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ABSTRACT. Elect rica l conducti\'it y profiling a llows definition ofth c hydml ogy of 
glacier bo reholes occupied by contrast ing water types. An inexpensi\'e, robust conducti\'it y 
profilin g sys tem is described th at a llows d e ta il ed description of borehole hydros trati· 
g rap hy with reasonabl e re producibility. Field data demonstrate thc need to di stinguish 
between bot/om waler in boreholes a nd basal waler in drainage sys tems at the g lacie r bed. 

INTRODUCTION 

Efficient ho t· water drilling has a llowed widespread use o f' 
boreholes to access th e g lac ie r bed for studies o f hyd rology 
(Hooke a nd o thers, 1990), hydraulics (Engelhardt, 1978), ice 
deformation (H ooke and o the rs, 1992) a nd sliding (Ka l1lb 
a nd Engclhardt, 1987). l\10re recentl y, in situ measurement 
of' the electrical conductivit y (Stone a nd ot he rs, 1993) a nd 
discrete samples of' borehole bottom water h ave been used 
to determine th e orig in o f' basal water pl"anter a nd others, 
in press ) and to a id in the interpretat ion o f' bore hole pres­
sure sig na ls (Hubba rd a nd o thers, 1995). Surpri singly, th ere 
ha\'(: been no studies on the pattern of' mO\'emelll of' water 
through a nd ·torage within th e borehole, which will largely 
cO l1lrolth e pro\TnanCe of bore hole bottom water; i. e., littl e 
is known abo ut the hydmlogy or g lacier boreholes. The tacit 
ass umption has bee n that 110110/11 water encountered in th e 
boreho le is represe llla tiH' o f' basal water c irc ul ating in th e 
dra inage system at th e g lac ie r bee\. This may no t be true 
where the re is a strong dow nwa rd nu x or surf'ace/englac ia l 
water, o r where th ere is a rest ricted connec ti o n between 
the bore hole a nd th e basa l dra inage system (K etle riing, 1995). 

Onc a pproach to defining borehole hydrology is to moni­
tor th e m ovement of' chemicall y di stinct bodies o f' water in 
th e borehole, identifi ed by co ntras ts in elect ri ca l condurti, ·· 
it )' (EC). Chemical dilTerences may be na tura l (e.g. [;cnn , 
1987) or induced a rtifi cia ll y, typica ll y by the additi on of 
common sa lt (e.g. Hooke a nd Po l~ o l a , 1994). The EC o f' 
wa ter is o nl y approximately proportional to total dissoh'ed 
solids, a nd hydrochemically ambiguous, so it is unsuit abl e 
far detai led hydrochemical di ag nosis (Sharp, 1991). 1\'('\'C r­
th eless, EC prO\'ides a superla ti\T fi eld technique fo r simple 
water tracing because it can \)(' readil y measured on a con­
tinuous bas is. This paper describes the construct ion and 
implementation of an inex p e nsi\ 'C' profiling clectrical con­
ducti\'it y sys tem fa r monitoring the hydrology of' bore holes 
on Sm a ll Ri\'Cr Glacier, Canada (Smart, I 99 c l-), a nd Haut 
G lacier d 'A roll a , Switzerland (Sharp a nd others, 1993). 

DESIGN AND CONSTRUCTION OF TH E 
ELECTRICAL CONDUCTIVITY PROFILER 

The prob e 

The "ic iss itudes of g lac ie rs a nd their borehok-s can lead to 
fi 'C'q uent loss of o r damage to down-hole too ls. Si mple, low-

cost sensors ca n be treated as essentially disposable com­
pared to coml11erc ia l conductivi ty packages (which may 
not plumb constri cted glac ie r boreholes). Low cos t a nd re­
li abilit y were obtained by using sta nda rd sta inless a nd ga l­
\'anised pipe li t ti ngs, and ras ti ng the sensor in epoxy resin, 
ra th er than ado pting expe nsi\'(' sea ls and machining. The 
probe weighed ~ 1.6 kg, a ll owing easy handling, while main· 
ta ining a ta ut suppo rtillg cable. The system \I'as d esig ned to 
withstand abras io n by sha rp supraglac ial debris, jamming 
in boreholes a nd use as a reaming too l in blocked bOl'eholes. 
It has a lso been used unprotectecl as a n in situ EC senso r in 
streams and boreholes. 

