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Temperature field of the Mallik gas hydrate
occurrence — implications on phase changes and
thermal properties
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gas hydrate occurrence — implications on phase changes and thermal properties; in Scientific
Results from the Mallik 2002 Gas Hydrate Production Research Well Program, Mackenzie Delta,
Northwest Territories, Canada, (ed.) S.R. Dallimore and T.S. Collett; Geological Survey of
Canada, Bulletin 585, 14 p.

Abstract: Three 1200 m deep wells, spaced at 40 m, were equipped with permanent fibre-optic sensor
cables. The variation of temperature within a continental, permafrost-associated gas hydrate occurrence
was measured deploying the distributed temperature-sensing technology. Analysis of the transient temper-
ature changes induced by the drilling and completion of the wells indicates that the base of the ice-bearing
permafrost and the base of the gas hydrate occurrences is 604—609 £ 3.5 m, and 1108-1109 £3.5 m, respect-
ively. Twenty-one months after the completion of the boreholes, the well temperatures are within £ 0.1°C of
equilibrium with the formation temperature. The analysis of the geothermal gradient shows that high gas
hydrate saturations within the pore space have only a minor effect on the bulk-rock thermal conductivity
compared to changes in lithology.

Résumé : Trois puits de 1 200 m de profondeur, espacés de 40 m, ont été instrumentés avec des
cables-sondes permanents a fibres optiques permettant par détection thermique simultanée (distributed
temperature sensing) de mesurer les variations de température dans une accumulation continentale
d’hydrates de gaz associée a du pergélisol. L’analyse des changements transitoires de température
occasionnés par le forage et I’achevement des puits indique que la base du pergélisol contenant de la glace
se situe entre 604 et 609 + 3,5 m, alors que la base de la zone d’hydrates de gaz se trouve entre 1 108 et
1 109 £ 3,5 m. Vingt et un mois apres I’acheévement des forages, les températures mesurées dans les puits
s’écartaient d’'un maximum de + 0,1 °C de I’équilibre avec la température des sédiments. L’ analyse du
gradient géothermique montre que, comparativement aux changements lithologiques, la forte saturation en
hydrates de gaz de 1’espace interstitiel a un effet mineur sur la conductivité thermique globale des
formations.

'GeoForschungsZentrum Potsdam, Telegrafenberg, 14473 Potsdam, Germany
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INTRODUCTION

The size and distribution of natural methane hydrate occurrences
and the release of gaseous methane through the dissociation of
methane hydrate are predominantly controlled by the subsurface
pressure and temperature conditions. This field experiment
was carried out within the framework of the Mallik 2002 Gas
Hydrate Production Research Well Program, investigating the
in situ conditions of one of the most concentrated gas hydrate
occurrences currently known, located at the coast of the Mackenzie
Delta, Northwest Territories, Canada (Dallimore and Collett,
2005). A thick permafrost layer extending to a depth of about
600 m below ground level overlies gas hydrate accumula-
tions between about 800 m and 1100 m below ground level
within the sedimentary succession.

Previously, the analysis of the geothermal conditions and
the derivation of the stability field for methane hydrate at the
Mallik site were based on the interpolation of single, thermally
disturbed, bottom-hole temperature measurements and drill-stem
test data from petroleum exploration wells (Majorowicz and
Smith, 1999). Within permafrost environments, the depth to
the base of the permafrost is often used as a constraint to the
subsurface temperature field (Majorowicz et al., 1990). Tay-
lor and Judge (1981) evaluated different methods of measur-
ing and predicting permafrost thickness. On the basis of a
large collection of temperature data, Judge et al. (1987) estimated
the depth to base of ice-bearing permafrost in the Mackenzie
Delta—Beaufort Sea region. Dallimore and Collett (1999) and
Dallimore et al. (1999) estimated the depth to the ice-bearing
permafrost at the Mallik site according to geophysical well
logs of the Mallik L-38 and 2L-38 wells. Within the present
study, the transient temperature response of a well drilled in
permafrost (Lachenbruch and Brewer, 1959; Taylor, 1979)
was used for the determination of the depth to base of
ice-bearing permafrost at the Mallik 3L-38, 4L.-38, and 5L.-38
wells. For the first time, the same method was applied to
determine the base of the gas hydrate occurrences.

In cases where measurements of the formation temperature
are not available, estimates of the geothermal gradient are often
derived from local heat flow and the thermal conductivity of
the formation. Apart from the importance for the subsurface
temperature field, the thermal properties of gas-hydrate-bearing
rocks are a controlling factor for all processes involving the
formation and decomposition of gas hydrate in nature, which
is inevitably coupled with the transport of heat within the for-
mation. It has often been proposed that the presence of gas
hydrate should have a significant influence on the bulk-rock
thermal conductivity and the geothermal gradient within
gas-hydrate-bearing formations (e.g. Ruppel, 2000). Until now,
only a limited number of laboratory measurements on artifi-
cially produced samples have been published and there is a
lack of measurement data from field samples. Stoll and Bryan
(1979) performed measurements of the thermal conductivity
of mixtures of sand, water, gas, and gas hydrate. Waite et al.
(2002) presented thermal conductivity data for varying per-
centages of gas hydrate content in porous mixtures of meth-
ane hydrate and quartz sand. On the basis of the acquired
temperature data, implications on the thermal conductivity of
the gas-hydrate-bearing sediments at Mallik are presented.
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Beside the information about the geothermal field, the
online temperature monitoring has delivered important data
for the thermal stimulation test, which was performed in the
Mallik 5L-38 well, the results of which will be published
elsewhere (e.g. Hancock et al., 2005).

