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AND COMPARISON WITH MIDDLE VALLEY, JUAN DE FUCA RIDGE1

Peter A. Rona,2 Earl E. Davis,3 and Rainer J. Ludwig4

ABSTRACT

To the few thermal conductivity measurements on sulfides/sulfates reported in the literature, we add 35 new values deter-
mined by two different methods for samples cored by Ocean Drilling Program (ODP) Leg 158 from the volcanic-hosted active
sulfide mound in the TAG hydrothermal field, located in the rift valley of the Mid-Atlantic Ridge near 26°N, 45°W. Thermal
conductivity measurements are essential to calculate heat flow and to model sulfide-hosted hydrothermal flow. Fifteen mea-
surements were made on the ship by the half-space method, using a needle probe on seawater-saturated half-rounds of cores of
heterogeneous mixtures of sulfide (predominantly pyrite), quartz, and anhydrite breccias. Values range between 6.1 and 10.4
W/(m·K); one measurement on anhydrite produced a value of 5.4 W/(m·K). At the Pacific Geoscience Centre, the divided bar
method was used to measure twenty values on minicores extracted from other half-rounds of cores with similar mixed compo-
sitions and saturated with distilled water. These values range between 5.0 and 14.9 W/(m·K).

Despite scatter in the data, thermal conductivity values measured by the half-space method are systematically lower than
those measured by the divided bar method. Measurements of sediment-hosted sulfides cored by ODP Leg 139 at the Bent Hill
site, located at Middle Valley of the Endeavor segment of the northern Juan de Fuca Ridge, exhibited a similar discrepancy of
values. Davis and Seeman (1994) and Gröschel-Becker et al. (1994) consider values produced by the half-space method to be
systematically low for material with high conductivity because of a lack of calibration standards and the presence of nonlinear
system behavior at high thermal conductivities. The TAG sulfides generally exhibit higher conductivities and lower porosities
than the Middle Valley sulfides; this is attributable to higher pyrite content and more pore-filling quartz and/or anhydrite in the
TAG location. Values of thermal conductivity measured in sulfides at both TAG and Middle Valley are high compared with val-
ues of seafloor sediment and basalt, which typically range between 1 and 2 W/(m·K). This marked contrast indicates that sea-
floor sulfide bodies may act as foci of conductive heat flow in addition to the spectacular convective thermal transfer by black
smoker and diffuse venting.
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INTRODUCTION

Ocean ridges are subject to intensive study as loci of transfer of
heat and mass from the mantle to the crust and ocean by magmatic
and related hydrothermal processes (RIDGE, 1992; Ocean Drilling
Program [ODP], 1996). Conduction through crustal materials was
initially considered to be the principal mode of heat transfer in ocean
basins (Lee and Uyeda, 1965). Recognition of a large discrepancy be-
tween the calculated amount of heat supplied by the emplacement of
lithosphere at ocean ridges and the measured conductive heat flow
(Wolery and Sleep, 1976; Sclater et al., 1976) indicates the large-
scale importance of convective hydrothermal circulation and associ-
ated advective heat transfer through the oceanic crust.

As a significant component of this transfer, vertical conductive
heat flow is the product of thermal gradient and thermal conductivity
of ocean crustal materials. The range of thermal conductivity in the
widespread sediments and volcanic rocks of the seafloor is generally
small (~0.8−2.5 W/[m·K]). However, little is known about thermal
conductivity in the various types of hydrothermal precipitates (su
fides, sulfates, oxides, hydroxides; Clark, 1966; Kappelmeyer a
Haenel, 1974; Roy et al, 1989) and associated alteration zones 
exist at many sites along the global ocean ridge system (Rona 
Scott, 1993). Drilling of the active sulfide mound in the TAG hydro
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thermal field, located in the rift valley of the Mid-Atlantic Ridge n
26°N, 45°W (Rona et al., 1993; Humphris et al., 1995), has yie
the first cores for measuring thermal conductivity in a volca
hosted, seafloor hydrothermal deposit. In this paper we presen
evaluate values of thermal conductivity measured in TAG core
two different methods, and we compare these findings with si
measurements made in hydrothermal precipitates recovered f
sediment-hosted hydrothermal deposit in the Middle Valley o
northern Juan de Fuca Ridge during Leg 139 (Mottl, Davis, Fi
and Slack, 1994; Gröschel-Becker et al., 1994).

