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Abstract—During ODP Leg 193, 4 sites were drilled in the active PACMANUS hydrothermal field on the
crest of the felsic Pual Ridge to examine the vertical and lateral variations in mineralization and alteration
patterns. We present new data on clay mineral assemblages, clay and whole rock chemistry and clay mineral
strontium and oxygen isotopic compositions of altered rocks from a site of diffuse low-temperature venting
(Snowcap, Site 1188) and a site of high-temperature venting (Roman Ruins, Site 1189) in order to investigate
the water-rock reactions and associated elemental exchanges.

The volcanic succession at Snowcap has been hydrothermally altered, producing five alteration zones: (1)
chlorite � illite-cristobalite-plagioclase alteration apparently overprinted locally by pyrophyllite bleaching at
temperatures of 260–310°C; (2) chlorite � mixed-layer clay alteration at temperatures of 230°C; (3) chlorite
and illite alteration; (4) illite and chlorite � illite mixed-layer alteration at temperatures of 250–260°C; and
(5) illite � chlorite alteration at 290–300°C. Felsic rocks recovered from two holes (1189A and 1189B) at
Roman Ruins, although very close together, show differing alteration features. Hole 1189A is characterized
by a uniform chlorite-illite alteration formed at �250°C, overprinted by quartz veining at 350°C. In contrast,
four alteration zones occur in Hole 1189B: (1) illite � chlorite alteration formed at �300°C; (2) chlorite �
illite alteration at 235°C; (3) chlorite � illite and mixed layer clay alteration; and (4) chlorite � illite alteration
at 220°C.

Mass balance calculations indicate that the chloritization, illitization and bleaching (silica-pyrophyllite
assemblages) alteration stages are accompanied by different chemical changes relative to a calculated pristine
precursor lava. The element Cr appears to have a general enrichment in the altered samples from PACMA-
NUS. The clay concentrate data show that Cr and Cu are predominantly present in the pyrophyllites. Illite
shows a significant enrichment for Cs and Cu relative to the bulk altered samples.

Considerations of mineral stability allow us to place some constraints on fluid chemistry. Hydrothermal
fluid pH for the chloritization and illitization was neutral to slightly acidic and relatively acidic for the
pyrophyllite alteration. In general the fluids, especially from Roman Ruins and at intermediate depths below
Snowcap, show only a small proportion of seawater mixing (�10%). Fluids in shallow and deep parts of the
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Snowcap holes, in contrast, show stronger seawater influence. Copyright © 2004 Elsevier Ltd
1. INTRODUCTION

The PACMANUS hydrothermal field (named after the Papua
New Guinea-Australia-Canada-Manus cruise with RV Franklin
in 1991 which discovered the field), drilled during the Ocean
Drilling Program (ODP) Leg 193, is the first active felsic-
hosted convergent margin hydrothermal system to be studied
by scientific drilling.

Several studies have shown that the host rock composition is
important in determining the character and composition of wall
rock alteration and sulfide mineralization (e.g., Zierenberg and
Shanks, 1994; Hannington et al., 1995; Barrie and Hannington,
1999; Alt and Bach, 2003). Studies of hydrothermal precipi-
tates have demonstrated that felsic-hosted sulfide deposits are
particularly rich in gold relative to those at typical basalt-hosted
* Author to whom correspondence should be addressed (klackschewitz@
ifm.geomar.de).
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hydrothermal fields on midocean ridges (e.g., Herzig et al.,
1993; Herzig and Hannington, 2000; Moss et al., 2001).

Most of the formerly igneous/volcanic rocks recovered dur-
ing Leg 193 are characterized by extensive hydrothermal alter-
ation displaying an extreme diversity of mineral assemblages
including silicates, sulfides, sulfates and oxides (Binns et al.,
2002). These assemblages reflect a complex variety of alter-
ation conditions. Phyllosilicates, in addition to cristobalite and
quartz, are the dominant hydrothermal alteration minerals and
are therefore important for understanding the alteration condi-
tions, especially with respect to the chemical and isotopic
exchange between felsic rocks and hydrothermal fluids. A
detailed characterization of clay minerals is fundamental to
understanding the changing physicochemical parameters of the
fluids in the felsic-hosted hydrothermal system of PACMA-
NUS. In general, studies of hydrothermal clays have been
focussed on basalt-hosted hydrothermal fields located at mid-

ocean ridges. Several studies on hydrothermal clay minerals
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from midocean ridge systems have documented diverse alter-
ation assemblages that reflect histories of changing chemical
and physical conditions (e.g., Honnorez et al., 1983; Singer and
Stoffers, 1987; Buatier et al., 1989, 1995; Lackschewitz et al.,
2000a,b; Porter et al., 2000).

Previous studies of the clay mineral alteration from drill
holes in felsic volcanic arc and back-arc basement (e.g., Schöps
and Herzig, 1994; Alt et al., 1998; Vitali et al., 1999) have
documented locally intense alteration with the formation of
illite, chlorite, kaolinite, pyrophyllite and diverse mixed-layers.
However, only little is known about the chemical and isotopic
changes during the alteration and mineralization of felsic-
hosted hydrothermal systems.

This paper presents mineralogical, chemical and isotopic
data for hydrothermal phyllosilicates from Ocean Drilling Pro-
gram (ODP) Sites 1188 and 1189 at the hydrothermally active
PACMANUS site in the Manus Basin, drilled during ODP Leg
193. Analysis of clay separates representing a variety of alter-
ation styles demonstrates that significant and characteristic
changes in the bulk rock chemical composition are associated
with the various stages of the high-temperature alteration. An
estimation of the chemical exchange for the different alteration
styles allows us to document the elemental gains and losses

Fig. 1. Seafloor geology of the eastern Manus Basin. E
ends of the Djaul and Weitin transform faults, have yielde
(modified after Binns et al. 2002). Inset shows the region
eastern Manus Basin. PACMANUS lies in the eastern Ma
faults (modified after Binns et al., 2002).
during alteration and to document the physical and chemical
variables in the fluids that control the alteration mineral
paragenesis.

2. GEOLOGIC SETTING

2.1. Regional Setting

The Manus Basin in the eastern Bismarck Sea is a fast-
opening (ca. 10 cm/yr) backarc basin that is bound by the
inactive Manus Trench in the north and the active New Britain
Trench in the south (Fig. 1).

The eastern Manus basin is a pull-apart zone which is
bounded by two major transform faults, the Weitin Fault to the
east and the Djault Fault to the west (Fig. 1). Between these
transforms a series of en echolon volcanic ridges were formed
by fissure eruptions of calcalkaline volcanics. Several of these
neovolcanic zones are characterized by widespread hydrother-
mal activity.

The PACMANUS hydrothermal field is one of three major
hydrothermally active areas in the eastern Manus Basin lying
on the crest of the northeast-trending Pual Ridge (Fig. 1). The
ridge is composed predominantly of dacite and andesite (Binns
and Scott, 1993; Paulick et al., 2004). Hydrothermal activity at
PACMANUS is concentrated in several discrete fields, includ-

nding neovolcanic edifices, extending between the active
ranging from picritic basalt to rhyodacite in composition
nic setting of the PACMANUS hydrothermal site in the
zone, a pull-apart structure between two major transform
NE-tre
d lavas
al tecto
ing active chimney fields, iron-oxide mounds, and areas of



4407Felsic-hosted PACMANUS hydrothermal field
diffuse venting, over a 3-km section of the Pual Ridge crest
(Fig. 2). Cores from the following two fields were used in this
study:

Roman Ruins (1693–1710 mbsl, 150 m across) is character-
ized by many columnar chimneys as high as 20 m expelling
high temperature black-smoker fluids (T � 268°C). End-mem-
ber fluids are acidic (pH � 2.7), have high K/Ca ratios, and are
high in Mn, Fe, and Pb relative to midocean ridge fluids
(Auzende et al., 1996; Shitashima et al., 1997; Douville 1999).

Snowcap (1654–1670 mbsl) is a site of low-temperature
(6°C) diffuse venting. It is a 10 to 15 m high hill, 100 � 200 m
in size, of altered dacite-rhyodacite and hyaloclastite. Alter-
ation minerals such as cristobalite, alunite, diaspore and illite-
montmorillonite predominate reflecting interaction at low-tem-
perature between dacites and a highly acid, relatively oxidized
hydrothermal fluid, i.e., advanced argillic alteration (Binns et
al., 2002).

2.2. Hydrothermal Alteration

Active PACMANUS hydrothermal sites were penetrated on
ODP Leg 193 in holes 1188A, 1188F (both Snowcap), 1189A,
1189B (both Roman Ruins), and 1191A (Satanic Mills) (Binns
et al., 2002; Fig. 2). The Satanic Mills site 1191 was penetrated
to only 20.1 mbsf and had very poor core recovery with
negligible alteration so will not be examined further.

With the exception of fresh glassy rhyodacite and dacite near
the seafloor, hydrothermal alteration is ubiquitous in the sub-
surface at Snowcap and Roman Ruins (Binns et al., 2002). The
hydrothermal alteration is complex and multi-stage, and in-
cludes pervasive replacement of igneous material, and alter-
ation halos along anhydrite � pyrite � quartz veins. Mineral
assemblages arising from hydrothermal alteration vary with
depth, and are complicated by overprinting relationships. At
both sites, rocks are highly to completely altered to cristobalite
and/or quartz, clay minerals, anhydrite and disseminated pyrite.
A lower sequence below 120 mbsf in Hole 1189B comprises

Fig. 2. Distribution of hydrothermal deposits within the PACMA-
NUS field along the crest of Pual Ridge and location of ODP Leg 193
drill hole sites. The map is based on bottom-tow photography and
submersible dive observations from several PACMANUS cruises
(modified after Binns et al., 2002).
hydrothermal alteration features which are distinctly different
from those encountered at Snowcap. K-feldspar is abundant
and magnetite is rare. The K-feldspar appears to be associated
with quartz-chlorite alteration, which alternates with less
strongly altered cristobalite-bearing rocks in the lower portion
of Hole 1189B. For a detailed description of the petrography of
the samples the reader is referred to the ODP Initial Results
volume (Binns et al., 2002).

3. METHODS

The water-saturated samples were freeze-dried for disintegration.
After weighing, the freeze-dried sample was divided into a fine (�63
�m) and a coarse fraction (�63 �m) by wet sieving. Grain size
separation into a silt (2–63 �m) and a clay fraction (�2 �m) was
performed by settling of particles in standing cylinders according to
Stokes’ law (Moore and Reynolds, 1989). In addition, some clay
fractions were separated into a �1 �m- and a 1–2 �m-fraction using a
centrifuge. In the latter case we were able to produce clay mineral
separates for three samples for oxygen and strontium isotope analyses.

Clay mineralogy was determined by X-ray diffractometry using a
Philips X-ray diffractometer PW 1710 with monochromatic Cu-K�
radiation. Oriented samples were produced by vacuum filtration
through a 0.2 �m filter. Measurements were carried out on air-dried,
glycol-saturated and KCl-saturated samples. Randomly oriented pow-
der preparations were scanned from 60 to 75° 2 theta to identify di- or
trioctahedral clay minerals from their 060 reflections. Relative abun-
dances of the minerals are estimated qualitatively using the following
categories: trace (�2%), minor (2–5%), common (5–50%), abundant
(50–90%) and very abundant (�90%).

