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ABSTRACT. W e d esc ribe a hig h-precision (0 .1- 1.0 mK ) boreh ole-tempera ture (BT) 
logging sys tem d eve loped a t th e United Sta tes G eo logical Survey (USGS ) for use in 
remote po la r r egions. We di sc uss calibra tion , o pera ti onal a nd d a ta -processing 
procedures, a nd present a n a n a lysis of the m easurement erro rs. The sys tem is 
m odul ar to facilita te ca libra tion procedures a nd fi eld repairs. By intercha ng ing 
logging cables a nd tempera ture sensors, measurem ents can be m a d e in either sh a llow 
a ir-filled bo reh o les or liq uid-fill ed holes up to 7 km d eep. Data can be acquired in 
ei ther increm ental or continuo us-logging mod es . The precision o f d a ta collected by th e 
new logging sys tem is hi gh enoug h to d etec t a nd qu a ntify various th erm a l effec ts at th e 
milli-Kelvin level. T o illustra te thi s capa bility, w e present sa mpl e d a ta from th e 3 km 
d ee p boreho le at GISP2, Greenl a nd. and from a 130 m d eep air-filled hole a t T ay lor 
D ome, Anta rc lica . The precision o f the processed CISP2 continuo us tempera ture logs 
is 0. 25- 0.34 mK , whil e the accuracy is es tima ted to be 4.5 mK . The effec ts o f nuid 
cOll\'ec ti on a nd the diss ipa tion o f th e therma l disturba nce ca used by drilling the 
borehole a re clearl y visible in th e d a ta . The prec isio n of the increm enta l T ay lor D o m e 
m eas urements varies from 0 . 11 to 0. 32 mK , d ep ending on th e wind strength during th e 
ex perimen ts . \Vith thi s precision , we found th a t tempera ture flu c tua ti ons and multi
ho ur trends in th e BT measurem ents co rrela te well wilh a tmosph eri c-press ure ch a nges. 

INTRODUCTION technique is compl e te ly independ ent o f th e sta ble-iso top e 
proxy meth ods (D a nsgaard and o the rs, 19 73) and thus 
pro\ 'ides complem enta r y clima te info rma tion. H oweve r, a 
sig nifi cant problem with the pa leoth ermo metry meth od is 
tha t the derived surface-tempera ture histori es a re badly 
"sm eared " in time. This is primaril y a consequence o f th e 
hea t-diffusion process. While it canno t be eliminated , th e 
ex tent of the temporal averaging in the reconstru c ted 
surface tempera ture can be minimized through optima l 
exp erim ental d esig n. Appli ca ti on o f the Backus- Gilberr 
inve rse method s to th e pa leoclim a te-reconstru c tion 
probl em demonstra tes th a t our a bility to resolve p as t 
clima ti c events can b e optimized by reducing the ra ndo m 
erro rs in the temperature measurem e nts to no more th a n 
0 . 1 % of the clima te sig nal we a re a ttempting to d e tec t 
(Clow, 1992). Thus, to enhance th e a bility to d e tect 
tempera ture cha nges of I K during th e Holocene, the 
precision of the BT d a ta needs to be I mK, or better . The 
connec ti on betwee n reso lving power a nd d a ta prec ision is 
illustra ted in Fig ure I; in thi s fi gure, th e high-freque ncy 
line represents a h y po th eti cal surface-temperature hi story 

\Ve ha\'e d eveloped a sys tem capa bl e of m a king high
precision (0 . 1- 1.0 mK ) tempera ture measurem ents in 
d eep or sha llo w boreholes in r e m o te pola r regio ns. This 
d e\'elopmenta l effort was la rgely m o ti vated by th e need to 
utili ze ve ry hig h-quality d a ta wh en reconstruc ting pas t 
clima te (surface-tempera ture) ch a nges direc tl y from the 
present-day subsurface temper a tures measured in bore
holes (C low, 1992). The availa bility of high-precision 
tempera ture data may prove useful for a number of o ther 
studi es as well , example ' of whi ch includ e a ttempts to 
d etec t shear hea ting a t the base of a n ice shee t a nd studi es 
to improve o ur und ersta nding o f hea t-tra nsfer ra tes 
wi th i n the firn layer. 

Paleoclim a te reconstru ction using borehole tempera
tures (BT), som etim es referred to as " pa leo thermome
try", has now been used in a number of studi es (e.g . D a hl
J ensen a nd J o hnsen, 1986; Alley a nd K oci, 1989; 
M acAyea l a nd oth ers, 199 1; Shen a nd Beck , 199 1; 
W a ng, 1992; Firestone, 1995 ) . This reconstru c ti on 
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Fig . 1. T emjJera/ lIre his/ories ( bold lilies) recolls/ ruc/al 
]ram 1I0is), s),IlLizelic bore!tole da.io. JVoise Il'1'els are 10 , J 
alld O.ll1llt-. T lte higlt-]reqlletlc)' lille ill each /)(1111'1 

rejJresen /s 0 iz)l/Jo /he/ical slIIjace-/em/ma/lIre It is/ol)' used 
/0 (({Iw /a /e Lhe s'yllllte/ic borehole do/a . The mislI1o/clt 
bellnell the /~)'/Jo /he/ical his/ol) ' alld /he reco lIs/ruc/ed 
his/ories illdiw /ps /he ex/en/ oJ /lte .. /emjJoral smearillg" ill 
Lhe solll/iolls: /h is is also indica /ed b'y /lte length oJ the 
hori::,oll lal lilies a/ 560, 2000 and 5600 BP. _1 sigll ificanL 
ill crease ill reso/z'i llg fJower is ob/ailled ~J' redllcing /h e 
mlldom errors ill /lte bore!tole Lem/Jeralllres 10 lite Il7Ift
leNl, 200 do /a /J oin/s /.i'ere liSI'd ill these recolls /ruc/ioIlS. 

fro m whi ch synth e ti c boreho le tempera tures have bee n 

ca lcul a ted . The bo ld smoo th line is th e surface-te mpera

ture history recon structed from th e synth eti c BT d a ta fo r 

\'a ri o us le\'e ls o f ra nd om n o ise. Th e im p rove m en t 

o bta ined by reduc ing th e un ce rta int y in the temper a ture 
m easurements [i-o m 10 to I mK is a ppa rent. 