FIBRE-OPTIC DISTRIBUTED TEMPERATURE
MEASUREMENTS

During the field experiment, the temperature variations along the
central production well (JAPEX/JNOC/GSC Mallik 5L.-38)
and the two lateral observation wells (JAPEX/JNOC/GSC
Mallik 3L-38 and 4L.-38) were measured. Through the deploy-
ment of fibre-optic distributed temperature sensing (DTS)
technology, quasi-continuous temperature profiles can be
measured with high temporal resolution (Wisian etal., 1998).

The principle of distributed temperature sensing was
described in Hartog and Gamble (1991); examples for the
application in boreholes were given in Hurtig et al. (1993) and
Forster et al. (1997). The DTS system (opto-electronic unit
manufactured by Sensa, United Kingdom, model DTS 800 M10)
deployed in this study enabled the simultaneous online regis-
tration of temperature profiles along the three boreholes with
amaximum accuracy of £0.3°C. Prior to and during the field
experiment, individual calibrations of the deployed sensor
cables were performed in a temperature-controlled chamber at
the GeoForschungsZentrum Potsdam and on the Mallik site.

Installation of sensor cables

A special feature of the experiment design is the permanent
installation of the sensor cables outside the borehole casing.
After completion of the well, the sensor cables are located in the
cement annulus between casing and borehole wall (see Fig. 1-3).

The fibre-optic cables were attached to the outer side of
the casing at every connector, at intervals of approximately
12 m, using custom-built cable clamps. In the Mallik 3L-38
and 4L.-38 wells, the sensor cables were installed to a depth of
approximately 1160 m, and in the Mallik 5L-38 well temper-
atures could be measured to about 940 m depth (see Table 1
and discussion in Appendix below). All depth data in this
paper relating to the Mallik 3L-38, 4L-38, and 5L-38 wells
are relative to rotary kelly bushing (KB), which was 4.6 m
above ground level, unless otherwise stated. In order to
enable a smooth sequence of operations during the running of
the casing, as well as to avoid damage to the sensor cable dur-
ing the handling on the rig floor, every step of the installation
was carefully planned and co-ordinated with the drilling
engineers and crew. Despite the precautions, damages to the
sensor cables in the Mallik 4L.-38 and 5L-38 wells did occur.
Nevertheless, the logging schedule was completed as planned,
and high-quality temperature data were obtained from all
three wells. Further details of the experimental design are dis-
cussed in the Appendix.

Government regulations for the abandonment procedure
required that the wells be plugged and the casing cut below
ground level. In order to enable future temperature measurements,



Contents

J. Henninges et al.

Index

9UO0]S}|IS-}|IS pue dBuo}sS
-pues-pues pajuswad
Apeam ‘pappaqualu]

aouanbag Hjjewbnyy

|eAlaul ajelpAy sen

spaqJejul 9|eys
-}jIS Joulw ‘Buo}s
-pues pajuswWwad
Apfeam ‘pues

aouanbag
Aeg a1zuayoel

[euareW
oluebio [eyep
‘siafe| Aejo pue

)I1s ‘elelawo|Buod
[euoISea00 ‘pues

aouanbag yiad|

(g w) Surysng £]]2y M0]aq sa4jaus ul yida(q “uoyvIqIDI UIIL2oun :2j1foid asmpiadwal £/ 7 Kvq

(6661) 1P 12 240u1])p( WO} PIAYIPOW UOId11IS2P [DI180]0Y]1] PUD S21IDPUNOq 20UNbag *(30] 2]0Yy-pasno)
3uisno ayy £q pa1oaffv s1 (y0) asuodsat ApL-punund Yy ] “auil] YIm SaySIUnuIp KJpnpoas yorym quaipois
admpaaday 2y Jo a3upyo pprosnuis v £q payivu £]241302dsa4 24D S2OUILINII0 IVAPLY SDS puv (JJG])
1so.1fpuriad Suranaq-21 2y Jo asvq 2y [ “(51) jjam ay3 Jo uoyajduiod 123fb saul1) 241522018 A0[ []oM UODALISGO
SE-TE YNIPI 2Y1 Jo (2p/Lp) 1ua1pp.8 24mpiaduid) 2304240 wi (g pup () sajifoad sangpiodwia] | a4ndng

ABojoyy| pue
sallepunoq aosuanbag

8e-1€ MNlIeN

229 ——
...... A - gl ——-H
b9 —— 9
ek —— @
9 - 000+ 3
4 °
W (skep) ge-1g Sy S
2
p— c
= \ :
= - 008 §
'd
: 4dsl &
= @ jo aseq =
= = — — | — — 009 =2
= - 5
—= s i Y
—_— =0
I.u =
ﬂw B e
= = ooy |
N 4
T [ = e
T—— [
- ——
-
m 002
T T T T T T T T T T O
00L  0S 001 0S 0 05- 00} ot
(1dv) Aes ewwesn (wsi/y1) zp/Lp (9,) aanjesadway. buised

(/1 9)
ww £°6E}

(.8/5 8)
ww 1612



Contents

Index

GSC Bulletin 585

BUO0]S]|IS-)|IS pue BUO0IS i

-pues-pues pajuswad
Apream ‘pappagiaiu]

aouanbag jjjewbny|

|eAsaqul ajelpAy sen

(] wt) Surysnq K712y Mojaq sajout ui
y3da(q “uoyv1qvd uipLoun :2q1fosd a.smpiaduid] / Sz AT (6661) TP 12 240uifIp(J WOIY PAIPOW UONALIOSIP
[par18ojoysn) pup sa1mpunoq aouanbag ‘(8o0] ajoy-pasva) Suisvo ayi £q pajoaffv s1 (y0) asuodsat Av1-vunund
Yy 1soifouriad 3uranaq-201 :qJql (S1) [1om ay1 Jo uonajduiod 4ayfp sausy 2a1ss200ns A40f J]om uouva
-4285G0 QE-TH YUV Y3 JO (2p/Ip) Iu1pva8 a4niniodiud) 25vi2an wi ()g pub () sajiford aumpiadwd | g 2m31y