METHODS

Thermal Conductivity

The methods employed pertain to measurements of therma
ductivity and related properties of selected representative samp
sulfides, sulfates, silicates, and mixtures thereof cored from the
active sulfide mound during Leg 158 drilling. Thermal conducti
was measured on the ship by the half-space needle probe meth
postcruise by the divided bar method. Thermal conductivity (k) of a
substance is defined as the rate at which heat can be transfe
molecular conduction through it, such that k is the coefficient tha
gives the rate of heat transfer (Q) across a given steady-state temp
ature difference (DT) over a given distance (Dx) in a material in a
one-dimensional sense (Fisher and Bontempo, 1991):

Q = k (DT / Dx).

Units of thermal conductivity are W/(m·K) for the amount of h
per second, where watts (W) is what is needed to make a m
329
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some distance (in meters [m]) from the heat source increase in tem-
perature by some amount (in Kelvin [K] or °C).

Shipboard Half-Space Needle Probe Method

Shipboard measurements of thermal conductivity were mad
15 representative samples using the half-space needle probe m
(Table 1). This method approximates the heating of a line source
plane separating half spaces of the sample material and a therm
sulator, as an extension of the method of heating a uniform full s
by a line source (Jaeger, 1956; Von Herzen and Maxwell, 1959)
though the half-space needle probe method assumes the appli
of the same theory as the full-space method, it requires a corre
factor to account for the geometry of the experiment because the
dium is assumed to be semi-infinite (Sass et al., 1984; Vacq
1985) rather than fully infinite.

The smoothly cut flat face of the archive half-round cylinder o
longitudinally split hard-rock core was submerged in a seawater
and placed in contact with a needle probe mounted on an e
block. A thermal compound was applied to ensure good thermal
tact between the flat face of the core and the needle probe; the th
compound has a thermal conductivity of about 5−6 W/(m·K), which
ensures that heat is not lost by advection (A.T. Fisher, pers. co
1996). This procedure is an adaptation of the full-space met
whereby the probe is inserted into the sediment, as described 
“Explanatory Notes” chapter of Alt, Kinoshita, Stokking, et 
(1993).

Thermal conductivity was calculated from the rate of tempera
rise in the probe while a heater current was flowing, thereby emp
ing a microcomputer-based unit under control of a host comp
(Thermcon-85 box; Fisher and Bontempo, 1991). The tempera
rise in the probe should vary logarithmically with time as

T(t) = (q / 4pk) ln(t) + constant,

in which k is thermal conductivity, T and t are the temperature an
time, respectively, and q is the heat generated per unit length of 
probe. From this equation, thermal conductivity can be derived f
the slope of temperature vs. the logarithm of time. A 60- to 24
time interval was generally chosen to record these data follow
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practice on similar samples during ODP Leg 139 (see “Explanat
Notes” chapter of Davis, Mottl, Fisher, et al., 1991). If the substr
on which the sample is placed is a perfect thermal insulator, the
of rise in temperature with time at the needle probe would be exa
twice that recorded by the probe in an infinite medium having 
same thermal conductivity as the sample. In practice, the poorly c
ducting substrate (apparent thermal conductivities of the ep
blocks are 0.2−0.3 W/[m·K]; Fisher and Bontempo, 1991) absorbs
fraction of the heat during the measurement, the amount of wh
depends primarily on the ratio of sample to substrate conductiv
For most rock samples measured during Leg 158, this ratio was
ficiently large so that the correction was relatively small.