Borehole tempera tures diffe r (i-om undisturbed ice'" 

tempera tures du e to two processes rela ted to th e prese n ce'" 

of th e hole . T o qu a ntify the effec ts o f th ese processes a nd 

subsequentl y co rrec t fo r th em , th e d a ta precision must be 

hig h. The first process is th e introdu cti on of excess h ea t 

Claw and olhers: Jlls/rllmenls alld me/h ods 

into th e hole by th e drilling moto r a nd by th e drillin g 

nuid . Th e effec t is to disturb th e te mpera ture in th e 
vi c inity o f the newly c rea ted hole . R e p eat tempera ture 

logs can be used to assess th e magni tud e of th e " drilling 

di sturba nce" a nd th e ra te a t whic h it di ss ipa tes, This 

info rm a ti on ca n th en b e used in conjun c tion with a h ea t

tra nsfe r model to predi c t th e equili b rium tempera tures 
th a t will ultimate h · occ ur \\'hen th e drilling disturba n ce 

va ni sh es . For mec h a ni ca ll y drill ed b o re holcs, th e ch a nge 

in te m pera ture as th e drilling disturba nce dissipa tes is 
ofte n o f ord er 10 mK yea r- 1 or less within 1- 2 yea rs of 

ho le completion. T o eva lua te and subsequentl y co rrec t 

fo r tb e drilling di sturba n ce within a few yea rs of bo re h o le 

compl e ti on, tempera tures should be m eas ured a nnu a lly 

with a precision of a t least ImK. 

Th e second ca Ll se o f th erm a l di s turbance is th e 
contras tillg hea t-tra nsfe r ra tes within a fluid-filled bo re

ho le a nd in th e surro unding ice. R e la ti ve to the ambi ent 

ice, a bo rehole ca n ac t as a th erm a l insul a tor if the 

bo re ho le fluid is stag n a nt , o r as a "hea t pipe" if th e fluid 

is \ 'igo ro usly cOI1\Tc ti n g. [n either case, the iso th erms a re 
likel y to be di sturbed in th e \·icinity o f th e hole as hea t 

pre fe renti a ll y fo ll ow s th e most effi cie nt pa th. T emper a 
ture m easurements \Vi th a precision I mK, or better , a r e 

required to d e te rmin e cO I1\'ec ti\ 'e h ea t-tra nsfer ra tes 
within a boreho le a nd hence 10 entlu a te th e extent to 

\\'hi c h iso th erm s a re di sturbed by the hole. Thi s is 

pa rti c ul a rl y tru e o f d epths \\'here th e buoyant en e rg y 

a \'a il a bl e to suppo rt nuid conycc ti on is m a rg ina l or wh er e 

co n vec ti on is fi.t!l y turbul ent. 

Give n th e n eed fo r hi g h-prec is io n temp era ture 
m eas urcments, wc red es ig ned much o f a n cx istin g U .S. 

G eo logica l SUr\TY ( U SG S ) porta ble te mpera ture-logging 
sys tem to furth er redu ce instrum enta l so urces ofm easure

me nt e rro r. Ca libra ti o n and opera tio n a l procedures w e re 

a lso substa nti a ll>' m odifi ed . Our goa l \vas to build a 
s)'s tem ca pa blc or m a k i ng borehole-tem pe ra tu re meas ure

m e n ts und e'" r co ld wea th er co ndi ti o n s \\·i th a prec isio n 

bc tte r th a n ImK a nd a n acc urac\' b e tte r th an 5 mK. In 
thi s p a per, We'" will: ( I ) d escribe th e m odifi ed tempe ra
ture-logging sys tem a nd th e assoc ia ted measurem e nt 

erro rs, a nd (2 ) prese nt represe nt a ti\ 'e d a ta recentl y 

acquired by thi s sys te m a l G ISP2, Greenl and , a nd a t 

T ay lo r D ome, Anta rc ti ca . D a ta acquired by an ea rli er 
\'e rsio n of th e loggin g sys tem a t GISP2 during 1992 a r e 

disc ussed in Sa ltus a nd C lo\\' (1994 ) a nd Clo\\' and o th e rs 

( 1995 ) . 

SYSTEM DESCRIPTION 

T empera tures po tenti a ll y can be m easured in geoph y

sical b o reho lcs usin g va por-press u r e th ermo m e te r s, 

ra di a tio n pyrom e te rs, o r simpl e th e rmocoupl es . H o w

e\"C r , m os t sys tem s tod ay utili ze a te mpera ture-d e p e n
d ent resistor (th e rmi s tor o r RTD ) wh ose resista nce is 

m eas ured by a comm e rcia l dig ita l multime ter ( D~rlVI ) 

o r b y a custom-built e lec troni c brid ge (sec Bec k a nd 

Ba lling, 1988). An ach ·a ntage of a c Lls to m bridge is th a t 

it can be mad e sm a ll enough to b e included in a n 

ins trume nt pac kage loca ted at th e d o wnhole cnd o f the 

logging cable, keepin g the el ec troni c-lea d leng th s to th e 

sen sor rela tively sh o rt. Such a package can be d es ig n ed 
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to measure o ther parameters as well , such as Ouid 
pressure a nd borehole inclin a ti on, with th e resulting 
data eithe r stored within th e instrum ent package or 
transmitted to the surface through a ca bl e with just two 
conduc(Ors. A signifi cant disadvantage of this approach 
[or precision temperature m easurement is the diffi culty 
of mainta ining ca libra tion o f the elec tro ni c bridge 
beca use th e tempera ture of th e instrum ent pac kage 
will often c h a nge by 10- 30 K durin g a loggin g 
experiment. This can ca use errors of 10 mK , or more, 
in the resulting tempera ture measurements. Although 
th e use of a commercial multimeter on the surface 
poten tiall y req uires \'e ry long lead lengths (e .g. 3-4 km ), 
th e Dl\1l\1 can be maintain ed a t a constant tempera ture, 
eliminating tempera ture-re lated drift in the r esistance
measuring c ircuit. In addition , the Dl\Il\1 's calibra tion 
can be peri odicall y rechecked while the m eas urements 
are in progress. \\' ith som e sys tems, te mperature 
measurem ents can be ma d e while driving the sensor 
downhole a t a constant speed ("continu o us" logging), 
while with others, measurem ents ca n onl y be m ad e when 
the probe is stopped a t a fixed d ep th . The lat ter method, 
known as " in cremental " or "stop-and-go" logging, 
results in a limited number of meas urem e nts a t fi xed 
dep ths. H owever, th ese meas urements a re free of the 
"slip-ring" noise (discussed la ter) inherent in continuous 
tempera ture logs. In addition , equilibrium temperatures 
can be direc tl y measured using the increm ental mode. 
elimina ting the need to d ecol1\'oh'e the m eas ured signal 
to account [or th e finite response tim e of th e probe 
(Saltus and Clow, 1994) . 

