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Abstract. Phyllosilicates occurring as replacements of ol- 
ivine, clinopyroxene and interstitial materials and as 
veins or fracture-fillings in hydrothermally altered ba- 
salts from DSDP Hole 504B, Leg 83 have been studied 
using transmission and analytical electron microscopy. 
The parageneses of phyllosilicates generally change sys- 
tematically with depth and with the degree of alteration, 
which in turn is related to permeability of basalts. Sa- 
ponite and some mixed-layer chlorite/smectite are the 
dominant phyllosilicates at the top of the transition 
zone. Chlorite, corrensite, and mixed-layer chlorite/cor- 
rensite occur mainly in the lower transition zone and 
upper levels of the sheeted dike zone. Chlorite, talc, and 
mixed-layer talc/chlorite are the major phyllosilicates in 
the sheeted dike zone, although replacement of talc or 
olivine by saponite is observed. The phyllosilicates con- 
sist of parallel or subparallel discrete packets of coherent 
layers with packet thicknesses generally ranging from 
< 100 ~ to a few hundred ~. The packets of saponite 
layers are much smaller or less well defined than those 
of chlorite, corrensite and talc, indicating poorer crystal- 
linity of saponite. By contrast, chlorite and talc from 
the lower transition zone and the sheeted dike zone occur 
in packets up to thousands of ~ thick. The Si/(Si + A1) 
ratio of these trioctahedral phyllosilicates increases and 
Fe/(Fe + Mg) decreases in the order chlorite, corrensite, 
saponite, and talc. These relations reflect optimal solid 
solution consistent with minimum misfit of articulated 
octahedral and tetrahedral sheets. Variations in compo- 
sition of hydrothermal fluids and precursor minerals, 
especially in Si/(Si+A1) and Fe/(Fe+Mg) ratios, are 
thus important factors in controlling the parageneses 
of phyllosilicates. The phyllosilicates are generally well 
crystallized discrete phases, rather than mixed-layered 
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phases, where they have been affected by relatively high 
fluid/rock ratios as in high-permeability basalts, in veins, 
or areas adjacent to veins. Intense alteration in basalts 
with high permeability (indicating high fluid/rock ratios) 
is characterized by pervasive albitization and zeolitiza- 
tion. Minimal alteration in the basalts without signifi- 
cant albitization and zeolitization is characterized by the 
occurrence of saponite __ mixed-layer chlorite/smectite in 
the low-temperature alteration zone, and mixed-layer 
chlorite/corrensite or mixed-layer talc/chlorite in the 
high-temperature alteration zone. Textural non-equilib- 
rium for phyllosilicates is represented by mixed layering 
and poorly defined packets of partially incoherent layers. 
The approach to textural equilibrium was controlled 
largely by the availability of fluid or permeability. 

Introduction 

Hydrothermal alteration of oceanic basalts occurs when 
seawater interacts with oceanic crust. This process in- 
volves the transfer of heat, modification of mineral as- 
semblages, and the exchange of elements and isotopic 
species between seawater and the oceanic crust (e.g., Ed- 
mond et al. 1979; Anderson and Skilbeck 1981 ; Elthon 
1981 ; Honnorez 1981 ; Alt et al. 1986a, b). The changes 
in minerals in the altered crust in turn cause modification 
of physical properties such as density and magnetic 
properties (e.g., Petersen etal. 1979; Salisbury etal. 
1979). Abundant secondary hydrous minerals, especially 
phyllosilicates or clay minerals, have been considered 
to be a sink for Mg and K in the element mass balance 
of the oceans (e.g., Edmond etal. 1982; Thompson 
1983; Alt 1984; Alt et al. 1986a). 

In upper levels of oceanic crust (Layer 2, depth < 
2 km within the igneous basement), mainly composed 

of pillow basalts and sheeted dikes, phyllosilicates (in- 
cluding dominant clay minerals) are major products of 
hydrothermal alteration. Therefore, phyllosilicates are 
central to an understanding of the alteration relations, 
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especially with respect to chemical exchange between ba- 
salts and convected seawater. Detailed characterization 
of phyllosilicates in terms of phase assemblages (para- 
geneses), paragenetic sequences, and their compositions 
and microstructures may provide insight into the nature 
of submarine hydrothermal systems, convection and 
evolution of hydrothermal fluids, alteration mecha- 
nisms, and hydrothermal sulfide deposition. 