The thermal conductivity probes were calibrated by measu
ments on three standards of known thermal conductivities (red 
ber: 0.96 W/[m·K]; macor ceramic: 1.61 W/[m·K], and basalt: 2.
W/[m·K]). All sample measurements were carefully monitored 
achieve reproducible thermal conductivity values. After a good sa
ple-probe contact was established, at least three measurements
ing very little post-measurement drift over time and giving simil
values were completed. The thermal conductivity of the sample 
taken as the average of the values obtained.

Postcruise Divided Bar Method

Thermal conductivities of 19 representative samples were m
sured on a divided bar apparatus postcruise at the Pacific Geosc
Centre (Table 2). The technique was first described by Lees (18
The apparatus used for these measurements is similar to the on
scribed by Beck (1957, 1988) and used by Davis and Seeman (1
and Gröschel-Becker et al. (1994) to measure thermal conductivit
sediments, basalts, and sulfides cored during Leg 139. It consis
two constant-temperature baths at the top and bottom of a comp
cylindrical “bar” forming the sample, bracketed symmetrically by
pair of copper measurement disks, a pair of standard disks, and a
ond pair of copper measurement disks. The baths maintained a 
temperature difference that was adjusted to evenly span the typ
ambient laboratory temperature of 20°C. The exterior surface of
composite bar was insulated to reduce the radial heat loss and t
sure constant heat flow along the axis of the bar. After an equilib
tion period of 15−20 min, the thermal resistance of the sample w
determined simply by comparing the temperature drop across
Table 1. Leg 158 thermal conductivity measurements by shipboard needle probe method and related properties.

Notes: — = no value. * = shipboard physical properties measurements in minicores within corresponding half-round of core; ** = postcruise physical properties measurements on
minicores within corresponding half-round of core (Table 2). † = repeat measurements. 

Hole, core, section 
Half-round interval

 (cm)
Depth
 (mbsf)

Porosity 
(%)

Bulk density
 (kg/m3)

Grain density
 (kg/m3)

Electrical
resistivity

(Ωm)

Thermal
conductivity
 (W/[m⋅K]) Lithology

158-957C-
7N-1* 58-68 20.08 7.3 3740 3950 — 6.08 Nodular siliceous pyrite-anhydrite breccia
7N-2 64-76 21.49 — — — — 8.73 Nodular siliceous pyrite-anhydrite breccia
7N-3* 10-25 22.45 9.6 2790 2980 2.767 5.37 Anhydrite vein
11N-1* 19-30 30.89 5.5 3280 3410 — 8.30 Pyrite-silica breccia
11N-2 28-36 32.39 — — — — 8.68 Pyrite-silica-anhydrite breccia
14N-1** 10-22 40.30 4.6 3666 3794 0.091 8.34 Pyrite-silica breccia
15N-1* 110-119 43.30 3.6 3580 3670 0.411 8.65 Silicified wallrock breccia
16N-1 14-22 46.34 — — — — 5.73 Nodular pyrite-silica breccia
16N-2 24-32 47.86 — — — — 8.40 Silicified wallrock breccia

158-957F-
1N-1** 52-64 1.52 11.9 3603 3953 0.518 6.10 Massive pyrite breccia

158-957G-
3N-1** 6-20 21.06 12.4 4085 4519 0.114 8.59 Massive pyrite-anhydrite breccia

158-957H-
5N-1** 29-40 26.99 9.2 3820 4110 0.584 †10.16/10.41 Nodular pyrite-silica breccia
5N-2* 27-33 27.87 9.9 4330 4690 0.068 †8.01/8.58 Silicified wallrock breccia

158-957O-
2R-1* * 30-40 8.24 10.2 4271 4639 0.078 10.48 Nodular pyrite breccia
4R-1* 23-34 16.19 7.8 4190 4460 0.191 10.15 Nodular pyrite-anhydrite breccia
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composite bar with that across the upper and lower standard disks.
Comparison of the temperature drops across the two standards pro-
vided verification that radial heat loss was not a significant source of
error. Calibration of the bar with an accurately known standard disk
provided an estimate of the contact resistance of the composite bar
stack, which was corrected for in the sample measurements.