\Vhen d esigning our logging sys tem,· o ur priorIties 
were high sensitivity, high accuracy, ruggedness and the 
ability (0 ma ke measurements in either th e continuous or 
incremental logging mod es. 'With th ese pri oriti es in mind , 
we decided to utilize nega tive-temperature-coefTi cient 
(NTC) th e rmistors for th e temperature sensors and to 

measure th eir resistance using a comm ercia l Di\IM 
res iding o n th e surface. The D~L\f is wrapped in 
elec tronically controlled resistive heaters to m a inta in its 
operating tempera ture within a narrow ra nge (22- 24°C) . 
Other maj or sys tem com ponents include a [o ur-conductor 
logging cable mounted on a m otori zed ro ta ting drum. A 
"slip-ring" assembl y provides electri cal continuity be
tween the logging cable and the multimeter. Dep th 
information is provided by an optical encod er mounted 
on a calibra ted cable pull ey. A lap top computer controls 
th e system , bo th displaying a nd storing the res istance, 
depth, time a nd logging speed ; resistance is cOl1\'erted to 
temperature during the d a ta -processing step. The sys tem 
is mod ular to facili talc sys tem chec ks, to a llow the use of 
d i fferen t tem pera ture senso rs and to permi t various 
logging cables to be used , d epending on the depth of 
the hole. To minimize electri cal noise, all components are 
battery-powered, except for th e motor o n our larges t 
logging winch. 

Th e USGS has two pnm a ry temperature-logging 
sys tems. The system described in this pa per is the one 
used for pola r clim ate research . 
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R esistance ci r c u it 

T o measure the resistance of the temperature se nsor, we 
use the four-wire circuit shown in Fig ure 2. During a four
v"ire meas urem e nt , th e Dl\I~I produces a co nsta nt 
current f, which passes through the senso r. The voltage 
drop across th e se nsor is detec ted by the multimeter's 
high-impedance inputs, and th e pro be's resistance R,; is 
calcul a ted. This " [our-wire resis ta nce measurem ent", 
which is <l\'a il a ble on many commercial m ulti meters, 
a u tom atica lly com pensa tes for the resistance of th e en ti re 
pa rh bel ween tl1(' D l\1~I and th e tem pera tu re senso r. 

Thermistor 
Probe 

r-------I 

4 - Conductor 
Logging Cable 

Slip-Ring 
Assembly 

--------1 I' DMM 
- - - I 

I RL 

I I 
I 

I 
I I RL 

L----------+~------~-----+_r~----7-~ LO 

I 
_J 

___ J 

Fig. 2. Four-wire resistance circuit utili::;ed by the logging 
system . Hi and [0 are the higlz-imjJedallce inputs cif the 
DJ! M. 

With this circuit, the tempera ture sensiti\'ity is simply 

(1) 

where 6.R is the sma ll es t resistance resolva bl e by the 
multimeter, and aT is the probe's tempera ture coe ffi cient, 
d efined by: 

1 aRs 
aT ~---. 

11,,; aT (2) 

Typical aT \-alues [or NTC th ermistors range fro m - 0.04 
to -0.07 rc ' a t th e temperatures encountered in polar ice 
shee ts. In addition to using a hig h-qua lity D'\1M, we note 
that the sys tem 's sensitivity can be enhanced b y using a 
probe wh ose r es ista nce a t th e temperature being 
m easured is near th e high end of one of the res ista nce 
scales on the DMl\I. 

Because the source current I s is generall y quite sma ll 
a nd the lead s m ay be ex tremely long (e.g . 3- 4 km ), 
special attention must be gi\'en to various sources of noise 
a nd /or offse t to prevent corruption of the dat a. These 
sources include: lea kage paths between th e circuit's 
electri ca l condu ctors, capacitance eITec ts, se lf-hea ting 
e ffec ts, external electric fi elds, triboelec tric effec ts, and 
switching effec ts. 

Leakage pa ths between th e conductors in the four
wire circuit can produce large errors, particul a rl y when 
th e sensor's resista nce is large . Such unintend ed paths 
easily a rise in th e field du e to broken or c racked 
insula ti on, or dirty connecto rs. Given an inter-conductor 
leak of resis ta nce RI, th e e rror in th e associa ted 
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tempera ture meas urem ent is 

(3) 

This problem can be controll ed by cleaning th e con
nec tors, maintaining th e integrity of the insul a tion and 
utilizing a probe with a small Rs ya lue. HO\\'e\'er, a n 
additio nal constra int is tha t R,; must be g rea ter tha n th e 
lead res istance RL fo r each leg of th e fo ur-wire circuit in 
o rd er fo r a n acc ura te res ista nce measurement to be mad e. 
As a rule of thumb , we find tha t Rs sho uld be a t leas t 10 
tim es RL . 

Because the logging ca bl e has a capacitance C, th e 
lo ur-,,-ire resista nce circuit ac ts as a low-pass filter with a 
na tura l res ponse time T = RsC. Two issues a rise here : (a ) 
In ord er to properl y record th e chang ing probe res ista nce, 
T must be much less than th e tim e-sca le for the res istance 
cha nges: T« Rs(8Rs / 8tr t (b ) Assuming the conditio n 
in (a ) is sa tisfied , sm a ll currents through the elTec ti\'e 
capacita nce will still ca use an error 6.R ~ T(8Rs / 8t ) in 
th e res ista nce measurement. Th e associa ted erro r in 
temperature is 

8T 
Cc = RsCv 8z ' (4) 

where V is the ra te at whi ch th e probe d escends into th e 
boreh ole a nd (8T /8z) is th e local tempera ture gradi ent. 
Th e ca pac ita nce-rela ted error Cc can be minimi zed b y 
keepin g R" a nd C rel a ti\ 'cJ y sma ll , a nd by using a slo w 
logging speed v. 

