Ihe 
thinner lines rifer 10 IhermaL isolhmm). Lighter shading: jJermajrosl and bedrock ( base ~ - 2D C isoline). Darkpr shading: 
unjrozel7 bedrock. The values ofjJe1'maji'OSl thickness have been ealcu!aledji'om Equalioll (3). In areas where Zr ~ 0 the temjJ ­
eralllre at the ice base is abOll l -2°C; i.e. Ihe ice is "warm basaL': The vertical exaggeralion is abolll 15: T. 
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ice thickness (ZI) and permafrost thickness (zr) arc known 
for each survey po int. Thus, when m easu ring th e perma­

frost thickn ess va lues for \'a ri able ice-thickness va lues in 
the survcy area wc obtain from Eq ua tion (3) th e ice-base 

temperature \'a lues as a [unction of Zl , i.e. a n estimate of 

the cunT 7i(zJ 
It must be emph as ized that the temperat ure vs depth 

cu rve in the ice ca n be estimated using the model descr ibed 
abO\T if the temperature iso therms in the ice 10 11 0\v the 

course of the ice topography. I f this assumption is \ 'a lid \IT 

can construct e\'cn arbitra ry h igher-degree tempera ture \ 's 

depth cun 'es 7i(Zi) [or th e ice us ing Equation (3), Fo r 
exam ple, tempera ture \ ' s depth curves m easured in \'a rious 

g lac iers (e.g. Pa terson, 199+) indicate tha t in many cases 

they are higher-deg ree cunTS, presumably due to a compli­
cated combina ti on of both conduction and ad\TCl ion. In 

such cases th e interpre tation Of 7i( Zi) depends on the sta bi­
lit y o f th e vrlocit y o f the ice now a nd heat co nduction in the 

survey area . The rel iabili ty of the interpreted hig her-deg ree 

7i(Zi) CUITe can be e\'a luated from the \'ariation o f m eas­

un'd (ZI. zr) \'alues a long th e regression CUITe. 

Tt is 110t possible to obta in est im a tes of th e tem perature 
vs d epth curve 7i(Zi) in the ice using our m eth od ifit \ 'aries 

thro ughout the survey a rea. Howeve r, we still can es timate 
permafrost thickness a nd tem pera ture values at th e ice base. 
The ice a nd perm afrost thicknesses ca n be e\'a luated by 

using the geophys ica l methods described above. The temp­

e ra ture \'a lue a t th e ice base ca nthen be calcu lated using the 
es tim a ti on of th e tempera ture gradient in bcdrock and 

permafi-ost thickn ess. If the temperature g radi ent in the 

b ed rock cannot be determined from the perma fi-ost-thick­

ness \'s ice-thick ness c ur \'C it can b e eva luatrd direc tly by 
m eas uring th e p erm afrost thickn ess in outcrop. 

Effect of electrically conductive bedrock 

The m e thod desnibed above works best in a reas where the 
proport ion of elec tri call y co ndu ctive rock types (e.g. g ra-
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R uotoistenllliiki and Lehtill7iiki: i nslTlll11ents alld methods 

phite-bearing schi sls) is sm a ll , as within crystalline base­

ment or volcan ics. The e[fect of conducti"e rocks can b e 
c\'a lu ated (i-om th c permafi-ost-thickn ess (z r) vs ice-thick­

ness (Zi) cunT. If a good correlation ex ists between these 
I \1 '0 pa rameters, there is reason to bel icve tha t the conduc­

tors represe nt sa line waters below perm a frost, because a 

correlation betwcen ice thi ckness and the d epth of lilho­

logical conductors is unlikel y. Thi s is demonstrated in th e 
following exa mple. 

EXAMPLE: MEASUREMENTS IN ANTARCTICA 

During the aust ral summer 1993- 94 a Finnish expedition 

tea m carr ied out geophysica l and geo logica l im'estigati o ns 
in western Dronning .r..Iaud Land , Antarctica. The area 

studied be longs to the Vestfj ell a mounta ins in D ronn ing 
1\laud L a nd, near the Finnish base stati o n Aboa (73 03' S, 
13 25' W; bl ack rectangle in Fig. 2a ). The m a in aim of the 

geo phys ical meas urem e nts was to study th e bedrock geo l­
ogy bet ween the nun a taks. 