spagJlejul oeys
-}|IS Joulw ‘Buols
-pues pajuswad
Apeam ‘pueg

aouanbag
Aeg aizuayoep

[eualeWw
ojueblio [eyep
‘siake| Aejo pue

|Is ‘eyesawolbuod
|euolsed20 ‘pues

aouanbag yJad|

ABojoyy| pue
sallepunoq aosuanbag

S I = [ 4
G609 —— o
— = | L5z -] *
i 67 —— .
— @
D
- 9 - 000} &
4 a
(skep) ge-1v S 8
8
= 2
E
JE ... S IS A U A PN . - N S c
008 5
=
2
@)
1]
!
— = 009 .2
3
A
)
ooy
A _‘
pe——
=
002
e
T T ,l. T T T L — O
001 0S 0 00} 0S 0 0S- 00}- (o] S
(1dv) Aes ewwen (w/y) zp/Lp (9.) eamesadway Buisey
8€-1v MllleiN

(/1 9)
ww 26}

(.8/5 8)
ww 1'6Leg



Contents

J. Henninges et al.

Index

(gy w) 3urysng K12y mojaq sajoui ul yida(q (6661) 1P 12 240ui1]]pq WOIJ PAIpOW U01d140S2P
[p2130]0Yy11] pUD $214DPUNOQG 20U2NbHag “SINOYSPM 3U0.3S £q P22 [ffv 2q v [pasaiul JsoLfvutiad ‘aj0y-uado
und som (§0)) 30] &va-vunuvs ay | 1soLfputiad Sulaq-a01 :JJq] suonvtado 3unsay papadraid wo.f aouanyful
SuruipwaL smoys ajrfo.rd aamypiadwid) Kvp /[ 2y [ (S1) []om Y1 Jo uona)duiod 121fv sauil) 2418S229NS 10f [j]am
uononpo.Ld QE-7¢ YD Y3 Jo (2p/[p) Jud1pvid 24mipiadiud) 2804240 wi ()7 puv () sajifosd aumppaduid | *¢ 24m81,J

8UOIS]|IS-}|IS PUE BUOIS fr=—=+ .|.-||W|..|-||||-||||||||||||.||||| ||||| Lh—n

-pues-pues pajuswed

Apfeam ‘pappaqiaiu|

000}

—
2
g
o
°
©
@
—
o
(2]
K’
T

aouanbag Hjjewbny

(u2)

|easajul ajeapAy sen

spagJajul 9leys
-}|IS JoulW ‘Bu0ls
-pues pajuswad
Apfeam ‘pues

aouanbag
Aeg a1zuayoe

[eLieew
olueblo jeyjep
‘siafe| Aejo pue

|Is ‘eyesswo|buod

[euoIseo00 ‘pues

aouanbag yJad|

ww g LLL

I
I
I
I
T
'
|
I
I
I
I
1
I
o
o
[ee]
(uoneinbyuod
papua-ajbuis) s1a

E]

A
)

dddl

/ho aseg
- — = 009
(.8/G 6)

00% ww G'pye

= f 002

mu:fw N 4
i - (.8/£€l)
ww /'6€€
K 0

il

(g w) yideq

ABojoyy| pue

_ T T
00l 0S 00c 00} 0 00} o0o0c- o1} S 0 G-

salepunoq aduanbas  (|dy) Aes ewwen (w/y) zp/Lp (9.) @anjesadway Buise)

8€-1G Mlllein



Contents

GSC Bulletin 585

Index

Table 1. Summary of DTS installation and logging schedule for Mallik 2002. Dates are

in year.month.day format.

3L-38 4L-38 5L-38 Total
Begin drilling 2001.12.25 2002.01.11 2002.01.25
End drilling 2002.01.06 2002.01.21 2002.02.22
End cementation 2002.01.07 2002.01.22 2002.02.23
Start DTS logging 2002.01.10 2002.01.25 2002.02.24
End DTS logging 2002.03.12 2002.03.12 2002.03.12
1* post-field DTS survey 2002.10.06-07 | 2002.10.06-07 No data
2™ post-field DTS survey 2003.09.19-21 2003.09.19-21 2003.09.19-21
Number of profiles 9231 5150 4554 18 935
Max. depth DTS (m KB) 1157.84 1158.32 938.61
Processing method Double ended Single ended Single ended
Data points (dz = 0.25 m) 10514 7387 4386
Measurements (total) 7.5x10’ 3.8x10’ 2.0x10’ 1.33x10°

the DTS cables were secured and left accessible during the
abandonment of the wells. The surface ends of the sensor
cables were stored in custom-designed steel boxes on site.

Temperature logging schedule

After the completion of the wells, continuous monitoring of the well
temperatures was performed over a period of up to 61 days from
January to March 2002. The DTS logging was started one to two
days after completion of the respective well. Temperature profiles
were recorded with sampling intervals of 0.25 m and 5 minutes.
Table 1 contains details of the DTS installation and the logging
schedule, as well as the amount of recorded temperature data.

Two further DTS surveys were carried out during subse-
quent field trips to the Mallik site on October 6 and 7, 2002,
and September 19-21, 2003. During the October 2002 field
trip, temperature profiles from the two observation wells
were obtained, but the Mallik 5L.-38 well was not accessible
due to flooding of the well site. During the September 2003
field trip, data from all three wells were collected.