As the source current I" from th e multimeter passes 
throug h th e tempera ture se nso r, th e pro be ,,·ill wa rm 
a bo \'e the ambi ent-Iluid tempera ture b y a n a mount 

(5) 

,,·he re 0 is the power-dissipa ti on consta nt which depe nds 
bo th o n th e pro be d esig n a nd on th e th erm a l properti es o f 
the Iluid ill whi ch the measurements a re being mad e . 
Co rrec ti ons 10 1' thi s "se lf~h ea tin g" effec t can be a ppli ed 
during the da ta -processing step sin ce the current Is a nd 
th e pro be resista nce R s a re well kn o wn. Ho\\,ever, th e 
correc t va lu e for 0 under fi eld conditions is somewhat 
unce rta in. so it is bes t to minimize th e se lf-hea ting effec t if 
possible. The bes t strategy is to use a multim eter th a t 
employs rela ti ve ly sm a ll source currents and a probe 
spec ifi ca ll y desig ned for minima l se lf-h ea ting. 

Ex tern a l elec tric field s can sig nifi cantl y di sturb th e 
m easurements. Common sources are A C power fi elds nea r 
th e res ista nce circuit , sta ti c cha rges nea r the multim e te r 
inputs, a nd elec tri c cha rges deposited o n the shea th of th e 
logging cable by dry blo\\' ing snow . \Ve mitiga te th ese 
problems by using shi elded cables a nd by enclos ing th e 
multim eter in a shi eld ed box. H o wever, ,,-e are o nl y 
pa rti a ll y successful because th e shi elds cannot be pro perl y 
ti ed to "ground " wh en working o n an ice shee t. To 
furth er reduce these pro blems, we a ttempt to keep the 
entire sys tem (including the logging cable) out of th e 
wind whene\-er poss ibl e. Th e nylon te nt surrounding the 
elec tro ni cs pac kage is enclosed in a n insulating sh ell 
whi ch minimizes c ha rge build-up o n the shelter; th e 

Claw alld others: Illstruments and methods 

sys tem op era tors (a no th e r signifi cant source of sta ti c 
cha rge ) rem a in se\'e ral m e ters away from th e multimeter 
during the course of a n experiment , a nd a ll system 
compo nents run off batte ri es rather than AC power. The 
onl y exception is our la rges t logging winch \\'hi ch is 
powered by 240 VAC. Altho ugh \'a ri a tions in the Ea rth 's 
extern a l magnetic fi eld conceivabl y could induce currents 
in the logging ca ble, wc haye not seen evid ence for such 
currents in multi-hour tes ts with the tempe ra ture senso r 
held a t a fixed position in a buoyantl y sta bl e Ouid. 

Som e of the noise we o bsen 'e \\'h en a logging cable 
\'ibra tes in the wind may be caused by th e triboelec tri c 
effec t (K eithl ey, 1984) in which cha rges a rc genera ted 
between the elec trical conductors and th e insul a tion as 
th e cable Oexes. Cables used to log boreho les fill ed with n
butyl ace ta te (Gosink a nd others, 1991 ) require T ellon 
insul a ti o n. Unfortunately, Tellon-insul a ted cables a re 
known to be prone to thi s effec t. Tri boclec tri c noise 
may a lso occ ur as th e logging cable l1 exes O\'e r the shea\'e 
,,-heeis th a t guide th e cabl e into th e bo rehol e. The 
triboe lec tri c effec t provid es additiona l mo ti\ 'a tion to keep 
the logging ca ble out o f stro ng winds. 

Our d o mina nt source o f sys tem noise In a continuous 
tempera ture log is ca used by swit ching e ffec ts within the 
elec tro m ec ha nica l "slip-ring" connec tor th a t prov ides 
elec tri ca l continuity betwee n th e logging ca bl e a nd the 
DJ\L\1. Altho ugh we use a special slip-ring asse mbl y to 
minimi ze this eITect, the noise produced b y th e slip-ring 
connecto r is still genera ll y o l" o rder ImK. As a fin al noise
reducti o n s trategy, wc use a multimete r that integra tes 
the input sig na l for 100 m s for eac h m eas urement. This 
elTec ti \"L' ly elimin a tes hig h-frequ ency n o ise from a ll 
sources. :\ ca pac itor ca n also be in trodu ced bet\\'een th e 
high-imped a nce inputs o f the DJ\[M to ex te nd the ra nge 
of the hig h-frequ ency filt e rin g . The \'alue o f th e capac itor 
must be c hosen ca refull y so tha t the res po nse time of th e 
resista nce c ircuit rema ins less th an th a t o f th e tempera
ture se nso r a nd to limit th e ca pac it ance-re la ted error Ce . 

TeInperature sensors 

From E.qu a ti ons ( 1 ) ~ ( 5 ) , it is clea r th a t th e tempera ture 
senso r pl ays a sig nifi ca nt ro le in d e te rmining th e 
cha racte ri sti cs of the o\-c rall sys tem. \Ve c urrentl y use 
two se nso r d esigns, onc (o r immersion in liquid-fill ed 
boreho les a nd th e other fo r measuring tempera tures in 
air-fill ed ho les. Both des ig ns utili ze multipl e NTC bead 
thermisto rs to reduce the se lf-h eating effec l. 

Our " po la r" immersio n pro bes' were c us tom-made by 
Fenwa ll Elec troni cs . They consist of 15 th ermistors 
di\·ided into three packe ts, eac h of which is hermeti call y 
sealed in g lass (Fig. 3) . This pre\'ents c hanges in th e 
oxida tio n sta te of the me ta l-ox ide thermistors a nd relie\Ts 
stra in wh ere th e leads a rc a ttached to th e cera mic body o f 
th e tlt c rmis to rs. As a result , th e probes have excellent 

f\ simila r d es ign a ppro pri a te for tempe ra tures a t mid
la tilUdes is d escribed by Sass and o thers ( 1971 ). The 
mid-l a titud e w rsion has a much higher res ista nce tha n 
the pol a r model and conta ins 20 thermistors di\'ided 
into two p ac kets. 
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Immersion Probe 
stainless steel shell 

:'-re=--I--E3----r::::= 
glass thermistor 

envelope bead 

Fig. 3. T emjJerature sensorJ01·liquid-filled boreholes. The 
sensor conlains 15 smaLL bead thennisloTs divided into three 
packels; the use oJ multiple beads substanlially reduces the 
"self-healing" Wecl. The beads exlend over a ~ lOC/n 

length within a 4.0 mm diameter stainless-steel shell. T he 
DNJi\I/ measures Ihe resistance oJ lite entire sensor ralher 
than the resistance oJ the individual beads. 

