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23. SEISMIC VELOCITY-POROSITY RELATIONSHIP OF SULFIDE, SULFATE, AND BASALT
SAMPLES FROM THE TAG HYDROTHERMAL MOUND *

Rainer J. Ludwig,? Gerardo J. Iturrino,® and Peter A. Rona*

ABSTRACT

Physical properties and ultrasonic velocity measurements on 24 minicores recovered at the Trans-Atlantic Geotraverse
(TAG) hydrothermal mound during Ocean Drilling Program Leg 158 provide a unique reference data set for subsurface sulfide,
sulfate, and basalt samples from an active sediment-free hydrothermal system. Seismic velocities, densities, porosities, and the
distribution of pore shapes are extremely variable both horizontally and vertically within the mound. However, if the sulfide
and sulfate samples are classified according to their mineralogy and their location within major internal lithologic zones of the
mound, the measured physical properties exhibit distinct characteristics.

Ultrasonic seismic velocities of the samples were determined at confining pressures of 5 to 100 MPa. Compressional-wave
(Vp) and two orthogonal shear-wave (V) velocities were measured with a single transducer. The transducer geometry allowed
for testing of anisotropy effects, observed only for massive sulfide samples recovered in close proximity to the active Black
Smoker Complex. V,/V; ratios for rock types of the different internal zones are distinctive: high values of 1.9 for massive sul-
fides near the seafloor, medium values averaging 1.7 for anhydrite-rich samples, and low values of 1.55 for the deeper, more
silicified samples. Seismic velocities of basalt samples, which were recovered at the edges of the mineralized upflow zone, are
relatively low (V, = 6.1 km/s; Vs = 3.4 km/s) compared with “normal” mid-ocean ridge basalts. The relatively low basalt poros-
ity (~1.5%) tends to indicate that low velocities are caused by hydrothermal alteration rather than porosity effects.

We present for the first time results of an iterative model using rock physics theories that relate seismic velocities to poros
ity structure on a hand-sample scale and estimate the distribution of pore-aspect ratios for minicore samples, which are repre-
sentative of each major lithologic zone within the TAG mound. Microscopic observations on thin sections and index properties
provided effective constraints as initial models. Computed porosity models yield satisfactory results that match both the visua
observations of pore shapes and the seismic velocity measurements. This analysis will provide useful constraints on future
studies exploring permeability, fluid flow, and alteration mechanisms of hydrothermal systems.

INTRODUCTION lation (Hannington et al., 1995). Hydrothermal alteration and the for-
mation of secondary minerals influences the seismic velocity, densi-
ty, and porosity structure of oceanic crust (Wilkens et al., 1991).
Post-cruise ultrasonic measurements on minicore samples deter-
mined both compressional- and shear-wave velocities. Their relation-
ship to other physical properties, especially the porosity and pore-
shape distribution of the samples, are reported here.

Ocean Drilling Program (ODP) Leg 158 provided a unique oppor-
tunity for subsurface sampling of a hydrothermal system by drilling
a series of holes into a large, sediment-free active mound in the
Trans-Atlantic Geotraverse (TAG) hydrothermal field on the eastern
side of the median valley of the Mid-Atlantic Ridge. The active high-
temperature field lies on oceanic crust that is at least 100,000 years
old, as calculated from half-spreading rates of 13 mm/yr to the east
and 11 mm/yr to the west (McGregor et a., 1977). Although hydro-
thermal deposits have been found over an area of about 5 x 5 km?
about 1.5 km to the east of the bathymetric axis of the rift valley,
known high-temperature venting is presently confined to the TAG ) ) ) o )
active mound. The mound is located at a water depth of 3650 m at Twenty horizontally oriented and four unoriented minicores with
26°08N and 44°49V (Fig. 1) and is strikingly circular in shape, with diameters of 2.54 cm were drilled perpendicular to the in situ vertical
a diameter of about 200 m and a height of 50 m, compared to the s@xis of the core. The minicores were carefully polished with 240 and/
rounding seafloor (Rona et al., 1993; 1986). or 600 grit on a glass plate to ensure parallel faces within 0.02 mm

This paper will concentrate on the subsurface physical structure @nd to smooth the contact area. In order to saturate the samples and
the predominantly sulfide-rich rocks drilled at the TAG hydrothermaldisplace air from their pores, the minicores were immersed in seawa-
system, as well as the underlying basement rocks recovered in tif and put under a vacuum in a bell jar for 24 to 48 hr before velocity
deeper sections of Site 957 boreholes. Mineralization of ocean crudeasurements were made. Polished thin sections were made from 10
occurs where metals, leached from large volumes of altered crust g@mple stubs for petrographic analyses and microscopic analysis of
depth, are concentrated at or near the surface by hydrothermal cirdf€ porosity structure.

EXPERIMENTAL TECHNIQUESAND
ANALYTICAL METHODS

Sample Preparation

Determination of Index Properties
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Index properties (bulk density, grain density, bulk water content,
porosity) were calculated from measurements of wet and dry sample
weights and dry volumes for all minicores. For the wet measure-
ments, samples were saturated in seawater and placed in a vacuum for
24 hr to approximate in situ wet conditions. After the wet measure-
ments were made, the sulfide and basalt samples were dried for 24 hr
at 35°C and 60°C, respectively. The relatively low drying tempera-
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Figure 1. High-resolution bathymetric map (5-m contour interval) of the active TAG hydrothermal mound, showing its overall morphology and the major areas
of venting: the Black Smoker Complex and the Kremlin Area (from Humphris et al., 1995). The relative locations of the 17%hmolegh(&®) drilled during

Leg 158 and the subdivision of the active mound into five areas (TAG-1 through TAG-5) are indicated. The inset shows the location of the TAG hydrothermal
field along the Mid-Atlantic Ridge.

ture for the sulfides was necessary to reduce possible oxidation. Ethe total porosity®) determined from the index properties measure-
periments with different drying times confirmed that even at 35°Cments. This study provided necessary constraints and starting models
one day was sufficient to completely dry the samples because of theliscussed later in the “Porosity Models” section (this chapter).
relatively high porosity. All measurements were corrected for salt
content assuming a pore fluid salinity of 3.5%. Ultrasonic Measurements

Aboard theJOIDES Resolutiarsample mass was determined to
a precision 0f£0.01 g using a Scitech electronic balance with a com- Seismic velocities were measured at the Petrophysics Laboratory
puter averaging system to compensate for ship motion. Volumesf the University of Miami Rosenstiel School of Marine and Atmo-
were determined using a Quantachrome Penta-Pycnometer. The cgppheric Science (RSMAS). Velocities were measured using a 100
culation of index properties derived from these measurements is ekPa (1 kbar) velocimeter at hydrostatic pressures ranging from 5 to
plained in detail in the “Physical Properties” section of the “Explan-100 MPa and a constant pore pressure of 2 MPa. The same instrument
atory Notes” chapter of Humphris, Herzig, Miller, et al. (1996). Indexwas used by Gréschel-Becker et al. (1994) to measure ultrasonic ve-
properties for the 24 minicores used for shore-based ultrasonic mdacities on eight sediment-hosted sulfide minicores recovered from

surements are presented in Table 1. Holes 856G and 856H that were drilled at Middle Valley on the
Northern Juan de Fuca Ridge during Leg 139. A unique feature of the
Porosity Constraints system’s 1 MHz transducer configuration is that two orthogonal

shear waves31and S2 are propagated through the sample along
During minicore preparation, polished thin sections were madevith a single compressional wave. The minicores were aligned so
from 10 core-end billets for petrographic analysis and microscopithat theS2wave propagated in the plane defined by the orientation
examination of the porosity structure. These analyses were used to rearks of the sample, whereas 8Stewvave propagated in a plane ori-
fine visual observations of the porosity structure for the different roclented 90° from th&2plane (Fig. 2). The precision of bathandV,
types and to document textural relationships and mineralogy in greafeasurements is ~1%—2%.
er detail. A summary of the results is presented in Table 2, along with The ultrasonic data of this study are presented in Table 3.
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SEISMIC VELOCITY-POROSITY RELATIONSHIP

Table 1. Index properties of the 24 ultrasonically measured minicores collected during Leg 158 at the TAG hydrothermal mound.