RESULTS AND DISCUSSION

Excerpts from the recorded temperature data are displayed in
Figures 1, 2, and 3 as temperature profiles for successive
points in time after the cementing of the wells (shut-in time,
t,). Details concerning the processing of the DTS data are
documented within the Appendix below. The temperature
gradient at every data point was calculated from the slope of
the temperature profiles over 5 m, 10 m, and 20 m intervals, as
indicated in the respective figure captions. This smoothing of
the temperature gradients reduced the influence of the scatter
of the raw temperature data due to instrumental noise. The
size of the averaging interval was further adjusted to the scale
of the respective diagram for clarity. For the Mallik 3L-38
and 4L.-38 observation wells, cased-hole gamma-ray logs are
displayed, which were recorded by the cement bond tool
(CBT). The gamma-ray logs for the Mallik 5L-38 well were
recorded during the open-hole logging program of the perma-
frost and subpermafrost sections.

After the October 2002 field trip, it had been discovered
that the original calibration had obviously changed due to a
modification of the DTS instrument, and the collected tem-
perature data was offset up to several degrees. Although this
offset could be determined and corrected by subsequent mea-
surements, the October 2002 temperature data is only shown
with dashed lines in Figures 1-3. Prior to the September 2003
field trip, a new calibration of the DTS instrument was per-
formed and the calibration was verified by on-site measure-
ments under controlled conditions.

Natural geothermal field and thermal rock properties

As aresult of the thermal disturbance due to the drilling pro-
cess, a continuous process of equilibration of the borehole
temperature to the temperature of the surrounding formation
can be observed during the 21 month logging period between
January 2002 and September 2003 (Fig. 1, 2, 3). As will be
shown below in the ‘Drilling-induced temperature changes’
section, the September 2003 temperature profiles have returned
close to equilibrium with the formation temperature and the
measured changes of temperature with depth are approxi-
mately equal to the geothermal gradient.

According to Fourier’s equation, the rate of conductive
heat flow per unit area Q (W/m?2) is equal to the product of
thermal conductivity A (W/meK) and the change of tempera-
ture dT (K) over the distance dz (m):

., dT (1)
Q=-A dz
Therefore, assuming constant heat flow by conduction,
the temperature gradient is inversely proportional to thermal
conductivity, and local changes of the geothermal gradient
are correlated with changes of the bulk-rock thermal conduc-
tivity of the formation. In order to derive implications on the
bulk-rock thermal conductivity of the formation, only the
September 2003 ‘near equilibrium’ temperature profiles are
considered in the following discussion.

The September 2003 temperature profiles of the three
wells all show very similar characteristics. Near the surface to a
depth of about 80 m the temperature profiles exhibit curvature
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attributable to the annual and recent (several decades) changes
of surface temperature (e.g. Lachenbruch and Marshall, 1986).
The temperature field in the deeper subsurface is character-
ized by a pronounced increase of the geothermal gradient at
the base of the ice-bearing permafrost below about 600 m
depth (Fig. 1, 2, 3). The mean temperature gradient within the
Mackenzie Bay Sequence rises from 7.4-7.9 K/km above the
permafrost base to 23.5-24.1 K/km in the ice-free sediment
layers below (Fig. 4; Table 2). Since there is no apparent
change in lithology at this depth (Fig. 4), the sharp increase in
gradient can be attributed to a change of the bulk-rock ther-
mal conductivity resulting from the contrast of the thermal
conductivity of the pore fluid in frozen (ice: 2.2 W/meK) and
unfrozen (water: 0.6 W/meK) state.
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Figure 4. Detail of 10 m average temperature gradients
(dT/dz) and gamma-ray log, Mallik 3L-38 observation well,
at the base of the ice-bearing permafrost (IBPF). Depth in
metres below kelly bushing (m KB).

J. Henninges et al.

Below about 920 m, the geothermal gradient shows dis-
tinct variations and locally increases over 40 K/km. The onset
of this interval with zones of increased geothermal gradient
appears in all three wells and correlates with the boundary
between the Mackenzie Bay and Kugmallit sequences, which
at the Mallik L-38 well appears at a depth of 918 m below
ground level (Dallimore and Collett, 1999). Individual peaks
of the geothermal gradient are again showing good correla-
tion between the Mallik 3L.-38 and 4L.-38 wells, and local dif-
ferences can be attributed to lateral changes in lithology
which can be derived by comparison of the gamma-ray logs.

Figure 5 shows a detail of the 10 m average temperature
gradients and the gamma-ray log of the Mallik 3L-38 well, as well
as an estimate of the gas hydrate saturation, based on the difference

Mallik 3L-38

dT/dz (K/km) Mallik 3L-38 Mallik

Gamma ray 5L-38
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Figure 5. Detail of 10 m average temperature gradients
(dT/dz) and gamma-ray log, Mallik 3L-38 observation well,
within the zone of the gas hydrate occurrences (GHZ). Gas
hydrate saturation (S, fraction of total porosity) estimated
from difference of density- and NMR-porosity logs from the
5L-38 well (see Kleinberg et al., 2005). Depth in metres
below kelly bushing (m KB).

Table 2. Temperature profile data and depth (in metres below kelly
bushing: m KB) of permafrost and gas hydrate occurrences; IBPF =
ice-bearing permafrost; GHZ = zone of the gas hydrate occurrences.
No temperature data could be collected from base of gas hydrate

zone in Mallik 5L-38.

3L-38 4L-38 5L-38
Mean temperature gradient,
360-580 m KB, Sept. 2003 (K/km) 79 7.4 78
Mean temperature gradient,
620-900 m KB, Sept. 2003 (Kkm) | 2o 241 236
Base of IBPF (m KB) 604 + 3.5 609 + 3.5 605 + 3.5
Base of GHZ (m KB) 1108 £3.5 | 1109 + 3.5
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of the density- and NMR-porosity logs of the Mallik 5L-38 well
(Kleinberg et al., 2005). As commonly observed, the geothermal
gradient correlates with the gamma-ray log. Sand-dominated
units, marked by low gamma-ray intensities, characteristically
have a higher thermal conductivity than silt- or clay-dominated
units with high gamma-ray intensities. In contrast to this, there
is no apparent correlation of the temperature gradient and the
estimated gas hydrate saturation. In order to examine the
interrelation of the temperature gradient (dT/dz), the gamma-ray
intensity (GR), and the gas hydrate saturation (S) in further
detail, crossplots of 0.25 m interval data between 830 m and
1142 m are presented in Figure 6. Because no temperature data
of the Mallik SL-38 well could be collected below a depth of
about 939 m, the average of the temperature gradients from
the Mallik 3L.-38 and 4L.-38 wells was used for this analysis.