long-term stability; the typical resistance drift ra te is onl y 
0.025% per yea r. The packets are wired in parallel to 
reduce th e ove ra ll resista ncc of the sensor. In addition, 
onl y one-third of the multim eter's excita tion current Is 
passes through any given th ermistor bead , minimizing th e 
self-healing effect. To improve the ruggedness of th e 
design , lhe thermistor packets a re comple tely enclosed in 
a 4 .0 mm diameter sta inless-steel shell, a llowing th e 
probes to withstand th e pressures encountered a t 7-
8 km in a liq uid-filled borehole and th e effec ts of corrosive 
chemi cals such as n-butyl ace ta te. The use of man y sm a ll 
th ermisto r beads, g lass encapsula tio n a nd a hig h
condu cti vity steel shell a ll help to produce a high 
power-di ssipation consta nt 8. Th e 8 va lue for o ur 
immersion probes is 55 m W K -l in circula ting xylene; it 
is believed lO be simila r when logging through n-butyl 
ace ta te. The tempera ture coefficient aT is tempera ture 
dependen t, ranging from - 0.049 K I a t - lOoC to -
0.059 K - 1 a t -40°C. An inevitable disad vantage of thi s 
probe d es ign is the rela ti ve ly slow respo nse time. In n
butyl ace tate, the measu red time consta nt is about 7 s. 
This slow res ponse time means th at m easuremen ts 
obta in ed in the continu ous logging m ode must be 
deconvolved in order to recover th e actu al borehole 
temperatures (Saltus a nd Clow, 1994) , even when th e 
logging speed is slow (e.g. 5 cm s-1 ). 

The probes we use to measure tempera tures in a ir
fill ed holes are also custom-built. R eminiscent of th e 
immersion probes, th ey consist of three rugged glass
encapsula ted bead thermistors wired in p a rallel. The use 
of multi ple beads yie lds a rela ti ve ly high powe r
dissipa ti on constant in still airt (8 ~ 3 mW K - 1

) , limiting 
th e se lf-hea ling effec t lo 0. 7 mK und er the wo rst 
conditions. The tempera tu re coeffi cients aT arc virtu a ll y 
the sam e as for the im mersion probes. U nfortunately, th e 
time constant for these probes in air is long enough (90 s 
at sea level ) to precl ud e their use in the continuo us 
logging mode. Faster-responding air pro bes could be built 
but they would be more fragil e, and wo uld have higher 
long-term drift ra tes a nd la rger self-hea ting effects. 

T o calibrate the probes, we insert them into a copper 
equilibra tion block th a t is immersed in a tempera ture
controlled Quid ba th (H a rt model 704 1); the stability o f 
the b a th is es tim a ted to be 0. 5 mK. R eference 
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tempera tures within th e block are esta blish ed on the 
ITS-90 tempera ture scale (M a ngum and Furukawa, 
1990) by monitoring a NIST-ca libra ted Sta nda rd 
Pla tinum R esistance T hermom eter (SPR T ) with an 8.5-
digit mu ltim eter whi le th e probe resista nces (Rs ) are 
simultaneously measured using a 6.5-digit multimeter. 
T he precision of the reference da ta from the SPRT is 
es timated to be 0.2- 0.3 mK while the acc uracy is 4.5 mK, 
traced to the .S . Na tiona l I nstitu te for Science and 
T echnology (N IST ). For each tempera ture senso r, 
approxima tely 100 meas urem ents of Rs a nd Tare 
obtained at each of th e calibra tion points, which are 
spaced every 5 K across th e cali bra ti on range of -400 to 

+30°C. T he d a ta acquired a t each ca libration point a re 
subsequently a veraged (in (luRs , l i T ) space) a nd the 
average va lues used to find the constants (ai) in the four
term ca li bra tio n function 

using weighted leas t sq uares . R esiduals from the leas t
squares fi t a re typically 0.3 m K , or less (Fig. 4 ) . Equa ti on 
(6) is an ex tension of the often-used three-te rm Steinhart
H art eq ua tion (Steinh art a nd H a rt, 1968), w hi ch pro,·es 
inadequ a le for our purposes. An F tes t (e.g . Be,·ington, 
1969) dem onstra tes th a t a much better fit to our 
calibrati on d a ta can be obta ined with th e four-term 
functi on (Equa tion (6)) than Wilh the Steinha rt- Hart 
equation, particularly a t tempera tures below aoc. 

Q" 
E.. 
<ii 
" ." .;;; 

" a: 

Calibration Residuals 

0.5 

0.0 

·0.5 

-30 -20 · 10 

Temperature ("C) 

Fig. 4. R esiduals from the least-squares Jit oJ tlze JOllr
ler11l calibmtion JU l1ction to the calibration data Jor a 
typical pair oJ immersion probes ( L T 1, L T2) and a pair 
oJ air jJrobes. 

Depths 

Depth info rma tion is provided by an optical encoder th a r 
measures th e rota tion of one of the logging-cable pulleys . 
The encod er transmi ts inform a tion to a digita l counter 
which in tu]-n is connec ted to th e sys tem's computer using 
an R S-232 interface. With this system, th e logging cable is 
tensioned before it enters the encoder pulley, so tha t cable 
stretch is a u tomati call y accou n ted for. H owever, cable 
slippage on the encoder pulley, thermal exp a nsion or 
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contraction of th e cable tha t h as spooled pas t th e pulley, 
or cable ha ng-ups in th e hole can cause errors in the 
reco rded loca tion of the tempera ture probe while logging. 
Th ese errors, a lth ough genera ll y small , cannot be 
ignored . 

A depth-calibra tion fac tor is d erived for each logging 
cable by moving th e sensor down hole approxima tely 40 m 
a nd comparing the output from the depth counter with 
that measured using a fiberglass ta pe measure th a t has a 
low coefIi cien t of thermal expansion (9.3 x 10- 6 K -1 ) . 

This calibra ti on procedure is performed severa l times 
with the cabl e under \'ari ous tensions. Repeat calibrations 
a nd intercomparison with oth er d epth measurem ents (i.e. 
to tal borehole d epths determin ed from fluid-pr essure 
measuremen ts, from the measured lengths of ice co res, 
and from optical encoders on o ther logging sys tems) 
sugges t tha t our accuracy is 2- 3 m a t a depth of 3 km. 
This 0.1 % d epth uncertainty introduces a 0.1 % error in 
th e tempera ture gradient ca lcul a ted from th e depth
tempera ture d a ta . 