fi gure I shows a cross-section o r th e profi ler a nd a li st of 
component parts. The unit has a m odul a r des ig n. The gal­
\'an ised adapto r (0.75 1.25 in (l9~32mm ) npt ), wiring a nd 
e\'C ryt hing bel ow constitut e the sensor, construc ted by 
sequenti a lly cas ting the ccntra l excitation rod into the stain­
less nipple (0.7.') in x -I- in (19m m x 102 mm ) npt ). The sta in­
less nipple is l1lailllained at g round , with AC excitat ion 
through the ax ia l sta inless rod. Two holes a rc dril led in th e 
nipple to allow the free now o f' water through the sensor. 
This design minimises the pernicious innuencc of g round 
loops on read i ngs (Calllp\)ell Scicntific, 1989), a nd iso la tes 
the se nsor from cx tra neous pote nti a ls. In some boreholcs a 
brass T-ada ptor was a tta ched in order to elimin a te damage 
to th e stainless nipple a nd pre\'ent ice 01- debris c logging th e 
probe. Sli ght cO ITos io n resulting f'rom saline solutions could 
be relllO\'CCI with a mild abras i\ 'C' . 

Prior to cast ing, th e sensor unit is wired to the cable 
which is threaded through th e lo ng ga lvanised stem pipe 
(1.25 in x ~lcJ. in (32 mill x 360 mm ) npt ) and stra in-re li ef 
system. The two units are c lea ned with acetone a nd 
sCTe\l'Cd together. Liquid epoxy res in is ge nt ly poured into 
the pipe, a nd mild heat appli ed to promote the release of 
bubhles from the resin . Various waterproof epoxy cas ting 
res ins ha\'(' bee n uscd, c.g. H yso l f'm m Dexte r Elec tro ni c 
l\la teri a ls Di\ ' ision a nd Sun Cure (Stone and o thns, 1993). 
Spa rc scnso r, ste lll and strain-re lie f' components can be 
taken into th e field and fitt ed to the cable should 'Tpl ace­
m cnt be neCeSS3 1"y. ( In two seasons of intensive use, thi s 
need has not arisen.) 

Tlte cahle uscd was (wo-conducto r, 18 ga uge wire ", ith 

braided \\'ire sheath and a 0.035 in (0.9 mm ) thick, Carol­

prenc I< "inyl o ute r jacket. It prO\ 'Cd except io na ll y fun c­

ti ona l in terms o f strength , a brasion and u ltra\' io let 

res istance and easc of' ha ndling. The cable was tagged with 
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Fig. 1. Annotated cross -section I!! the probe, includillg all inset if the sensor module and the casting sequence. 

colour tape e\"C ry 5 m to mark di stance from the senso l- (sce 

Appendix for an efTee ti\ "C co lour code ). 

Electronics 

The sensor was attached to a Campbell Scientific C RIO" 
data logger using a com'entiona l half-bridge with a I kD refer­
ence resistor (Campbell Scientific Inc., 1989). EC is de ter­
mined by read ing AC resistance, inverting to conduc tance 
and multipl ying by the sensor "cell constant". A sm a ll em­
pirica l ofF;e t may be required in order to obtain a zero read­
ing in a ir. The logger was powered by a bank of ten high­
capacity 1.2 V recha rgeabl e NiCd ba tteri es in se ri es. The 
logger, bridge and power supply were mounted inside a 
standa rd 0.5 calibre surplus ammunition can (28 cm x 
14 cm x 18.5 cm ), modified to allow watertight cable access 
through standa rd packing glands, a nd fitted with a water­
tight R S232 nine-pin connector a llowing the sta ndard 
(CRlOKD ) keyboard and display to be mounted externa ll y 
(usua ll y in a scaled clear polyet hylene bag). A I \V so la r pa­
nel was attached in order to recharge the batteries be tween 
uses. The resulting inexpensi\"C package a llows fl ex ible use 
o[ the logger in many applications a nd has been successfull y 
used in the most adverse conditions on the glacier surface. 
For unattended, passi\'e monitoring of borehole EC during 
the ablat ion season, (he sensor was positioned in the bore­
hole a nd the logger mounted on a n open steel p yra mid 
which mainta illed poise throughout the ablati on season. 