Core, section, Depth  Bulk density Grain density Total porosity
interval (cm) (mbsf) (g/en?) (glcn?) (%) Rock type

TAG- 1 (East of Black Smoker Complex)
158-957C-

7N-2, 8-10 20.93 3.35 3.62 10.49 Nodular silicified pyrite-anhydriéedia

7N-2, 114-116 21.99 3.40 3.82 15.22 Anhydrite vein

7N-3, 15-17 22.50 2.79 2.98 9.62 Anhydrite vein

11IN-3, 118-120 34.79 3.42 3.52 3.90 Pyrite-silicadoia

15N-1, 115-117 43.35 3.58 3.67 3.59 Silicified wallrock breccia

16N-1, 35-37 46.55 3.21 3.33 5.12 Nodular pyrite-silica breccia
158-957E-

8R-1, 10-12 72.90 3.30 3.46 6.48 Silicified wallrock breccia
158-957E-

15R-1, 30-32 106.80 3.49 3.62 4.89 Chloritized basalt

1N-1, 62-64 1.62 3.57 3.83 9.28 Massive pyrite breccia

IN-1, 71-73 1.71 3.68 3.80 4.48 Massive pyrite breccia
158-957G-

3N-1, 12-14 21.12 4.10 4.40 9.14 Massive pyrite-anhydrite breccia
TAG-2 (Kremlin Area)
158-957H-

5N-1, 4-6 26.74 4.62 4.96 8.58 Massive granular pyrite

5N-2, 29-31 27.89 4.33 4.69 9.92 Silicified wallrock breccia
158-957N-

1W-1, 62-64 0.62 345 3.64 7.36 Nodular pyrite-silica breccia
TAG-4 (West of Black Smoker Complex)
158-957M-

9R-1, 61-63 42.91 2.88 2.90 1.17 Altered basalt

10R-1, 39-41 46.59 2.88 291 1.45 Altered basalt

10R-1, 47-49 46.67 2.87 2.90 1.70 Altered basalt
TAG-5 (North of Black Smoker Complex)
158-9570-

2R-1, 34-36 8.24 3.94 4.27 10.22 Nodular pyrite breccia

4R-1, 19-21 16.09 371 3.93 7.69 Pyrite-anhydritecbra

4R-1, 29-31 16.19 4.19 4.46 7.84 Nodular pyrite-anhydrite breccia
158-957P-

1R-1, 49-51 0.49 3.56 4.04 15.95 Pyrite-anhydritecbia

6R-1, 11-13 26.61 4.23 456 9.29 Nodular pyrite breccia

9R-1, 4-6 40.14 3.27 3.39 4,95 Nodular pyrite-silica breccia

12R-2, 67-69 56.31 431 4.43 3.42 Pyrite-silica breccia

The seismic velocities were measured during increasing pressube identified visually and microscopically (Table 2). Most of the
cycles at 5-MPaincrements between 5 and 20 MPa and at 10-MPa racks and vesicular pores are concentrated near the anhydrite veins.
crements between 20 and 100 MPa. An exception was made for méese are composed of complex, multistage fracture fillings and cav-
surements on an almost pure anhydrite sample (Sample 158-957iG¢ linings, and some include disseminated, fine-grained pyrite and
7N-3, 15-17 cm, denoted with an asterisk [*] in Table 3). The deli- chalcopyrite.
cate nature of the anhydrite in a water-saturated state required rapid Zone 3 is intensely silicified and consists of dominantly clast-
measurements, which were made in 10-MPa increments starting asapported and brecciated wallrock that forms the upflow zone be-
confining pressure of 20 MPa and increasing to 100 MPa. Thereaftangath the mound. The wallrock occurs below pyrite-silica breccias
the pressure was slowly reduced, and the remaining ultrasonic meand is distinguished from the overlying breccias by less pyrite (<50%
surements were performed at 15, 10, and 5 MPa, respectively. by volume). Seven of the 24 minicore samples analyzed in this study

represent Zone 3 (Tables 1-3; Fig. 3).
Zone 4 starts about 100 m below seafloor (mbsf), where the silic-
SAMPLE DESCRIPTIONS ified wallrock breccias grade into a chloritized basalt breccia (Tables
1-3; Fig. 3). In this zone, chloritized and weakly mineralized basalt

One of the most striking features of the TAG mound is the domifragments (5 cm in size) are cemented by quartz and pyrite and are
nance of breccias throughout the mound and in the upper parts of tbesscut by veins of pyrite, quartz, and quartz plus pyrite.
underlying zone of hydrothermal fluid upflow. Four major zones Relatively unaltered pillow basalts were recovered near the edges
were identified based on the overall internal structure of the moundf the mound at depths of about 25 mbsf at TAG-2 and 45 mbsf at
and the upflow zone. (Humphris et al., 1995). TAG-4 (Tables 1-3). These basalts constrain the lateral extent of in-

Samples are described according to the sulfide classificatiotense crustal alteration and mineralized upflow zone to about 80 m.
scheme developed aboard the ship (Humphris, Herzig, Miller, et al.,

1996), unless the minicore mineralogy is distinctively different from
the surrounding structure described in the shipboard sulfide log GENERAL RESULTS
(Humphris, Herzig, Miller, et al., 1996).

Zone 1 consists of massive sulfides reflecting the formation of Compressional-wave velocitiég | at a confining pressure of 100
new hydrothermal precipitates (Tables 1-3; Fig. 3). This zone is réviPa for all 24 minicore samples vs. depth are shown in Figure 3. The
stricted to the upper few meters at each drilling location. major lithologic zones of the TAG mound can easily be identified.

Zone 1 is underlain by an anhydrite-rich Zone 2, identified onlyAlthough very porous (about 10%; Table 1), the massive sulfides of
in the TAG-1 and TAG-5 areas (Tables 1-3; Fig. 3). Anhydrite veinZone 1 all have relatively high seismic velocities of 5.3 to 5.8 km/s
ing is extremely well developed throughout this zone, and compositeecause of their high pyrite content. A large variation jrisvob-
veins up to 45 cm thick are present. The minicore samples from thigerved in samples from about 22 mbsf in the underlying anhydrite-
zone are very porous, and many void spaces of different shapes a@&h Zone 2. The almost pure anhydrite Sample 957C-7N-3, 15-17
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Table 2. Detailed porosity structure and mineralogical composition determined from visual inspections of minicore samples and microscopic observations of corresponding thin sections.

