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ABSTRACT

X-ray computed tomography (CT) was used to image four 2.5-cm diameter minicores of material recovered from within the
Trans-Atlantic Geotraverse (TAG) active hydrothermal mound. CT images allow examination of textural relationships among
clasts, veins, and matrix of pyrite-silica, pyrite-silica-anhydrite, and pyrite-anhydrite breccias, estimation of mineral abun-
dances, and extrapolation of observations made on two-dimensional thin sections to the scale of 2 to 3 cm in three dimensions.
Information on mineral abundances, coupled with shipboard porosity measurements, was used to estimate the thermal conduc-
tivity of each minicore. Estimated values agree with measured values. Reasonable fits of estimated and measured thermal con-
ductivities allow extrapolation of thermal conductivities of minicores to in situ conditions (~350°C).
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INTRODUCTION

The Trans-Atlantic Geotraverse (TAG) active hydrothermal
mound is a 200-m diameter feature located at 3670 m depth within
the larger TAG hydrothermal field at 26°08′N on the Mid-Atlantic
Ridge. Its geologic and tectonic settings are discussed in deta
Rona et al. (1993) and Kleinrock et al. (1996). The mound exh
~50 m of relief, rising above pillow lavas that are covered by a la
of pelagic carbonate sediments up to a meter thick. The surface o
mound is comprised of a range of hydrothermally precipitated r
types, including black smoker chimneys, white smoker chimne
and blocks of massive anhydrite, Fe-rich massive sulfide, and oc
ous Fe-oxide (Tivey et al., 1995; Thompson et al., 1988). There
two distinct, but related, fluid compositions exiting the mound; flu
exhibiting temperatures up to 366°C exit the mound from the Bl
Smoker Complex in the northwest quadrant of the mound, and lo
temperature (273°–301°C) fluids flow less vigorously from a field
white smokers, termed the “Kremlin” area, located ~70 m south
of the Black Smoker Complex (Edmond et al.,1995; Thompson e
1988). A number of studies have been carried out to charact
samples recovered from the surface of the mound (e.g., Thomps
al., 1988; Rona et al., 1993; Tivey et al., 1995; Lalou et al., 19
1993; Hannington et al., 1988; Herzig et al., 1991; Edmond et
1995; Mills and Elderfield, 1995; Mitra et al., 1994). Investigatio
addressing subsurface portions of the mound include magnetic,
flow, gravity, electromagnetic, and geoelectrical studies (Tivey et
1993; Becker and Von Herzen, 1996; Evans et al., 1993; Ev
1995; Von Herzen and Kirkland, 1993).

During Leg 158 of the Ocean Drilling Program, samples were
covered from within and below the mound. Holes were drilled in f
areas, to a maximum of 125 mbsf at the TAG-1 area, 20 m south
of the Black Smoker Complex (Fig. 1; Humphris et al., 1995). Rec
ered material includes massive sulfide, red and gray siliceous ma
al, and sequences of sulfide-sulfate-silicate, sulfide-silicate, silici
wallrock, and chloritized basalt breccias (Humphris et al., 19
Humphris, Herzig, Miller, et al., 1996). The breccias are textura
complex, composed of mixtures of different clast types, and exh

1Herzig, P.M., Humphris, S.E., Miller, D.J., and Zierenberg, R.A. (Eds.), 1998.
Proc. ODP, Sci. Results, 158: College Station, TX (Ocean Drilling Program).

2Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic
Institution, Woods Hole, MA 02543, U.S.A. mktivey@whoi.edu
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variable proportions of clasts, matrix, and veins. Some breccias a
matrix-supported, whereas others are clast-supported.

An understanding of the three-dimensional geometry of brecc
clasts, matrix, and veins will help in deducing how the moun
evolved, and aid in interpretation of physical properties measur
ments and data from geophysical experiments. A number of min
cores were taken from representative sections of core and used
measure density, porosity, thermal conductivity using a half-spa
method, compressional wave velocity, electrical resistivity, and sei
mic velocity (Humphris, Herzig, Miller, et al., 1996). X-ray comput-
ed tomography (CT, or CAT scanning) was used as a noninvasive a
nondestructive tool to image 4 of these minicores to determine t
relative proportions and distributions of phases.