FIELD PROCEDURES AND EXAMPLE 

MeasureIllent 

On site, functionalit y and crude precision were routinely as­
sessed by ensuring a ir and supraglac ia l st ream readings of 
0.00 a nd '"'-'1- 2 p,S cm ',respectively. Thc probe was lowered 
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into the borehole until it reached water level , when a read­
ing a nd depth were recorded. The probe was then lowered to 
successive 5 m markers wh ere a reading was usuall y taken a t 
the bottom o[ the borehol e, and readings were taken e\'ery 
metre across steep conductivity gradients. The sensor was 
removed from the hole by walking with the cable towa rd s 
the nex t borehole, a nd p o pping the senso r out by rapid with­
drawal of the las t metre of cable (an eflic ient procedure re­
quiring dexterity, and very strong cabl e a nd strain reli ef). 

Calibration 

Determining the hydrostratigraphy of bo reholes required 
good prec ision (reproducibility), rath er than accuracy. 
Our fi eld practices were oriel1led towa rds reliable perfor­
mance, ra ther than abso lute determinations o[ EC. Calibra­
tion using sodium ch loride standards showed a slight non­
linearity, significant above 100 MS cm '. No correction for 
thi s was undertaken, but thi s must be incorporated in any 
absolute determination of EC, or where dissok ed mass de­
terminations are to be undertaken. it was assumed that the 
water temperature was a lways close to OCC , so that no temp­
erature compensation was used (Smart, 1992). 

Repeatability 0[" controlled readings is typically within 
instrUlTlent resolution of ± 0.01 /1S cm '. Surprisingly, there 
was adequate flow throug h the cell , as readings were found 
to be very simila r on a few sequential downward and up­
ward profiles. Overall (field ) prec ision can be determined 
by repeat profiling of a n "unconnected" borehole which is 
water-filled and hydrologicall y inactive. Such boreholes 
characteri sticall y ex hibit a static "drill-fluid profile" in 
which the borehole is occupied by dilute drill fluid , except 
for a bottom zone enriched by basal pore water and dissolu­
tion. Figure 2 shows a "worst case" exampl e of repeat profiles 
laken 3 d apa rt with resolution to 0.01 p,S cm '. Compilation 
of several such replications (Table I) shows an overa ll corre-
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Fig. 2. E.wm/Jle sequential /mijilesfrom unconnected borehole 
AR93BHI5. Boreltole referencillg illdicates the site ( Hallt 
Glacier d~rolla ). the]ear qfdrillillg (i993) and the borehole 
!lumber (-15). 

latio n coe ffi cient of 0.995 be tween t\\"o sets o f readi ngs, a nd 
a r ill s de \ 'ia ti on of 0.31 ± 0.--1-1 ,IS Clll I, considerably less th an 
a n)' int e rpretable feature ill a conducti \" it y profile. 

Som e s),s temat ic error \I'as noted, hOlVe \'Cr. An ea rl y \ 'C r­
sion o f t he sensor a ll O\I-ed hi gh-p ressure bo ttom \I'a te r to 
pene trate th e probe, increas ing read ings sli ghtl y (e.g. Fig. 
3; Table I). Att cmpts to use thc ome t readi ng to compensate 
fo r th is leakage we re frustra ted by further wa ter e:-.:cha nge. 
In contras t, th e mod el d escribed here has show n no d ri ft 
O\'C r sewTal wee ks o[ fi e ld usage. 