MeasurelIlent procedures 

Before each exp eriment, th e logging system's multimeter 
is brought to its opera ting tempera ture (22- 24° C ) and 
aJl owed to sta bilize for a t leas t I h . The DMM is th en 
calibra ted on site using a se t of high-prec ision low
tempera ture-coeffi cient resisto rs th a t have a lso been 
maintained a t 22- 24°C fo r a t leas t I h. Errors in th e 
l11ultim eter's calibra tion consta nts rcs ult in a n uncer
ta inty of ~ 0.17mK in th e subsequent tempera ture 
measurements. For deep bore hol es such as GISP2 , 
tempera tures nea r th e end of a logging experiment 
mi ght no t be acquired until up to 24 h afte r th e 
multim eter has been calibra ted. During this tim e, th e 
l11ultimeter 's elec troni cs may drift slightl y. Based on the 
specifi ca tions of our present DMM (An alogic DPIOO), 
this drift can cause an uncert a inty of up to 0.67 mK 
during th e course of a long logging run. In prac ti ce, we 
find tha t our multimeter's 24 h drift is about one-qu arter 
of th e quoted spec ifi ca tion. 

FIELD RESULTS 

GISP2, Greenland 

During the boreal summ ers of 1994 a nd 1995, we used the 
new logging sys tem to acquire tempera ture meas urements 
in the 3 km deep borehole a t GISP2 ; these measurements 
were obtained 12 a nd 24 month s a fter the comple tion of 
th e borehole, respecti ve ly. Experiments included contin
uous tempera ture logs, monitoring sessions at fi xed d epths 
to lea rn more a bout the convec ti ve behavior of the n
bu tyl aceta te (Gosink and o th ers, 1991 ) borehole fluid , 
a nd a ttempts to d etect shear heating at the base of the ice 
shee t. All measurements in th e d eep ho le were o btained 
using an immersion probe (USGS se ri al number LTI ). 

The logging system was config ured id enti call y during 
the 1994 and 1995 experim ents except th a t a 10 p,F 
capaci to r was introduced between the high-imped ance 
inputs of the DMM during 1994 to give addition al high
freq uency noise suppression. Th e resistance of probe LT I 

Claw and others: Instrumen!s and methods 

ra nged from 12.7 kD w hen nea r th e surface to 3.8 kD as it 
approached the bo ttom of the hole, yielding a sys tem 
sensitiv ity of 0.1 4-0. 54 mK (T a ble J) . During the 1994 
experim ents, the resistance RI of one of th e critica l 
leakage paths was 5 GD ; RI exceed ed 20 Gn fo r all other 
leakage paths during 1994 and for a ll the leakage p a ths 
during 1995 . Thus, th e inter-condu c tor leakage e rro r El 

was 0.01 6-0.045 mK during 1994 a nd was less th a n 
0.011 mK during 1995. Circuit cap acitance was 10 f..LF 
during 1994 and O. 63 f..LF during 1995 , gi\'ing a circuit 
response time of 38- 127 ms during 1994 and 2.4-8 .0 ms 
during 1995 . Th ese response times were much faster than 
th a t of the sensor (7 s) , allowing th e circuit to detec t a n y 
res ista nce changes experi enced by th e probe. \ Vi th a 
logging speed of 5- 6 cm s- l (co n tin uous logs) and BT 
gradi ents of - 2 to + 25 mK m- I, th e temperature error Er 

due to the capacita nce effect was less than 0.095 mK 
during 1994 and 0.003 mK during 1995 . The source 
current I., of the mul tim eter was 10 f..L A, limi ting the se lf
hea ting effec t Eh to 0 .007- 0.023 mK. The bulk of thi s 
e ffec t was corrected during data processing. Sys tem 
chec ks valid a ted th e stability of th e elec troni cs a t the 

Table 1. Fac!ors qffecting tlte lIncerlailli)) oJ the processed 
lem/mature measurements from the 3 km G ISP2 borehole 

Source 

Sys tem sensiti vity, !:::.T 
Inte r- conductor lea kage 

error, El 

Capaci tance effec t, Ec 

Se lf-h ea ting effec t, Eh 

Sli p-ring noise, 
d econvolved 

Pro be ca libra ti on 
u nce rt ai n ty 

Multimeter calib ra ti o n 
unce rtainty 

JI/agni!ude 
J u[l' 1994 June 1995 

mK mK 

0.1 4-0 .54 0.1 4- 0. 54 

0.0 16 0. 045 < 0.0 11 

< 0. 095 < 0.003 
< 0. 005 < 0.005 

0.25 0.34 

0. 15 0. 15 

0. 18 0.18 

le"cl of the system 's sensi ti vi ty. 
During th e continuous tempera ture logs, one m ea

surem ent was acquired eve ry 2.0 s, providing a sample 
spac i ng of 10- 12 cm. Given th e 7 s response tim e of the 
tempera ture sensor , the sampling ra te was fas t enough to 
prevent any a li asing of the tempera ture signal. At GISP2, 
we were able to pos ition the logging sys tem entirely 
within the protec ti o n of the drilling d ome. Gnd er th ese 
condi ti ons, the hig h-freq uenc), noise ( > 0.025 H z) pre
sent in the raw data was due alm os t entirely to th e slip
ring assembl y (Fig . 5) . For th e 1994 (199.'i ) log, th e 
sta nd a rd error of this noise is 0.50 mK (0.7 5 mK). Because 
of th e rela ti\'ely slow res ponse tim e of th e u:'mp t' ra ture 
senso r , the raw d a ta must be d eco nvo lved with th e 
probe's response fun c tion to obtain th e ac tual boreho le 
tempera tures from th e continuous logs. This is d one in 
two steps as desc ri bed by Sal tus a nd Clow (1994): ( 1) W e 
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Fig. 5. Detailed comparison of the continuous temperature 
logs obtained in the GISP2 borehole on 5 J uly 1994 and 14 
J une 1995 in the 120- 170 m depth range. The high
frequency noise jmsent in the raw data (dots) is primarily 
due to switching iffects inside the slip-ring assembly. 
During data processing, the bulk oJ this noise is removed 
using optimal ( Wiener) fi ltering. The fil tered data are 
subsequently deconvolved to account fo r the finite response 
time oJ the moving sensor. The deconvolved signal (solid 
line) represents the actual temjJeratures in the borehole. For 
the 1994 log, a 10 p,F capacitor was inserted between the 
high-impedance leads of the D M M to give additional 
high-fre quency noise suppression. 