METHODS

X-ray CT was used to image clasts, matrix, veins, and pore spa
in four 2.5-cm diameter cylindrical minicores composed of sulfid
(density 4.1 to 5.02 g/cm3), anhydrite (density 2.9 to 3.0 g/cm3), and
quartz (density 2.65 g/cm3; Deer et al., 1966). The density contrasts
between these materials and air make it possible to use X-ray CT
an effective imaging tool. A third-generation industrial CT scanne
with a 5-µm spot design microfocus tube, was used. In this syste
the sample is rotated inside an area bounded by an X-ray source 
an array of detectors. A 160-kVp, 0.22-mA source was used, wi
beam energy shifted from 3 layers of Cu, each 0.63 mm thick, resu
ing in a beam with an average energy of >80 keV. The system use
9-in trifield image intensifier (operated in 6-in mode) and a SONY
xc77 solid state CCD camera; magnification is ~5×, with the source
image and source object distances 535 mm and 105 mm, respectiv
Slice thickness is 100 µm, and the horizontal voxel dimension is ~
µm. All objects were imaged in air.

In X-ray CT, X-rays are absorbed along each path according to t
electron density encountered, and, for a monoenergetic source, 
intensity is reduced according to the linear attenuation coefficient. A
the sample is rotated, total X-ray attenuation is measured for ea
transmitted ray, and a two-dimensional image, or cross-section
slice, is reconstructed with voxel values proportional to the linear a
tenuation coefficients (Bates et al., 1983; Orsi and Anderson, 199
In this study, where a polyenergetic source was used, the voxel val
of the CT image are not strictly proportional to the linear attenuatio
coefficients since the linear attenuation coefficients are energy d
pendent. Voxel values are thus referred to here as CT densities. In
201
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Figure 1. Diagram of the TAG active hydrothermal mound showing the distribution of venting at the surface, the surface morphology, the location of drilling
areas TAG-1 through TAG-5, and a schematic view of the internal structure of the mound based on drilling results (from Humphris et al., 1995). Locations of
samples used in the CT study are indicated by the solid circles.
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dition, CT images were reconstructed against a standard to minimize
artifacts from beam hardening (an effect caused by the preferential
absorption of lower energy X-rays along the path, resulting in atten-
uation coefficients of the same material having different values de-
pending on distance from the source) and X-ray scattering. An alumi-
num cylinder of similar diameter and density to the cylindrical mini-
core samples was scanned, and the logarithm of the intensity of the
readings of this standard was subtracted from those of the minicore
sample during image reconstruction. As shown in Figure 2, this tech-
nique was sufficient to remove the “cupping” effect.

The output array of CT densities (512 × 512 matrix) can be dis
played graphically. CT densities span the range 0 to 4096. Mu
two-dimensional images are stacked to create vertical slices. S
resolution of the CT images was determined by examining CT d
ty values across sharp edges between solid sulfide and air. Ca
tion of CT density values to the composition of the minicores was
complished by comparing CT data with observations of ~100-
thick petrographic thin sections made from each minicore that c
spond with scanned locations.

The minicores chosen for study display a range of mineralogy
porosity. Sample locations are shown in Figure 1, and the mea
porosity of each minicore is shown in Table 1. All CT scans w
made perpendicular to the cylindrical axes of the samples. Two
of 21 scans, one taken at 1-mm vertical intervals, and one at 0.1
vertical intervals, were made from each sample. The set of 0.1
spaced scans allows construction of contiguous 2.1-mm vertica
es, since slice thickness is 0.1 mm. The set of 1-mm-spaced sca
lows construction of vertical slices for the full length of samples. 
ished thin sections (~100 µm thick) were made from portions of s
ples represented by the contiguous set of scans.

COMPARISON OF CT IMAGES WITH 
PETROGRAPHIC THIN SECTIONS

Images of the thin sections and the closest corresponding C
ages are displayed in Figure 3. The CT images and thin sectio
not precisely correspond to one another owing to slight angling
ing thin-section preparation (i.e., the thin sections were not take
actly perpendicular to the axes of the cylindrical samples). Thin-
tion descriptions are given in Table 2. Comparison of thin sect
with the best corresponding CT image was used to determine c
CT density values, αp and αs, that correspond to upper limits of 100
pore space, and lower limits of predominantly sulfide, respectiv
The threshold value for αp was determined by finding the largest v
ue that would not result in areas containing anhydrite or quartz 
being incorrectly identified as pore space. For all samples this v
was 750. The threshold value of αs was determined by bisecting th
maximum gradient observed in plots of CT densities across su
anhydrite and sulfide/quartz boundaries (see Fig. 2). This value
approximately 1750 for all samples. Owing to the steepness o
gradients (e.g., see Fig. 2), varying this value by ±150 does not great
ly affect estimates of mineral abundances. Values intermediat
tween 750 and 1750 correspond to anhydrite, quartz, or mixtur
these phases and minor amounts of pore space and/or sulfide.
values were used for αp and αs when processing the CT scans d
played in Figure 3.