The larges t er rors were assoc iated lV ith steep EC g rad i­
ents. H ydrochemica l t ra nsitions in bore ho les a rc often \ 'C r y 
sha rp, a nd sma ll pos itio na l errors can Icadto la rge EC dir~ 
fC rcll ces. G ross de pth-measurement e rro rs resu lting from 
ki n king of th e cable a nd jam ming of the senso r hmT bee n 
m inimised by use of supple cable a nd a hea\'y se nsor unit. 
More subtle positiona l e r rors easil y a ri se [rom the absence 
of a ny surface da tulll o n a g lac ier. Th e p roblem has bee n 

Smart and k elll'l"lillg: i llstruments alld methods 
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Fig. 3. Profilesfrolll all unconnecled borehole showing the dis­
persion of a mid-column peak in electrical conductivil)' over {/ 
I d /miod ( /"1 R93BH53). 

tackled by obta ining a bOllo m depth a nd express ing a ll 
de pt hs as he ig ht abO\T the bed. This makes it explicit that 
there is a g ra dua l shift in th e m easurcmcnt da tum as the sur­
face abla tes, but is onl y reli a ble in so fa r as botto m depth can 
be adeq ua tel y defin ed. In general, appa rent hyd ros trati­
g raphic pos itio na l changes of d ec imetres a rc considered 
reli able. 

\ lore se ri o us errors a ri se from forced d ispers ion caused 
by rapid d ep loyment a nd ex tract io n. Dispersio n is m ost e\·i­
de nt a round steep EC gradi e J1ls (Fig. 3), a nd is co nsiderably 
g reater tha n might be ex pec ted w ith passi\T d iffusion. G ra­
dua l mo\'em ent of the probe minimises the problem, prO\'id­
ing now holes ( Fi g. I) a re sulTi c ie tll to permit a d equa te now 
through the sensor. Limiti ng the frequency o f m easurement 
lI' ill further a meliorate the p roblem. H OWe\Tr, dyna mic 
borcholes m ig ht require pro filin g at leas t eve r y hour to 
obta in adequa te definiti on o f th e hyd rology ( Fig. 4-; Kell er­
li ng, 1995), 

Table 1. Re/Jliwte electrical cOlldIlClil'i{)1 Jmijiles made 011 tU/connected boreholes. Times are gill fll as It/z : mlll, d~l'/lIIo" tlt . T he 
//lean is the average dijjerfllte in readillg, indimlillg s.ystf//latic riff,et. nlls illdiwtes rool meall square difference. T he standard 
dfl'ialiolls are based on raw differfllcfs. N is Ihe sample si.:e and r:! is lite lilleargoodness qf Jit 

Horcholr Tilll(" Tilllr2 t::-.T " .1 lea 11 rll1.I S f) N 

.\ R')3 BH 38 1:\:1:) Ifi:OR 24.92 0.12 0.32 03+ (j 0,<)99 
1(i/7 17/7 

.\ R9:' BH 38 12:00 It::l+ 257 0.2:, n.17 0.17 (i 1.000 
12/H 12.H 

i \ R~n BH +3 12: Hi J.i:2'l 73.72 0.2,1 OJ7 D. I I 2fl 0.982 
207 237 

.\R 93 BH 52 15:0.1 16:-tO 1.51> 0.12 0.27 0. 1'1 26 D.9C)1 
I.'i/I> 1.='/8 

.\R '13 BH.'i:l 1235 It:O.'i 25..'iO 0.21 n.:'o n.:):) 27 O.'1RI 
1:)8 1+/8 

' liHil l 0.16 031 0. 11 93 0.995 
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Examples 

Fig ure 2 shows the typical "null" profil e cha rac teri stic of a n 
unco nnected borchole. \ Vhen drill ing is sustained a t the 
bed , a di lute bottom layer can de\'elop, as the source of so­
lute enrichmclll (presumably basal debris a nd pore water ) is 
dcpleted and flushed up the co lumn, typica ll y at ~0.6 m 
min 1 (assuming a cylindrical borehole of radius 0.05 III 

a nd d r ill-fl ow rate of O.005 m3 min I). 