Based on structural and chemical data Brindley and Brown (1980)
calculated XRD profiles for illite-dioctahedral chlorite and illite-(gly-
col) dioctahedral smectite with different proportions of smectite using
a computer program that treats three-component interstratification.
They documented that significant changes in the amount of one com-
ponent affect the position of the peaks. Thus, careful measurement of
the spacing of these peaks gives compositional information for mixed
layer clays from the d-values of Brindley and Brown (1980).

Simultaneous thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) were carried out on 10 mg of powdered
samples with a TA Instruments (USA) model SDT 2960. TGA/DTA
runs were recorded at a scan rate of 10°C/min up to 1100°C. The
sample compartment was flushed at all times with dried, ultra-high-
purity argon. Infrared spectroscopy (IRS) was carried out on a Nicolette
FTIR apparatus. Infrared spectra were registered in the 4000–400
cm�1 range using nearly monomineralic samples prepared in the form
of KBr disks. For major and trace element analysis, bulk rock samples
were oven-dried at 40°C and then pulverized. The major element
composition of bulk rock samples and clay concentrates was deter-
mined using Philips (PW 1400 and PW 1480) X-ray fluorescence
(XRF) spectrometers and a Camebax SX 50 electron microprobe,
respectively. For XRF analysis, the samples were dried at 900°C and
melted using lithium tetraborate (Li2B4O7) in a mixture consisting of
600 mg rock powder and 3600 mg lithium tetraborate. The XRF
determinations were calibrated against 44 international rock standards.
Electron microprobe analyses were performed on pressed-powder pel-
lets. To effectively average compositional heterogeneities, four to eight
points were analyzed on each clay concentrate by a defocussed beam.
Trace elements were analyzed using a Finnigan MAT Element 2
double-focussing, single collector ICP-MS. Total dissolution of bulk
rock samples and clay concentrates was performed by a microwave
HF-HNO3-aqua regia attack (Garbe-Schönberg, 1993). The accuracy of
the analytical results was controlled by measuring the international
standard reference material “BHVO-2.”

For oxygen isotope analysis, only samples with monomineralic clays
(as determined by XRD) were analyzed. before isotope analysis, free
Fe- and Mn-oxides were removed by the method of Mehra and Jackson
(1960). Oxygen was extracted from silicates using the ClF3 method
(Clayton and Mayeda, 1963; Borthwick and Harmon, 1982). The
samples were transferred to nickel reaction vessels and heated for 2 h

at 150°C. All samples were then reacted with ClF3 at 600°C for 12 h.
Oxygen was quantitatively converted to CO2 which then was analyzed
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isotopically in a Finnigan MAT 251 stable isotope mass spectrometer.
Oxygen isotope ratios are expressed in the conventional �-notation as
deviation in per mil from SMOW (Standard Mean Ocean Water). The
oxygen isotope value of the NBS-28 standard (Matsuhisa, 1974) was
determined to be �18O � 9.2 � 0.2‰ (accepted value 9.6 � 0.15‰)

Sr-isotope composition was measured with the Re-double filament
technique on a Finnigan MAT 262 RPQ� in static mode. Usually 100
to 200 87Sr/86Sr ratios were collected for each measurement, which
resulted in a internal precision of better than 10 ppm (2 SE) of the
87Sr/86Sr value for most of the samples. The whole procedure Sr blank
is less than 500 pg. However, sample sizes are sufficiently large
(approx. 1 �g of Sr) that blank corrections are negligible. A mean
87Sr/86Sr value of 0.710236 � 34 (2 standard deviations) for the NIST
987 standard solution was calculated from 12 analyses (accepted value
0.71025), covering the whole measurement period for the data set. The
� 34 represents the minimum uncertainty assigned to any individual
sample measurement.

4. RESULTS

4.1. X-ray Diffraction Data

The clay mineral assemblages obtained by XRD are reported
in Tables 1, 2 and 3.

4.1.1. Snowcap

The clay mineralogy of samples from holes 1188A and
1188F is dominated by illite and chlorite (Table 1). Chlorite
was identified by the (001) spacing at 14.2 Å which remains
unaffected by glycol saturation or heating at 550°C. TGA/DTA
and IRS of a nearly pure chlorite in the clay fraction of sample
1188A-20R-1, 68–72 cm indicate a trioctrahedral 2:1 layer.
Reflections at �10 Å and 5.0 Å characterize illite. In addition,
a reflection at 14.2–14.5 Å, which expands to 17.0–17.2 Å after
glycolation, indicates the presence of smectites in some of these
samples. Reflections between 12 and 13 Å in KCl-saturated
samples are also typical of smectite (e.g., Sample 1188A-8R-1,
108–112 cm). A (060) reflection at 1.495 Å indicates diocta-
hedral smectite.

The appearance of illite-smectite-chlorite (I-S-C) mixed lay-
ers characterizes the clay mineralogy of the uppermost sample
1188A-7R-1, 88–92 cm at 49.08 mbsf. Strong reflections at
14.2 Å, 7.1 Å, 4.74 Å and 3.54 Å changed after glycol treat-
ment to 15.9 Å, 8.3 Å and 7.53 Å, 5.53 Å, and to a broad
reflection in the region 3.54–3.40 Å, respectively, confirming
the presence of an I-S-C phase (Brindley and Brown, 1980). A
small reflection at 9.6 Å indicates the presence of illite inter-
layers. The XRD patterns produced by air-dried, glycolated
samples of pervasively bleached, acid sulfate-altered rocks
show basal reflections at 9.4 to 9.5 Å, 4.65 to 4.7 Å and 3.09 to
3.11 Å (Fig. 3A) which can be attributed to either pyrophyllite
or talc. TGA/DTA, IRS and chemical analyses confirm the
presence of pyrophyllite. Pyrophyllite occurs as a nearly pure
mineral in four clay concentrates between 49 and 120 mbsf in
Hole 1188A (see Table 1), with trace amounts of pyrite or
anhydrite or quartz. Cristobalite and plagioclase are additional
common phases in the clay fractions of samples between 50
and 170 mbsf.

At 120 to 190 mbsf, the mineralogical sequence reflects a
distinct change to illite-smectite (I-S) and chlorite-vermiculite-
smectite (C-V-S) mixed layer-dominated clay fractions. The
I-S is characterized by a diffraction peak at 12.2 Å which

becomes 14.2 Å after glycolation (Fig. 3B). Reflections in the
region 5.0–5.3 Å confirm the presence of an I-S phase (Moore
and Reynolds, 1989). A superlattice peak at 24 Å that expands
to 27 Å with glycol was found in sample 1188A-17R-1, 38–41
cm, implying the presence of regular 1:1 interstratification in
mixed layering.

Figure 3C is an example of the three-component interstrati-
fication chlorite-vermiculite-smectite. The XRD diagram is
characterized by several strong basal reflections and a super-
lattice peak at 28.2 Å. The peak positions of this phase change
little after glycolation indicating only small amounts of inter-
layered smectite. The XRD patterns for the KCl-saturated C-
V-S samples, where the reflections collapse from between
29–28 Å, 14.1–14.4 Å and 9 Å to between 25–26 Å, 12.7–13.3
Å and 8.6 Å, respectively, denote a three-component system
consisting of chlorite, vermiculite and smectite (Brindley and
Brown, 1980; Reynolds, 1988).

The section between 220 and 310 mbsf at Site 1188 is
characterized by a clay-mineral assemblage of interlayered
illite-chlorite (I-C), or of illite-smectite mixed layer and illite
with or without chlorite. I-C contains 40–90% illite whereas
I-S comprises 60–70% illite. Interlayered chlorite-vermiculite
(C-V) is also present (Fig. 3D). There are traces of quartz in
some concentrates. The clay minerals below 310 mbsf are illite
and chlorite without expandable layers. Many of the concen-
trates also contain minor to moderate amounts quartz and
plagioclase.

4.1.2. Roman Ruins

The clay mineralogy of the samples from hole 1189A is
dominated by chlorite and illite (Table 2). The deepest sample
1189A-13R-1, 23–33 cm at 116.3 mbsf has the highest chlorite
content (�90%) of the hole. An IR spectrum shows strong
absorption bands which are distinctive for a fully trioctahedral
chlorite. Nearly all concentrates contain minor to trace amounts
of plagioclase. Quartz is only present in three concentrates
below 90 mbsf whereas two concentrates between 10 and 20
mbsf contain relatively high contents of cristobalite.

The clay fractions from 40 to �50 mbsf of Hole 1189B include
illite as a major component together with chlorite (Table 3). Traces
of pyrite are restricted to the two uppermost samples. The section
between approximately 80 to 120 mbsf is characterized by abun-
dant chlorite together with minor illite, except for a sample at
98.50 mbsf with abundant illite. In addition, a few concentrates
contain quartz, plagioclase or potassium feldspar. At the lower
sequence of hole 1189B the interval between 127 and 140 mbsf is
characterized by the occurrence of illite-vermiculite (I-V) and C-V
mixed layers. Reflections in the region 10.5–12.0 Å and 3.3–3.4 Å
confirm the presence of an I-V phase with �70% illite (Moore and
Reynolds, 1989), whereas the superlattice reflection at 29.7 Å and
the peak at 14.4 Å indicate a moderate amount of C-V with 60%
chlorite in sample 1189B-12R-1, 109–112 cm (Brindley and
Brown, 1980). In most of these concentrates cristobalite and/or
plagioclase occur as the dominant phase. In most of the samples
below 147 mbsf, chlorite again becomes abundant.