Pyl
“
Major sulfide mineralogy (%) Total E
Core, section, Depth porosity g
interval (cm) (mbsf) Rock type Observed porosity structure Pyrite Chalcopyrite Anhydrite Quartz Clays Comments (%) §
®
TAG-1 (East of Black Smoker Complex) b
158-957C- [
7N-2, 8-10 20.93  Nodular silicified pyrite-anhydrite breccia  Thin section: high porosity, many thin cracks, set@e 10 40 10 Cracks adjacent to massive pyrite clasts 10.49 -~
vesicular —
7N-2, 114-116 21.99  Anhydrite vein Visual: high porosity, large spherical pore spaces, 75 25 Large anhydrite clasts, chimney 15.22 %
thin cracks and veins fragments by
7N-3, 15-17 22.50 Anhydrite vein Thin section: high porosity, large fluid inclusions, 1 4 95 Pure anhydrite with cavity filling 9.62 >
large vapor bubbles (@)
11N-3, 118-120 34.79  Pyrite-silica breccia Visual: low porosity, few cracks 15 5 60 Highly silicified 3.90
15N-1, 115-117 43.35  Silicified wallrock breccia Thin section: low porosity, irregular void spaces #0 50 10  Many pyrite clasts are fractured 3.59 ;
the order of 10Qm, veins :
16N-1, 35-37 46.55  Nodular pyrite-silicaducia Thin section: intermediate porosity, mainly cracks 25 65 Pyrite nodules are surrounded by ~ 5.12 by
and cavities cavities and cracks %
158-957E- >
8R-1, 10-12 72.90 Silicified wallrock breccia Visual: low porosity, mostly vesicular 30 70 Angular altered basalt in pyrite-Slid&
matrix
15R-1, 30-32 106.80 Chloritized basalebcia Visual: low porosity, some thin cracks 40 55 3 Sulfides and quartz occur mainly 489
veins
158-957F-
1N-1, 62-64 1.62 Massive pyrite breccia Thin section: high porosity 85 5 10 Damaged thin section, big pyrite clasts  9.28
1N-1, 71-73 1.71 Massive pyrite breccia Visual: intermediate porosity 85 5 10 Big pyrite clasts, small chalcopydtd8
clasts
158-957G-
3N-1, 12-14 21.12  Massive pyrite-anhydriteeteia Visual: low porosity, mostly vesicular 80 15 Clasts of pyilteasin granular pyrite 9.14
matrix
TAG-2 (Kremlin Area)
158-957H-
5N-1, 4-6 26.74  Massive granular pyrite Visual: low porosity, mostly vesicular adjacent to95 Big clasts of nodular pyrite 8.58
nodular pyrite clasts
5N-2, 29-31 27.89  Silicified wallrock breccia Thin section: intermediate porosity, some thin 60 2 30 5  Most open spaces fill with quartz 9.92
cracks, near quartz veins
158-957N-
1W-1, 62-64 0.62  Nodular pyrite-silicadwcia Visual: low porosity 30 2 65 Many quartz veins 7.36
TAG-4 (West of Black Smoker Complex)
158-957M-
9R-1, 61-63 4291  Altered basalt Thin section: very low porositg4), mostly Few cracks and veins 1.17
vesicles and other circular voids (siz@09-0.3
mm)
10R-1, 39-41 46.59  Altered basalt Thin section: very low porosity2%6), mostly Veins, some hair thin cracks (size <0.01.45
vesicles and other circular voids (siz&1 mm), mm)
some elongated voids@.4 mm)
10R-1, 47-49 46.67  Altered basalt Visual: same as other two basalt samples Same as other 2 basalt samples 1.70
TAG-5 (North of Black Smoker Complex)
158-9570-
2R-1, 34-36 8.24  Nodular pyrite breccia Thin section: high porosity, many cracks adjacenb€ 10 30 10 Very porous, anhydrite only partially 10.22
anhydrite veins fills open spaces
4R-1, 19-21 16.09 Pyrite-anhydrite breccia Visual: low porosity 60 5 35 Some cracks within anhydrite veins 7.69
4R-1, 29-31 16.19  Nodular pyrite-anhydriteebcia Visual: low porosity 75 3 20 Big pyrite clasts cut byydrite veins  7.84
158-957P-
1R-1, 49-51 0.49  Pyrite-anhydrite breccia Thin section: high porosity, elongated cracks, 60 10 30 \oid spaces concentrated near veins 15.95
unfilled voids near anhydrite veins
6R-1, 11-13 26.61  Nodular pyrite breccia Visual: intermediate porosity, mostly vesicular 90 9 Massive granular pyrite 9.29
adjacent to pyrite clasts
9R-1, 4-6 40.14  Nodular pyrite-silicadmcia Visual: low porosity, few circular voids, some thin 30 70 Nodular pyrite clasts in silica matrix 4.95
cracks
12R-2, 67-69 56.31  Pyrite-silica breccia Visual: low porosity, few circular voids, very few 35 60 5  Wallrock clasts extensively replaced [3.42
thin cracks silica and pyrite
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cm, hasv, = 4.42 km/s, and a massive pyrite-anhydrite breccia (Sanrespectively. In general, a substantial increase in velocities is record-
ple 957G-3N-1, 12-14 cm) ha§ = 6.26 km/s. Zone 3 extends from ed between 5 and 15 MPa. At higher pressures, both compressional-
about 25 to 100 mbsf, and most samples hgvef about 5.7 km/s.  wave velocities and shear-wave velocities increase steadily. Silici-
However, two pyrite-rich samples have an considerably Wjgof fied wallrock breccia samples from both the TAG-1 and the TAG-2
about 6.8 km/s (Samples 957H-5N-2, 29-31 cm, and 957P-12R-2reas show steeply increasing velocity vs. pressure curves, whereas a
67—-69 cm). The one sample from Zone 4, a chloritized basalt brecciaassive granular pyrite sample from TAG-2 and two pyrite-silica
(Sample 957E-15R-1, 30-32 cm) at a depth of 107 mbsf, has a relareccias from TAG-5 have much “flatter” curves. The application of
tively high V, = 5.88 km/s. Two massive pyrite breccias, plotted inincreasing confining pressure during measurements reduces the aper-
Figure 3 (Samples 957H-5N-1, 4-6 cm, and 957P-6R-1, 11-13 cmiyre of drilling-related cracks and some endemic cracks, so that both
were both recovered at about 27 mbsf and cannot be classified in aogmpressional-wave velocities and shear-wave velocities increase as
of the four major zones. porosity effects decrease (Wilkens et al., 1991).

Extremely difficult drilling conditions prevented special down-  In recent studies by lturrino et al. (1995) and Johnston et al.
hole and logging tool deployments during Leg 158. Shipboard phyg1995), it has been suggested that thin cracks may result from a re-
ical properties measurements are the only geophysical data availaloection of confining pressure, as rocks are recovered from the sea-
for rocks from a sediment-free subsurface hydrothermal systenfloor and brought to atmospheric pressure. Johnston et al. (1995)
However, shipboard minicore velocity measurements provide onlynade this observation for low-porosity basalts with a low population
V, data at atmospheric pressures and do not represent the in situ propmicrocracks. The low permeability of these rocks prevents the rap-
erties of the rocks. The ultrasonic high-pressure data for the TAG-tl loss of pressure from seawater-saturated pore spaces, thereby sig-
and TAG-5 samples, shown in Figures 4 and 5, illustrate the improveificantly increasing the pore pressure required for cracking to occur
ment achieved over the original shipboard measurements using ths the confining pressure decreases. This effect, however, is insignif-
same samples. Although shipboafcata seem widely scattered, the icant for the sulfide-rich samples from the TAG mound, because their
ultrasonic measurements indicate a general velocity increase witklatively high porosity and permeability prevent pore fluid overpres-
depth. A possible explanation for this trend is the increasing cemesuring. Microscopic analyses of the TAG samples suggest that the
tation and silicification from sulfides to silicified wallrock breccias thin cracks and vesicular pore spaces present are probably in situ
with depth observed throughout the mound. properties of those rocks, because no radial cracking, typical of pore

Two samples from TAG-1 (Samples 957C-7N-2, 4146 cm,  fluid overpressuring (Johnston et al., 1995), was observed in thin sec-
and 957C-7N-3, 1517 cm) were removed from massive anhydrite tions. The effect of different pore shapes on the measured seismic ve-
veins. Shipboard measurements on these samples were unsuccedsitities is discussed later.
because of energy attenuation caused by the relatively frail make-up Compressional-wave velocities are plotted vs. average shear-
of the samples. However, clear signals were recorded during the wiave velocities in Figure 11, along with lines of consiiv; ratio.
trasonic measurements at all confining presse28dViPa despite the  Rock types of the different zones have distinct characteristics. Two of
instability of anhydrite when seawater-saturated (Table 3). The comhe massive sulfides near the surface of the mound have ¥ igh
pressional-wave velocities at 100 MPa were 4.8 and 4.4 km/s, respeeatio of 1.8 to 1.9. Anhydrite-rich samples exhibit medium to high
tively (Fig. 4). These values are considerably higher 233%o0) values ranging from 1.65 to 1.85. The more silicified samples of Zone
than a comparable reference value/p¥ 3.6 km/s for an anhydrite 3, as well as the chloritized basalt sample of Zone 4, plot on lines of
specimen from the Swiss Alps (Clark, 1966), perhaps because of trdow V,/V,, narrowly ranging from 1.55 to 1.6 for seven out of eight
es of massive sulfide clasts present in the TAG samples (Table 2).samples, with the remaining sample only slightly higher at 1.65. Al-

