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ABSTRACT

The  Antarctic  Drilling Program
(ANDRILL) successfully drilled and cored
a borehole, AND-1B, beneath the McMurdo
Ice Shelf and into a flexural moat basin that
surrounds Ross Island. Total drilling depth
reached 1285 m below seafloor (mbsf) with
98 percent core recovery for the detailed
study of glacier dynamics. With the goal
of obtaining complementary information
regarding heat flow and permeability, which
is vital to understanding the nature of marine
hydrogeologic systems, a succession of three
temperature logs was recorded over a five-
day span to monitor the gradual thermal
recovery toward equilibrium conditions.
These data were extrapolated to true, undis-
turbed temperatures, and they define a linear
geothermal gradient of 76.7 K/km from the
seafloor to 647 mbsf. Bulk thermal conduc-
tivities of the sedimentary rocks were derived
from empirical mixing models and density
measurements performed on core, and an
average value of 1.5 W/mK = 10 percent was
determined. The corresponding estimate
of heat flow at this site is 115 mW/m? This
value is relatively high but is consistent with

other elevated heat-flow data associated with
the Erebus Volcanic Province. Information
regarding the origin and frequency of path-
ways for subsurface fluid flow is gleaned from
drillers’ records, complementary geophysical
logs, and core descriptions. Only two promi-
nent permeable zones are identified and
these correspond to two markedly different
features within the rift basin; one is a distinct
lithostratigraphic subunit consisting of a thin
lava flow and the other is a heavily fractured
interval within a single thick subunit.

INTRODUCTION

During the austral summer of 2006-2007, the
Antarctic Drilling Program (ANDRILL) suc-
cessfully drilled a borehole, AND-1B, beneath
the McMurdo Ice Shelf (Naish et al., 2007a).
The ice cover was ~82 m thick and water depth
was 855 m. Total depth of the borehole reached
1285 m below seafloor (mbsf) with 98 percent
core recovery of sedimentary rocks for detailed
study of climate and ice-sheet dynamics (Naish
et al., 2007b). The drillsite was situated on the
northwest corner of the Ross Ice Shelf, ~9 km
southeast of Hut Point Peninsula (Fig. 1), and
above a flexural moat basin that surrounds Ross

Island (Horgan et al., 2005). This basin was
formed by loading of the crust from the basaltic
volcanoes that constitute Ross Island within the
tectonic framework of the Victoria Land Basin, a
region of late Cenozoic crustal extension of the
West Antarctic Rift System (e.g., Wilson, 1999;
Hall et al., 2007; Henrys et al., 2007). Charac-
terizing the marine hydrogeology at this site
requires an understanding of fine-scale heat-flow
patterns and structural details in order to evalu-
ate moat-wide circulation processes, thermal
refraction along the volcanic edifice, and chan-
nelized fluid flow (Harris et al., 2000a, 2000b).

A comprehensive downhole measurements
program was devised for this borehole to com-
plement ANDRILL's scientific objectives (Naish
et al., 2006), and activities included the acquisi-
tion of numerous geophysical logs and vertical
seismic profiles. Morin et al. (2007) present a
detailed summary of logging operations that
includes the technical specifications for log-
ging tools. As part of the effort to contribute
to the sparse heat-flow database for the region
and gain additional insight into fluid-transport
processes associated with these sub-basin envi-
ronments, several of the geophysical logs are
analyzed to quantify heat flow at this site and
to investigate the hydrologic properties of the
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sedimentary rocks. Specifically, these measure-
ments consist of three sequential temperature
profiles as well as caliper, formation resistivity,
acoustic televiewer and natural-gamma logs.
Selected physical properties measured on core
(Niessen et al., 2007) and detailed descriptions
of core (Krissek et al., 2007) are also utilized to
aid in the analyses.