Figure 6a shows a crossplot of dT/dz and GR, with S, indi-
cated by the colour code (blue: low S, red: high S;). Although
there is no direct physical relationship between dT/dz and GR,
the positive correlation between these quantities can be explained
by the linkage through thermal conductivity described above.
Variations in S} do not result in an obvious systematic deviation
from this correlation. There is, however, an accumulation of
data points with high S, values within the low temperature
gradient and low gamma-ray intensity region. This indicates
that the gas hydrate has preferentially accumulated within the
sand-dominated units, which is also obvious from the crossplot
of GR and S, (Fig. 6¢), which displays that high S; values
mostly occur together with low GR values. Figure 6b again
displays no clear correlation between dT/dz and S;. The pre-
sented evidence implies that at the Mallik site even high gas
hydrate saturations of up to 90% of the pore space only have a
minor effect on the bulk-rock thermal conductivity as com-
pared to the effect of changes in lithology. In order to quantify
changes of the thermal conductivity as a result of the presence
of gas hydrate in the order of 30%, as observed by Stoll and
Bryan (1979), direct measurements of thermal conductivity
on field samples under in situ conditions would be required.

Drilling-induced temperature changes

The variation of temperature over time exhibits patterns of
superimposed cooling and warming processes, which are
related to different phases of the drilling of the well. The drill-
ing operations lasted over a total period of 13 days for the
Mallik 3L-38 well, and 11 days for the Mallik 4L-38 well
from spud-in to cementing of the wells (Table 1). In the
Mallik 5L-38 well, which was drilled with a larger diameter
and cored in the interval between 886 m and 1151 m, drilling
operations lasted a total of 29 days, which is more than twice
as long as in the two observation wells.

The drilling of the permafrost and gas hydrate layers
required that the borehole was not excessively heated during
the drilling procedure, and the drilling mud was cooled to
temperatures between —2°C and 4°C (Takahashi et al., 2005).
As a consequence of the temperature difference between the
formation and the drilling mud, the formation was warmed in
the upper section and cooled in the lower section of the bore-
hole during the drilling period. This pattern of thermal distur-
bance is typically observed in rotary-drilled wells (Bullard,
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1947). After the drilling, the cementing of the casing caused
an increase of temperature along the entire depth of the wells
due to the release of the heat of hydration.
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Figure 6. a), b), c) Crossplots of the 5 m average mean
temperature gradient of the 3L-38 and 4L-38 wells (dT/dz),
gamma-ray intensity (GR), Mallik SL-38 well, and gas hydrate
saturation (S)), estimated from Mallik 5L-38 well logs (see
Fig. 5 and text for further details). Depth interval: 830—1142 m
below kelly bushing.
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Despite the complex processes, it has been shown that
under certain conditions the process of heat transfer during
drilling can be approximated by an idealized line-source
model (e.g. Bullard, 1947; Lachenbruch and Brewer, 1959).
For shut-in times after the end of drilling, t,, which are large
relative to the time of circulation, t., the temperature along the
borehole can be approximated by

( t] 2
T(t,)=Aeln 1+TC +T_

S

where T__ is the undisturbed formation temperature and A is a
constant, which in the ideal case would be given by

A= Q. 3)
47t

where Q is the rate of heat exchange during drilling per unit

length of the borehole, and A is the thermal conductivity of the
surrounding formation.

The minimum time required for the validity of equation 2
is determined from the departure of the real drilling process
from the constant-source model. After this time, a plot of the
observed temperature after shut-in of the well T(t,) against
In(1+t /ty) should yield a straight line of slope A and a value
of T, atIn(1+t/t) =0 (i.e. ty —>e0). The mobilization of latent
heat in the permafrost and gas hydrate intervals during and
after drilling is further limiting the applicability of this method,
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but it has been shown (Lachenbruch et al., 1982) that even for cases
involving substantial degradation of permafrost during drilling,
the straight-line slope is again recovered after sufficient time.

‘Horner plots’ of the type described above for various
depths are presented in Figure 7 and 8. For this analysis it was
assumed that the heat source at a particular depth had lasted
from the time when the drill bit had first reached this depth
until the end of the cementing of the wells (Table 1). The
resulting circulation times, t. for the chosen depth are ranging
from about 12 days in the upper part of the borehole to about 2
days in the lower part (Tables 3, 4). Because of this variation
of the circulation times, simultaneous measurements at dif-
ferent depths plot at different positions on the abscissa on
Figures 7 and 8.

The observed temperature changes after the cementing of
the wells depict the sequence of events and the amount of heat
exchanged between the borehole and the surrounding forma-
tion during drilling. In the initial period, the temperature
along the entire well decreases as a result of the dissipation of
the heat of hydration released during the setting of the cement.
In the following time, the temperature recovery in the upper
and lower part of the borehole shows different trends: at
depths greater than about 800 m, the part of the borehole
which was subject to cooling during the drilling of the well,
temperature is again increasing. In contrast to this, the inter-
val above about 700 m was warmed during drilling, and the
cooling after the initial period continues. The linear fits were
applied to the data after minimum shut-in times t ranging
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from about 9 days to about 21 days. Tables 3 and 4 addition-
ally list the corresponding dimensionless time t/t. and the
corresponding value on the abscissa (Fig. 7, 8) of the ‘Horner
plots’, t, 1i,- Because of the lingering influence due to the
refreezing of permafrost, data from the permafrost interval
generally could only be matched to a straight-line fit after
shut-in times that were longer than for the interval below. The
parameters A and T__ resulting from the linear fits, as well as
the temperatures measured during the September 2003 sur-
vey Tgep 3. and the deviation from T, dT, are presented in
Tables g and 4.