4.2. Chemical Composition of Secondary Clay Minerals

Major element compositions of selected clay concentrates are

given in Table 4. In the three representative analyses of pyrophyl-



Table 1. Mineralogical assemblages of the clay fraction (�2 �m) of altered falsic rocks from Holes 1188A and 1188F (as determined by X-ray diffraction analyses).a

Sample
Depth
(mbsf) Chl Sm Ill Pyroph Talc Chl-Sm Chl-V Ill-Sm (% Ill) Ill-Chl (% Ill) Ill-Sm-Chl Qz Cris Plag Py Mag An

193-1188A-7R-1, 88–92 cm 49.08 xxx xx
193-1188A-7R-1, 118–122 cm 49.38 xxx xx o o
193-1188A-7R-1, 144–148 cm 49.64 xxxx o
193-1188A-8R-1, 105–112 cm 58.98 xxx xxxx x o xx o
193-1188A-9R-1, 5–9 cm 67.65 xxxx o
193-1188A-10R-1, 39–43 cm 77.69 xxxx o
193-1188A-12R-1, 58–61 cm 97.18 xx xx xx xx
193-1188A-12R-1, 108–111 cm 97.68 xx x x xx xx o
193-1188A-12R-2, 20–24 cm 98.28 xx x xx xx xx
193-1188A-13R-1, 8–12 cm 106.38 xx o o o xx o
193-1188A-14R-1, 55–60 cm 116.55 xxxx
193-1188A-14R-1, 108–111 cm 117.08 xxx xx
193-1188A-15R-1, 56–59 cm 126.26 xx xx o xxx x
193-1188A-16R-2, 47–51 cm 137.33 xxx xx x x xx o
193-1188A-17R-1, 38–41 cm 145.48 xxx xx
193-1188A-18R-1, 78–81 cm 165.08 xxx xxx x
193-1188A-20R-1, 8–12 cm 173.98 xxxx
193-1188A-20R-1, 68–72 cm 174.58 xxxx o o
193-1188A-21R-1, 21–25 cm 183.31 x xxx xx x o xx
193-1188A-21R-1, 43–47 cm 183.53 xxx xxx x
193-1188A-21R-1, 77–81 cm 183.87 xxx xxx x
193-1188A-21R-1, 142–146 cm 184.52 x xx x
193-1188F-1Z-1, 6–9 cm 218.06 xx xxxx
193-1188F-1Z-1, 28–31 cm 218.28 xx xxxx
193-1188F-1Z-2, 43–46 cm 219.63 xxx xxx
193-1188F-1Z-3, 84–87 cm 221.24
193-1188F-1Z-4, 17–20 cm 221.77
193-1188F-2Z-1, 69–72 cm 222.19
193-1188F-3Z-1, 3–8 cm 222.63 xxx xx xx (90)
193-1188F-8Z-1, 23–26 cm 233.33 xxx xxx (70)
193-1188F-6Z-2, 42–45 cm 234.76 xx xxx xx (65)
193-1188F-7Z-1, 50–53 cm 235.5 xxx xxx (70)
193-1188F-9Z-1, 35–38 cm 238.05 x xxx (65)
193-1188F-13Z-1, 99–102 cm 242.39 x xxx x (40)
193-1188F-14Z-1, 60–63 cm 246.5
193-1188F-16Z-1, 138–141 cm 256.28 xxxx o
193-1188F-16Z-1, 13–17 cm 264.03 xxxx
193-1188F-23Z-1, 19–22 cm 286.79 xxx xx xx (90)
193-1188F-23Z-2, 25–26 cm 288.35 xxx xxx o
193-1188F-26Z-1, 21–26 cm 300.31 xx xx xx (90) o
193-1188F-26Z-2, 45–48 cm 301.63 xxx xx x (70)
193-1188F-31Z-1, 37–40 cm 322.97 xxx xxx o
193-1188F-34Z-1, 27–29 cm 336.67 xx xxx
193-1188F-34Z-1, 91–94 cm 337.31 xx xxx o
193-1188F-37Z-2, 34–38 cm 346.16 x xxx xx
193-1188F-38Z-2, 86–90 cm 351.15 xx xx x xx
193-1188F-39Z-2, 27–30 cm 355.19 xx xxx o
193-1188F-41Z-1, 43–46 cm 362.93 xx xxx x xx
193-1188F-43Z-1, 0–3 cm 371.5 xxx xxx x xx
193-1188F-43Z-1, 80–83 cm 372.3 xx xx x xx
193-1188F-44Z-1, 71–74 cm 374.71 xxxx x o x

a Abbreviations: mbsf � meters below seafloor; Qz � quartz; Cris � cristobalite; Plag � plagioclase; Ill � illite; Pyroph � pyrophyllite; Chl-Sm � chlorite-smectite mixed-layer; Chl-V � chlorite-vermiculite mixed layer; Ill-Sm � illite-smectite mixed-

layer; Ill-Chl � illite-chlorite mixed-layer; % III � percentages of illite intertayers in Ill-Sm and Ill-Chi; Py � pyrite; Mag � magnetite; Chl � chlorite; An � anhydrite; xxxx � very abundant (� 90%); xxx � abundant (50–90%); xx � common (5–50%);
x � minor (2–5%); o � traces (�2%).
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lite samples from hole 1188A, Al ions make up between 91 and
97% of the octahedral cations and octahedral cation totals lie
between 3.95 and 4.04. Alkali and alkaline earth cations are
recorded in all pyrophyllite analyses up to a maximum of �0.5
cations per formula unit (pfu) which is comparable to analyses of
well-characterized pyrophyllites given by Newman and Brown
(1987).

The structural formula of chlorite in sample 1188A-20R-1,

Table 2. Mineralogical assemblagas of the clay fraction (�2 �m) o
analyses).a

Sample Depth (mbsf) Chl

1189A-2R-1, 122–125 cm 10.92 xxx
1189A-3R-1, 14–17 cm 19.54 xxx
1189A-4R-1, 14–17 cm 29.24 xxx
1189A-5R-1, 17–20 cm 38.97 xxx
1189A-7R-1, 30–33 cm 58.6 xxx
1189A-9R-1, 0–5 cm 77.7 xxx
1189A-9R-1, 63–67 cm 78.33 xxx
1189A-10R-1, 77–81 cm 88.07 xxx
1189A-11R-1, 30–33 cm 97.2 xx
1189A-12R-1, 83–86 cm 107.33 xxx
1189A-13R-1, 23–33 cm 116.33 xxxx

a Abbreviations: mbsf � meters below seafloor; Qz � quartz; Cri
V � chlorite-vermicutite mixed layer.

Table 3. Mineralogical assemblages of the clay fraction (�2 �m) o
analyses).a

Sample Depth (mbsf) Chl Sm Ill Ch

1189B-2R-1, 11–20 cm 40.21 x xxxx
1189B-2R-1, 30–40 cm 40.40 x xxxx
1189B-2R-1, 40–50 cm 40.50 xx xxx
1189B-3R-1, 68–76 cm 50.38 x xxxx
1189B-6R-1, 34–37 cm 79.34 xxx xx
1189B-8R-1, 10–14 cm 98.50 xxx xxx
1189B-8R-1, 70–74 cm 99.10 xxx x
1189B-10R-1, 10–13 cm 118.00 xxx x
1189B-10R-1, 25–28 cm 118.15 xxx
1189B-10R-1, 40–44 cm 118.30 xxx x
1189B-10R-1, 57–60 cm 118.47 xxx x
1189B-11R-1, 4–7 cm 127.64 xxx xx
1189B-11R-2, 42–45 cm 128.70 x
1189B-11R-2, 90–93 cm 129.18
1189B-12R-1, 109–112 cm 138.39
1189B-12R-2, 51–54 cm 139.22
1189B-13R-1, 26–28 cm 147.26 xxx xx
1189B-14R-1, 11–14 cm 156.61 xxx xx
1189B-14R-1, 115–118 cm 157.65 xxx x x
1189B-14R-2, 17–19 cm 157.96 xxx xx
1189B-15R-1, 128–129 cm 167.36 xx x
1189B-15R-2, 8–11 cm 167.68 x o
1189B-16R-1, 134–137 cm 177.04 o
1189B-17R-1, 36–39 cm 185.66 xx x
1189B-17R-1, 88–91 cm 186.18 xxx xx
1189B-18R-1, 12–15 cm 195.12 xxx x
1189B-18R-1, 69–72 cm 195.69 x
1189B-18R-1, 100–103 cm 196.00 x
1189B-18R-2, 17–20 cm 196.59 x
1189B-18R-2, 40–43 cm 196.82 xxx x
1189B-18R-2, 63–66 cm 197.05 xxx x

a Abbreviations: mbsf � meters below seafloor; Ill � illite; Chl �

mixed layer; Ill-V � illite-vermiculite mixed layer; Qz � quartz; Cris � cr
Chl � percentages of chlorite interlayers in Chl-V; % Ill � percentages of i
68–72 cm has 11.0 octahedral cations indicating that it is a
trioctahedral chlorite (Foster, 1962). The chlorite in sample
1189A-13R-1, 23–33 cm has a low octahedral cation total of 10.2
indicating a di-, trioctahedral chlorite (Newman and Brown,
1987). The composition of both chlorites is quite variable in terms
of Fe and Al in the octahedral sheet but both are ripidolite (Hey,
1954).

Trace element data for the clay concentrates are presented in

d felaic rocks from Hole 1189A (as determined by X-ray diffraction
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o xx
o o xx x

o o
o

x
x xx

o
x o x

o
o

stobalite; Plag � plagioclase; K-fsp � K-feldspar; Ill � illite; Chl-

d felsic rocks from Hole 1189B (as determined by X-ray diffraction

Chl) Ill-Chl Ill-V (% Ill) Qz Cris Plag K-fap Py

o

x
xxx
x
x

x x
x x

x (90, 70)
xxx x

xx (60) xxx xx
) xxx xx x

xx (60) xxx xx
x
x
x
x

o xx
xx xx

) x xx x
o xx xx
o xx

xx x
xxx x
xxx x
xxx x
x o
x o

e; Chl-V � chlorite-vermiculite mixed layer; Ill-Chl � illite-chlorite
f altere

Ill

xxx

x
xx
xx
x
xx
xx
xxx
xx
x

s � cri
f altere

l-V (%

xx (60

xx (50

chlorit

istobalite; Plag � plagioclase; K-fsp � K-feldspar; Py � pyrite; %

llite interlayers in Ill-V.



4411Felsic-hosted PACMANUS hydrothermal field
Table 5. REE patterns for these various secondary mineral sepa-
rates are shown in Figure 4 together with a field for the fresh
dacites and rhyodacites from Pual Ridge (Binns, pers. comm.).

87Sr/86Sr ratios of clay concentrates from Holes 1188A and
F (Snowcap) vary systematically with depth between 0.7043
and 0.7064 (Table 6, Fig. 5). The lowest ratios are found
between 100–200 mbsf where two clay samples, a pyrophyllite
and a chlorite, have ratios that are less than that of the present-
day black smoker fluid. Below 200 m, the isotope ratios in-
crease to a high �0.706 before falling back to ca. 0.705 near
the base of Hole 1188F. Chlorite and illite concentrates from
Site 1189 (Roman Ruins) have slightly elevated 87Sr/86Sr com-
positions (0.70410–0.70421) compared to the fresh dacites of
the Pual Ridge.

5. DISCUSSION

5.1. Alteration Temperatures

Formation temperatures have been calculated from oxygen
isotope data for 12 clay concentrates (Table 7) using published
fractionation factors for water-mineral pairs: chlorite-water
fractionation from Wenner and Taylor (1971); illite-water frac-
tionation from Sheppard and Gilg (1996); and pyrophyllite-
water fractionation from Savin and Lee (1988). An effect of
trace contaminants is negligible for temperature calculations.
Beside issues concerning the applicability of mineral-water
isotopic equilibria (e.g., Savin and Lee, 1988; Sheppard and
Gilg, 1996, Cole and Ripley, 1998; Cole et al., 1998) the major
source of uncertainty in the temperature calculations is the
unknown oxygen isotope value of the hydrothermal fluid with
which the minerals equilibrated. Because the oxygen isotope
composition of the PACMANUS fluids has not been deter-
mined, we have calculated temperatures using a range of pos-
sible �18O values including pure seawater �18O � 0.0‰,
DESMOS (for location see Fig. 1) fluid �18O � �0.3‰ (Gamo
et al., 1997), and hydrothermal fluid �18O � �1.9‰ (Shanks et
al. 1995). However, from comparison of the oxygen isotopic
temperature calculations of mineral formation with tempera-
tures estimated from fluid inclusion studies (255–350°C at
Roman Ruins and 270–385°C at Snowcap; Vanko et al., 2004)
the lower temperatures derived using the seawater or DESMOS
fluids yield more appropriate clay mineral precipitation tem-
peratures at PACMANUS, and these are the values discussed
below.