Four profil es taken ove r 3 h in a single borehole (Fig. 4) 
show a n afternoon influ x of chemically enriched water into 
the bottom of the borehole, associated with rising borehole­
water le\·els. Subsequentl y, the enriched water is d riven 
down a nd out of the borehole, whi le high water levels a rc 
susta ined by a compl ete column of"dilut e waler « I pS cm I). 
I nfl ow from the surface o r an englac ia l orifice is appare nt ly 
respo nsible for this evac ua ti on. The implication is that borc­
hole bottom water is cha rac teristic of basa l water only at th e 
timc o[basal influx into the borehole. In this case, boreholc 
bo tto m-water qualit y measurement o r sa mples arc only 
rcprcsentative of basa l wa ter [or a bricf period of lhe day. 

CONCLUSIONS 

Th e condUCliyit y profi ler has proved to bc a n exceptiona lly 
fun c tional and w rsatilc glaciological tool, a lthough forci ng 
some di spersion of watcrs in borcholes. The prelimina r y 
resu lts pro\'ided here ind icate th at borehole-water qua lit y 
measurement and sampling require ca refu l hydrological 
control to ensure l hat representa tiyc basal waters a rc 
present at the bottom of the borehole. U nfortunately, con­
ductivilY profiling is time-consuming: a single 120 m bore­
holc m ight require 5 min to profil e a nd about as long to se t 
up o n another borehole. Extremely d ynamic bore ho les 
m ig ht require pro fi ling e\'e ry 30 min, m aking adequa te 
m onito ring of more tha n a few boreholes impossible. Auto­
m atio n is not considered an appropria le option [or thi s 
sys tem, as glac ier boreholes and cable a re ge nerall y too idi o­
syncra tic and in! ransigent to be left to thei r own dc\·ices. 
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APPENDIX 

THE SMALL RIVER CABLE CODE 

A prac tical system of" labelling lengths on cables has been 
de\' ised Ll sing multi ple bands of coloured PVC electrica l 
tape. III o ur experi ence, thi s seems to optim ise readability, 
robustness a nd simplicity. The tape is a ttached in two or 
three turns onto alcohol-cleaned cabl e. Ex tra security can 
be obta ined by slid ing a slce\'e of po lyolcfi n heat-shrink 
tubing a lo ng the cable, cutti ng off and shrinking a 5 cm 
piece o\"C r the tape. The dista nce is read a t th e midpoint of 
the tape cl uster. Intermedia te d istances a rc m easured with a 
:1 m pocket tape ancl marked (if necessary) with white or 
black tape. 
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Smar/ and he/letting: IlIstrumen/s and me/hods 

D i.ltal/,.f Code Dis/al/re Code 

m III 

5 I Green 105 I Green 
10 I \ ,' ll o\\' 110 I Blue 
15 I Green IL'i I Green 
20 2 \ ('l lo\\' 120 2 Blue 
25 I Green 12.1 I Grecn 
30 3 \c'llo\\' 130 3 Blue 
35 I Green I:)'i I Green 
+0 + \dlo\\' 1·10 + BltH' 
+5 I Green H5 I Grcen 
50 \ r llow-recl 150 BIU('-brO\\'Il 
5,) I Green 15.1 I Grce n 
60 I Reel 160 I Brown 
65 I Green 16,1 I Green 
70 2 Reel 170 2 Brown 
75 I Green 17:) I Green 
80 3 Reel 180 :l Brown 
85 I Green 185 I Green 
90 , Reel 1<)0 + BrOl\'l1 
95 I Green 19!) I (;reen 

100 Red-blue 200 BrO\\'n-purp l,' 

.l IS receizw/ 6 October 1995 and amp/ed 22, \ oz'fll1/m 1996 
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