G rm-i t y a nd magnetic profi Ics were ll1easu red between 

the nunata ks Base n a nd Pl oge n ( ~22 km ) a nd Basen and 

Fossilrygge n ( ~38 km ) w ith a station sp ac ing of 250 m 

(Fig. 2b). The corresponding elect romag ne tic profi les had 

sta tion spac ings \'arying from 250 to 1000 m. The profil es 
ha\'C a coml11on sla rring-poi nt on an outc rop o n Base n, a nd 

the a ngle between the p ro fi les is about 50 . The region is 

cO\'e red b y ice up to about 1000 m thi ck; on ly nunata ks ri se 
abO\T th e ice surface. R ad io-ec ho profil es ha \ 'C been meas­

ured p a ra ll el to both proliles by a Swed ish exped ition team 

(Holrnluncl. 1 99-~) . They also reported that the maximum 

\'eloc it y o f the ice in the Basen- Plogen pro file close to 
Plogen is about 90 m yea r I. No \'C loc ity \ 'a lues have bee n 

reported for th c Basen- Foss ilryggen pro fi le. The geology in 

the area h as heen desCI- ibed by Grind and others (1991); the 
main rock types ex posed on th e nunataks a rc basa lt s intruded 

by m a fi c sill s. On Foss il ryggen, sedimenta r y rocks with som e 
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Fig. 2. Locatioll of the m1'vf)I area (a) al/d t/ie measured profiles ( b). 
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graphite-bear ing layers a re a lso present. The petrophysica l 
parameters o f the rocks were defined from samples collected 
by geologists. The geophysica l and petrophysical measure­
ments and their use in the interpretati on of bedrock geology 
and ice-thickness yariat ions a re descr ibed in m ore detail by 
Lehtimaki a nd Ruotoistenm aki (1995) and Ruotoi s t enm ~iki 

and Lehtim ~l ki (1997). I n thi s paper we concentrate onl y on 
the res ults concerning the eva luation ofpermafi"osl. 

ELECTROMAGNETIC INTERPRETATION: EVA­
LUATION OF THE THICKNESS OF THE PERMA­
FROST AND TEMPERATURE VARIATIONS IN ICE 
AND BEDROCK 

The elec tromagnetic sound ing work was ca rri ed out with 
the multi frequency (2- 20000 H z) electrom agnetic sound­
ing sy rem "Sampo" desc ribed by Soininen and J okinen 
(1991). Th e transmiller used was a hori zonta l loop with a 
d iameter o f 50 m. The receiver measures three components 
ofthe mag neti c fi eld. The co il separation can be increased to 
1500 m, in which case the depth penetration is a lso about 
1500 111. 

Along the Basen- Fossi lr yggen profi le, in a r eas where th e 
ice thickness was mainly less than 650 m, so undings with a 
1000111 co il sepa ration showed significant conductors (20 
500 Dm ) situated within the bedrock (Figs 3 a nd --1-). The 
soundings on thick ice (>650 m ) re\·ealed no conducto rs. 
In the Basen- Plogen profile, co nductors were de tected onl y 
in the beginn ing of the profile where the ice thickness was 
less than abo ut 650 m. No conductors were obse rved even 
with g reater coil separatio ns in the main part of the profil e, 
where the ice thickness exceed s 650 m. 

T he deep conductors observed in the bedrock have two 
possible explanations: (I) g raphite-bea ring sedimenta ry 
layers in basa lts; (2) saline water layers enriched below the 
base of the permafrost. Th e lattcr process has been des­
cribed by Daniels and others (1976), Pisarskii (1983) and 
Nurmi (1985). These two a lternatives were eva luated by cal­
cu lating th e correlation be tween the ice thickness and the 
depth of the conductor in the bedrock (Fig. 5). 

The study re\·ea led a statistically significant negati\·e 
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corre lat ion bet vveen the \·ariables (number of samples 
= 29; correla tion = 0.83; significa nce b ·e1 at which null 
h ypothes is of zero correlation is di sproved = 0.25 x 10 7). 
Such a co rrela tion could be caused by glacial erosion in bed­
rock abO\·e conductors which are situated at consta nt depth. 
H o\\'e\Tr, fi"om Figure --I- it can be seen that the depth \·aria­
tion between the conductors is about 500 m with res pec t to 
the sea-Ie\·el surface (z = 0). MoreO\·er, such a correla tion 
due to tectonic processes is improbabl e. Thus, we can con­
clude that the conductors are not sedimentary layers but 
predominantl y I"epresent sa line groundll'aters enri ched be­
neath the permafrost layer. The regression cunT a lso indi­
cates that the temperature vs depth curve is close to linea r in 
the profil e area. 