Two concentrates containing I-S (70% illite layers) plus illite
have �18O values of 4.7 ‰. The fractionation factor for oxygen
isotope exchange between I-S clays and water is a function of
temperature as well as of the percentage of illite (Savin and
Lee, 1988)

1000 ln �I/S-W � (2.58 � 0.19f Ill)106 ⁄ T2 � 4.19

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Fig. 3. XRD patterns (CuK�) of � 2 �m-size fractions, MgCl2

solvated and MgCl2 � glycolated solvated ( � Mg glycerol) for (A)
pyrophyllite, (B) illite-smectite (I/S) mixed-layer clay � chlorite �
quartz, (C) chlorite-vermiculite-smectite (C-V-S) mixed-layer clay �
plagioclase, and (D) chlorite-vermiculite (C-V) mixed-layer clay �

illite-smectite (I-S) mixed-layer clay � illite-chlorite (I-C) mixed layer

clay � illite.



Table 4. Representative electron microprobe analyses and calculated formulae for phyllosilicates from Sites 1188 and 1189.*

Sample
1188A-9R-1,

5–9 cm
1188A-10R-1,

39–43 cm
1188A-14R-1,

55–60 cm
1188A-20R-1,

68–72 cm
1188F-6Z-1,

23–26 cm
1188F-7Z-1,

50–53 cm
1188F-16Z-1,
138–141 cm

1188F-18Z-1,
13–17 cm

1189A-13R-1,
23–33 cm

1189B-2R-1,
11–20 cm

1189B-10R-1,
25–28 cm

Depth (mbsf
� meters

below
seafloor) 67.65 77.69 116.55 174.58 233.33 235.5 256.28 264.03 116.33 40.21 118.15

Mineral Pyrophyllite Pyrophyllite Pyrophyllite Chlorite
Illite � Illite-

Smectite Illite Illite Illite Chlorite Illite Chlorite

Element (wt%)
SiO2 67.9 64.5 61.8 33.6 48.4 54.6 53.1 48.3 33.6 44.4 37.2
TiO2 1.08 0.64 0.71 0.9 0.50 0.84 0.54 0.08 1.58 0.54 1.20
Al2O3 27.3 28.6 30.8 18.0 28.1 31.1 32.7 28.9 20.3 24.0 18.9
FeO 0.12 0.18 0.52 17.5 0.33 0.4 0.25 0.24 8.5 3.1 6.7
MnO 0.01 0.02 0.01 0.23 0.01 0.02 0.00 0.00 0.09 0.02 0.23
MgO 0.47 0.36 0.55 17.6 1.06 1.1 0.92 0.86 17.2 3.9 13.6
CaO 0.08 0.03 0.05 0.34 0.04 0.15 0.07 0.00 1.17 0.24 1.65
Na2O 0.60 0.86 1.24 0.65 0.60 0.98 1.26 1.10 0.53 0.22 1.13
K2O 0.25 0.61 1.24 0.12 4.3 4.4 3.9 3.2 1.17 6.8 1.88
Sum 97.8 95.8 97.0 89.0 83.4 93.5 92.7 82.6 84.2 84.1 82.5
Cations 22-oxygens 22-oxygens 22-oxygens 28-oxygens 22-oxygens 22-oxygens 22-oxygens 22-oxygens 28-oxygens 22-oxygens 28-oxygens
Si 7.98 7.77 7.45 6.59 6.98 7.01 6.85 6.97 6.68 6.73 7.36
Al IV 0.02 0.23 0.55 1.41 1.02 0.99 1.15 1.03 1.32 1.27 0.64
Sum tet. 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Al VI 3.76 3.84 3.83 2.76 3.76 3.72 3.82 3.89 3.44 3.02 3.77
Tl 0.10 0.06 0.06 0.13 0.05 0.08 0.05 0.01 0.23 0.08 0.18
Fe 0.01 0.02 0.05 2.88 0.04 0.04 0.03 0.03 1.41 0.39 1.11
Mn 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.02 0.00 0.04
Mg 0.08 0.06 0.10 5.15 0.23 0.21 0.18 0.19 5.11 0.88 4.01
Sum oct. 3.95 3.96 4.04 10.96 4.08 4.05 4.08 4.12 10.21 4.25 9.11
Ca 0.01 0.00 0.01 0.07 0.01 0.02 0.01 0.00 0.25 0.04 0.35
Na 0.14 0.20 0.30 0.25 0.17 0.24 0.32 0.31 0.20 0.08 0.43
K 0.04 0.10 0.20 0.04 0.8 0.71 0.65 0.58 0.30 1.27 0.47
Sum of cations 12.14 12.26 12.55 19.33 13.08 13.03 13.07 13.01 18.96 13.73 18.36

* The structural formulae for the pure pyrophyllite and illite samples were calculated on the basis of 22 oxygens whereas formulae for the chlorite samples were calculated on the basis of 28 oxygens.
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Table 5. Trace element analyses of hydrothermal clay minerals from Snowcap (Site 1188) and Roman Ruins (Site 1189).a

Element

1188A-7R-1
144–148 cm
Pyrophyllite

1188A-9R-1
5–9 cm

Pyrophyllite

1188A-10R-1
39–43 cm

Pyrophyllite

1188A-14R-1
55–60 cm

Pyrophyllite

1188A-20R-1
68–72 cm
Chlorite

1188F-7Z-1
50–53 cm
Illite/I-S

1188F-18Z-1
138–141 cm

Illite

1188F-18Z-1
13–17 cm

Illite

1189A-13R-1
23–33 cm
Chlorite

1189B-2R-1
30–40 cm

Illite

1189B-10R-1
25–28 cm
Chlorite

BHVO-2
certified �

BHVO-2
measured

Mean*

BHVO-
2 Std
Dev

BHVO-2
Rel Std Dev

Sc 20.0 20.6 21.0 21.8 35.8 21.7 n.d. 11.4 38.8 20.1 27.5 32 1.0 29.1 1.67 5.8
V 48.8 49.0 50.3 13.1 334 65.3 199.7 76.1 369 76.8 371 317 11.0 315 8.1 2.6
Cr 26.7 32.7 45.8 4 125 13.2 69.1 23.7 169 51.9 113 280 19.0 270 0.62 0.2
Co 3.9 0.17 0.30 0.88 0.61 1.40 1.01 0.33 17.1 10.5 1.00 45 3.0 42.3 0.66 1.6
Nl 11.8 5.0 17.8 13.4 18.8 12.5 15.7 8.4 47.5 122 37.2 119 7.0 109 3.5 3.2
Cu 60.4 54.4 61.9 94.8 78 44.8 61.4 102 295 1051 278 127 7.0 117 1.77 1.5
Zn 21.5 22.4 34.4 26.6 107 33.8 70.4 38.7 106 308 548 103 6.0 94.7 10.7 11.3
Ga 23.7 13.9 11.9 22.5 50.9 19.0 35.0 9.5 38.6 50.1 28.8 21.7 0.9 20.2 1.19 5.9
Rb 18.2 11.0 3.1 29.9 19.7 27.8 23.8 24.9 2.3 111 15.8 9.8 1.0 9.4 0.31 3.3
Sr 54.1 93.7 22.9 260 370 243 307 111 90.2 20.1 91.9 389 23.0 382 27.2 7.1
Y 45.4 41 26.8 30.7 28.0 37.4 32.7 27.5 33.1 55.0 40.4 26 2.0 25.5 1.41 5.5
Zr 217 152 192 130 97.3 65.0 81.2 274 33.5 199 149 172 11.0 166 5.8 3.5
Nb 2.8 2.4 2.5 1.62 1.30 1.56 1.43 0.91 0.92 1.70 1.60 18 2.0 18.5 1.10 5.9
Ca 0.88 0.61 0.49 0.72 0.51 0.5 n.d. 0.87 0.73 8.2 0.91 0.1 0.03 28.0
Ba 402 398 13.1 371 278 1456 867 3769 38.3 1539 2741 130 13.0 132 5.9 4.5
Hf 6.2 4.8 5.8 3.8 2.8 2.6 2.7 10.5 1.52 5.7 5.3 4.1 0.3 4.9 0.04 0.8
Pb 3.8 7.0 3.3 6.7 4.3 4.6 n.d. 3.6 3.0 131 27.1 1.9 0.42 22.7
Th 2.3 1.99 2.1 1.38 0.94 2.3 1.62 4.6 1.02 2.8 2.5 1.2 0.3 1.6 0.06 3.9
U 6.8 0.88 0.91 0.80 0.52 0.93 0.73 2.3 0.47 5.9 1.50 0.5 0.02 3.5
La 11.3 8.4 10.4 10.8 8.8 16.9 12.9 22.3 8.3 39.2 15.8 15 1.0 15.5 0.55 3.6
Ce 29.7 20.9 21.5 25 20.9 49.8 35.4 35.7 20.3 113.7 35.7 38 2.0 38.4 1.26 3.3
Pr 4.9 2.9 2.7 3.6 3.0 6.2 4.6 4.3 2.9 15.5 5.2 5.5 0.26 5.1
Nd 25.2 13.4 11.3 15.4 13.9 28.2 21.1 15.8 13.8 74.8 25.8 25 1.8 25.7 1.03 4.0
Sm 7.2 4.4 2.6 4 3.8 7.3 5.6 2.7 3.6 19.1 6.9 6.2 0.4 6.4 0.43 6.7
Eu 1.55 1.21 0.72 1.12 1.23 2.3 1.77 1.80 0.57 8.7 2.3 2.1 0.11 5.3
Gd 7.3 5.7 2.5 4.2 4.1 8.4 6.3 2.8 4.2 17.3 8.0 6.3 0.2 6.6 0.20 3.0
Tb 1.20 1.04 0.47 0.73 0.69 1.40 1.05 0.54 0.73 2.4 1.30 0.9 1.0 0.04 4.3
Dy 7.6 8.7 3.6 4.6 4.6 9.0 6.8 4.0 5.1 12.5 8.2 5.6 0.24 4.2
Ho 1.65 1.42 0.93 1.06 1.00 1.90 1.45 1.10 1.14 2.4 1.80 1.04 0.04 1.1 0.04 4.1
Er 4.9 4.1 3.3 3.2 3.0 5.9 4.5 4.3 3.4 6.8 5.7 2.8 0.15 5.4
Tm 0.75 0.6 0.58 0.5 0.45 0.92 0.69 0.80 0.52 1.03 0.85 0.4 0.02 5.3
Yb 5.2 4.1 4.3 3.5 3.1 6.5 4.8 6.2 3.5 6.5 5.6 2 0.2 2.2 0.08 3.8
Lu 0.82 0.63 0.73 0.5 0.54 0.99 0.77 1.10 0.52 1.10 0.87 0.28 0.0 0.3 0.01 4.8
NdN/YbN 1.8 1.2 1.0 1.8 1.6 1.8 1.8 0.9 1.4 4.2 1.7
Eu*N 41.4 28.2 14.6 23.3 22.4 44.3 33.4 15.7 22.0 104.9 42.0
Eu/Eu*N 0.62 0.71 0.82 0.80 0.91 0.88 0.88 1.91 0.43 1.06 0.91

a BHVO-2 � international reference standard, analyzed during the ICP-MS analytical runs, for controlling accuracy of analytical results; trace elements analyzed by ICP-MS; concentrations of trace elements expressed in ppm.