The samples were 25.4-mm-diameter minicores cut for shipboard
physical properties measurements. Final lengths of cores were mea-
sured after final preparation to within 0.1 mm and ranged from 22 to
25 mm. The minicores were cut from split rotary core barrel or mo-
tor-driven core barrel cores, with their axes perpendicular to the axis
of the main core. Faces were trimmed with a diamond saw to be par-
allel. Any nonparallelism of the faces (typically well less than 
was accommodated by the gimbaled mount of the upper part o
divided bar apparatus. In a few cases, faces were lapped before
surement to improve surface flatness and smoothness. Surface r
ness and chipped corners contribute to contact resistance that 
accounted for in the calibration of the bar. This can be a signific
source of error and may cause measured conductivities to be sy
atically low. Most sample faces were smooth and intact. The face
certain samples were poorer than average, with as much as 10%−20%
of the face area damaged (Samples 158-957C-7-2, 28−30 cm; 158-
957C-7N-3, 40−42 cm; 158-957C-16-1, 99−101 cm; 158-957M-9R-
1, 75−77cm; 158-957F-1-1, 55−57 cm; and 158-957H-5N-2, 69−71
cm).

All samples had been oven-dried for shipboard porosity determ
tions and required resaturation for the conductivity measurements
lowing the surface preparation, the samples were placed in a va
chamber evacuated to 0.15 atm for ~4 hr. They were immersed in
tilled water while still under vacuum and then allowed to soak ov
night at 1 atm. Samples were weighed before and after saturation;
values were combined with the sample volume estimated from th
ameter and length to provide an estimate of porosity. These v
agreed with the shipboard porosity determinations to within a few 
cent, confirming the completeness of saturation. To minimize evap
tion during measurements, the minicores were wrapped in thin pl
sheeting before being insulated with a plastic foam jacket. As a 
preparatory step, a viscous wetting agent (glycerine) was used o
minicore faces to reduce the errors caused by thermal contact 
tance between the sample and copper measurement disks. A min
of two, and up to four, repeat measurements were made on all sam
In some cases, samples were removed from the apparatus and r
rated before repeat measurements were made. Values were repro
typically within 10%.

A suite of physical properties measurements for calculation
bulk density, grain density, porosity, and electrical resistivity w
also made on all minicores that were extracted for the divided
measurements. Half-round cylinders of cores were sampled at i
vals considered representative of the various lithologies pre
(Shipboard Scientific Party, 1996). Whenever feasible, minico
were extracted from intervals opposite to the half-round cylinder
which the shipboard needle probe measurements of thermal con
tivity were made (opposite 11 of 15 half-rounds; Tables 1, 2). B
density (kg/m3) is defined as the total wet sample mass divided by
total wet sample volume. Grain density (kg/m3) is defined as the mas
of solids (mineral grains) divided by their volume. Porosity (%) is 
ratio of the total volume of void spaces to the total wet sample 
ume.

RESULTS

Sensitivity to Mineralogy

Thermal conductivities measured by the shipboard half-sp
needle probe and the postcruise divided bar methods are presen
Tables 1 and 2. Values span a large range, roughly from 5 to 1
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(m·K), all very high compared with typical silicate rocks. This is e
ident in Figure 1, where conductivities of sulfide samples from t
TAG active sulfide mound (this study) and the previously studi
Mid Valley Bent Hill deposit (Leg 139, Site 856; Gröschel-Becker 
al., 1994) are compared with conductivities of igneous and sedim
tary rocks from the same areas (this study; Davis and Seeman, 19
Values for sediments and igneous rocks typically fall between 1 and
2 W/(m·K) and are no higher than 3 W/(m·K).