Compressional-wave velocity at 100 MPa is plotted vs. bulk denthough increased silicification of the different rock types with depth
sity for all samples in Figure 6. As expected, a general trend of inncreases compressional-wave velocities (Figs. 4, 5), the shear-wave
creasing velocities with increasing densities can be observed. Thilocities are less affected. In terms of porosity structure, these rela-
trend is especially obvious for the anhydrite-rich samples of Zone 2ively high shear-wave velocities can be explained by a high concen-
the almost pure anhydrite vein sample with a low velocity of 4.4 kmtration of large aspect ratio pore spaces (e.g., vesicles) rather than a
s also has a low bulk density of 2.8 gfcamd a grain density of 3.0 high concentration of small aspect ratio voids (e.g., thin cracks), be-
g/, (A grain density of 3.0 g/chis also given for the anhydrite cause vesicular pore spaces will reduce shear-wave velocities much
mineral by Clark [1966]). The other extreme is a massive pyriteless than thin cracks (Wilkens et al., 1991).
anhydrite breccia sample (Sample 957G-3N-1, 12-14 cm)Wyith For most samples, the velocities of the two orthogonal shear
6.3 km/s and a bulk density of 4.1 gfcr®n the other hand, the three wavesS1andS2are indistinguishable (Table 3), confirming visual
altered basalt samples from TAG-4 have an average bulk density ahd microscopic observations that indicate random rather than pre-
2.88 g/cm, and their average compressional-wave velocity at 100erred orientation of both minerals and void spaces. However, the na-
MPa is 6 km/s. ture of this study can only detect variations at the hand-sample scale

Compressional-wave velocity at 100 MPa is plotted vs. totahnd, although large-scale anisotropy might exist within the mound,
porosity, calculated from index properties measurements for all minio inferences can be made owing to the lack of any other kind of seis-
core samples in Figure 7. Atrend is visible only for the anhydrite-richmic data.
rocks of Zone 2, where, in general, seismic velocity decreases with
increasing total porosity. For the other samples, the seismic velocity Sulfides
vs. total porosity relationship is widely scattered. Wilkens et al.

(1991) and Berge et al. (1992) have shown that the porosity distribu- An exception to the near-equality of shear-wave velocities for the
tion—pore-shape relationship is a more useful quantity than total pawo orthogonally propagating shear wagdsindS2can be observed
rosity. A more detailed discussion follows in the “Porosity Models”for the massive sulfide samples found in the upper few meters of the
section (this chapter). mound (Zone 1), which is illustrated in Figure 12. Two massive sul-
fide samples from the TAG-1 area have significantly lo&2than
Silvelocities. Those samples were recovered from Hole 957F in rel-
DISCUSSION atively close proximity of the active Black Smoker Complex. Be-
Seismic Velocities and Porosity Structure cause these samples are oriented, propagati2wéaves is in the
plane parallel to the drill core axis (Fig. 2). The distinct orientational

The results of the ultrasonic experiments for samples from thpreference might be explained by the location of those samples near

TAG-1, TAG-2, and TAG-5 areas are shown in Figures 8, 9, and 1@he major upflow conduit (Fig. 1). A massive sulfide sample recov-
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drite Sample 957C-7N-3, 37 cm, some cracks closed, but only
partially reopened after pressures were reduced, resulting in velocity
hysteresis between 5 and 20 MPa. A detailed explanation for such a
. V, hysteresis was given by (lturrino et al., 1991). Although other
o measurements, consisting of increasing and decreasing pressure
cycles, were performed for all major rock types, only the anhydrite-
enriched samples of Zone 2 showed this hysteresis behavior.

Top of borehole

Working half

Archive half
Basalts

S2- Drilling into basalt with different degrees of alteration may indi-
wave cate the horizontal and vertical dimensions of the mineralized upflow
wave L A zone. Three altered basalt samples were recovered over a depth range
= e of 43-47 mbsf at TAG-4, Hole 957M, west of the Black Smoker
Complex, and a chloritized basalt breccia was recovered at a depth of
107 mbsf at TAG-1, Hole 957E. Although similar in appearance, the
basalts have distinctive characteristics associated with different de-
grees of alteration and variable porosity structure. Basalts from TAG-
4 are altered, have low porosi® € 1.2%-1.7%) and compression-
al-wave velocities that increase from about 5.9 km/s at 5 MPa to 6.1
km/s at 100 MPa. Shear-wave velocities increase from about 3.3 km/
s at 5 MPa to 3.4 km/s at 100 MPa. On the other hand, the relatively
high-porosity (b = 3.5%), chloritized basalt sample from TAG-1

\ shows an increase in compressional-wave velocity from 5.3 to 5.9
km/s and an increase in shear-wave velocity from 3.2 to 3.8 km/s at
5 MPa and 100 MPa, respectively. These distinctive velocity vs.

JQressure ratios for basalt samples from different parts of the TAG

Figure 2. Geometry of ultrasonic measurements on minicore sampl dindi d d h ) hich
extracted from the working half of the split drillcore. A compressional wavelnoundin icate a strong dependence on the porosity structure, whic

propagates along the vertical axis of the minicore in a plane parallel to tHg_conflrmed by thin-section analysis and visual observations (Table
seafloor. Two orthogonal shear wavB4,andS2 travel through the sample :

the TAG-4 basalts contain only small concentrations of thin,
such thatS2 propagates in the plane parallel to the borehole axisSand small aspect ratio cracks, whereas the TAG-1 basalts contain many
propagates perpendicular to the borehole axis.

thin cracks that close during the increasing pressure cycle.
Christensen and Salisbury (1975) compared compressional-wave
velocities and densities for 77 seafloor basalts and suggested a non-
ered at TAG-2 (Sample 957N-1W-1,-8% cm) shows the opposite linear relationship between these parameters. For “normal” seafloor
effect of having a highé32thanS1velocity. The TAG-2 area located basalts, their model predicts a compressional-wave velocity of 6.37
near the “Kremlin” area represents a very different hydrothermal rekm/s for a given density of 2.88 g/énfror TAG basalts with similar
gime than at TAG-1. One other massive sulfide sample from thdensitiesy, is less than 6.1 km/s and the total porosity of 1.2%—-1.7%
TAG-5 area (Sample 9570-2R-1,-86 cm), at the northern side of is low. Microscopic analysis shows few unfilled pore spaces, and the
the actively venting Black Smoker Complex, does not exhibit anfew observed void spaces are predominantly vesicular (Table 2).
preferred orientation for shear wave propagation. These anisotropitowever, the samples have a framework composed of altered grains.
shear-wave velocity observations must, however, be interpreted with low concentration of large aspect ratio pore spaces (e.g., vesicles)
caution, because too few of the massive sulfide samples were avaiill cause only a negligible reduction in compressional-wave veloc-
able for the seismic velocity measurements. ity (e.g., Ludwig et al., in press; Shearer and Orcutt, 1985; Wilkens
Compressional-wave velocities are presented as a function of swdtal., 1991). The deviation from “normal” basalt velocities can there-
fide mineral percentage in Figure 13. An increasé,iwith increas-  fore be explained as a direct result of hydrothermal alteration, rather
ing concentration of the major sulfide minerals (i.e., pyrite and chalthan porosity effects.
copyrite) can be observed for all samples from Zone 2 and 3, because
of the high bulk moduli of the principal mineral constituents (Table 2).