The high ice \-elociries in the neighbouring Base n- Plogen 
profile suggest th a t in the Basen- ross ilryggen profile under 
consideration, the temperature variations in the ice a re not 
defin ed merely by conducti on, but probably a lso by ack ec­
tion. Howe\-er, the results of m easurements by Echelmryer 
a nd Harri son (1994) and Engelhardt and Kamb (1994) from 
an ice stream in Antarctica show that e\"en in ice streams 
the temperature vs depth cur ve ca n sometimes be reason­
a bly approximated by a straight li ne through most of the 
ice column. Th e sma ll \'a ri ation in measured Zr. z,. yalues 
a long the regression line in Fig ure 5 also sugges ts th at the 
first-degree approximation is rela ti\ ·ely good in the survey 
a rea. 

From the regression line we can estimate tha t the ice 
base will be a t melting point (no permafrost ) [or ice thick­
nesses greater tha n about 6.50 m (Z,. = 0, Zr = 658 m in Fig. 
5) and that the b ase of the perm afrost in outcroppi ng bed­
rock is at about 1 km (zJ = 0, z, = 992 m). These results a lso 
explain why no conductors were fo und in the m a in pa rt of 
the Basen Plogen profile: because of the greate r thickness 
of the ice sheet the ice base was "warm" and no sa l i ne waters 
enriched by perm afrost a re present. Using the average 
annual surface temperature in the a rea of about - 15°C 
(Taalas and others, 1991) and ta king the freezing point of 
sa line waters as - 2°C, \\T can est imate the mean linear 
temperature g r adients in the ice a nd in the bedrock to be 
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Rllotoistenmiiki and L ehtimiiki: Illstruments and lIlethods 
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respec ti'"Cly. 
In areas covered by thin ice or in o utcrop no conductors 

were obse rved. This was b ecause th e pene tration depth of 

th e config uration of the electromagnetic so undings wc used 

was too small. 
It must be emphasised th a t we do not n ecessa ril y a ttri­

bute all conductors to the effect of saline waters. For 

cxample, the conductors ncar Foss ilryggcn probably rep­

rcsent a mi xture of g raphitc-bea ring schi sts and salin c 

wate rs. 

CONCLUSIONS 

I n bcdrock cO\·ered by contincntal ice, the depth to sa line 

wate rs enr iched below p e rmafrost can be d e fin ed by clectro­
m ag ne tic m easurcments. Thus, irthe ice thi ckness is known 

wc can est imate permafrost-thi ckncss variations in the sur-
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, ·eyarea. ?\ [o reO\·er, using the rcla tion betlVeen the ice and 

permafrost th icknes. es a nd approximations of the mclting 

temperature of sa line watc rs combined with the a,"Crage 

annu a l surface tem pcrature, wc can estimate th e tempcr­
aturc , ·a riat ions in thc bedrock and the icc. Using th ese es ti ­

matcs of temperature grad ien ts we can a lso e, ·a luatc the 

temperature va lucs at th e base of th e ice. 
The rcsult s or fi eld mcasurements on g lac ia ted terrain in 

Antarctica support thc co nc lusion tha tthc method is applic­

able c,"Cn in a reas wh ere occas ional li thological conductors 

are to be cxpec ted. In conj unc tion with depth information 

for the ice, the electromagnet ic measurements prO\·ide in­

formation co nce rning the d istribution and co nducti, it y of 

the salinc water layers enri ched below the pcrmafrost. 

Using thc average annua l tc mperature in the sunT)' a rea 

a nd the melting/freez ing tempera ture of saline waters, we 

can obta in estimates of tempe ra ture ,·a riations in both th e 

bedrock a nd the ice. In th e future, the me th od shou ld bc 
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Fig. 5. Basel7-Fossib~)lggen prqfiLe: the relatioll between the ice thickness alld dej)th of the collductor il7 the bedrock. 
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tested in va rious other pro fi les in the sunTY area. In pa rti­
cular, we should try to obta in values 10 1' the "d as hed" parts o f 
the regress ion line in Fig ure 5. Rock sa mples from the lowe r 
exposures of the steep, verticall y fault ed c lifTs should a lso be 
taken to a na lyze the porosit y of the bedrock. Using the po r­
osit y and thc electrical conductivity va lues wc can then 
obtain es timates of the sa linit y of the g roundwatns. More­
over, the method shou ld a lso be tested in non-glaciated ter­
ra in where thick laye rs o f permafros t a re knm\"ll to have 
existed since the last ice age. Al so, the results of our measure­
ments indicate that in the planning of future deep-drilling 
proj ec ts in a reas covered by continenta l ice, the possibility 
of d r i 11 i ng on Ihinn er ice a nd conti nu i ng the drilling ill lhe bed­
rock bel ow the base of permafrost down to the underl yi ng 
conductors should also be considered. In the planning of such 
work, our method could be appropri ate a nd the Basen- foss il­
ryggen region could be suitable for this purposc. 
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