Conductivities of the samples measured with the divided b
method are plotted with respect to sample porosity in Figure 1. 
though the range of porosities of the TAG sulfide samples is relati
ly small, with most values falling between 5% and 15%, the range
thermal conductivities is large. This presumably reflects variations
the major mineral constituents and sample-to-sample difference
the way mineral grains contact one another. We examine these 
ations by considering two models that relate lithologic compositi
to bulk thermal conductivity. The geometric mean model (e.g., Dru
and Jessup, 1983) is empirically based and widely used, espec
for material of high porosity. The bulk conductivity, kGeo, is defined
as a function of the conductivities of the constituents of the aggreg
kn, and the volumetric proportions of the constituents, φn:

kGeo = ∏kn
φn.

Many physical models exist to account for bulk rock conductivit
several are discussed and compared by Beck (1988) and Roy e
(1989). The one we have chosen describes a randomly dispersed
ture of mineral phases (Adler, 1973):

kAdl = (Σφn(kn)½)2,

where kAdl is the Adler mean thermal conductivity.
Other physical mixing models yield similar results at low porosi-

ties. Curves calculated for two-component theoretical mixtures,
where kw = 0.6 W/(m·K) and is the thermal conductivity of seawate
and kgr is the effective average thermal conductivity of the constitue
mineral grains, are shown for the three values of grain conductiv
in Figure 1, using both the geometric and Adler mixing relationshi
The lowest, kgr = 2.6 W/(m·K), provides a good general fit to mafi
igneous rocks and to the sediments sampled in Middle Valley dur
Leg 139, which contain mostly feldspar and clay minerals and sm
amounts of highly conductive quartz and carbonate minerals. Gi
the relatively small contrast between this grain conductivity and 
conductivity of seawater, the curves defined by the two mixing re
tionships are nearly indistinguishable. The theoretical curves giv
for mixtures of water + pyrite, a mineral at the high end of the co
ductivity range (kgr ~19.2 W/[m·K]; Clark, 1966), and water + anhy
drite (kgr ~5.4 W/[m·K]) bracket all of the sulfide data including thos
from the Bent Hill samples, which generally have higher porositi
Values falling near the lower limit of a composition field (Sample
158-957C-7N-2, 28–30 cm, and 158-957F-1N-1, 55–57 cm) may
erroneously low because of the poor quality of those sample face
described under the “Methods” section (this chapter).

The sulfides are actually heterogeneous mixtures in varying p
portions of sulfide, anhydrite, quartz, and water. These four mine
phases were visually estimated by M.K. Tivey (Chapter 16, this v
ume) in thin sections of three specimens (Table 2; Sample 158-95
7N-3, 47−49 cm: 80% pyrite + 20% chalcopyrite = 40% sulfide, 2%−
5% quartz, 55%−58% anhydrite, 16% pore space, Adler mean 7.
W/[m·K]; Sample 158-957C-11N-2, 22−24 cm: 75% pyrite + 25%
chalcopyrite = 60% sulfide, 19% quartz, 18% anhydrite, 4.5% po
space, Adler mean 12.53 W/[m·K]; Sample 158-957C-14N-1, 18−20
cm: 98% pyrite + 2% chalcopyrite = 29% sulfide, 46% quartz, 22
anhydrite, 3.6% pore space, Adler mean 9.50 W/[m·K]). The Ad
means (kAdl) calculated for these three specimens exhibit a consis
331
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vided bar method and related properties.

Notes: * = M.K. Tivey, Chap space needle probe measurement on half-round of core.