The different slopes of the temperature curves with time
within the ‘Horner plots’ clearly show the influence of varia-
tions of the heat source during the drilling process and effects
that can be related to the mobilization of latent heat. While for
the Mallik 3L-38 well a rather systematic deviation from the
ideal case can be observed, the temperatures from the Mallik
4L.-38 and 5L-38 wells show further influences: the removal
of a spurious cement plug at about 850 m depth required a fur-
ther two-day drilling operation at the Mallik 4L-38 well,

Index

lasting from day 26 to day 28. During this time, drilling mud
was circulated with temperatures between 13°C and 20°C.
The elevated temperatures resulting from this additional drilling
operation are mostly evident in the upper 100 m of the well
(Fig. 2, 49-day temperature profile; Fig. 5). As aconsequence
of the longer drilling time and the larger drill-bit diameter, the
thermal disturbance of the Mallik 5L-38 well was much
stronger than in the observation wells (Fig. 3). Further pertur-
bations of the Mallik 5L-38 well temperatures were caused
due to the extensive logging, coring, and testing program.
Therefore the temperature data of the Mallik 5L-38 well was
not evaluated within this analysis.

The analysis of the temperature data from the Mallik
3L-38 and 4L.-48 wells using the ‘Horner plot” method shows
that the well temperatures measured during the September
2003 survey have returned to close to equilibrium with the
formation temperatures. The deviation from thermal equilib-
rium is = 0.1°C (Tables 3, 4) and within measurement accu-
racy. For wells or sections of wells where no mobilization of
latent heat due to phase changes occurs, Bullard (1947)
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Table 3. ‘Horner plot’ data, Mallik 3L-38; t , circulation time; tg ..., minimum shut-in time
for ‘Horner plot’ evaluation; ts/tc, ratio of shut-in time:circulation time; th, min» MINIMuM
‘Horner time’ (t,, = In(1 + tJt,)); A, slope of linear fit in ‘Horner plot’; T_, undisturbed
formation temperature, estimated from ‘Horner plot’; Tg,; o3, temperature measured
during September 2003 survey; dT, deviation of temperature measured in September
2003 from estimated equilibrium temperature (T_— Tsept. 03)

Depth (mKB) | t (d) |t .. ()| t/ | t . A | T(°C) |Types(°C)|dT (°C)
100.13 1237 | 1886 | 153 | 050 | 602 | -597 | -5.88 | -0.09
200.12 1187 | 1886 | 159 | 049 | 287 | -441 450 | 0.09
300.11 1081 | 1886 | 174 | 045 | 272 | -359 | -364 | 0.05
400.10 647 | 1886 | 291 | 030 | 269 | 274 | -281 | 007
500.09 621 | 1886 | 304 | 028 | 181 | -1.97 | -206 | 0.09
600.08 552 | 1886 | 342 | 026 | 040 | 092 | -1.04 | 0.12
700.07 529 | 879 | 166 | 047 | 021 | 162 143 | 0.19
800.06 503 | 879 | 175 | 045 | -0.14 | 3.96 382 | 0.14
900.05 436 | 879 | 202 | 040 | -0.64 | 6.29 610 | 0.19
1000.04 327 | 879 | 269 | 032 | -1.20 | 885 874 | 0.1
1100.03 219 | 879 | 401 | 022 | -346 | 1219 | 1209 | 0.0

Table 4. Horner plot’ data, Mallik 4L-38; t,, circulation time; tg ..., minimum shut-in time
for ‘Horner plot’ evaluation; ts/tc, ratio of shut-in time:circulation time; th, in» MiNimum
‘Horner time’ (t, = In(1 + t/t;)); A, slope of linear fit in ‘Horner plot’; T_, undisturbed
formation temperature, estimated from ‘Horner plot’; Tsept. 03> teMperature measured
during September 2003 survey; dT, deviation of temperature measured in September
2003 from estimated equilibrium temperature (TM—TSepL 03)-

Depth (mKB) | t (d) |t ..(@) | ta | t . A | Te(°C) [T,,,.,(°C) |dT (°C)
100.05 1084 | 2114 | 195 | 041 | 431 | 611 | -6.02 |-0.09
200.09 1045 | 2114 | 202 | 040 | 371 | -471 | -466 |-0.05
300.13 1014 | 2114 | 208 | 039 | 257 | -387 | -38 |-0.02
400.18 617 | 2114 | 343 | 026 | 381 | -302 | -304 | 0.02
500.22 600 | 2114 | 353 | 025 | 202 | 225 | -231 | 006
600.01 569 | 2114 | 372 | 024 | 133 | -132 | -134 | 002
700.05 528 | 1091 | 207 | 039 | 076 | 151 124 | 027
800.09 500 | 1091 | 218 | 038 | 018 | 3.81 365 | 0.16
900.13 471 | 1091 | 232 | 036 | 020 | 6.12 6.01 | 0.11
1000.17 352 | 1091 | 310 | 028 | -071 | 861 859 | 0.01
1100.21 219 | 1091 | 499 | o018 | -419 | 1198 | 12140 |-0.12
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showed that about 10 to 20 times the time taken to drill at a
particular depth is required for the disturbance to decrease to
1% of its initial value. Based on the recorded mud tempera-
tures at Mallik, the maximum of the initial temperature dis-
turbance can be estimated as about 15°C. Temperatures
measured in October 2002 follow the completion of drilling
operations by a period of time equal to about 21 times the
duration of drilling. Then according to Bullard’s (1947)
result, well temperatures should be within 0.15°C of thermal
equilibrium, which is in agreement with the results for the
‘Horner plot’ analysis. Within measurement accuracy, the
temperatures of the September 2003 measurement have reached
thermal equilibrium, except for the upper part of the perma-
frost section of the Mallik SL-38 well, where a remaining dis-
turbance of the temperature profile around 130 m is obvious
(Fig. 3). Further temperature changes after the September
2003 measurement can be expected here.