* Number of standard samples: 4; Std Dev � Standard Deviation; Rel Std Dev � Relative Standard Deviation
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where � I/S�W is the fractionation factor for oxygen isotope
exchange between I-S mixed-layer and water, fIll is the fraction
of illite layers in the I-S, and T is temperature in Kelvin.

Temperatures were calculated for these two samples as-
suming 50% of the volume of both is illite and the other 50%
is I-S. Using illite-water and I/S-water fractionation equa-
tions and preferring the seawater fluid composition, we
calculate a formation temperature of 250°C in Hole 1188F
(Fig. 6). The isotopic compositions of secondary illites be-
low 250 mbsf in Hole 1188F give formation temperatures
between 250° and 300°C. In Hole 1188A, pyrophyllite and
chlorite yield temperatures of 260° to 310°C and 225°C,
respectively (Fig. 6, Table 7).

The calculated temperature for a pure chlorite in Hole
1189A at 116 mbsf is 250°C (Fig. 6). A pure illite at 40 mbsf
in Hole 1189B formed at a calculated temperature of 305°C,

Fig. 4. Chondrite-normalized rare earth element pattern
normalizing values are from Sun and McDonough (1989
rhyodacites from Pual Ridge (R. Binns, unpublished data
whereas chlorites from the lower sequence (118 and 197
mbsf) show formation temperatures of 235°C and 220°C,
respectively.

In addition, quartz formation temperatures have been calcu-
lated using the quartz-water fractionation factor of Knauth and
Epstein (1976). Here too, if we were to use the �18O of �1.9‰
for the hydrothermal fluid proposed by Shanks et al. (1995) we
would compute an unrealistically high mineral formation tem-
perature of � 500°C leading us to favor lower �18O values for
the PACMANUS fluids.

The oxygen isotope ratios of quartz separates from cross-
cutting veins of two samples of Hole 1189A give formation
temperatures of 350°C at �58.5 mbsf (Fig. 6). Interestingly,
the higher oxygen isotope fractionation temperature of
400°C was estimated from a vein quartz sample at � 40
mbsf just below an interval with massive to semimassive
sulfides. A decrease in temperature with depth is indicated

y samples from Holes 1188A, 1188F, 1189A and 1189B;
for rare earth element pattern of unaltered dacites and
s of cla
). Field
by a higher �18O value of a vein quartz sample at �80 mbsf.
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5.2. Zonation of Alteration Characteristics

Throughout the PACMANUS hydrothermal field, the ap-
pearance, composition and abundance of the main secondary
phases vary both laterally and vertically. This alteration heter-
ogeneity reflects a variable interaction between the felsic crust
and a hydrothermal fluid under changing physical and/or chem-
ical conditions.

5.2.1. Snowcap

Based on variations in alteration style and secondary miner-
alogy as well as isotopic temperatures, five different alteration
zones have been distinguished at the Snowcap site:

Table 6. Strontium isotopic compositions and strontium concentr

Sample Depth (mbsf) Mine

193-1188A-7R-1, 144–148 cm 49.64 Pyroph
193-1188A-9R-1, 5–9 cm 67.65 Pyroph
193-1188A-10R-1, 39–43 cm 77.69 Pyroph
193-1188A-14R-1, 55–60 cm 116.55 Pyroph
193-1188A-20R-1, 68–72 cm 174.58 Chlorit
193-1188F-6Z-1, 23–26 cm 233.33 Illite, Il
193-1188F-7Z-1, 50–53 cm 235.5 Illite, Il
193-1188F-18Z-1, 138–141 cm 256.28 Illite
193-1188F-18Z-1, 13–17 cm 264.03 Illite
193-1188F-34Z-1, 91–94 cm 337.31 Illite
193-1188F-39Z-2, 27–30 cm 355.19 Illite
193-1189A-13R-1, 23–33 cm 116.33 Chlorit
193-1189B-2R-1, 30–40 cm 40.40 Illite
193-1189B-10R-1, 25–28 cm 118.15 Chlorit

* n.d. � no data.

Fig. 5. Plots showing the Sr-isotopic ratio of anhydrite
Sr-isotopic ratios of secondary clay minerals vs. depth

87 86
Sr-isotopic ratios for Roman Ruins. Sr/ Sr ratio for PACMAN
ratio for the end-member hydrothermal fluid is from Douville (1
5.2.1.1. Zone 1. A zone from �50 to 120 mbsf is charac-
terized by a chlorite � illite-cristobalite-plagioclase assemblage
intercalated with a monomineralic pyrophyllite assemblage. Stud-
ies of the style and mineralogy of the altered rocks indicate that a
chlorite � illite-cristobalite-plagioclase alteration is overprinted
locally by pyrophyllite alteration (Binns et al., 2002). Based on
oxygen isotope data the pyrophyllite formation occurred between
260° and 310°C. The fluid inclusion record from shallow samples
(below 100 mbsf) contains evidence for the previous existence of
a range of both moderate-temperature (e.g., �150°C) and high-
temperature (e.g., up to 320°C) fluids suggesting complex over-
printing relationships (Vanko et al., 2004). The presence of in-
tensely veined and fractured breccias suggests that this zone has

f hydrothermal clay minerals from Snowcap and Roman Ruins.

87Sr/88Sr Stat Error Sr (ppm) 1/Sr

0.705861 0.000008 54.1 0.018
0.705368 0.000004 93.7 0.011
0.705458 0.000006 22.9 0.044
0.704557 0.000007 260 0.0038
0.704298 0.000003 370 0.00270
0.705457 0.000003 n.d. n.d.*
0.705527 0.000003 243 0.0041
0.706398 0.000003 306 0.0033
0.706178 0.000004 111 0.009
0.705633 0.000004 n.d. n.d.
0.705095 0.000003 n.d. n.d.
0.704001 0.000003 90.2 0.0111
0.704100 0.000034 20.1 0.0497
0.704215 0.000003 91.9 0.0109

s a function of depth (Roberts et al., 2003), compared to
dy). A. Sr isotopic ratios for Snowcap (Site 1188). B.
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layers of higher permeability. The occurrence of pyrophyllite
suggests interaction of the felsic rocks with fluids of low pH (�3)
(Yeats et al., 2001).

5.2.1.2. Zone 2. Between 126 and 185 mbsf, chlorite and
chlorite-vermiculite, chlorite-smectite and illite-smectite mixed-
layer phases are the main phyllosilicate assemblages suggesting a
fairly high pH fluid (�5) (Yeats et al., 2001). A chlorite formation
temperature of 230°C was calculated from oxygen isotope data.
This is compatible with the presence of chlorite mixed-layer
phases, whose stability range has been shown to be � 250°C (e.g.,
Inoue et al., 1987; Schiffman and Fridleifsson, 1991; Lacksche-
witz et al. 2000a).

5.2.1.3. Zone 3. Rocks between 218 and 222 mbsf exhibit
only chlorite and illite as the secondary phyllosilicate assemblage
indicating slightly higher temperatures than in zone 2.

5.2.1.4. Zone 4. From 222 to 302 mbsf, the alteration style
is similar to zone 2, but chlorite-smectite mixed-layer phases are
lacking whereas illite-smectite mixed-layer phases appear. Oxy-
gen isotope compositions of illite separates suggest formation
temperatures of 250 to 260°C, compatible with observations that
illite mixed-layers can occur at temperatures up to 270°C (Yeh and
Savin, 1977).

5.2.1.5. Zone 5. Below 322 mbsf, chlorite and illite are
always observed together, whereas mixed layer phases disappear
indicating alteration at higher (290–300°C) temperature.

5.2.2. Roman Ruins

In terms of the phyllosilicate assemblages, hole 1189A

Table 7. Oxygen isotope ratio and calculated mineral formation
field.

Sample
Depth
(mbsf) Mineral

I

193-1188A-9R-1, 5–9 cm 67.65 Pyrophyllite
193-1188A-10R-1, 39–43 cm 77.69 Pyrophyllite
193-1188A-14R-1, 55–60 cm 116.55 Pyrophyllite
193-1188A-20R-1, 68–72 cm 174.58 Chlorite
193-1188F-6Z-1, 23–26 cm 233.33 Illite, Ill-Sm
193-1188F-7Z-1, 50–53 cm 235.50 Illite, Ill-Sm
193-1188F-16Z-1, 138–141 cm 256.28 Illite
193-1188F-18Z-1, 13–17 cm 264.03 Illite
193-1188F-34Z-1, 91–94 cm 337.31 Illite
193-1188F-39Z-2, 27–30 cm 355.19 Illite
193-1189A-7R-1, 19–23 cm 58.49 Quartz
193-1189A-7R-1, 24–26 cm 58.54 Quartz
193-1189A-13R-1, 23–33 cm 116.33 Chlorite
193-1189B-2R-1, 10–20 cm 40.20 Quartz
193-1189B-2R-1, 30–40 cm 40.40 Illite
193-1189B-6R-1, 45–56 cm 79.45 Quartz
193-1189B-10R-1, 25–28 cm 118.15 Chlorite
193-1189B-18R-2, 40–43 cm 196.82 Chlorite

* Seawater composition.
† DESMOS fluid composition (Gamo et al., 1997).
§ hydrothermal fluid (Shanks et al., 1995).
contains a quite uniform chlorite-illite alteration at forma-
tion temperatures of �250°C over the whole sequence.
Cristobalite becomes totally replaced by quartz below 25
mbsf (Shipboard Scientific Party, 2002). Cristobalite typi-
cally forms at temperatures �150°C (Kear, 1989; Corbett
and Leach, 1998), whereas our calculated quartz formation
temperatures of 350°C indicate that an early “chloritic-
illitic” alteration is overprinted by a high-temperature vein-
related quartz formation.

The sequence and conditions of alteration in hole 1189B
can be divided into four different alteration zones on the
basis of secondary clay mineral composition and isotopic
temperatures.

5.2.2.1. Zone 1. In the uppermost zone from 40 to 80
mbsf illite � chlorite formed at temperatures of � 300°C.
Coarse-grained quartz in cross-cutting veins formed at tem-
peratures between 370° and 400°C suggesting later intrusion
of silica-rich, high-temperature hydrothermal fluids.

5.2.2.2. Zone 2. From 98 to 120 mbsf, chlorite � illite
occur together with plagioclase and K-feldspar. Chlorite
formed at temperatures of 235°C.

5.2.2.3. Zone 3. Between 125 and 190 mbsf, chlorite,
illite and chlorite-vermiculite, illite-chlorite and illite-ver-
miculite mixed-layer phases are the main phyllosilicate as-
semblages indicating lower formation temperatures than for
the zones below and above.