Hole, core, section
Mini rmal conductivity

 (W/[m⋅K]) Lithology

158-957C-
7N-2 5.77 (?) Nodular siliceous pyrite-anhydrite breccia
7N-3 7.83 Nodular pyrite-anhydrite breccia
7N-3* 10.24 Nodular pyrite-anhydrite breccia; *40% sulfide, 2-5% quartz, 55-58% anhydrite
11N-2† 13.58 Pyrite-silica-anhydrite breccia
11N-2*† 14.95 Pyrite-silica-anhydrite breccia; *60% sulfide, 19% quartz, 18% anhydrite
11N-2† 8.77 Veined pyrite-silica-anhydrite breccia
11N-3 12.21 Pyrite-silica breccia
13N-2 11.98 Pyrite-silica breccia with anhydrite veins
14N-1* 13.00 Pyrite-silica breccia
14N-1* † 13.85 Pyrite-silica breccia; *29% sulfide, 46% quartz, 22% anhydrite
15N-1 9.49 Silicified wallrock breccia
16N-1† 10.80 Nodular pyrite-silica breccia
16N-1 9.09 Silicified wallrock breccia

158-957F-
1N-1† 5.02 (?) Massive pyrite breccia

158-957G-
3N-1† 14.24 Massive pyrite-anhydrite breccia

158-957H-
5N-1* † 14.00 Nodular pyrite-silica breccia
5N-2 9.81 Silicified wallrock breccia with pyrite and cavities

158-957O-
2R-1† 14.62 Nodular pyrite breccia

158-957O-
4R-1† 13.81 Pyrite-anhydrite breccia

158-957M-
9R-1 1.68 Basalt
Table 2. Leg 158 thermal conductivity measurements by di

ter 16, this volume. † = Divided bar measurement on minicore within 10 cm of shipboard half-

core interval 
(cm)

Depth 
(mbsf)

Porosity
 (%)

Bulk density
(kg/m3)

Grain density
 (kg/m3)

Electrical resistivity
(Ωm)

The

28-30 21.13 9.1 3415 3655 0.614
40-42 22.75 15.4 3731 4222 0.383
47-49 22.81 15.9 3590 4100 0.265
18-20 32.29 5.5 4023 4198 0.107
22-24 32.32 4.6 4150 4300 0.177
40-42 32.51 7.9 3677 3906 0.454

112-114 34.73 6.6 3460 3633 0.636
32-34 38.90 6.9 3766 3968 0.229
13-15 40.33 4.6 3666 3794 0.091
18-20 40.37 3.5 3720 3820 0.502
75-77 42.95 5.3 3651 3798 0.850
08-10 46.28 2.4 3373 3431 2.064

99-101 47.19 5.5 3692 3848 0.647

55-57 1.55 11.9 3603 3953 0.518

15-17 21.15 12.4 4085 4519 0.114

33-35 27.03 8.9 3820 4110 0.584
69-71 28.29 5.7 4042 4224 0.181

37-39 8.27 10.8 4011 4371 0.078

40-42 16.30 10.2 4271 4639 0.026

75-77 43.05 1.3 2922 2947 4.768
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pattern that is lower (15%–30%) than the values measured (Tab
10.24 W/[m·K], 14.95 W/[m·K], and 13.85 W/[m·K], respectively
and lie between the anhydrite + water and pyrite + water cu
shown in Figure 1.

The generally higher conductivities and lower porosities of 
TAG sulfides compared with the Middle Valley sulfides are proba
a consequence of the composition of the samples. The Middle V
sulfides contain far less pore-filling quartz and/or anhydrite than
TAG sulfides and, in general, have a lower abundance of highly 
ductive pyrite (Gröschel-Becker et al., 1994). Of the TAG samp
the one having the lowest thermal conductivity (5.02 W/[m·K]; Sa
ple 158-957F-1N-1, 55−57 cm; Table 2) is fine grained (~1 mm
and, although massive, it is friable and poorly cemented, much
many of the Middle Valley sulfides. This sample is the only TA
sample measured by the divided bar method with a thermal con
tivity lower than a corresponding sample measured by the half-s
needle probe method (Table 1; Sample 158-957F-1N-1, 52−64 cm;
6.10 W/[m·K]). This sample also is one of the minicores with p
faces, as noted under the “Methods” section (this chapter); there
the value is suspect.