As can be seen by comparing the processed CT images wi
thin-section images, the distribution of sulfide is well matched u
αs of 1750. Sulfide-dominated areas are composed of primarily
rite. Owing to the spatial resolution, it is not possible to distingu
in CT images whether voxels of lower CT density values in sulf
dominated areas are void, or filled with anhydrite or quartz. Per
estimates of pore space vs. quartz vs. anhydrite within sulfide-d
nated clasts are based on thin-section observations.

Porosity is underestimated in CT images owing to the ~350
spatial resolution of the CT images. Smaller pores, present dom
ple

Table 1. Minicores used in the X-ray computed tomography study.

Note: * = shipboard measurements, using method C (Humphris, Herzig, Miller, et al.,
1996).

Core, section, 
interval (cm) Sample type

Depth
(mbsf) Porosity*

158-957C-
7N-3, 47-49 Nodular pyrite-anhydrite breccia 22.82 15.9%
11N-2, 22-24 Pyrite-silica-anhydrite breccia 32.33 4.5%
14N-1, 18-20 Pyrite-silica breccia 40.38 3.6%

158-957H-
5N-1, 33-35 Pyrite-silica breccia 27.03 8.9%
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Figure 2. A. CT image of minicore Sample 158-957C-7N-3 (C7). B. Profile
of CT density values along the line y = 325, indicated by the horizontal line
in Figure 2A. CT densities greater than 1749 correspond to predominantly
sulfide, whereas those less than 750 indicate pore space, and intermediate
values indicate either quartz or anhydrite ± small amounts of pore space.
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ly in anhydrite-rich areas, or along boundaries of clasts, are diff
to discern in these heterogeneous samples because their prese
sults only in a slight lowering of the CT density value of the vo
For example, the similarity of CT density values for quartz-domi
ed vs. anhydrite-dominated areas in the breccias is likely a res
fine pores in anhydrite which lower its density. This hypothesi
supported by petrographic observations that show quartz grain
intergrown with little to no pore space, whereas anhydrite grains
hibit some alteration at grain boundaries as well as small inters
pores. When large euhedral crystals of these minerals are image
arately, quartz exhibits CT densities lower than anhydrite.
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ite ±
A B C D

E F G H

Figure 3. Images of petrographic thin sections and corresponding best fit CT scans for minicore Samples 158-957C-7N-3 (A, B), 957C-11N-2 (C, D), 957C-
14N-1 (E, F), and 957H-5N-1 (G, H). In the CT images, white areas correspond to voids, black areas to sulfide, and gray areas to quartz and/or anhydr
small pores or grains of sulfide.
Table 2. Thin-section descriptions.

Core, section, 
interval (cm) Sulfide Quartz Anhydrite Porosity

158-957C-
7N-3, 47-49 40%. As 200-µm to 10-mm aggregates of 100- to 

300-µm grains, ~20% chalcopyrite, 80% pyrite; 
~50% of 40- to 700-µm interstices filled with 
quartz, anhydrite, or clay(?). Also as 50- to 150-
µm subhedral to euhedral pyrite (+ chalcopyrite) 
in anhydrite matrix. 

2% to 5%. In pyrite-dominated 
aggregates as anhedral to euhedral 
grains up to 200 µm long.

55% to58%. Intergrown 100- to 
400-µm grains with slightly 
altered grain boundaries. Likely 
includes 11% of voids as very 
fine pores.

5% (visual estimate). 1.3% 
(estimate of large voids by CT), 
16% (shipboard).

 

11N-2, 22-24 60%. As 1- to 12-mm aggregates of 40- to 400-µm 
subhedral to euhedral pyrite (75%) and 
chalcopyrite (25%) grains with ~65% of interstices 
filled with quartz and ~5% filled with anhydrite; 
and as 20-µm to 1-mm grains intergrown with 
quartz.

19%. As 20- to 100 µm subhedral grains 
intergrown with pyrite in 2- to 12-mm
quartz-dominated clasts and filling 
interstices in pyrite-dominated 
aggregates.

18%. As 0.5- to 3-mm-wide 
veins comprised of intergrown 
100-µm- to 2-mm-long grains. 
Likely includes extra 1.5% of 
voids as very fine pores.

3% (visual estimate), 0.3% 
(estimate of large voids by CT), 
4.5% (shipboard).

14N-01, 18-20 29%. As aggregates of 50-µm to 1-mm grains 
intergrown with quartz, as 50-µm to 1-mm 
individual grains within quartz dominated clasts, 
as grains making up ~500-µm-wide, 
semicontinuous rims on some quartz-dominated 
clasts, and as 20- to 500-µm subhedral grains in 
anhydrite veins; sulfide is 98% pyrite, 2% 
chalcopyrite.