POROSITY MODELS

Sulfates
Understanding the porosity structure of an active hydrothermal

The abundance of anhydrite preserved within the mound (estimasystem is essential for describing both present and past episodes of
ed to be in the order of 1@n® was unexpected (Humphris et al., hydrothermal activity. Models dealing with fluid flow, geochemical
1995). Compressional-wave velocities as a function of anhydrite coriluxes, and alteration mechanisms would greatly benefit from con-
centration are shown in Figure 14. Seismic velocities of the anhystraints on the pore shape concentration of the different rock types en-
drite-rich samples of Zone 2 are substantially affected by the aburountered during drilling of the active TAG hydrothermal mound.
dance of the sulfate mineral. With increasing anhydrite concentra-
tion, V, decreases linearly. Microscopic observations of some of the Background
samples plotted in Figure 14 show that with an increase in anhydrite
concentration, concentration of thin cracks and vesicular pore spaces The velocities of seismic waves traveling through a rock are af-
also increases. Both effects, the relatively low bulk moduli of anhyfected by the rock’s porosity, the shape of its pores, and the media
drite and the increase in small aspect ratio pore spaces, are the cafiling the pores. To infer porosity and pore shape from seismic ve-
of this observed velocity/anhydrite concentration dependence. locities requires a theory relating these different properties, but as

Another characteristic of the sulfate-rich samples is illustrated iBBerge et al. (1992) show, no theory is completely adequate for the
Figure 15. As increasing confining pressures were applied to anhyigh porosities and broad range of pore shapes present in subseafloor
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Table 3. Compressional-wave and shear-wave velocities for sulfide, sulfate, and basalt samples from the TAG active mound.

Core, section,  Depth Velocity Pressure (MPa) Oriented
interval (cm) (mbsf) Rock type (km/s) 5 10 15 20 30 40 50 60 70 80 90 100 sample
TAG-1 (East of Black Smoker Complex)
158-957C-
7N-2, 8-10 20.93 Nodular silicified pyrite-anhydrite breccv, 4.76 4.85 4.90 5.05 5.09 5.13 5.15 5.19 5.20 5.25 5.26 5.30 Yes
s1 2.62 2.66 2.75 2.80 2.88 2.94 3.02 3.08 3.11 3.13 3.14 3.16
Vs2 271 2.72 2.77 2.82 2.97 3.03 3.10 3.12 3.15 3.16 3.17 3.18
7N-2, 114-116 21.99 Anhydrite vein 3.94 3.92 417 4.49 4.52 4.56 4.58 4.60 4.66 4.72 4.80 Yes
\/:1 261 3.05 3.11 2.39 2.40 2.40 2.42 2.45 248 251 2.55
Vs2 255 4.79 3.13 2.34 2.36 2.41 2.43 2.46 248 252 2.56
7N-3, 15-17 22.50  Anhydrite vein V, 3.82* 3.86* 3.90* 3.79 3.93 4.06 4.13 4.21 4.27 431 4.39 4.42 Yes
\/5)1 1.87* 2.09* 214* 210 2.21 2.31 2.34 2.43 2.48 2.50 2.53 2.55
Vs2 1.96* 2.05* 211* 210 2.22 2.31 2.37 2.39 2.44 2.49 2.49 251
11N-3, 118-120 34.79 Pyrite-silica breccia 5.16 5.23 5.29 5.31 5.36 5.40 5.42 5.44 5.46 5.49 5.51 5.52 Yes
\/:1 3.12 3.16 3.20 3.24 3.28 3.32 3.35 3.38 3.40 341 3.42 343
Vs2 3.16 321 3.26 3.31 3.35 3.39 3.40 3.42 3.44 3.45 3.47 3.48
15N-1, 115-117 43.35 Silicified wallrock breccia 5.16 5.23 5.38 5.40 5.45 5.53 5.56 5.60 5.63 5.66 5.70 572 Yes
\/5)1 2.94 3.02 3.11 3.18 3.25 3.30 3.35 3.41 3.43 3.45 3.47 3.50
Vs2 2.80 2.85 3.03 3.08 3.25 3.34 3.40 3.45 3.49 351 3.54 3.55
16N-1, 35-37 46.55  Nodular pyrite-silicadocia vV, 521 5.26 5.27 5.29 5.33 5.41 5.45 5.48 5.51 5.53 5.56 5.58 Yes
\/:1 3.03 3.15 3.20 331 3.40 3.46 3.48 3.50 3.52 3.55 3.57 3.58
Vs2 3.11 3.16 3.33 3.34 3.47 3.47 3.48 3.51 3.53 355 357 3.58
158-957E-
8R-1, 10-12 72.90  Silicified wallrock breccia vV, 5.37 5.39 5.45 5.50 5.56 5.60 5.62 5.63 5.69 5.69 5.71 5.72 No
\/:1 321 3.35 3.38 341 3.48 3.49 3.52 3.53 3.56 3.57 3.59 3.61
Vs2 3.17 3.36 3.38 3.39 3.49 3.53 3.54 3.58 3.61 3.62 3.63 3.65
15R-1, 30-32 106.80 Chloritized basalt breccia V, 5.29 5.38 5.50 553 5.61 5.68 5.73 5.78 5.81 5.83 5.85 5.88 No
\/21 3.20 3.33 342 3.46 3.52 3.58 3.62 3.66 3.68 3.72 3.74 3.77
A% 3.29 3.34 3.42 3.47 3.53 3.59 3.66 3.69 3.70 3.73 3.75 3.78
158-957F-
1N-1, 62-64 1.62 Massive pyrite breccia V, 5.17 5.18 521 5.22 5.23 5.25 5.28 5.30 5.25 5.26 5.27 5.30 Yes
\/5)1 2.75 2.75 2.76 2.77 2.77 2.80 2.80 2.83 2.83 2.85 2.86 2.88
Vs2 2.73 2.73 2.75 2.76 2.78 2.80 2.82 2.82 2.82 2.83 2.83 2.84
IN-1, 71-73 1.71 Massive pyrite breccia V, 5.63 5.58 5.67 5.68 5.70 5.71 5.73 5.74 5.76 5.77 5.77 5.79 Yes
\/z1 321 321 3.25 3.33 3.34 3.34 3.35 3.35 3.36 3.35 3.26 3.27
Vs2 3.12 3.03 3.10 3.11 2.98 3.01 3.07 3.07 3.07 3.06 3.07 3.07
158-957G-
3N-1, 12-14 21.12 Massive pyrite-anhydriteetria V, 6.01 6.05 6.10 6.12 6.15 6.17 6.18 6.20 6.21 6.23 6.25 6.26 Yes
\/5)1 3.60 3.66 3.72 3.73 3.76 3.79 3.80 3.81 3.81 3.82 3.82 3.82
Vs2 3.63 3.75 3.72 3.77 3.78 3.80 3.81 3.81 3.82 3.83 3.83 3.85
TAG-2 (Kremlin Area)
158-957H-
5N-1, 4-6 26.74  Massive granular pyrite vV, 6.66 6.68 6.68 6.68 6.70 6.72 6.74 6.74 6.74 6.76 6.78 6.80 Yes
\/:1 4.05 4.09 411 4.14 4.16 4.18 4.19 4.20 4.21 421 4.22 4.23
Va2 4.04 4.12 4.13 4.13 4.15 4.16 4.17 4.18 4.19 4.19 4.20 4.22
5N-2, 29-31 27.89  Silicified wallrock breccia vV, 6.32 6.39 6.47 6.54 6.64 6.68 6.76 6.78 6.80 6.82 6.84 6.86 Yes
\/:1 3.43 3.44 3.60 3.67 4.10 4.14 4.15 4.16 4.16 417 4.19 4.20
Vs2 354 3.74 3.78 3.92 4.10 4.13 4.14 4.14 4.15 4.16 417 4.18
158-957N-
1W-1, 62-64 0.62 Nodular pyrite-silicaducia V, 5.25 5.26 531 5.35 5.39 5.46 5.49 5.50 5.52 5.53 5.55 5.57 No
Vzl 2.98 3.11 3.25 3.29 3.37 3.40 3.40 3.43 3.45 3.45 3.46 3.47
Vs2 2.76 3.02 3.19 3.24 3.37 3.44 3.48 3.50 3.51 3.51 3.52 3.53
TAG-4 (West of Black Smoker Complex)
158-957M-
9R-1, 61-63 42.91  Altered basalt V, 5.89 5.92 5.93 5.94 5.96 5.99 6.00 6.01 6.03 6.04 6.06 6.07 Yes
\/5)1 321 3.24 3.25 3.26 3.26 3.27 3.29 3.30 3.33 3.33 3.34 3.35
Vs2 2.88 3.16 3.17 3.18 3.24 3.25 3.28 3.31 3.34 3.34 3.36 3.36
10R-1, 39-41 46.59  Altered basalt V, 5.98 5.99 6.01 6.01 6.02 6.04 6.04 6.06 6.06 6.06 6.06 6.06 Yes
\/:1 3.32 3.35 3.39 3.39 3.38 3.38 3.38 3.39 3.39 3.40 3.40 341
Vs2 3.37 3.37 3.38 3.38 3.37 3.38 3.38 3.39 3.39 3.40 3.40 3.40
10R-1, 47-49 46.67  Altered basalt vV, 5.89 591 5.95 5.97 5.97 5.97 5.97 5.99 5.99 5.99 5.99 6.00 No
\/5)1 3.32 3.32 3.39 3.40 3.41 3.41 3.41 3.41 3.41 341 341 341
Va2 331 3.32 3.46 3.46 3.46 3.41 3.42 3.43 3.43 3.43 3.42 3.43
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Table 3 (continued).
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Core, section, Depth \elocity Pressure (MPa) Oriented
interval (cm) (mbsf) Rock type (km/s) 5 10 15 20 30 40 50 60 70 80 90 100 sample
TAG-5 (North of Black Smoker Complex)
158-9570-
2R-1, 34-36 8.24 Nodular pyrite breccia vV, 5.28 5.39 5.46 5.49 5.59 5.61 5.62 5.67 5.67 5.69 5.73 5.74 Yes
Va 2.80 2.86 2.99 3.07 3.23 3.25 3.29 3.32 3.34 3.36 3.36 3.38
Ve 2.94 2.99 3.13 3.21 3.28 3.29 3.32 3.34 3.36 3.37 3.38 3.39
4R-1, 19-21 16.09  Pyrite-anhydrite breccia A 5.64 5.85 5.96 5.97 6.06 6.12 6.13 6.15 6.16 6.18 6.19 6.21 Yes
Vg 2.95 3.10 3.24 3.24 331 3.37 3.40 3.45 3.48 3.50 3.54 3.55
Ve 2.75 2.89 3.03 3.05 3.09 3.10 3.30 3.36 3.40 3.43 3.45 3.47
4R-1, 29-31 16.19 Nodular pyrite-anhydrite breccia Vy 5.74 5.78 5.81 5.84 5.88 5.94 5.97 5.98 6.01 6.03 6.06 6.07 Yes
Va 3.18 321 3.26 3.29 3.33 3.38 3.39 3.41 3.42 3.44 3.47 351
Ve 2.99 3.08 3.16 3.27 3.27 3.34 3.42 3.44 3.47 3.49 3.50 3.53
158-957P-
1R-1, 49-51 0.49 Pyrite-anhydrite breccia Vo 4.69 4.77 4.78 4.79 481 4.85 4.88 4.90 4.91 4.93 4.96 4.98 Yes
Vg 253 2.62 2.66 2.69 272 2.74 2.76 2.77 2.77 2.78 2.78 2.79
Ve 2.54 2.54 2.59 261 2.68 2.70 2.72 2.73 2.74 2.74 2.75 2.76
6R-1, 11-13 26.61  Nodular pyrite breccia Vp 5.74 5.80 5.84 5.92 5.96 5.99 6.02 6.04 6.06 6.08 6.10 6.13 Yes
Vg 3.36 3.45 3.52 3.55 3.59 3.64 3.68 3.71 3.72 3.74 3.74 3.76
Ve 343 3.46 3.50 351 3.56 3.58 3.59 3.61 3.63 3.68 3.68 3.70
9R-1, 4-6 40.14  Nodular pyrite-silicaducia Vo 5.62 5.66 5.69 5.70 5.74 5.77 5.78 5.78 5.80 5.81 5.82 5.84 Yes
Vg 3.02 3.63 371 3.75 3.75 3.76 3.76 3.76 3.77 3.77 3.78 3.79
Ve 3.06 3.56 3.65 3.67 3.71 3.72 3.74 3.74 3.75 3.76 3.76 3.77
12R-2, 67-69 56.31 Pyrite-silica breccia Vy 6.52 6.61 6.63 6.67 6.69 6.71 6.72 6.74 6.74 6.74 6.76 6.76 Yes
Vg 4.04 4.07 4.07 4.09 412 4.15 4.15 4.16 4.17 4.18 4.18 4.19
Ve 4.13 4.10 413 4.14 4.18 4.19 4.20 4.21 4.22 4.22 4.22 4.23