To date, most studies of the phyllosilicates in altered 
submarine basalts have been conducted with conven- 
tional "bulk-clay" X-ray diffraction (XRD) and elec- 
tron-microprobe analyses (EMPA) (e.g., Honnorez et al. 
1983; Noack et al. 1983; Alt et al. 1985, 1989; Kempton 
et al. 1985; Roberson 1989) although Debye-Scherrer 
powder diffraction techniques have also been used to 
examine very small samples of phyllosilicates (e.g., An- 
drews 1980; B6hlke et al. 1980; Alt and Honnorez 1984; 
Alt et al. 1985). As a result of forming at relatively low 
temperatures (<  100 ~ C to _+ 350 ~ C), the phyllosilicates 
are generally very fine grained and intimately intergrown 
on a submicroscopic scale. Therefore, complete charac- 
terization by optical microscopy, EMPA, and even XRD 
is difficult. XRD analysis may give ambiguous results, 
especially when the analyzed specimens contain complex 
mixtures of different phyllosilicates and mixed-layered 
phyllosilicates (Roberson 1987, 1988, 1989; Shau et al. 
1990b). 

Nevertheless, direct observation of textural relation- 
ships and stacking sequences of phyllosilicates (types of 
mixed layering) is possible with high-magnification im- 
aging using transmission electron microscopy (TEM). 
With selected-area electron diffraction (SAED) and ana- 
lytical electron microscopic (AEM) analyses, structural 
and chemical analyses can be obtained in situ from dis- 
crete phases as small as a few hundred/~ in diameter. 
In this study, TEM and AEM techniques were therefore 
utilized to investigate phyllosilicates in the altered ba- 
salts recovered from Deep Sea Drilling Project (DSDP) 
Hole 504B, Leg 83. 

Geological background 
Hole 504B is the deepest submarine basement hole drilled to date 
and is located in 5.9 million-year-old oceanic crust south of the 
Costa Rica Rift in the Pacific Ocean (Fig. 1). It penetrated 274.5 m 
of pelagic sediments and 1075.5 m of basement rocks during DSDP 
Legs 69, 70, and 83, and another 212.3 m during Leg 111 of the 
Ocean Drilling Program (ODP). The oceanic basement at Hole 
504B was divided into three lithologic zones (Fig. 2): an upper 
571.5-m-thick pillow zone consisting of pillow lavas, breccias, and 
massive units (flows and sills); a 209-m-thick transition zone com- 
posed of pillow lavas, massive units, and dikes; and a 507.3-m-thick 
sheeted dike zone consisting mainly of intrusive dikes and massive 
units (Adamson 1985). It represents a complete sequence of altered 
upper oceanic crust spanning the range from low-temperature alter- 
ation at the top of the pillow zone to greenschist-facies alteration 
(or metamorphism) in the sheeted dike complex (e.g., Alt 1984; 
Alt et al. 1986a). 

In general, celadonite-nontronite and saponite (Mg-rich triocta- 
hedral smeetite) are the dominant phyllosilicates in the pillow ha- 
salts that have been subjected to low-temperature (_< 150 ~ C) alter- 
ation (e.g. Honnorez et al. 1983; Alt and Honnorez 1984, Alt et al. 
1986b). The transition and sheeted dike zones have been subjected 
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Fig. 1. Locality of Deep Sea Drilling Project (DSDP) Hole 504B 
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Fig. 2. Cross section of DSDP Hole 504B. Depths of samples and 
a boundary between low- and high-temperature alteration zones 
are indicated 



to higher temperature (200-350 ~ C) alteration and are character- 
ized by mineral assemblages of subgreenschist to greenschist facies 
(e.g., Alt et al. 1985, 1986b; Kempton et al. 1985). Chlorite, talc, 
corrensite, and several types of mixed-layer clays involving inter- 
stratification of chlorite, smectite, or vermiculite have been re- 
ported in the altered basalts within the transition and sheeted dike 
zones (e.g., Alt 1984; Alt et al. 1985, 1986a, 1989). 