46%. As intergrown 20-to 100-µm 
grains in 1- to 20-mm clasts of quartz 
(70%) and sulfide (30%), and in pyrite-
dominated aggregates.

22%. As veins or matrix 
comprised of 100-µm- to 2-mm-
long intergrown anhydrite 
grains, 20- to 500-µm subhedral 
pyrite grains, and 1-mm clasts 
of quartz + sulfide.

3% (visual estimate), 1% 
(estimate of large voids by CT), 
3.6% (shipboard).

158-957H-
5N-1, 33-35 49%. As isolated 20- to 400-µm anhedral to 

subhedral grains in quartz matrix, as more massive 
0.5- to 12-mm aggregates of intergrown pyrite 
grains with 40-to 600-µm interstices, 90% filled 
with quartz. Sulfide is 98% pyrite, 2% 
chalcopyrite.

42%. 10- to 300-µm grains as matrix 
and filling interstices.
 

None. 9% (visual estimate), 4% 
(estimate of large voids by CT), 
8.9% (shipboard). Voids
common along boundaries of 
pyrite aggregates.
–
le
nhy-
s.
e
ter-
in
rom
~1
nd
40
5
l-
Processing of the CT images to show large pores as <750, sulfide
as >1749, and quartz plus anhydrite with micropores as filling areas
with CT densities of 750 to 1749 allows calculation of relative abun-
dances of minerals and large voids. These estimates are shown in
Table 3. Such processing also allows examination of clast shape and
distribution of matrix and veins. Vertical slices can be constructed by
stacking two-dimensional CT images.

NODULAR PYRITE-ANHYDRITE BRECCIA,
SAMPLE 158-957C-7N-3, 47–49 cm

Figure 4 shows both horizontal (Fig. 4A) and vertical slices (con-
structed by stacking 0.1-mm-thick slices every 1 mm [Fig. 4B], or ev-
204
ery 0.1 mm [Fig. 4C]) through minicore sample 158-957C-7N-3, 47
49 cm (C7). As noted in the thin-section description for this samp
(Table 2), sulfide is present as aggregates, and as grains in an a
drite matrix. Quartz is only found in pyrite-dominated aggregate
The compilation of multiple horizontal and vertical CT images of th
core allows generalizations to be made about clast shape and in
connectivity, and about distribution of matrix and veins. As shown 
Figure 4, sulfide aggregates are subround and are separated f
each other by a matrix of anhydrite that ranges in thickness from 
to 3 mm. Ranges of percents of sulfide, anhydrite plus quartz, a
large voids calculated from images shown in Figure 4 are 26 to 
vol%, 56 to 71 vol%, and 1 to 4 vol%, respectively. Approximately 
vol% of the quartz plus anhydrite is estimated to be quartz within su
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Table 3. Estimated relative abundances of minerals and large pores.

Core, section,
 interval (cm) Sulfide

Quartz + 
anhydrite Large pores

158-957C-
7N-3, 47-49

4 mm from base 0.31 0.65 0.04
8 mm from base 0.37 0.62 0.01
16 mm from base 0.34 0.65 0.01
20 mm from base 0.26 0.71 0.03
x = 200, vertical 0.34 0.62 0.04
x = 312, vertical 0.40 0.56 0.04
y = 200, vertical 0.38 0.59 0.03
y = 312, vertical 0.30 0.66 0.04

Average vertical 0.36 0.61 0.03

11N-2, 22-24
3 mm from base 0.35 0.65 0.0
13 mm from base 0.63 0.37 0.0
18 mm from base 0.71 0.29 0.0
23 mm from base 0.56 0.41 0.02
x = 200, vertical 0.67 0.33 0.0
x = 312, vertical 0.49 0.51 0.0
y = 200, vertical 0.51 0.49 0.0
y = 312, vertical 0.63 0.37 0.0

Average vertical 0.575 0.425 0.0

14N-1, 18-20
2 mm from base 0.16 0.82 0.02
12 mm from base 0.31 0.69 0.01
17 mm from base 0.30 0.69 0.01
22 mm from base 0.31 0.67 0.03
x = 200, vertical 0.25 0.73 0.02
x = 312, vertical 0.33 0.66 0.01
y = 200, vertical 0.32 0.67 0.01
y = 312, vertical 0.30 0.69 0.01