Note: Ultrasonic measurements were made at increasing confining pressures of 5 to 100 MPa at the Petrophysics Laboratory of the Rosenstiel School of Marine and Atmospheric Science (RSMAS), University of Miami. * = exceptions
measurement sequence (see text for description).



SEISMIC VELOCITY-POROSITY RELATIONSHIP

Compressional-wave velocity (km/s) Ultrasonic P-wave velocity (km/s)
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Figure 3. Variations of compressional-wave velocities measured at 100 M vV Pyrite-silica breccia

vs. depth for the 24 minicore samples. The plot symbols correspond to 1
major internal structural zones of the active TAG mound, shown in the le

end Figure 4. Results from ultrasonic compressional-wave velocity measure-

ments at the TAG-1 area (east side of the Black Smoker Complex) and com-
parison with shipboard measurements using the “Hamilton Frame.” (The
rocks. Two broad groups of theories describe porosity structure: se vertical, open arrows indicate the depth range for samples from Holes 957C
consistent theories, for which each crack is treated as if it were € and 957E. The horizontal, filled arrows indicate the velocity change between
bedded in a cracked background medium (following rock physics € the shipboard and the ultrasonic measurements).
thodoxy we use “crack” to identify any pore space), and nonintera.
tion theories, which treat each crack as if it were isolated in an un-
cracked background. Strictly speaking, these theories are valid onlyoks6z (KT+) theory, described by Berge (1991) and Berge et al.
for very small crack densities (i.e., for small porosities). As crack1992), to several samples representing the major internal structure
density is increased, self-consistent theories will tend to overestimagmnes of the active TAG mound. Microscopic observations on mini-
the softening effects of cracks; thus, for a given porosity, the velocitgore thin sections, together with index properties measurements, pro-
they predict will be too small. Conversely, noninteraction theoriesvided constraints on starting models for this nonunique parameter es-
underestimate the effects of cracks, thereby predicting velocities thétmation problem. From these observations, we constructed models
are too high for a given porosity. The disagreement between tHer seven aspect ratia] bins, ranging from vesicles € 1) to thin
theories at large porosities can be significantly reduced by treatinglongated cracks(= 0.001). Elastic moduli and densities for both
the total porosity as if it has been built up recursively, a small numbehe background material and the pore fluid were also required as in-
of cracks at a time, with each new crack “feeling” the cracks thaput parameters. Background material parameters were estimated
came before but being unaffected by the cracks that have yet to Blem the mineralogy of the sample and the measured grain density
added. The result is a hybrid or an extended theory, which combiné$ables 1, 2). We assumed that pore fluid properties were similar to
both noninteraction and self-consistent philosophies, and which iose of seawater, with a salinity of 3.5%, a typical value for North
correct at least to the second order in the crack density (Berge et dtlantic deep water (Sverdrup et al., 1942). The same salinity value
1992; Cheng, 1978). was obtained for several bottom water measurements during Leg 158
In order to infer pore shape distributions of oceanic crust fron{Humphris, Herzig, Miller, et al., 1996).
seismic data, extended versions of both the Kuster-Toks6z theory We used an iterative forward-modeling approach to construct a
(Kuster and Toksdz, 1974a; 1974b) and the Walsh theory (Walsliinal porosity distribution model that best fits the ultrasonically mea-
1969) have previously been applied with success (Berge et al., 199jred velocities of a particular sample. During the first step, we com-
Ludwig et al., in press). The resulting models provide a distributiorputed the theoretical velocities corresponding to our starting porosity
of pore space volume over different pore shapes defined by thailistribution model; our best guess constrained by microscopic obser-
aspect ratio. vations and index properties measurements. We then compared the
result with measured velocities listed in Table 3 and made small cor-
Methodology rections to the previous model by changing the contribution to poros-
ity in each bin. To make these corrective changes, we were guided by
To reproduce the compressional-wave and shear-wave velocitiéise known physical dependence of pore shape distribution and seis-
of the TAG samples measured at a confining pressure of 1 MPa, weic velocities. The mathematical description of this relationship is
applied an iterative modeling scheme using the extended Kusteleyond the scope of this paper, but it can be found in (Kuster and
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Ultrasonic P-wave Velocity (km/s) Toks0z, 1974a). These equations describe how\gaahdV, are af-
fected as porosity at any particular aspect ratio is adjusted. In general,