In contrast, samples having high conductivities are highly com
tent. Although the sulfides in these samples are primarily breccia
many sulfide breccia clasts of the high-conductivity samples ar
direct contact with one another; elsewhere, excellent contact betw
clasts is provided by hydrothermal quartz cement. In some case
clasts are centimeter-scale. In two instances, the full lengths o
minicores are spanned by single massive clasts (e.g., Sample
957C-11N-2, 18−20 cm, 22–24 cm). Predictably, intermediat
conductivity samples are characterized by intermediate grain 
(several millimeters) and clasts that are fully separated by quar
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anhydrite fill. This observation of the relationship between grain
terconnectivity and thermal conductivity is supported by the deter
nation of the degree of connectivity of pyrite grains in a quartz-an
drite matrix, based on two-dimensional X-ray-computed tomogra
slices and petrographic thin sections of four of the samples by M
Tivey (Chapter 16, this volume; Table 2; Samples 158-957C-7N
47−49 cm; 158-957C-11N-2, 22–24 cm; 158-957C-14N-1, 18−20
cm; 158-957H-5N-1, 33−35 cm).

A simple test of the influence of mineralogy on sample conduc
ity is provided in Figure 2, where estimated grain conductivity is p
ted against the volumetric fill fraction assumed to consist of quark
= 7.7 W/[m·K]; ρ = 2650 kg/m3) and anhydrite (k = 5.4 W/[m·K]; ρ
= 2900 kg/m3) in equal proportions. The fill fraction has been calc
lated from shipboard determinations of grain density (ρ) under the as-
sumption that the solid fraction of the samples comprises a sim
mixture of pyrite (k = 19.2 W/[m·K]; ρ = 4920 kg/m3) and fill. Grain
conductivities are calculated using an Adler mixing relationship 
measured values of porosity and conductivity (Table 2). The line
a mixture of pyrite and fill shows an inverse relationship betw
grain conductivity and fill fraction and reflects the general trend
the data well.

DISCUSSION

Comparison of Half-Space Needle Probe and 
Divided Bar Measurements

Divided bar measurements made on the minicores are comp
with shipboard measurements made on nearby half-round core c
ders (Fig. 3). Also included in the comparison are data obtained 
samples of sediment, basalt, and sulfide collected during Leg
(Davis and Seeman, 1994; Gröschel-Becker et al., 1994). Data
somewhat scattered, probably partially because of the nonsyste
ing
 of
Figure 1. Thermal conductivity values measured with a divided bar plotted
against porosity. Data from igneous and sedimentary rocks are shown as
squares; data from sulfides are shown as circles. Solid circles are from the
TAG deposit sampled during Leg 158; open circles are from Middle Valley
sampled during Leg 139. Connected double circles show the range of repeat
measurements. Curves are calculated for mixtures of pyrite + water (a and b),
anhydrite + water (c and d), and sediment grains + water (e), using the com-
monly used Adler mean (a, c, and e) and geometric mean (b, d, and e) mixing
relationships (see “Sensitivity to Mineralogy” section [this chapter] and 
discussion in Beck [1988]).
he

Figure 2. Estimated grain thermal conductivity vs. the estimated volumetric
solid fraction of quartz + anhydrite fill within the sulfide-breccia samples.
Fill, calculated from shipboard grain density, is assumed to consist of quartz
(k = 7.7 W/[m·K]); ρ = 2650 kg/m3) and anhydrite (k = 5.4 W/[m·K]); ρ =
2900 kg/m3) in equal proportions. Grain conductivities are calculated us
an Adler mixing relationship (Beck, 1988). The line is given for a mixture
pyrite (k = 19.2 W/[m·K]); ρ = 4920 kg/m3) and fill.
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Figure 3. Thermal conductivity of core half-rounds based on shipboard mea-
surement using the half-space needle probe method during Leg 158 vs. ther-
mal conductivity of minicores collected typically within 10 cm of the half-
round samples and measured at the Pacific Geoscience Centre using the
divided bar method. Concordant measurements by the two methods would
lie on the curve. Thermal conductivities are given in units of W/(m·K). S
bols for rock types and locations are the same as those shown in Figure
334
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of high conductivity samples, the heat conducted from the line sou
will reach the sample boundaries within the measurement time 
will then be limited by the relatively low conductivity of water. Thi
will prevent extrapolation of calibration constants out to the ve
high values of these samples and will cause computed values of 
ductivity to be erroneously low. A correction could be applied to t
half-space measurements using a best-fit line through the distribu
of points shown in Figure 3. However, without a complete und
standing of the bias and a proper check of the half-space appa
with a high-conductivity calibration standard, such a correction is 
advised.