Average vertical 0.30 0.69 0.01

158-957H-
5N-1, 33-35

3 mm from base 0.19 0.76 0.05
8 mm from base 0.29 0.68 0.04
13 mm from base 0.32 0.67 0.01
23 mm from base 0.54 0.40 0.06
x = 200, vertical 0.39 0.58 0.03
x = 312, vertical 0.39 0.56 0.05
y = 200, vertical 0.32 0.65 0.03
y = 312, vertical 0.41 0.57 0.02

Average vertical 0.38 0.59 0.03
n 
 F
s 
 29
 m
e. 
uar
-w
-ri
yd

ons
ee
ca
nu
n h
do 
 co
ted
gt

on-
een
m
ices
ingle
ot
 py-
–6

ical
eral

 den-

era-
°C).
ini-

y is
a et

m
tions
in
ig-
ac-
 to
a-
In-
tz-
ide
ch
rite
ist
n
lly
ous
or-
not
n-
 by

h

of the core. As can be seen in the horizontal CT scans, some c
appear to have been fractured, and these fractures are now filled
anhydrite. This texture is markedly different than that in minicore C

PYRITE-SILICA BRECCIA,
SAMPLE 158-957C-14N-1, 18–20 cm

Minicore sample 158-957C-14N-1, 18–20 cm (C14) is a pyrit
silica breccia with thin veins of anhydrite separating large (1 to 
mm) angular to subround quartz-dominated clasts. The abundanc
pyrite is considerably less than in minicore C11, ranging from 16
33 vol%. Owing to the presence of pyrite grains and aggregate
both anhydrite veins and quartz matrix, it is difficult to distinguis
quartz clasts from anhydrite-rich veins in CT images. In some ho
zontal cross sections, pyrite grains and aggregates are separated
each other by quartz and/or anhydrite, while in other horizontal cr
sections relatively continuous bands of pyrite provide outlines
clasts (Fig. 6). In vertical slices constructed by stacking horizon
CT images, pyrite and quartz/anhydrite appear to be interconne
in some places along the length of the core. Again, the 1-mm spa
between horizontal slices can prevent thin (<1 mm) veins or porti
of matrix, or small grains (<1 mm), from showing up in the vertic
cross sections. Ranges of percents of anhydrite + quartz and l
voids in vertical slices are 66 to 82 vol% and 1 to 3 vol%, respecti
ly. Based on thin-section observation, it is assumed that approxim
ly 1/3 of the anhydrite + quartz is anhydrite.

PYRITE-SILICA BRECCIA, 
SAMPLE 158-957H-5N-1, 33–35 cm

Minicore sample 158-957H-5N-1, 33–35 cm (H5), like C14, is
pyrite-silica breccia, but does not contain anhydrite. As can be s
in thin section and CT images, subangular sulfide-dominated cla
are separated from each other by 0.2- to 5-mm-wide areas of qu
matrix (Fig. 7). In vertical CT slices, quartz appears to be interc
nected along the length of the core. Again, the 1-mm spacing betw
horizontal slices can prevent thin (<1 mm) portions of matrix fro
showing up in the vertical cross sections. Because in horizontal sl
clasts are isolated from one another by matrix, and because no s
clast is the size of the length of the core, it is likely that pyrite is n
connected along the full length of the core. Ranges of percents of
rite, quartz, and large voids are 19–54 vol%, 40–76 vol%, and 1
vol%, respectively.

COUPLING DATA FROM CT IMAGES WITH DATA 
FROM PHYSICAL PROPERTIES MEASUREMENTS

The minicores used in this study were used for shipboard phys
properties measurements. As a check on calculated relative min
abundances, bulk and grain densities were calculated assuming
sities of 5, 3, 2.65, and 1.03 g cm–3 for sulfide, anhydrite, quartz, and
seawater, respectively. These calculated densities agree with ship-
board measurements to within 10% (see Table 4). In addition to ship-
board measurements, the minicores were used in a shore-based study
of thermal properties after CT scanning was done and before having
thin sections made (Rona et al., Chap. 24, this volume). Thermal con-
ductivities were measured on a divided-bar apparatus. Minicores
were saturated with distilled water, and subjected to a 10°C temp
ture difference adjusted to evenly span room temperature (20
Measurements were made parallel to the cylindrical axes of the m
cores. Accuracy of the measurements is 2%, and reproducibilit
5%. Details of the study, and the technique used, are given in Ron
al. (Chap. 24, this volume).

Thermal conductivities determined using the information fro
the CT study on mineral abundances and clast and grain associa
fide aggregates based on thin-section observations. The estimate of
large voids is significantly less than the reported shipboard porosity.
It is most likely that the difference can be attributed to fine pores
within the anhydrite matrix.