Transient heat flow and phase changes

The disturbed temperature profiles exhibit specific patterns,
which are related to the mobilization of latent heat during the
melting and refreezing of permafrost (e.g. Lachenbruch and
Brewer, 1959; Lachenbruch et al., 1982) and the decomposi-
tion of gas hydrate as a result of the drilling and completion of
the wells. In this study, these patterns were used as indicators
of the location of the base of the ice-bearing permafrost and
gas hydrate occurrences.

Especially during early times after the end of drilling, the
disturbed temperature profiles are characterized by almost
isothermal sections within the permafrost interval, followed
by a gradual increase in temperature in the deeper subsurface
below (Fig. 1, 2, 3). The transition between these zones is
marked by a sharp rise in temperature over a depth interval of
a few metres at about 600 m, which is gradually diminishing
over time. During drilling, the rise of temperature within per-
mafrost is impeded by the latent heat used to melt the frozen
pore fluid, whereas the rise of temperature beneath perma-
frost is not limited in this way (Lachenbruch and Brewer,
1959; Lachenbruch et al., 1982). The resulting transient tem-
perature step marks the base of the ice-bearing permafrost
layer and is an effect typical of many wells drilled in perma-
frost (Taylor, 1979). A similar effect can be observed in the
depth interval below 1100 m (Fig. 1, 2). By analogy to the
permafrost feature, this indicates that decomposition of gas
hydrate had occurred at the base of the gas-hydrate-bearing
zone, probably as a result of a release of heat of hydration
after cementing the wells.

Being close to thermodynamic equilibrium, the intervals
immediately above the base of the ice-bearing permafrost and
gas hydrate occurrences are mostly prone to melting or
decomposition, respectively. Even small changes of the pres-
sure and temperature conditions can result in phase changes.
During the supply of heat, the consumption of latent heat at
the phase change or decomposition temperature is leading to
the development of isothermal sections of the temperature
profiles in the permafrost and gas hydrate intervals, which are
subject to phase changes. In contrast to this, the temperatures
in the zones immediately below the melting permafrost or
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decomposing gas hydrate interval are increasing according to
the thermal diffusivity of the rock. In comparison to the tem-
perature profiles, the plots of the disturbed temperature gradients
(Fig. 4, 5) accentuate this effect: within the zones subject to phase
changes, the temperature gradients decrease and reach a local
minimum, after which the gradients strongly increase with
depth (temperature step), before they return to a value close to
the geothermal gradient underneath the transition zones. The
transition zones between the ice-bearing and non-ice-bearing
strata (Fig. 4), and between the gas-hydrate-bearing and
non-gas-hydrate-bearing strata (Fig. 5) are therefore marked
by a sinusoidal signature in the temperature-depth gradient.
This ‘pseudo-discontinuity’ of the temperature gradient and
the related temperature step are both gradually decreasing
over time as the thermal disturbance dissipates.

The temperature steps occurred within depth intervals of
about 7 m. Within these transition zones, the locations of the
local maxima of the temperature gradients were used to deter-
mine the position of the base of the ice-bearing permafrost
and the gas hydrate occurrences (Table 2). With respect to the
thickness of the transition zones, an uncertainty of = 3.5 m
should be assumed for the given depth values for the posi-
tions of the respective interfaces. Moreover, at least around
the base of the ice-bearing permafrost, a gradual transition
zone, of variable thickness, with coexisting ice and water
within the pore space will probably exist.

The depth to the base of the ice-bearing permafrost increases
from 604 £ 3.5 m at Mallik 3L-38 to 609 £ 3.5 m at Mallik
4L.-38. These values generally agree with previous determi-
nations of the depth to the base of the ice-bearing permafrost
for the Mallik region (e.g. Judge, 1987), but they are about 30 m
less than the depths determined for the approximately 100 m
distant Mallik L-38 and 2L-38 wells, which were estimated
from geophysical well logs (Dallimore and Collett, 1999;
Dallimore et al., 1999), since precision well temperatures
were not available.

The depth to the base of the gas hydrate occurrence increases
from 1108 = 3.5 m at the Mallik 3L-38 well to 1109 £3.5 m at
the Mallik 4L.-38 well, and shows the same trend as the depth
to the ice-bearing permafrost. A similar determination of the
base of the gas hydrate occurrence at the Mallik 5L-38 well
was not possible because temperatures could only be mea-
sured to a depth of about 940 m, but the temperature-derived
depths to the base of the gas hydrate occurrences for the Mallik
3L-38 and 4L.-38 wells correlate well with the gas hydrate sat-
uration estimated from the density- and NMR-porosity logs
for the Mallik 5L-38 well at about 1107 m.

CONCLUSIONS

The permanent installation of fibre-optic distributed temperature-
sensing cables behind the well casing proved to be successful
for temperature monitoring in boreholes, even under the
extreme conditions of an arctic environment. The measured
temperature profiles enabled the determination of the forma-
tion temperature, and the derivation of new implications for
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the distribution of permafrost and gas hydrate occurrences, as
well as the thermal properties of gas-hydrate-bearing sedi-
ments at the Mallik site.

1) For the Mallik 2002 wells, the dissipation of the thermal
disturbances caused by the drilling and completion of the
wells still continued after a period of 64 days, which
corresponds to five times the drilling period. After about
21 months, which corresponds to over 48 times the drilling
period, the temperature of the Mallik 3L.-38 and 4L-38
wells had returned close to undisturbed conditions, with
an estimated deviation of = 0.1°C from equilibrium.
Within the upper approximately 200 m of the Mallik
5L-38 well some remaining influence of the thermal
disturbance can be detected.