5.2.2.4. Zone 4. Below 195 mbsf chlorite � illite occur
together with plagioclase and K-feldspar. Chlorite formed at

ature of clay and quartz samples from PACMANUS hydrothermal
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5.3. Compositional Effects of Alteration

5.3.1. Comparisons of Fresh and Altered Bulk Rocks

To derive alteration-related chemical mass changes for var-
ious elements we have performed major and trace element
analyses on some clay-rich bulk rock samples (Table 8) and
compared them to modeled precursors. The compositions of the
precursors were derived using algorithms developed from
CSIRO Exploration and Mining’s unpublished database of
more than 70 fresh lava samples from Pual Ridge (Yeats and
Binns, pers. comm.). Using these data, Yeats and Binns have
constructed well constrained fractionation trends relating the
concentration of individual elements to Zr/TiO2, a ratio that is
not changed during alteration at the PACMANUS site. These
fractionation trends allow a precursor concentration for each
element of interest to be calculated for any altered sample with
a known Zr/TiO2 ratio. Typically, scatter of the fractionation
trends is low and it is estimated that the error in calculated
element precursor element concentration generated by using
this methodology is of the order of 5% relative.

The calculation of chemical changes is based on the method
of Gresens (1967) which was later modified by Grant (1986) in
which the concentration of a component in the altered rock is
compared to that in the original through a mass change term

Fig. 6. Downhole variation of oxygen isotope formatio
1189A and 1189B. We have calculated formation temperat
for details).
Ci
A � MO ⁄ MA(Ci

O � 	Ci)
in which Ci
A � concentration of component i in the altered

rock; MO � mass of the original, fresh rock; MA � mass of the
altered rock; Ci

O � concentration of component i in the parent
rock; and 	Ci � change in concentration of component i.
Results for elements from individual samples are plotted as Ci

A

vs. Ci
O, where all data points lie along an arc of a circle

centered on the origin. By evaluating which points group to-
gether, it is possible to evaluate which elements to use for
calculation of the mass change term (MO/MA), which can then
be used to calculate elemental gains and losses.

A comparison of the magnitudes and directions of major
element oxide and trace element fluxes for three alteration
styles (i.e., chloritization, illitization, and silica-pyrophyllite
alteration (bleaching) of felsic volcanics) allows us to indicate
the elemental gains and losses during each step of the alteration
sequence. Figure 7 shows results of the mass-transfer calcula-
tions, with positive values indicating a percent gain and nega-
tive values indicating a percent loss.

1. Chloritization of fresh rocks by reactions with a hydro-
thermal fluid-seawater mixture resulted in distinct uptake of
Fe2O3, MgO, Co, Cr, Eu, Pb and V. Large proportions of K2O,
Ba, Cu, Rb, Th, Tl and U were lost from the rock.

2. Illitization of the rock has resulted in an 800-percent
enrichment of Ba and a 300-percent enrichment in Cr. Slight

eratures of secondary clay minerals in Holes 1188A, F,
ing a pure seawater �18O value of 0.0‰ (see “Discussion”
n temp
enrichments in Al2O3, K2O, Hf, La, Th, and U are also calcu-



Table 8. Chemical compositions of strongly altered bulk rock samples compared to that in the calculated fresh precursors through a mass change term (Mo/MA), which we have used to calculate the average percent
change (%	) in samples from different alteration zones.*

Element

1188A-9R-1
5–9 cm

altered with
pyrophillite

1188A-9R-1
5–9 cm

precursor
(%	) with Mo/
MA � 0.9708

1188A-10R-1
39–43 cm

altered with
pyrophillite

1188A-10R-1
39–43 cm
precursor

(%	) with M
o/MA � 0.9198

1188A-14R-1
55–60 cm

altered with
pyrophllite

1188A-14R-1
55–60 cm
precursor

(%	) with Mo/
MA � 1.083

1188A-20R-1
68–72 cm

altered with
chlorite

1188A-20R-1
68–72 cm
precursor

(%	) with Mo/
MA � 0.8816

1188F-18Z-1
13–17 cm

altered with
illite

1188F-18Z-1
13–17 cm
precursor

(%	) with Mo/
MA � 1.487

SiO2 85.3 67.4 �0.2 72.9 65.6 21 84.4 67.7 �11 55.8 54.9 �25 60.0 64.6 �38
TiO2 0.61 0.63 �0.5 0.68 0.72 0.3 0.65 0.62 �0.9 0.75 0.85 0.1 1.13 0.76 �0.2
Al2O3 13.7 14.1 �0.1 14.3 14.4 8.0 15.5 14.1 3.5 12.8 15.0 �3.2 23.5 14.5 8.6
Fe2O3 3.3 5.0 �32 0.99 5.7 �8.1 3.0 4.9 �43 11.8 8.5 102 4.0 6.1 �55
MnO 0.01 0.14 �92 0.01 0.15 �0.3 0 0.14 �100 0.1 0.15 �24 0.0 0.15 �100
MgO 0.18 1.17 �84 0.15 1.48 �89 0.24 1.12 �80 4.8 1.7 220 0.34 1.84 �88
CaO 3.3 3.3 3.8 1.4 3.0 �61 2.4 3.2 �29 2.5 4.5 �37 0.44 4.2 �93
Na2O 0.88 4.9 �81 0.85 4.8 �81 1.06 4.9 �80 2.7 4.6 �33 1.3 4.7 �81
K2O 0.16 1.70 �90 0.42 1.54 �70.0 0.75 1.73 �59 0.13 1.48 �90 2.3 1.45 5.8
P2O3 0.15 0.14 9.8 0.15 0.19 �13.0 0.08 0.13 �44 0.38 0.28 58 0.13 0.22 �69
Sc 8.4 12.0 �28 7.8 13.4 �37 7.9 11.8 �37 11.5 18.6 �21 11.5 14.3 �46
V 24.4 28.5 �12 25.1 47.2 �42 6.5 26.1 �77 148 77 119 65.2 62.4 �30
Cr 16.3 2.7 512 17.1 3.4 445 2.7 2.8 �2.8 87.1 27.1 284 22.6 3.8 295
Co 5.5 6.2 �7.7 0.30 8.0 �96 5.4 5.9 �13 20.0 12.0 90 7.5 9.2 �45
Nl 7.1 7.1 3.7 3.3 7.6 �53 4.7 7.0 �37 37.7 27.9 53 5.8 7.9 �52
Cu 10.3 22.4 �63 5.1 24.8 �78 4.1 22.0 �82 8.8 48.6 �80 12.4 28.3 �68
Zn 14.1 79.6 �82 72.0 82.6 �5.2 9.0 79.1 �89 33.4 90.0 �58 7.0 84.3 �94
Ga 8.1 15.2 �45 6.6 15.8 �54 11.8 15.1 �26 26.5 18.0 67 8.2 18.1 �66
Rb 1.77 22.4 �92 4.5 20.1 �76 5.48 22.8 �77 0.87 23.9 �98 13.7 18.8 �51
Sr 273 260 0.8 100 307 �64 214 275 �27 226 330 �22 125 323 �74
Y 32.7 29.1 16 23.1 28.0 �11 24.4 29.3 �23 18.0 33.3 �39 8.2 27.4 �80
Zr 111 114 0.8 96.7 104 1 123 115 0.4 17.9 94.0 �0.1 147 88.7 0.2
Nb 1.46 n.d. n.d. 1.62 n.d. n.d. 1.85 n.d. n.d. 0.92 n.d. n.d. 2.8 n.d. n.d.
Ca 0.08 0.80 �69 0.10 0.72 �85 0.02 0.81 �97 0.00 n.d. n.d. 0.14 0.67 �86
Ba 334 326 5.6 523 298 91 428 330 22 71.1 278 �71 3701 283 780
Ta 0.12 n.d. n.d. 0.12 n.d. n.d. 0.15 n.d. n.d. 0.08 n.d. n.d. 0.23 n.d. n.d.
Tl 0.25 0.11 �57 0.23 0.11 �48 0.26 0.31 14 0.04 0.34 �89 0.22 0.30 �72
Hf 3.4 3.4 3.4 3.6 3.0 28 4.7 3.4 29 0.88 2.8 �64 5.8 2.8 33
Pb 36.4 5.7 581 39.1 5.4 665 5.2 5.7 �14 11.0 7.0 79 1.91 5.3 �76
Th 1.28 1.28 3.2 1.25 1.16 17 1.91 1.30 �39 0.65 2.2 �68 2.0 1.10 22
U 0.63 0.72 �9.3 0.49 0.65 �17 0.78 0.73 0.5 0.31 1.22 �71 1.36 0.61 50
La 7.7 12.1 �35 9.3 11.2 �9.7 11.0 12.3 �16 7.8 10.2 �13 20.3 10.7 27
Ca 18.9 59.5 �67 21.7 57.7 �59 25.7 59.8 �80 20.6 24.6 �5 34.3 56.7 �59
Pr 3.0 4.0 �23 3.3 3.8 �6.6 4.0 4.1 �8.5 3.4 3.5 9 3.4 3.7 �38
Nd 15.4 17.2 �7.8 15.6 16.4 3.8 17.6 17.4 �4.8 16.2 15.6 17 11.9 16.0 �50
Sm 4.7 4.4 11 4.1 4.2 4.5 4.5 4.4 �4.0 4.3 4.5 8 1.82 4.2 �71
Eu 1.50 1.44 7.6 1.18 1.43 �12 1.08 1.44 �29 0.85 0.48 101 0.82 1.42 �81
Gd 5.23 4.9 10 3.80 4.8 �13 4.42 4.9 �16 3.95 3.2 41 1.30 4.7 �81
Tb 0.81 0.91 3.3 0.68 0.88 �18 0.76 0.91 �22 0.82 0.86 �18 0.26 0.86 �80
Dy 6.4 5.4 20 4.6 5.3 �1.0 5.3 5.5 �8.1 4.2 5.4 �12 2.3 5.2 �70
Ho 1.35 1.26 10 1.03 1.21 �7.8 1.14 1.27 �15 0.01 1.18 �12 0.86 1.19 �63
Er 4.2 3.8 22 3.4 3.5 5.9 3.8 3.6 �5.9 2.5 3.7 �22 2.7 3.4 �48
Tm 0.64 0.59 11 0.58 0.56 13 0.57 0.59 �10 0.36 0.63 �35 0.51 0.54 �37
Yb 4.5 3.8 22 3.6 3.6 9.2 3.7 3.8 �9.7 2.4 3.5 �21 4.2 3.5 �19
Lu 0.65 0.69 �3.5 0.54 0.64 �9.6 0.60 0.70 �19 0.35 0.53 �26 0.67 0.62 �27

* Concentrations of all oxides expressed in wt %; concentrations of trace elements are expressed in ppm. n.d. � no data
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lated, whereas most other major and trace elements were lost
from the rock.

3. Pyrophyllite alteration resulted in the loss of most of the
major elements (except SiO2 and Al2O3), and almost complete
loss of Cs, Cu, Rb and Zn. For two of the samples this alteration
style is also associated with the largest increases in the Cr and
Pb (510 and 665% gains, respectively).

The chemical change calculations suggest that the uptake of
most of the elements during the alteration of felsic rocks is
most likely related to the hydrothermal formation of clay min-
erals (see next section).