PYRITE-SILICA-ANHYDRITE BRECCIA, 
SAMPLE 158-957C-11N-2, 22–24 cm

The texture and abundances of minerals in minicore sample 158-
957C-11N-2, 22–24 cm (C11) are considerably different tha
minicore C7. Based on estimates from the CT images shown in
ure 5, sulfide composes 35 to 71 vol% of the sample. Large void
count for less than 2 vol%, and quartz plus anhydrite composes
65 vol%. Based on thin-section observations, roughly half of the
terial identified as quartz + anhydrite is assumed to be anhydrit
stead of being embedded in a matrix, sulfide-dominated and q
dominated clasts are separated from each other by 0.5- to 3-mm
veins of anhydrite. The distinction between anhydrite and quartz
areas is based on observations from the thin section that anh
veins are relatively free of sulfide, whereas quartz-rich areas c
of quartz intergrown with pyrite. Using this criterion, it can be s
in Figure 5 that some anhydrite veins are continuous verti
through the minicore. In some places pyrite appears to be conti
through the length of the core, though the 1-mm spacing betwee
izontal slices means that 0.5-mm-wide veins separating clasts 
show up in vertical slices. Taking into account that textures are
sistent with the entire sample being composed of clasts separa
thin veins, it is likely that pyrite is not connected along the full len
205
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A z = 4 mm z = 8 mm z = 16 mm z = 20 mm

x = 200    312

y = 
200

312

x = 200B x = 312 y = 200 y = 312

 2

22

z

x = 200C x = 312 y = 200 y = 312

Figure 4. A. CT images taken, from left to right, from 4 mm, 8 mm, 16 mm, and 20 mm above the base of minicore Sample 158-957C-7N-3 (C7). B. Vertical
slices, constructed by stacking 0.1-mm-thick slices every 1 mm, through minicore C7 at x = 200, x = 312, y = 200, and y = 312 (indicated in Fig. 4A). C. Verti-
cal slices, constructed by stacking 0.1-mm-thick slices every 0.1 mm, through minicore C7 at x = 200, x = 312, y = 200, and y = 312 (indicated in Fig. 4A), pro-
viding a more detailed look at the portion of the slice shown in Figure 4B marked by the vertical line.
A z = 3 mm z = 13 mm z = 18 mm z = 23 mm

x = 200    312

y = 
200

312

x = 200B x = 312 y = 200 y = 312

 3

23

z

x = 200C x = 312 y = 200 y = 312

Figure 5. A. CT images taken, from left to right, from 3 mm, 13 mm, 18 mm, 23 mm above the base of minicore Sample 158-957C-11N-2 (C11). B. Vertical
slices, constructed by stacking 0.1-mm-thick slices every 1 mm, through minicore C11 at x = 200, x = 312, y = 200, and y = 312 (indicated in Fig. 5A). C. Ver-
tical slices, constructed by stacking 0.1-mm-thick slices every 0.1 mm, through minicore C11 at x = 200, x = 312, y = 200, and y = 312 (indicated in Fig. 5A),
providing a more detailed look at the portion of the slice shown in Figure 5B marked by the vertical line.
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A z = 2 mm z = 12 mm z = 17 mm z = 22 mm

x = 200    312

y = 
200

312

x = 200B x = 312 y = 200 y = 312

 2

22
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x = 200C x = 312 y = 200 y = 312

Figure 6. A. CT images taken, from left to right, from 2 mm, 12 mm, 17 mm, and 22 mm above the base of minicore Sample 158-957C-14N-1 (C14). B. Vertical
slices, constructed by stacking 0.1-mm-thick slices every 1 mm, through minicore C14 at x = 200, x = 312, y = 200, and y = 312 (indicated in Fig. 6A). C. Ver-
tical slices, constructed by stacking 0.1-mm-thick slices every 1 mm, through minicore C14 at x = 200, x = 312, y = 200 and y = 312 (indicated in Fig. 6A), pro-
viding a more detailed look at the portion of the slice shown in Figure 6B marked by the vertical line.
A z = 3 mm z = 8 mm z = 13 mm z = 23 mm

x = 200    312

y = 
200

312

x = 200B x = 312 y = 200 y = 312

 3

23

z

x = 200C x = 312 y = 200 y = 312

Figure 7. A. CT images taken, from left to right, from 3 mm, 8 mm, 13 mm, and 23 mm above the base of minicore Sample 158-957H-5N-1 (H5). B. Vertical
slices, constructed by stacking 0.1-mm-thick slices every 1 mm, through minicore H5 at x = 200, x = 312, y = 200, and y = 312 (indicated in Fig. 6A). C. Verti-
cal slices, constructed by stacking 0.1-mm-thick slices every 1 mm, through minicore H5 at x = 200, x = 312, y = 200, and y = 312 (indicated in Fig. 7A), pro-
viding a more detailed look at the portion of the slice shown in Figure 7B marked by the vertical line.
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Table 4. Comparison of bulk and grain densities for minicores from
shipboard and CT studies.