TEMPERATURE LOGS AND
GEOTHERMAL GRADIENT

The ambitious ANDRILL program of drilling
and coring lasted for ~60 d at the AND-1 site. A
PQ drillpipe (85.0 mm inside diameter — I.D.)
was used to a depth of 238 mbsf, followed by a
HQ drillpipe (63.5 mm 1.D.) to 702 mbsf and a
NQ drillpipe (47.6 mm 1.D.) to the total depth
of 1285 mbsf (Falconer et al., 2007). Drilling
fluid consisted primarily of seawater mixed with
potassium chloride and polymers. Once these
operations were concluded, the borehole was
made available for downhole measurements.
However, these in situ measurements could only
reach a depth of ~1000 mbsf because of the
length limitations of the logging cable.

Geophysical logs included a succession of
three temperature logs recorded over a span
of 5 d; these are illustrated in Figure 2 with an
expanded view across a 100-m section shown in
Figure 3. A natural-gamma log, stacked and cor-
rected for signal attenuation through the drill-
pipe, is also presented for lithologic reference
(Williams et al., 2008). The temperature sen-
sor housed within the logging tool has a reso-
lution of 0.007 °C. Due to extensive bridging
in an unstable borehole at the start of logging
operations, a NQ drillpipe was lowered into the

open hole below the base of the HQ drillpipe
(set at 690 mbsf from the original 702 mbsf) in
order to permit access with logging tools. The

<
<

Figure 1. (A) Ross Sea rift basins and Trans-
antarctic Moutains are components of the
West Antarctic Rift System (WARS - inset).
Heat flow measurements made in the Vic-
toria Land Basin are annotated and shown
by white filled circles (see Table 1 for refer-
ences). Within the Victoria Land Basin the
Terror Rift, a 70-km-wide structure extend-
ing from Mt. Erebus to Mt. Melbourne, has
been identified as the zone of most recent
deformation (Cooper et al., 1987; Salvini
et al.,, 1997). (B) Detailed map of South-
ern McMurdo Sound showing the location
of the McMurdo Ice Shelf (MIS) drill hole
AND-1B (yellow filled circle) and its heat
flow value at the southern end of Terror Rift.
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Figure 2. Time sequence of three tempera-
ture logs and extrapolated data points with
best-fit linear regression. (A) indicates base
of PQ drillpipe, (B) base of HQ drillpipe,
(C) base of NQ drillpipe during first temper-
ature log; it was later retracted for remain-
ing two temperature logs, and (D) zones of
lost mud circulation. Natural-gamma log is
included for lithologic reference (Williams
et al., 2008).

Figure 3. Expanded view of tempera-
ture logs across 100-m section. Horizontal
dashed lines identify selected depths where
temperature logs display a smooth transi-
tion between profiles and where data points
were utilized to compute true temperature.



first temperature log collected on 28 December
2006 was run inside this pipe. The second log
was recorded ~11 h later after the NQ pipe had
been retracted and the open hole remained sta-
ble. The last temperature log was recorded 3 d
after this second one on 1 January 2007, but the
logging tool could only be lowered to a depth of
816 mbsf before encountering an obstruction
that prevented it from descending further. All
three logs consistently registered a tempera-
ture at the seafloor of —1.68 °C, a value that
is in good agreement with hydrographic data
obtained from the water column at nearby loca-
tions that indicate bottom-water temperatures of
about —1.89 °C (Barrett et al., 2005).