fil ter the high-frequency nOlse 111 the freq uency do main 
using optim al {Wiener) fi l ter ing . Based on tes ts with 
synthetic d a ta, the fi ltering effec tively removes a ll noise at 
frequencies above the optimal fi lter cut-off and reduces 
the standa rd error of the noise to one-quarter of the 
original va lue a t freq uencies below the optim a l smoothing 
cut-off. (2) The filtered da ta a re deconvolved with the 
probe res po nse fun ction using seri al di visio n. The 
deconvolu lion process is ver y sensitive to any residual 
noise remaining in the filt er ed data. Based on syntheti c 
tes t cases, we find tha t our d econvo lutio n process 
ampliliq the residual noise b y a factor of 2. T he net 
result is tha t the standard error of the residual slip-ring 
noi se in the d econvolved da ta is 0.25 mK for th e 1994 log 
and 0. 34 mK for the 1995 log . T his error controls the 
precision of the logs at depths above rv 2600 m while the 
system sensitivi ty, which d egrad es to 0.54 mK a t the 
bottom of the hole, determin es the precision for depths 
below abou t 2600 m. T he accuracy of both the 1994 and 
1995 logs is es tima ted to be 4.5 mK . 

A grea t d eal of hea t was p umped into the GISP2 
borehole during the 4 years i t was being dri lled. Upon 
completion of the borehole Uuly 1993), tempera tures in 
the ice surro unding the upper section of th e borehole are 
estima ted to have been distu rbed by roughly 100-
200 mK. Simple heat-transfer models indicate it will be 
well in to the next century before the borehole and 
surrounding ice return to thermal equilibrium . Figure 5 
shows a d eta iled comparison of the 1994 a nd 1995 
tempera ture logs in the 120- 170 m dep th range. The data 
quali ty is high enough to show the borehole h ad cooled 
10- 13 mK a t these shallow d epths during the 344d 
sepa ra ting the two logs. At d epths exceeding 400 m, the 
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initia l dri lling distu rbance is expected to have been mu ch 
less, and the observed cooling between the 1994 a nd 1995 
logs is indeed less tha n 2 mK. 

Based on the calculated R a yleigh numbers for the 
GIS P2 borehole (C low and others, 1995), we expec ted 
the borehole fluid to be convecting below a depth of 1600 m 
wh ere the temper a ture gradient exceeds 1.46 mK m-I; the 
convec tion was expected to be la minar in the 1600-
2000 m depth zone and turbu lent below 2000 m. Figures 
6- 8 show some of the da ta we obta ined in an effo rt to 
verify these pred ic tions. A monitoring experiment at 
1520 m (Fig. 6) shows no evidence of convection , a t least 
at the level of the system's sensi ti vity at this depth 
(0 .1 4 mK). Within the fu lly turbu lent zone, a similar 
experiment revea ls rapid temperatu re excursions of up to 
20 m K due to th e p assage of energe tic convective eddies 
(F ig . 7). Convec tion cells can a lso be seen in the 
continuous log. Figure 8 shows a d etai led section of the 
5 J ul y 1994 temperature log in the lami nar zone. 
Convective cells with wavelengths of 3- 5 m and ampli
tudes of 1- 2 mK a r e readi ly apparent in this zone. 
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Fig. 6. M onitoring experiment at 1520 m in the G1SP2 
borehole. At this depth, no evidence of convection is 
apparent at the limit of Ollr sensitivity, 0.14 mK. This 
experiment also demonstrates the stability of the electronics 
package. 
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Fig . 7. Monitoring experiment at 2832m in the GISP2 
borehole. This data was acquired within thefully turbulent 
zone oj the borehole . Rapid temperature fluctuations 
associated with energetic convective eddies are readily 
detected. 
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Fig . 8. Convection cells are a/J/Jarent in t/ze GISP2 
continuous log below 1600 7lZ. H ere, we show the 
temjmature fluc tuations about the local Irelld resu. lt ing 
jrom laminar convection in tlte 1800~1900m deplh range 
(5 J uly 1994). T he raw data are represented by do ts while 
the solid line shows l/ze deconvolved signal. 

Taylor Dotne, Antarctica 

During th e I 994~95 a ustra l fi e ld season , we m ad e 
temperature m eas urements in th e newl y compl eted 
554 m butyl- fill ed borehole a t T aylor Dom e on the 
Anta rctic Pola r Pl a teau (Croo tes a nd o th ers, 1994). 
Th e sys tem 's c ha rac te ri sti cs ,;ve re simil a r to th ose 
reported in th e previous sec ti o n. In conjun c ti o n with 
logging th e 554 m boreholc, we a lso incremen ta ll y logged 
an air-filled 130 m hol e (TD-C) th a t had bee n cored 
a dj acent to th e d ee p hole. Th ese measurem e nts were 
o bta ined using o ne of our three-bead '·a ir" pro bes. 

Pri or to logging the TD- C ho le, we cased th e upper 
2 m of the ho le using 15 cm PVC pipe. Our nylon 
equipment sh e lte r was then pl aced ove r th e bo rehole. 
Altho ugh th e LOp of the cas ing was sea led during the 
subsequent tempera ture meas urem ents, we beli e\·e the 
sea l was imperfec t, a ll owing a tmospheri c-pressure cha nges 
to influence th e tempera tures in th e borehole. \\,ith urn 
tempera tures el ose to - 40°C, th e res ista nce o f th e 
tempera ture se nsor (U SCS se ri a l number API 4 ) ra nged 
("rom 16.1 kn a t th e top 0 (" the hole to 13.5 kn a t the 
bo t tom . U nd er th ese condi ti o ns, th e system 's senSltl\·il )' 
was 0. 11 - 0 . 13 mK (T a ble 2) . C ri ti cal leakage pa ths had 

T able 2. Factors affecting lhe uncertainly oj lhe processed 
lellljJeratllre measuremenlsjrom the air-Jilled 130 771 /zole al 
T a),lor Dome , Antarctica 

Saline 

Sys tem sensi ti v i ty, t::,.T 
Inter-conduc to r leakage erro r, El 

Self-h ea ting effec t, Eh 

Wind-rela ted noise 
Probe ca libra ti o n un ce rta inty 
Multimeter calibra ti on uncerta inty 