Note: Shipboard density data from Humphris, Herzig, Miller, et al. (1996).

Core, section, 
interval (cm)

Bulk density, 
CT study
 (g/cm3)

Bulk density, 
shipboard 
(g/cm3)

Grain density, 
CT study 
(g/cm3)

Grain density, 
shipboard 
(g/cm3)

158-957C-
7N-3 3.39 3.49 3.85 3.96
11N-2 4.01 4.10 4.14 4.24
14N-1 3.38 3.76 3.47 3.86

158-957H-
5N-1 3.40 3.70 3.65 3.96
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Table 5. Measured thermal conductivities of minicores and calculated
thermal conductivities using Equation 1.

Note: Measured values are from Rona et al. (Chap. 24, this volume).

Core, section, 
interval (cm)

κ 
(W/[m·K]) 
Measured

(W/m·K) 
 Equation 1

Vi 
pyrite

Vi 
quartz

Vi 
anhydrite

Vi 
water

158-957C-
7N-3 10.24 7.7 0.36 0.05 0.43 0.16
11N-2 14.95 15.1 0.57 0.195 0.19 0.045
14N-1 13.85 10.3 0.30 0.444 0.22 0.036

158-957H-
5N-1 14.00 10.8 0.38 0.53 0 0.09
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compare well with measured values. Two different formulas for cal-
culating bulk thermal conductivity were used. In keeping with the ob-
servation that pyrite is not connected along the length of any of the
cores imaged, neither of these formulas considers any one material
being spatially continuous through the core. The first is a geometric
mean model, frequently used to calculate the thermal conductivity of
heterogeneous media, particularly sediments or sedimentary rocks.
The bulk thermal conductivity, κr, is calculated by considering the
thermal conductivities, κi, and the fractional volumes, Vi, of the i con-
stituents (Drury and Jessop, 1983):

(1)

For the TAG minicores, measured saturated with distilled water,
the constituents considered are quartz (κ = 7.7 W/(m·K); Horai,
1971), pyrite (κ = 34.2 W/(m·K); Roy et al., 1981), anhydrite (κ =
5.61 W/(m·K); Clark, 1966), and water (κ = 0.609 W/(m·K); Chemi
cal Rubber Company, 1988). Volume fractions of phases consid
and results of calculations, are given in Table 5, along with mea
thermal conductivities.

The second model used is an equation for a random two-co
nent mixture, suggested by Brailsford and Major (1964), where
ther one of the components is spatially continuous. The bulk the
conductivity of the rock, κr, is calculated considering the therm
conductivities of the two components, κ1 and κ2, and the volume frac
tions of the two components, V1 and V2 (Brailsford and Major, 1964)

(2)

The two components considered for minicore C7 are pyrite-d
inated clasts, and porous anhydrite, and, for minicore H5, py
dominated clasts and porous quartz. Pyrite clasts were assume
composed of 5% quartz and 95% pyrite, with κ = 32.4 W/(m·K), cal-
culated using Equation 2. The thermal conductivities of porous a
drite (κ = 3.7 W/[m·K]) and porous quartz (κ = 6.2 W/[m·K]) were
also calculated using Equation 2, assuming proportions of 72% 
drite and 28% water, and 85% quartz and 15% water. These p
tions assume that all pore space in these samples is present in t
trix. Calculating two components for minicores C11 and C14 
more difficult owing to the presence of 3 mineral phases plus 
space. Pyrite was considered as one component, and a comb
of quartz, anhydrite, and water was considered as the second c
nent. For minicore C14 this second component (κ = 6.5 W/[m·K])

κr

n

Π
i 1=

κi
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was calculated considering a mix of quartz and porous anhydrite κ =
4.4 W/(m·K), calculated using Equation 2, assuming 83% anhyd
and 17% water). For minicore C11 the second component (κ = 5.5 W/
[m·K]) was calculated considering a mix of porous quartz (κ = 6.3 W/
[m·K], calculated using Equation 2 assuming 86% quartz and 1
water), and porous anhydrite (κ = 4.7 W/(m·K), calculated using
Equation 2 and assuming 86% quartz and 14% water). Again, th
proportions assume that all pore space is present in either anhyd
or quartz-dominated areas of the samples.