40 45 50 55 6.0 65 7.0  anincreasing population of thin, water-filled craaks.01) will re-

0 e L duceV;faster than it reduces, whereas an increasing population of
10 ~—— A ] thick, water-filled cracks o(>0.01) will reduceV, faster thanv
| | (Shearer, 1988). Seismic velocities are less affected by high concen-
20L >0 i trations of larger pores than by high concentrations of smghores.
L i From this relationship, it is relatively straightforward to correct the
301 . porosity at each aspect ratio in order to achieve the desired velocities.
F 1 These iterations were repeated until the theoretically computed
o 40 ~ 8 velocities matched the measured ultrasonic velocities within 1%, cor-
2 ol 1 responding to the approximate resolution of the experiment. Clearly,
£ K f this modeling approach does not yield a unique solution. However,
< 60L >V the constraints on the starting model and the iteratively obtained im-
1= L ] provements of the succeeding models, achieved through small alter-
8 70f -4 ations, assure that the final model reflects a reasonable estimate of the
6ol 1 true pore shape distribution.
9ol 1 Results and Observations
100l ] The final porosity models for representative samples of each zone
| ] are shown in Figure 16. Porosity is plotted on a logarithmic scale vs.
1200w v bins of aspect ratio. By summing the porosities in each aspect ratio
Symbols: bin, we obtain the total porosity.
& Shipboard P-velocity [] Nodular pyrite-anhydrite breccia A massive pyrlte breccia, Sample 957F-1N-1-®&2 cm, was
A Nodular pyrite breccia W Nodular pyrite-silica breccia chosen as a representative massive sulfide sample of Zone 1. It has a
i Pyrite-anhydrite breccia vV Pyrite-silica breccia very high concentration of sulfides (85% pyrite and 5% chalcopyrite;

Table 2) and a grain density of 3.83 gichinfortunately, pore-shape

Figure 5. Results from ultrasonic compressional-wave velocity measurd2OnStraints are very limited for this particular sample because the
ments at the TAG-5 area (north side of the Black Smoker Complex) and confpatching thin SeCt'O,n was damaged during preparatlo.n.. To maich the
parison with shipboard measurements using the “Hamilton Frame.” (Tths'erVed compressmr_lal-wave a“d Shea_r'wave Veloc't'_es of 5.3 km/s
horizontal arrows indicate the velocity change between the shipboard and tR&'d 2:9 km/s, respectively, a relatively high concentration (5.9%) of
ultrasonic measurements.) spherical poreso(= 0.5-1.0) is reql_Jlred during modeling (Flg. 16). _
Pore spaces of smaller aspect ratio have lower concentrations, with
the thin cracks oft = 0.001 having the lowest concentration (0.5%).
I The total porosity for this sample after modeling is 9.9%, compared
with 9.3% obtained by the calculation of index properties.

The anhydrite-rich Zone 2 comprises two distinctive types of
rocks: up to 45 cm long, almost pure anhydrite veins and sulfide-
anhydrite breccias. Sample 957C-7N-3;-15B cm, represents the
first type, composed of 95% anhydrite and only 5% sulfide (Table 2).
Microscopic analysis suggests a high total porosity, which is con-
firmed by index properties measurements that yielded a total porosity
of 9.6%. The modeled porosity distribution is presented in Figure 16.
A high concentration of spherical pore spaces (9.7%) is necessary to
account for the high total porosity without considerable reduction in
seismic velocities. The KT+ method vyields a total porosity<
10.6%).

Sample 957P-1R-1, 481 cm, represents the second type of Zone
2 rocks, a pyrite-anhydrite breccia. Although this sample has a mas-
sive sulfide concentration of 70% and “only” 30% anhydrite, the
) T T B B B measured seismic velocitied,= 4.98 km/syVs= 2.78 km/s) are only

2.5 3.0 3.5 4.0 4.5 5.0 slightly higher than those for the almost pure anhydrite sariple (
Bulk density (g/cm3) 4.42 km/sV; = 2.53 km/s). This can be explained by the high total

porosity of the pyrite-anhydrite sample, calculated at almost 16%
Zone 1 (massive sulfides) from index properties measurements. The sample’s modeled porosity
Zone 2 (anhydrite-rich) distribution is presented in Figure 16. The concentratiam ©0.5—
Zone 3 (silicified wallrock breccias) 1.0 pore spaces is high at 11.8% (as in the anhydrite vein sample). In
Zone 4 (chloritized basalt breccias) addition, modeling pore space distribution for Sample 957P-1R-1,
Altered basalts 49-51 cm, requires a high concentration of “crack-like” pore spaces
Massive pyrite breccias (a = 0.001-0.05) of 5.0% to 5.6%. After modeling, the total porosity
value of 17.2% is very high. However, the modeling results agree

Figure 6. Compressional-wave velocity at 100 MPa as a function of bulk den- ) ; ) . .
. S well with microscopic observations showing elongated cracks and
sity. The plot symbols correspond to the major internal structural zones of the . . . . . .
active TAG mound. unfilled voids near the intrusion of anhydrite veins (_Table 2). o
Sample 957C-16N-1, 387 cm, a nodular pyrite-silica breccia, is

representative of Zone 3, the increasingly silicified part of the TAG
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mound. Thin-section analyses indicate an intermediate porosity, with
many pyrite nodules surrounded by cavities and cracks. Pore space
modeling results for this sample are shown in Figure 16. Ultrasonic
velocity measurementsv( = 5.58 km/s;V, = 3.58 km/s) were
matched by a relatively high concentration of “sphere-like” pores and
alow concentration of small aspect ratio pore spaces. Thisis in agree-
ment with a lowV,/V; ratio, shown in Figure 11. The total porosity
calculated with the KT+ method is 5.5%, whereas the value obtained
from index properties measurements is 5.1%.

One chloritized basalt breccia from Zone 4, Sample 957E-15R-1,
30-32 cm, was analyzed. Its aspect ratio distribution, shown in Fig-
ure 16, suggests a broad spectrum of pore spaces with mostly vesic-
ular pores and few extremely thin cracks. Total porosity values are
5.8% and 4.9% from KT+ and index properties calculations, respec-
tively.