The gain in Fe and Mg during chloritization corresponds
with the formation of an Mg-rich chlorite. The presence of
Mg-chlorite in several mid ocean ridge hydrothermal systems

Fig. 7. Relative gains and losses of major and trace ele
felsic lava flows in the active PACMANUS site. Sample
13–17 cm � illitization; samples 1188A-9R-1, 5–9 cm
silica-pyrophyllite alteration.
has been taken to indicate that the initial fluids were a mixture
of hydrothermal fluids and seawater (e.g., Humphris et al.,
1998; Lackschewitz et al., 2000a,b). The pattern of gains of
elements during the chloritization of the felsic rocks is quite
similar to those found at the midocean ridge TAG hydrothermal
system, where a strong enrichment of Fe2O3, V, Co was ob-
served (Humphris et al., 1998). However, chloritization in both
systems resulted in depletion of CaO, Na2O, Cu and Zn in the
altered rock which correlates very well with results from basalt-
seawater experiments at water/rock mass ratios greater than
�50 (Mottl, 1983).

The strong enrichment of Cr is a distinctive characteristic of
all three alteration styles. A similar increase of Cr was also
observed in altered compared to fresh basaltic andesites from
the Desmos Caldera in the Manus Basin (Gena et al., 2001).

calculated for the sequence of hydrothermal alteration of
20R-1, 68–72 cm � chloritization; sample 1188F-18Z-1,
A-10R-1, 39–43 cm and 1188A-14R-1, 55–60 cm �
ments
1188A-
, 1188
Although traces of oxide phases such as chromite or spinel
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might be thought to be the natural hosts for such elements in
these samples, detailed petrographic studies of the samples
(Pinto et al., 2004) show that such phases are not present in
samples from the depth intervals studied here. The petrography
shows that magnetite occurs in the matrix of most samples. The
lack of a consistent Cr enrichment with Fe enrichment in Figure
7, the relatively low Cr contents of the magnetites analyzed by
Pinto et al. (2004) and the very similar Nb and Ta contents of
fresh and altered samples (two samples from the Leg 193 cores
recovered from the relatively fresh cap rock (samples 1189A-
1R-1, 0–4 cm and 1188A-2R-1, 1–3 cm) show Nb and Ta
contents of 2.7, 2.2 and 0.18, 0.15 respectively) all suggest that
magnetite is not the carrier responsible for the Cr enrichment in
these samples. Natural micas have been described that contain
major or significant amounts of Cr, V, Mn, Ba, Be and Zn
(Newman and Brown, 1987). Cr is also a common trivalent
cation in the octahedral sheets of some chlorites (Newman and
Brown, 1987). In some chlorites the negative charge on the
tetrahedral sheets, arising from substitution of Al3� for Si4�, is
balanced simply by the inclusion of an equal number of triva-
lent cations, such as Cr3�, in the octahedral sheets, the remain-
ing sites being occupied by divalent cations. Substitutions are
generally rare in the pyrophyllite structure (Newman and
Brown, 1987). However, a few medium-sized cations, such as
Cr, Ni, V and Cu, can be substituted in the octahedral sites of
pyrophyllite (see also later).

The gain of Al2O3 and K2O during the illitization corresponds
to an increasing abundance of illite. As described above the high
Ba content could be the result of an incorporation into secondary
illites. However, the Ba enrichment in the illitized sample can be
also attributed to small amounts of barite (below the level detect-
able by XRD) in the sample. The similar explanation can probably
be applied to the marked Pb enrichment in two of the bleached
samples—even miniscule amounts of sulfides (e.g., sphalerite,
1.5% Pb at Pacmanus, Binns et al., 1993) in the analyzed samples
could produce the Pb peak on Figure 7.

Calculated losses of K2O, Na2O, Fe2O3, MnO and, in the
case of illitization, Si from the dacites during hydrothermal
alteration at PACMANUS also correlate very well with
results from rhyolite-seawater experiments where solutions
gain significant portions of K, Na, Si, Fe and Mn with
increasing temperature (Hajash and Chandler, 1981). The
strong loss of CaO and Na2O during the illitization and
pyrophyllite alteration is most likely due to the alteration of
plagioclase and volcanic glass.

Leaching experiments at 120°C have shown a high U mobility
during reaction of rhyolitic glass (Zielinski, 1979). A high fraction
of the U, and probably Th, is probably dissolved from glassy and
crystalline felsic rocks during the illitization at temperatures above
200°C and sorbed on and/or incorporated into secondary illites
from the hydrothermal fluids. Strong U enrichments are also
reported for the oxidatively altered rocks from the Southwest
Indian Ridge (Bach et al., 2001) and the oceanic crust south of the
Costa Rica Rift Zone (Bach et al., 2003).

5.3.2. Trace Element Compositions of Clay Concentrates

Figure 4 shows that the clay concentrates have generally
higher rare-earth element (REE) contents than the fresh rocks

from the Pual ridge, although the shape of the REE patterns are
similar. An overview of the changes in trace element compo-
sition during alteration is presented in Figure 8, in which the
trace element concentrations of the pyrophyllites, chlorites and
illites are normalized to the altered bulk rock samples from
which they were derived (Fig. 8A) or the calculated precursor
(Fig. 8B). The comparisons such as those shown in Figure 8A
could be subject to errors due to the presence of trace impurities
of other minerals within the clay concentrates. However, the
minerals quartz, plagioclase, K-feldspar and anhydrite, detected
in trace amounts in some of the clay concentrates by XRD,
have clearly defined compositions and do not have the ion
exchange capabilities of clay minerals—the possible chemical
effects of their presence as impurities can therefore be clearly
predicted. In the case of the pyrophyllites, sample 1188A-9R-1,
5–9 cm shows XRD traces of anhydrite, sample 1188A-10R-1,
39–43 cm traces of quartz and 1188A-14R-1, 55–60 cm ap-
pears pure. Of these minerals, quartz will not contain signifi-
cant quantities of the trace elements considered in Figure 8 and
so the presence of trace quartz is not relevant to the trace
element budgets. Anhydrite may contain Sr and Ba substituting
for Ca. The pyrophyllite samples show identical or lower Ba
and Sr concentrations normalized to their bulk altered rock
(Fig. 8A) and so no chemical trace of contaminating anhydrite
is evident in sample 1188A-9R-1.

The presence of alteration-resistant primary minerals such as
apatite or rutile in the clay concentrates at concentrations below
those detectable by XRD can also be excluded on geochemical
grounds. Rutile (TiO2, 60 wt% Ti) would be primarily detect-
able by its effect on the Ti content of the concentrates. Relative
to the precursors shown in Table 8, we see that only the chlorite
separates 1189A-13R-1 and 1189B-10R-1 in Table 4 show
somewhat elevated Ti contents (ca. 0.6 wt% TiO2 more than
the average precursors). Such a TiO2 increase could be caused
by � 1% contamination of these two concentrates with rutile—
the effects of such small amounts of contamination on the trace
elements would only be relevant for Nb and Ta (with mineral/
melt partition coefficients of 100–500, Foley et al., 2000).
Table 5 shows the chlorite separates in question to have, if
anything, lower Nb contents than the other concentrates. These
low Nb concentrates also allow us to exclude significant zircon
contamination in the concentrates—zircon shows distribution
coefficients �200 for Nb (Thomas et al., 2002). Apatite has an
appreciable affinity only for the middle REE (e.g., Green,
1994). The presence of small amounts of apatite in the concen-
trates should therefore generate a convex-upward REE pattern
on Figure 8B—the patterns tend to be convex downward rather
than upward, hence showing no evidence for apatite contami-
nation.

We have only one chlorite/bulk altered sample and illite/bulk
altered sample pair for comparison. The XRD analysis of
sample 1188F-18Z-1, 13–17 cm shows no signs of traces of
other minerals and so the illite must be classified as pure. The
chlorite concentrate from sample 1188A-20R-1, 68–72 cm
shows traces of illite and plagioclase contamination in the XRD
spectrum. The effects of plagioclase contamination are predict-
able (Sr, Eu enrichment) but are not evident in the chlorite vs
altered sample pattern (Fig. 8A) leading us to conclude that the
plagioclase does not significantly affect the trace element sig-
nature of the clay concentrate. Figure 8A also shows that illite

has lower enrichment factors relative to the altered bulk rock
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than chlorite, demonstrating that the marked enrichments in, for
example, Rb, Cs and Hf cannot be due to illite impurities in the
chlorite concentrate.

When we compare the chemical differences between pyro-
phyllite concentrates and altered bulk rock (Fig. 8A) with those
between altered bulk rock and calculated precursor (Fig. 7) we
see some interesting effects. Two of the three bleached whole-
rock samples show over 500% enrichment in Pb in Figure 7.
The clay concentrate data show clearly that this Pb is not
predominantly present in the clays—they show strong negative
anomalies in Figure 8A. Cs, Rb and Cu on the other hand are
in all three pyrophyllite-rich samples the most strongly de-

Fig. 8. Trace element distribution diagrams for near-mo
altered bulk rock samples from which they were derived
pleted elements in the bulk altered samples relative to the
calculated precursors (Fig. 7). The pyrophyllite concentrates
show clear positive anomalies for these three elements on
Figure 8A, indicating that the Cs, Rb and Cu lost from igneous
minerals were retained in the clays. This point can be further
emphasized by comparing the clay concentrates directly with
the calculated precursors (Fig. 8B). We see for example that Cs
in the pyrophyllite concentrates, whilst strongly enriched rela-
tive to bulk altered rock, is approximately at the same concen-
tration as in the calculated precursor. This suggests that during
alteration the other minerals in the altered rock have lost most
of their Cs, the clays have incorporated the igneous Cs. A
similar situation is seen for Rb, although here even the clays

ralic pyrophyllites, chlorites and illites normalized to the
the calculated precursor (B).
nomine
may have lost some Rb. The Cu enrichment in the pyrophyllites
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relative to the altered bulk rock is mirrored in the Cu enrich-
ment relative to the precursor—it seems that the pyrophyllites
are the main carrier of Cu in the bleached samples. A similar
conclusion can be drawn for Cr. Co concentrations decrease
generally during bleaching, Figure 8B shows that the pyrophyl-
lites in particular are extremely depleted in Co.

There are some significant differences in the trace element
behavior of the other clay minerals compared to pyrophyllite.
Chlorite is clearly a major carrier for Hf in the altered rocks, more
so than pyrophyllite (Fig. 8A). The enrichments in Th, U and Ba
seen in the illite-rich rock relative to the precursors (Fig. 7) appear
to be related to a general increase in the concentrations of these
elements during alteration: relative to the altered bulk rock, the
illite concentrate shows no marked enrichments in these elements
(Fig. 8A). Only for Cs and Cu does illite show a significant
enrichment relative to the bulk altered sample.

5.4. Composition of the Hydrothermal Fluids

Distinct mineralogical and geochemical differences in the
alteration assemblages appear to have been caused by different
types of precursors, temperatures and varying proportions of
seawater and hydrothermal fluids.

5.4.1. Chlorite Formation

The replacement of volcanic rock by a nearly monomineralic
chlorite assemblage is the result of magnesium metasomatism
caused by reaction of seawater with hot hydrothermal fluid
upwelling through the volcanic succession of Pual Ridge. The
immobile Zr/TiO2 of the bulk altered rock from which the
single analyzed chlorite concentrate was prepared shows its
precursor to have been dacite. Studies of midocean ridge hy-
drothermal systems, in which basalt is the predominant precur-
sor, show that chlorite is the most commonly formed alteration
product (e.g., Humphris et al., 1998). Chlorite is however also
generated by the alteration of other precursors, although not in
the same quantities. Based on mineral stability, the formation
of authigenic chlorite and chlorite mixed-layer clays requires a
fluid with a relatively high Mg2�/H� ratio, that is, neutral to
slightly acid pH assuming seawater Mg content. The hydrolytic
alteration by slightly acid fluids will enhance dissolution of
feldspar and pyroxene and lead to the removal of cations from
the rocks.