JIJ agnitllde 

mK 

0.11 0.1 3 
0.026 

< 0. 17 
<0 .32 

0 .3 
0.17 
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res is ta n ces of ", 10 cn, yieldin g a n inter- condu c to r 
leakage error El of 0.026 IllK . The self-h ea ting eITec t Eh 

was 0.5 1 mK ; a fte r d a ta processing, th e magnitude o f th e 
se lf-h eating error is es ti ma ted to be less than 0.1 7 mK. 
Alth o ug h the entire logging sys tem w as opera ted w ithin 
th e pro tecti on of th e instrument te nt, some noi se is 
evid ent in the d a ta acquired on wind y d ays. This is m os t 
likely due to sta ti c-ch a rge build-up o n the tent. The 
m agnitude of the wind-rela ted noise ra nged from 0. 1 8~ 

0 .32 mK on mod era te ly wind y days (wind speeds o f 5~ 
7 m s- ' ) to <O .llmK on ca lm d ays (wind sp eed s 
< 3 m s-1) . T a king into acco unt th e va ri ous sources o f 
error , th e ove ra ll prec ision of the processed d a ta is 
0 .11 mK for the d a ta acquired o n ca lm d ays . Th e 
precisio n degrad es to 0.32 mK for d a ta acquired when 
wind speeds a pproached 7 m s-l . In both cases, the 
acc uracy of the tempera ture measu re m ents is 4.5 mK. 
Beca use th e a tm os ph e ri c press ure a t T ay lor D o m e 
(e leva ti o n ~ 2425 m ) is 1011" rela ti ve to sea level , the 
res po nse time of o ur three-bead "air" pro be lI"as ex pec ted 
to be slower th a n its nomin al sea-level value. 90 s. 
R es po nse tes ts es ta bli shed tha t th e tim e consta nt fo r a ir 
p ro be API+ is 260s w hen used a t T ay lo r Dome. 

Fig ures 9 a nd 10 show some of the d a ta 1·I·e obta ined in 
th e TD- C boreho le . S trong tempera ture osc ill a tions \-V·ith 
sta nd a rd errors 0 [" 20 30 IllK wt're o bse rn'd while 
increm enta ll y logg ing in the 10- 12 m d epth ra nge . Th ese 
osc ill a ti ons progress i\ "C ly dimini shed with depth , dro p
pi ng below ± 1.0 mE.. a t a bout 65 m. By simulta neo usly 
mo ni to ring a tmosph e ri c-pressure ch a nges with a tra ns
ducer buried 1111 belo w the surface o f th e snow (the ope n 
po rt was 10c I11 bel o w th e snow's surface ), wc found th a t 
th e te mpera ture flu c tu a ti ons in th e bo rehole co rre la ted 
we ll with a tmosphe ri c-press ure cha nges, a t leas t on tim e
scales exceeding 260 s (Fig. 9) . E\"e n a t 49 m II·here th e 
sta nd a rd error of th e oscill a ti ons was o nl y 1.1 mK, bo th 
th e sho rt-term tempe ra ture flu ctu a ti o ns a nd th e multi
ho u r trends we re fo u nd to corre la te wi th a tmosphe ri c
press ure cha nges ( Fi g. 10). Thus, th e tempera ture 
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Fig . 9. Telll/Jeratures recorded at 26 m while incrementall), 
logging the 130 m air-filled hole at T(~ylol Dome, 
Antarctica (lower (l/rve ) . A tmosjJlieric-presslIre changes 
(uP/JeT wrl1e) were slI/wltaneolls!y recorded 10 011 below 
the sll1face oj lite SIl OW acUacenl to the borehole. T he 
lemperature fluctllatiollJ observed in the borehole correlale 
well wilh changes ill atmospheric /J1"eSSllre . T o maleh tlte 
response time if lite tem/Jewlllre sensor , the /JleSSU re da ta 
have been slIloothed using a 260 s moving average . 
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Fig . l a. Same n!milllenlal sel-ujJ as Jor Figure 9 excepl 
Jar lem/JewlllTes recorded al 49 m ill Ihe TD-C borehole. 
Again, Ihe temperature and pressure fluctuations are 
correlaled, as are Ihe multi-hollr trends. T he Iziglz 
Jrequency 1I0ise (s tandard error ~0 . 10 In K ) ill Ihe 
lem/Jew/lire dala is due to slatic-charge build-up on t/ie 
instrument lent which was e.ljJosed la ch)! wind-blown 
Sl/OW. T hese data were acquired on a relalively calm daX 
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Ouctu a ti ons and trends th a t we obsen 'ed III th e air-filled 
TD-C borehole down to th e milli-K eh'in level a re rea l. 

CONCLUDING REMARKS 

It is currentl y possible to m a ke BT measurem ents with 
precisions ofO.I - I .OmK. T o achie\'e th is, the interac ti on 
of th e measuring circuit and th e probe must be ca refull y 
considered in order to opti m ize the system 's sensi ti \·i ty 
while minimizing sources of instrumental error (e.g. intcr
conductor leakage and se lf-h ea ting efTec ts) . C a lib ra tion 
and other operati onal proced ures must a lso be carefull y 
consid ered. Th e "s lip-ring" noise produ ced during 
continuous logs can be substa nti a ll y removed through 
optimal (Wi ener) filtering . A lth ough the d econvolu tion 
process used to re move the effect of a tempera ture sensor's 
rela ti vely slow response time d oes amplify the random 
noise, it is still possible to a tta in a precision better th an 
I mK for processed con tinuous tempera ture logs. The 
availability of d a ta with thi s p recision should allow a 
ma rked im pro\'ement in the acc uracy of p as t elima te 
(surface-tempera ture) reco nstru cti ons based on BT 
meas urements. In addition , severa l eOects th a t influence 
th e interpre ta ti on of the BT meas urem ents can be 
detec ted a nd qu antifi ed. These efTe cts i ncl ud e: th e 
thermal distu rbance in the ice surrounding a borehole 
caused by drilling opera tions, Ouid convec tion within a 
liquid-filled bore hole, and pressure-ind uced tempera ture 
Ouctua ti ons in a ir-filled boreh o les . T empera ture measure
ments with precisions in th e 0.1 - 1.0 mK ra nge may also 
help us bette r qu antify \ 'a rio us hea t-source a nd hea t
transfer mecha ni sms in ice sh ee ts. This in turn will lead to 

imprO\'ed ice-shee t models. Under conditions simi lar to 
those encountered at GISP2, Greenland , a nd T aylor 

D ome, Antarctica, the prec ision of the da ta prod uced by 
the USGS logging sys tem is typicall y 0. 1- 0.4 mK while 
the acc uracy is ",4.5mK. 
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