CONCLUSIONS

Our study, comprising a shipboard investigation of thermal c
ductivity, using the needle probe method on 15 specimens repre
ing diverse mixtures of high-temperature hydrothermal precipita
from the active sulfide mound in the TAG hydrothermal field, cor
during Leg 158; postcruise measurement of thermal conductiv
using the divided bar method on 20 representative specimens 
the TAG cores; and comparison of Leg 158 results with a sim
study of high-temperature hydrothermal precipitates cored dur
Leg 139 at the Bent Hill site of Middle Valley, supports the followin
conclusions:

1. Shipboard thermal conductivity measurements by the h
space needle probe method are systematically too low in
conductivity range of high-temperature hydrothermal preci
tates (5−15 W/[m·K]; i.e., low-porosity aggregates of sulfides
sulfates, and quartz). This phenomenon is attributed to mu
ple factors, including the breakdown of the theory for cylind
cal geometry and sample boundary effects caused by h
rates of heat conduction, and points to the need for calibra
standards in that range.

2. Thermal conductivity in high-temperature hydrothermal prec
itates is directly proportional to mechanical competence, av
age grain conductivity, and degree of interconnectivity 
sulfide grains, which is consistent with the findings of M.K
Tivey (Chapter 16, this volume).

The contrast between thermal conductivity of widespread seaf
materials (sediments and basalt; 1−2 W/[m·K]) and localized massive
sulfide bodies (5−15 W/[m·K]) is so large that the latter may act a
foci of conductive heat transfer in addition to the high rates of c
vective heat transfer at seafloor hydrothermal fields.
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errors inherent in the measurements, the combination of real local
variations in the core, possible directional anisotropy related to sam-
ple orientation (half-rounds parallel to core axis; minicores perpen-
dicular to core axis), and the noncoincidence of the measurement lo-
cations. However, despite the scatter, nearly all the sulfide data show
a clear bias: shipboard measurements are systematically lower than
the divided bar measurements. The bias was noted and the sources of
the disagreement were discussed by Davis and Seeman (1994) and
Gröschel-Becker et al. (1994). They concluded that the shipb
measurements are probably in error at high conductivities.

As presented in the “Methods” section (this chapter), shipbo
measurements are made using the half-space technique in wh
heated needle is imbedded in an epoxy block and is placed again
flat face of the split core. The data are first analyzed in a manner i
tical to a standard constant-heat-source needle probe method 
Herzen and Maxwell, 1959), in which “absolute” values of cond
tivity are calculated from the slope of the temperature rise vs. the
arithmic time. Corrections for the nonaxisymmetric geometry 
then adjusted with a linear correction factor, determined empiric
by comparing the absolute measurements with known values of 
calibration standards (Shipboard Scientific Party, 1992). The con
tivities of these standards span the range normally encounter
sedimentary and igneous rocks (0.96−2.05 W/[m·K]). The range also
spans values over which the postcruise divided bar and shipb
half-space measurements generally agree.

Unfortunately, the simple half-space correction appears to b
down outside this range, probably for several reasons. One is th
characteristics of the system become nonlinear if the contras
tween the conductivity of the sample and that of the material in w
the line heat source is imbedded becomes large and, thus, the t
of cylindrical geometry cannot be applied. Another is that in the c
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