The last minicore analyzed for porosity distribution was a basalt
sample recovered at TAG-4 (west of the Black Smoker Complex) at
a depth of about 47 mbsf. Because all basalt samples showed very
similar characteristics during physical properties measurements,
Sample 957M-10R-1, 391 cm, is taken as representative of the
basalt samples recovered from Hole 957M (Tables 1-3). Index prop-
erties measurements show a very low total porosity of 1.7%, and the
modeled porosity distribution for this sample is shown in Figure 16.
Although there is a broad peak corresponding to vesicular pore spac-
es (@ = 0.5-1.0), small aspect ratio pore spaces (i.e., thin cracks) con-
tribute very little to the total porosity of the basalt sample. This agrees
well with microscopic observations of mostly vesicular pore spaces.
However, to match the ultrasonic velocity measurements, a slightly
igher than expected total porosity is required by the KT+ theory (
1.9%). Elastic moduli of “normal” oceanic crust basalt, which were
sed as input parameters for the modeling, are probably “stiffer” than

¥ Nodular pyrite-silica breccia

W Massive granular pyrite

@® Silicified wallrock breccia

Seismic velocity (km/s)

PR R T N R R S R B B
0 10 20 30 40 50 60 70 80 90 100
Confining pressure (MPa)

Figure 9. Compressional-wav¥f and shear-waveV() velocities as func-
tions of confining pressure for sulfide samples from the TAG-2 area (Kremlin

tions of confining pressure for sulfide samples from the TAG-1 area (sout White Smoker Complex). In order to better distinguish the velocity-pressure

east side of the Black Smoker Complex). In order to better distinguish tl
velocity-pressure curves, lines are plotted for each sample, representin

logarithmic fit to the data.

curves, lines are plotted for each sample, representing a logarithmic fit to the
data.
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Figure 11. Compressional-wave velocij) over shear-wave velocityy)
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Pyrite-silica brecom information, these porosity models provide a first-order estimate that

i i » matches both the limited visual observations of pore shapes and the
Figure 10. Compressional-wavé,) and shear-wavevf) velocities as func-  gejsmic velocity measurements.

tions of confining pressure for sulfide samples from the TAG-5 area (north

side of the Black Smoker Complex). In order to better distinguish the veloc-

ity-pressure curves, lines are plotted for each sample, representing a logarith- SUMMARY AND CONCLUSIONS
mic fit to the data.
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Results from this study provide a unique reference set for the
the actual elastic moduli of the background material of the TAG baphysical properties of sulfide, sulfate, and basalt samples from an ac-
salts because of softening effects of altered vs. unaltered graints/e sediment-free hydrothermal system. In general, seismic veloci-
However, even if the correct moduli were known, we would expecties, densities, porosities, and pore space distribution are extremely

the overall porosity distribution to remain similar. variable within very short horizontal and vertical distances of the hy-
drothermally active mound.
Discussion Ultrasonic measurements on 24 minicores yield a substantial data

set of both compressional-wave and shear-wave velocities at elevat-

The extended Kuster-Toks6z theory was applied for the first timed pressures, that are more indicative of in situ conditions than the
on a hand-sample scale. In summary, modeling of pore-shape distshipboard seismic measurements of oRiwaves at atmospheric
bution in relation to ultrasonic measurements on minicores, whicpressures. A general increas&/jwith depth is observed for all sam-
represent the different lithologies drilled in the TAG mound, yieldsples and is probably caused by increased cementation and silicifica-
satisfactory results. The reliability of models is greatly improvedtion of the mostly brecciated rocks. The different rock types have dis-
wherever microscopic pore-shape observations are available. tinct V,/V; ratios, illustrating the importance of measuring bdh

The total porosity values obtained from the models are consistentBndV;. Massive sulfide samples of Zone 1 show a preferential direc-
higher than those obtained from direct index properties calculationsion for Swave propagation, which may be related to their location
The explanation for this is two-fold. First, the elastic moduli used asvithin the mound. Anhydrite-rich rocks of Zone 2 exhibit a clear
model input parameters may be too “stiff,” thereby requiring porositrend of increasiny, with increasing densities and decreasing poros-
ties that are too high in order to match the seismic data. Second, indéies. Rocks of Zones 2 and 3 show a seismic velocity dependence on
properties measurements probably underestimate the total porostttal sulfide mineral concentration. Porosity effects on seismic veloc-
because of the assumptions that all pore spaces are interconnecteities increase with higher anhydrite concentration of the rocks. An al-
very unlikely scenario for the multimineral structures of most of themost pure anhydrite sample exhibited velocity hysteresis in response
TAG samples, and fluid-saturation during wet-sample experimentso decreasing confining pressure. Basalt velocities deviate from “nor-
Estimating an error margin for the assumed elastic moduli of the backaal” mid-ocean ridge basalt velocities because of hydrothermal al-
ground material is very difficult because of the heterogeneity of théeration, rather than porosity effects.
brecciated samples. Therefore, the results of this modeling are some- Porosity distribution models were calculated for representative
what speculative. However, without other available porosity structureamples of each major lithologic zone within the TAG mound. Mi-

324



SEISMIC VELOCITY-POROSITY RELATIONSHIP

— »VVVV[VVVV[VVVV[VVVV[VVVV{VVVV{VVVOVNVJA /UT
w 350 - = &
~ | ’ 4 E
g ] =
[ . ]
<~ 3.4 | ’ .
~T ',o‘ ] 2 6.
[ 1 (&)
> 3.3LF Ll n o
[ 4 =V ] o)
2 F Pid s1 s2 j 2 5
i r . ] .
8 3.2 P4 ] g
rd
o r e 1 @
> 310 e ] 2
o E . ° E T 5.
S ool - | 3
g sof .’ ] o
d : ] 9,
L ’ 4 .
S 2.9F L’ 1 o
N r I'. 1 Qo
n [, ] =
2oglf i il e 1 S 4.
2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 ©) 20 40 60 80 100

Shear-wave velocity Vs, (km/s)

Anhydrite (%)

@® TAG-1 (massive sulfides) —H— Zone 2 (anhydrite-rich)
f I:g; (massive S”:?Zes) Figure 14. Compressional-wave velocity measured at 100 MPa as a function
5 (massive sulfides) of the anhydrite concentration in the samples. Minicores from the anhydrite-

rich Zone 2 show a negative correlation. A least-squares fit has been applied

Figure 12. A plot of the relationship between the velocities of the two ortho to the data to show the trend. The correlation coefficient is 0.834.
onal shear wavesS(Land S2 for massive sulfides of the upper Zone 1 at a

confining pressure of 100 MPa. A distinct shear-wave velocity anisotrof 45—~~—+—F—1+—"7T""—"7T""—T1T""—T"—T"—T7—
was measured on samples from the TAG-1 Area (southeast side of the Bl
Smoker Complex).
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Figure 13. Compressional-wave velocity measured at 100 MPa as a funct Confmmg pressure (MPa)

of the concentration of major sulfide minerals in the samples. Minicores fro

the anhydrite-rich Zone 2 and minicores from the intensely silicified wall Figure 15. Compressional-wavé,] and shear-wavev() velocities as func-

rock breccia Zone 3 show a fitdg correlaton. A least-squares fit has been tions of confining pressure for anhydrite Sample 158-957C-7N-3,716m.

applied to the data to show the trend. The correlation coefficient is 0.804 1 Both compressional-wave and shear-wave velocities show hysteresis

samples from Zone 2 and 0.759 for samples from Zone 3. between measurements at increasing pressures (upward-pointing triangles
and solid lines) and measurements at decreasing pressures (downward-point-
ing triangles and broken lines) as a result of only partial reopening of cracks.
The arrows indicate the sequence of measurements.
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Zone 1. massive pyrite breccia
Zone 2: anhvdrite vein

Zone 2: pyrite-anhydrite breccia
Zone 3: nodular pyrite-silica breccia
Zone 4: chloritized basalt breccia
Altered basalt

EEROO

0.1
0.01
2
‘©
=
o
o
0.001
Figure 16. Final aspect ratio distribution models of
pore shapes for representative samples of all major
lithologic zones of the TAG mound after using the
extended Kuster-Toksdz (KT+) theory. Porosity is
0.0001

plotted on a logarithmic scale vs. bins of aspect
ratio. The sum of all porosity values in each aspect 1
ratio bin is the total porosity of the sample.

croscopic analyses provide constraints on the models and improve
their reliability. Total porosity obtained by modeling is consistently
higher than the values obtained from index properties measurements.
The discrepancies can be explained by the errors in the assumptions
for both methods.

Our results show that the theories of porosity distribution in terms
of aspect ratios can be transferred to rock samples at a hand-sample
scale. Modeling provides a tool with which the links between poros-
ity, permesbility, fluid flow, geochemical fluxes, and alteration
mechanisms can be explored. At present, the inversion procedure to
obtain aspect ratio distribution from laboratory velocity measure-
mentsisdone by trial and error in an ad hoc manner. A goa for future
work is to automate this step and to obtain more objective results.
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