In general, the three successive temperature
logs (early, intermediate, and late time) depict
a fairly rapid rebound toward equilibrium geo-
thermal conditions, possibly an effect of rela-
tively small borehole diameters that restrict
initial cooling (Langseth, 1990). The profiles
are interspersed with sharp anomalies that typi-
cally dissipate over time and may no longer be
apparent in the late temperature record (Fig. 3).
These small drifts in temperature may represent
instances of transient fluid exchange between
the borehole and the formation (e.g., Drury et
al., 1984; Ge, 1998; Safanda et al., 2007) or
localized intervals of fluid convection within the
borehole (e.g., Diment, 1967; Fisher and Becker,
1991). Substantial thermal anomalies appear at
647 mbsf, a consequence of circulation loss and
drilling fluid entering the surrounding formation
within a fracture zone delineated by a thin lava
flow (Falconer et al., 2007; Krissek et al., 2007).
Below this depth, the temperature profiles do
not recover sufficiently from this fluid invasion
to follow a clear and systematic return to ther-
mal equilibrium over a 5-d period. Moreover,
the borehole is open below 690 mbsf and tem-
peratures are more susceptible to disturbances
caused by subtle fluid movement between
permeable zones that is not hindered by the
presence of drillpipe. Therefore, the following
examination of temperature re-equilibration
with time is confined to the uppermost part of
the borehole between the seafloor and 647 mbsf.

The three temperature records obtained
across this interval are analyzed to arrive at
values of the true, undisturbed temperature at
selected depths in the borehole from which an
overall estimate for the background geothermal
gradient can be determined for this site. Specific
depths were chosen where the temperatures dis-
played a relatively smooth transition between
successive profiles and where extraneous ther-
mal disturbances appeared to be minimal; two
examples of these locations are depicted as
horizontal dashed lines in Figure 3. There are
numerous techniques for extrapolating a series
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of transient temperature records to infinite
recovery time, thereby computing the true for-
mation temperature from in situ measurements.
Hermanrud et al. (1990), for example, present
an overview of 22 different methods along with
their underlying assumptions. Of these, the
line-source method of Horner (1951), as imple-
mented by Lachenbruch and Brewer (1959), is
relatively precise even though it does contain an
inherent bias to lower temperatures that reduces
accuracy slightly (Beardsmore and Cull, 2001).
A detailed study describing the proper applica-
tion of this method has recently been reported
by He et al. (2008).

In this method, a Horner plot is constructed
from the following expression using tempera-
ture data obtained at any particular depth z:

T, =T, +[(QATM)]*In[l + (1,/AD)],

log true

6]

where T, = downhole temperature obtained
from temperature log (°C), T, = true forma-
tion temperature (°C), Q = rate at which heat
is being supplied to the borehole (W/m), A =
thermal conductivity of surrounding rocks at
depth z (W/mK), At = time elapsed from ces-
sation of mud circulation to actual measurement
(hr), and 7, = time elapsed between end of drill-
ing and end of mud circulation (hr). Data from

the three temperature profiles shown in Figure 2
and corresponding to three depths are presented
in Figure 4 in the form of a Horner plot. Tem-
perature is plotted versus the logarithmic term
in Equation (1), and it is not required that the
parameters Q and A be known. A linear best-fit
is drawn through the points and its intercept at
the y-axis represents the true formation temper-
ature at infinite recovery time (Af = oo).

The true temperature at each depth is based
upon the spread of three points from which a
regression line is constructed and a correlation
coefficient determined. In this ANDRILL case,
having three points (three temperature logs)
instead of only two greatly reduces the uncer-
tainty of this technique (e.g., Kreyszig, 1983).
However, estimating values for At and 7, is
problematic because some drillsite operations
that continued after drilling and coring had for-
mally ceased may have produced disturbances
to the borehole fluid and the thermal environ-
ment. These activities included intermittent cir-
culation of drilling fluid to wash the borehole
wall in preparation for acoustic televiewer log-
ging, efforts to clear obstructions in the open
hole below the base of the HQ drillpipe, and
attempts at cutting the HQ drillpipe (Falconer
et al., 2007). Consequently, values of Az and 7,
are approximate and contribute to any error in

24 T | ‘ T T
~ ! . '
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Figure 4. Horner plot showing best-fit linear regression to three
temperature values recorded at different times for each of three
depths. Intercept at Y-axis denotes true temperature at infinite

recovery time (Az = o).
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