2) The temperature profiles exhibit features typical of wells
drilled in permafrost, such as a pronounced step-like
increase of temperatures at the base of the ice-bearing
permafrost, within short times after the completion of the
wells. The depths to the base of the ice-bearing permafrost
derived from this characteristic feature increase from 604
+ 3.5 m in the Mallik 3L-38 well to 609 + 3.5 m in the
Mallik 4L.-38 well.

3) For the first time, a similar effect as described under
number 2) above, caused by the consumption of latent
heat by the decomposition of gas hydrate during completion
of the wells, was detected at the base of the gas hydrate
occurrences. This temperature log-derived depth of the
base of the gas hydrate occurrences corresponds well to
the depth estimated from other geophysical well logs and
ranges between 1108 + 3.5 m and 1109 £ 3.5 m for the
Mallik 3L-38 and 4L.-38 wells, respectively.

4) Changes of the geothermal gradient are linked to variations
in lithology and the ice content of the sediments. The in-
fluence of the gas hydrate content on the bulk-rock thermal
conductivity, nevertheless, only plays a minor role when
compared to lithological changes of the rock matrix.
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APPENDIX

Technical specifications, advantages, and problems
of the DTS experiment design

The permanent installation of the DTS sensor cables outside
the borehole casing has several advantages: the sensor cable is
positioned close to the borehole wall, and temperature pertur-
bations due to fluid-air convection or movement of logging
tools inside the borehole are minimized. Full access to the
borehole for other operations during temperature measure-
ment is available and long-term observations in abandoned
and sealed wells are possible.

The cable clamps, which were designed in collaboration
with the drilling operations team (Takahashi et al., 2005),
enabled the positioning of the cable around the perimeter of
the casing and the protection against mechanical damage during
the installation procedure. In the two observation wells, the
DTS cables were installed down to a depth of about 1158 m.
The production test well (Mallik 5L-38) was perforated
within the interval between 907 m and 920 m with zero phase.
In order to ensure a functioning sensor cable within the ther-
mal stimulation zone, two separate cable lines at 180° spacing
were installed down to a depth of about 987 m in the Mallik
5L-38 well. In the event that one of these cable lines would
have been destroyed during perforation, temperature data
still could have been collected from the second undamaged
line. Because further perforations were performed at different
levels below this depth, the sensor cables were not installed to
greater depths.

The deployed DTS system can be operated in two differ-
ent configurations, which are referred to as single-ended and
double-ended processing modes. The double-ended mode
yields higher quality temperature data with a reduction of the
signal noise, and requires that both ends of the sensor cable
are connected to the DTS instrument. In order to operate the

DTS instrument in double-ended mode, the sensor cables in
all wells were installed in a closed-loop configuration with a
turn-around at the bottom.

The sensor cable, a graded index 50/125 fibre contained
in a high-grade steel tubule with a kevlar and HDPE plastic
jacketing (manufactured by Felten & Guilleaume Kabelwerke
GmbH, Germany), was chosen according to the temperature
range and the mechanical stress expected during deployment.
During the Mallik field experiment the sensor cables were
exposed to arctic surface temperatures as low as -45°C and
downbhole temperatures up to +60°C during the thermal stim-
ulation test. After the installation, breaks of the optical fibres
were detected at about 650 m in the Mallik 4L-38 well, and at
about 762 m, 831 m, and 939 m in the Mallik 5L-38 well,
which are attributed to mechanical stress downhole during
the installation procedure. Despite the damages, temperatures
in the Mallik 4L-38 well could still be measured down to the
bottom of the well because the sensor cables were installed in
the loop configuration described above and only one cable
branch was broken. Measurements could still be performed
in single-ended mode and the damage therefore only resulted
in a partial reduction of data quality. In the Mallik SL-38 well,
temperatures could be measured in single-ended mode down
to a maximum depth of about 939 m.

While the damage of the sensor cable in the Mallik 4L-38
well cannot be related to any specific feature of the well com-
pletion or lithology at this depth, or to irregularities during the
installation procedure, the damages of the sensor cables in the
Mallik 5L-38 well could have been caused by a steel object
which was accidentally dropped into the borehole. Damages
to the optical fibre have resulted in only a partial reduction of
data quality, and the need for care during the installation pro-
cedure must be emphasized. In order to further reduce the risk
of damage, a more robust cable make-up should be developed
for installations of this particular type.
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Processing of distributed temperature data

The temperature profiles were measured at variable intervals
ranging from about one to five minutes, depending on the
configuration. The temperature profiles displayed in this
report were generated by averaging the measured tempera-
tures over about two hour data acquisition intervals in order to
achieve the best possible accuracy.

Depth values are correlated to the positions of the upper-
most connector at the wellhead and the lowest connector to
which the DTS cable is attached. A comparison of the length
of the sensor cable and casing string shows that the length of
the installed sensor cable exceeds the length of the casing
string by about 7 m to 8 m, a result of the addition of small
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excess cable lengths between the cable clamps, which were
used to attach the cable to the borehole casing within intervals
of about 12 m. Itis assumed that this over-length of the sensor
cable, which represents 0.8% of the length of the casing
string, is evenly distributed along the depth of the borehole;
the measured depth values were corrected accordingly.

In the Mallik 5L-38 well, the exact position of the end of the
sensor cable relative to the casing string was initially not known
because both lines of the cable loop were interrupted. Here
the depth values were correlated to the position of the perfo-
rated interval of the thermal stimulation zone, which could be
detected clearly by the thermal signal of the perforation gun
after the perforation was shot (see also Hancock et al., 2005).
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