Results of calculations using Equation 2 are given in Table 6, 
results using Equations 1 and 2 are compared to measured valu
thermal conductivity in Figure 8. For all but minicore C11, therm
conductivities calculated using Equation 1 are more than 20% 
than the measured values, whereas those calculated using Equa
provide a good fit to measured values (within 7%). For minicore C
the thermal conductivity calculated using Equation 1 is a significa
ly better fit to the measured value than that calculated using Equa
2 (within 2% vs. 22%). The simplest explanation for a need to 
two different equations for minicore C11 vs. the other 3 is the diff
ence in abundance of pyrite. The thermal conductivity of pyrite
more than a factor of 4 greater than quartz. The average rela
amounts (averaged from vertical slices) of sulfide in minicores C
C14, and H5 is 0.3–0.38 vs. 0.58 for minicore C11. Given the sm
number of samples studied, it is difficult to speculate further on p
sible reasons for Equation 1 not providing as good a fit as Equatio
for the other 3 minicores.

Given the close fits between calculated and measured the
conductivities, it is possible to use the appropriate formulas to e
mate the thermal conductivity at higher temperatures. Data from f
inclusions in anhydrite indicate that temperatures within the TAG
and TAG-2 areas were on the order of 350°C or greater during 
mation of anhydrite (Tivey et al., Chapter 14, this volume). At 350°
the thermal conductivity of pyrite, quartz, anhydrite, and seawater
~20 W/(m·K) (Roy et al., 1981), 3.64 W/(m·K) (Roy et al., 1981
3.64 W/(m·K) (Tivey and McDuff, 1990; extrapolated from 20°C a
suming a linear dependence of thermal diffusivity with 1/T [K]), a
0.43 W/(m·K) (Chemical Rubber Company, 1988). Using these v
ues, and calculating the thermal conductivities of the minicores in
same method as before, using Equation 1 for minicore C11, 
Equation 2 for the other minicores, the thermal conductivities a
situ temperatures within the mound are 6.1, 8.7, 7.1, and 7.1 W/(m
for minicores C7, C11, C14, and H5, respectively.

These estimates of in situ thermal conductivity are needed for
curately modeling heat transport within the TAG active hydrotherm
mound. For example, measured trapping temperatures in anhy
grains are on the order of 350°C (Tivey et al., Chap. 14, this volum
Sr-isotopic analyses indicate that the fluids forming the anhydrite
~350°C are mixtures of seawater (57% to 99.5%) and lesser amo
of hydrothermal fluid (Mills et al., Chap. 10, this volume). Condu
tive heat gain is required to raise the temperatures of these fluid 
tures from 5°–250°C (temperatures from mixing) to ~350°C. Tiv
et al. (Chap. 14, this volume) present a simple model for achiev
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Table 6. Measured thermal conductivities of minicores, and calculated
thermal conductivities using Equation 2.

Note: Measured values are from Rona et al. (Chap. 24, this volume).

Core, section, 
interval (cm)

κ
(W/[m·K]) 
Measured

κ
(W/[m·K])

Equation 2

158-957C-
7N-3 10.24 9.9
11N-2 14.95 18.1
14N-1 13.85 12.9

158-957H-
5N-1 14.00 13.3
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of heat and mass transport within the TAG active hydrotherm
mound.
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Figure 8. Comparison of measured and calculated (using Eqs. 1 and 2)
mal conductivities of minicores. Values are given in Tables 5 and 6.
these amounts of conductive heat gain. The model considers a thick-
walled hollow cylinder with an inner radius of 1 cm, and an outer ra-
dius of either 0.1 or 1 m. The wall of the cylinder is composed of sul-
fide-rich breccia with a thermal conductivity of ~8 W/(m·K), and 
outer side of the cylinder is maintained at high temperature. G
this configuration, mixtures of seawater and hydrothermal fluid
be heated to ~350°C over a distance of 50 to 100 m in 4 to 9 hr a
flows at rates of <0.02 to 0.08 kg/s.

CONCLUSIONS

X-ray computed tomography is an excellent technique for no
structively imaging 2.5-cm diameter minicores at a spatial resolu
of ~350 µm. CT images allow textural relationships among cl
matrix, and veins to be viewed in any orientation, providing a q
and efficient extrapolation of information from a single two-dim
sional thin section to the scale of 2 to 3 cm in three dimensions
sulting information on relative mineral abundances on the scale 
whole minicore, and on the spatial orientation of phases, can su
ment data from measurements of physical properties, such as d
and porosity. An example of the usefulness of the CT technique 
ability to calculate thermal conductivity at both laboratory and in
conditions. The resulting understanding of the thermal conduct
of mound materials and of how thermal conductivity relates to 
space and mineral distribution will be useful for modeling proce
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