5.4.2. Illite Formation

Hydrothermal experiments by Yates and Rosenberg (1998)
indicate a prograde reaction toward end-member illite via step-
wise formation of solubility-controlling mixed-layer phases
with increasing K-contents. Although Yeh and Savin (1977)
have suggested that I-S mixed layers will be formed between
220 and 270°C, Yates and Rosenberg (1998) have demon-
strated the stability of end-member illite in the system K2O-
Al2O3-SiO2-H2O at 250°C. The formation of illite along with
I-S requires a fluid with higher K�/H� than the value (log
K�/H� � 1.5) calculated for vent fluids sampled at PACMA-
NUS chimneys (Douville, 1999).

Several studies have indicated that illite-smectite mixed-

layer is commonly formed by direct crystallization from fluids
(Alt and Jiang, 1991; Suharno et al., 1999; Ylagan et al. 2000).
However, other studies conclude that illitization is a multiple
reaction event where smectite reacts to form illite through
mixed-layer illite-smectite (Inoue et al., 1987). In this multi-
step model, temperature of alteration and K� availability pro-
vide the major controls. Other factors that may play a role
include water-rock ratio and permeability (Ylagan et al., 2000).

5.4.3. Pyrophyllite Formation

Pyrophyllite formation has been previously described from
fossil ore deposits, e.g., the Kuroko deposits of Japan (Marumo,
1989), geothermal systems such as Otake area in Japan (Ha-
yashi, 1973) and seafloor hydrothermal sites such as Desmos
Caldera (Gena et al., 2001). Pyrophyllite is most frequently
found in very aluminous rocks and in rocks relatively enriched
in Al by base-leaching during hydrothermal alteration (Evans
and Guggenheim, 1988). Hayashi (1973) noted that pyrophyl-
lite forms at temperatures above 230°C in the Otake geothermal
system whereas in the Desmos caldera the stability of pyro-
phyllite is restricted to acidic solutions at temperatures between
260–340°C (Gena et al., 2001). Experimental work in the
system Al2O3-SiO2-H2O (e.g., Hemley et al., 1980) shows that
both high SiO2-activity and high temperature are necessary to
form pyrophyllite. Phase stability calculations carried out with
the GWB software package (www.rockware.com) by Yeats et
al. (2001) show pyrophyllite and quartz to be the only stable
mineral phases in contact with fluids sampled at PACMANUS
chimneys (Douville, 1999). We conclude that the pyrophyllite
found in the Leg 193 cores precipitated from such fluids most
probably as they cooled conductively when approaching the
seafloor.

5.5. Source of Fluids for Alteration

In view of the large differences in concentration and isotopic
composition of Sr between the pristine rock from the Pual
Ridge (Sr � ca. 250 ppm, 87Sr/86Sr � 0.70358; unpublished
data of R. Binns), seawater (Sr � 8 ppm, 87Sr/86Sr � 0.70918)
and the end-member black-smoker fluids (Sr � 9 ppm, 87Sr/
86Sr � 0.705, determined by extrapolation to Mg � 0 from data
of Douville, 1999), measurements of Sr isotope ratios in the
secondary clays are ideal for determining what fluids were
responsible for the alteration. Note that impurities in the min-
eral concentrates, if present, would have the following effects
on the measured Sr isotope ratios of the concentrates: Primary
minerals: Quartz—no effect, feldspar—move ratio towards
mantle value; secondary minerals: anhydrite—move value to-
wards seawater. The evidence from XRD and trace element
considerations presented above (see section 5.3.2) suggests that
the geochemical effects of any impurities will be negligible,
however. Previous work on other hydrothermal fields (e.g.,
TAG; Teagle et al., 1998) has shown a steady decrease in
87Sr/86Sr ratio with depth from near seawater ratios close to the
seafloor to black-smoker-like values at depth. 87Sr/86Sr mea-
surements on vein anhydrites from Leg 193 drill cores studies
here have shown large differences in the fluid sources for
Snowcap and Roman Ruins (Roberts et al., 2003). Figure 5
shows the situation at Snowcap from the clay mineral view-

point. In the upper parts of the system (�120 mbsf), the
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87Sr/86Sr ratio of the clays cluster around that of the hydrother-
mal fluid. These samples are also the only ones in which
pyrophyllite occurs, suggesting on mineral stability grounds
that the fluid is dominated by the hot, acidic, Si-rich hydrother-
mal component. The first chlorite sample from Snowcap (175
mbsf) has a Sr isotopic ratio clearly below that of the end-
member black-smoker fluid, suggesting a strong contribution to
the Sr budget from leaching of the magmatic rocks at this
depth. Indeed, the relatively low Sr isotope values of all the
clays between 100–200 mbsf show that the contribution of
seawater Sr to the altering fluid at these depths was minor.

The abundance of anhydrite decreases markedly between
approximately 160–200 m (Binns et al., 2002). The one clay
sample we have from ca. 175 mbsf shows the lowest Sr isotope
ratio measured, suggesting precipitation from fluid with very
low seawater contents. This may account for the paucity of
anhydrite in this section—low proportions of seawater in the
fluid lead to low sulfate concentrations and so only limited
anhydrite precipitation.

The isotope ratios in both anhydrites and clays increase again
with depth below 220 mbsf and at all greater depths stay above
the end-member black-smoker values, probably indicating deep
lateral recharge with more seawater-rich (up to 30%) fluids at
this site. In contrast to Snowcap, the strontium isotopic ratios of
clay minerals from Roman Ruins are all below those of the
black-smoker fluid and are much lower than the isotopic data
reported for the anhydrites.

We have attempted to investigate the fluids involved in the
mixing using information from the Sr concentrations (Fig. 9).
On this figure, the use of 1/Sr results in mixing lines being
straight. Most of the clays measured lie to the left of linear
mixing lines between parent rock and either hydrothermal fluid
or seawater. We consider this to indicate that the secondary
clays have derived all of their Sr from the fluid with no direct
incorporation of rock Sr into the secondary clays. During
crystallization of the clay minerals, the partitioning of Sr be-
tween fluid and clay has then played a major role. We have
modeled this using a simple model of crystallization from a
seawater-rock mix using a Kd (water/clay) of 0.1. This partition
coefficient was used as it represents the average concentration
ratio Sr end-member fluid/Sr clay. The influence of these par-
tition coefficients also explains the consistent deficit in Sr in the
alteration products relative to the calculated precursors seen in
Figures 7 and 8.

5.6. The PACMANUS Hydrothermal System

The observations and conclusions derived from the min-
eralogy, geothermometry and geochemistry are summarized
schematically in Figure 10. Both sites are characterized by
high temperatures in the upper part of the sequence directly
below the capping rock (unaltered lava). In the case of
Roman Ruins, the exceptionally high temperatures found in
the upper parts of the sequence were measured in quartz
veins and as such are not directly related to the clay mineral
parageneses from which the other temperature information
was derived.

The high temperature upper zone is underlain at Snowcap by
a region with distinctly lower temperatures, and the tempera-

tures then increase steadily downwards as illustrated in Figure
10. Such a temperature profile is strong evidence for advective
heat transfer by fluids. A similar conclusion has also been
reached by Vanko et al. (2004) from studies of fluid inclusions.
The lower temperature region in zone 2 at Snowcap is associ-
ated with low Sr isotope ratios in the authigenic clays and an
absence of anhydrite, both suggesting that seawater penetrates
only weakly, if at all, into this region. We associate the lower
temperatures therefore with a return flow of cooled hydrother-
mal solution from above. Roman Ruins also shows lower
temperatures (ca. 220°C) beneath the high-temperature upper
regions. However, we see no change to increasing temperatures
with depth at the base of the core, presumably as the penetra-
tion was not deep enough to encounter the true geothermal
gradient.

The mineralogical and chemical information presented here
gives no information about the relative timing of these different
alteration processes. Shipboard mineralogical information
(Shipboard Scientific Party, 2002; Binns et al., 2002) allow a
crude chronology to be deciphered, however. According to this
work, early alteration produces a pervasive green coloration
comprising silica polymorphs, illite and chlorite with some
associated pyrite. This is overprinted by bleaching, involving
the development of clays, pyrophyllite and variable amounts of
pyrite and anhydrite in haloes around veins. A late-stage silic-
ification may follow the bleaching. In all areas the rocks are cut
by pervasive late-stage anhydrite veins which may also contain

Fig. 9. Sr isotope compositions versus 1/Sr content for secondary
clays and possible end members contributing to fluid composition.
Mixing lines between rock and either seawater or local black-smoker
fluid are shown. Most clay data fall to the left of these lines, indicating
that the clays have higher Sr concentrations than a direct mixture
between the two end members, suggesting that the clays have a distri-
bution coefficient for Sr (Kd) � 1. A modeled mixing and partitioning
curve using Kd � 0.1 is shown.
traces of pyrite (e.g., Vanko et al., in press).
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6. CONCLUSIONS

Studies of the mineralogy and geochemistry of altered rocks
recovered from ODP Leg 193 holes lead to the following

Fig. 10. Schematic diagram depicting the hydrothermal
1189). General fluid flow pathways and isotherms are inferre
data.
conclusions:
● The felsic-hosted alteration systems at PACMANUS are
characterized by a large range of alteration mineral assem-
blages, much larger than is found at basalt-hosted midocean
ridge systems. Particularly striking is the presence of a wide

n changes at Snowcap (Site 1188) and Roman Ruins (Site
mineralogy and temperature estimates from oxygen isotope
alteratio
d from
range of mixed two- and three-layer sheet silicates, varieties
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that have not previously been described from other midocean
ridge hydrothermal systems.

● The temperature-depth profiles derived from the mineral
thermometry show clear maxima close to the surface, re-
flecting the dominance of convective rather than conductive
heat transfer and the importance of the capping seal of fresh
eruptives in the PACMANUS hydrothermal systems.

● The chloritization, illitization and pyrophyllite-bearing alter-
ation styles show differing chemical changes in the altered
samples relative to a calculated pristine precursor lava. The
element Cr appears to have a general enrichment in the
altered bulk samples. A particularly marked enrichment in
Cu and Cr is evident in the pyrophyllite concentrates. Rb and
Cs are notably enriched in a chlorite concentrate. Cs and Cu
are significantly enriched in illite concentrates.

● Mineral stability considerations allow constraints to be
placed on fluid chemistry. The change from chloritization/
illitization to bleaching must be accompanied, for example,
by a reduction in pH from �5 by chloritization to � 3 during
bleaching. Pyrophyllite formation is also only possible under
conditions of high SiO2-activity.

● The fluid responsible for the hydrothermal clay alteration
was most probably a mixture of upwelling, high temperature
(�220°C), black smoker-type fluid with minor (�30%) pro-
portions of seawater.
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