Analytical techniques 

Conventional polished thin sections and "sticky-wax" (thermo- 
sensitive cement) mounted thin sections were made for each rock 
specimen. The former were used for petrographic and EMPA stu- 
dies whereas the latter were utilized in preparation of TEM speci- 
mens. Optical microscopy, powder-XRD analysis, and scanning- 
electron microscopy (SEM) with back-scattered electron (BSE) im- 
aging and energy-dispersive spectrometry (EDS) analysis were uti- 
lized for preliminary petrographic studies and mineral identifica- 
tions. 

Specimens for TEM and AEM analyses were prepared by ion- 
mill thinning (cf., Shau et al. 1990b). A Philips CM12 scanning 
transmission electron microscope (STEM) equipped with a Kevex 
Quantum detector and operated at 120 kV was used for the TEM/ 
AEM analyses. The SAED patterns and lattice-fringe images using 
the central beam and diffraction beams (multi-beam '~ bright-field" 
images) were obtained in TEM mode. Lattice-fringe images were 
obtained at Scherzer focus ( -980 A-) to -3000 A underfocus con- 
ditions. The AEM analyses were obtained in scanning mode, which 
gave rise to an electron beam approximately 50/~ in diameter, 
by rastering the beam (200-1000 A wide square areas) over thin 
edges of the specimens. Therefore, a grain as small as 200 A across 
can be analyzed without beam overlap on other grains or other 
phases. Specimens were tilted toward the detector by 20 ~ giving 
an X-ray take-off angle of 34 ~ The X-ray spectra were acquired 
at 200-400 counts per second for 200 s (live time). The thin-foil 
approximation using experimentally determined k values (or Cliff- 
Lorimer factors) for each element was used to obtain quantitative 
results [e.g., kAI=(CAI/Csi)/IAI/Isi); C, concentration; I, intensity 
of X-ray characteristic line, cf., Cliff and Lorimer 1975]. Standards 
of natural and synthetic minerals were used to determine k values 
(Shau et al. 1990b). As the derived concentrations of elements (or 
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oxides) for a mineral are relative values with respect to that of 
Si, weight percents of oxides presented here have been normalized 
on the basis of an assumed total for anhydrous oxides. The relative 
2 cr error (from counting statistics) for major elements (oxides > 10 
wt%) is 2-5% and for minor elements (oxides 1-10 wt%) is 5 10%. 

Electron-microprobe analyses (EMPA) were obtained for com- 
parison with AEM data. A Cameca CAMEBAX electron micro- 
probe equipped with 3 wavelength-dispersive spectrometers 
(WDS's) was operated at 12 kV and 10 nA beam current using 
natural and synthetic mineral standards and Cameca programs 
for ZAF corrections. 

Petrography and occurrences of phyllosilicates 

Seven core specimens recovered during Leg 83 (562-1076 m within 
the basement, Fig. 2) and provided by H.E. Roberson were studied. 
Three of the specimens are from the transition zone and four are 
from the sheeted dike zone. The basalt samples are fine- to medium- 
grained and exhibit subophitic and intersertal textures that consist 
of subhedral plagioclase laths and anhedral clinopyroxene grains. 
They usually contain less than 10% phenocrysts of olivine (now 
completely replaced by phyllosilicates) and plagioclase. Olivine 
phenocrysts and intergranular olivine in the groundmass are most 
susceptible to change during alteration and generally have been 
replaced completely by phyllosilicates (_+actinolite), and minor 
opaque minerals (Fig. 3 a). Clinopyroxene is usually fresh but may 
exhibit altered selvages that have been replaced by phyllosilicates, 
actinolite, dusty materials, or secondary clinopyroxene (Shau and 
Peacor 1990). Albitization and zeolitization of plagioclase are com- 
mon in samples 79-2, 87-1, and 121-1. Albite and Ca-zeolites usual- 
ly occur as irregular patches or domains in plagioclase (Fig. 3 b). 
Sample 87-1 is the most pervasively altered; many clinopyroxene 
grains have been completely altered to actinolite. Lesser degrees 
of albitization and no zeolitization were observed in sample 107-1. 
Albite and zeolites were not observed as replacements of plagio- 
clase in samples 73-2, 129-2, and 132-1. The interstitial materials 
(Fig. 3c) representing the latest-formed crystallites or glass include 
titanomagnetite, plagioclase (anorthite component smaller than 
that of phenocrysts), clinopyroxene, apatite, and secondary miner- 
als including phyllosilicates, sphene, actinolite, and iron oxides 
(magnetite and trace amounts of hematite, Alt et al. 1989). For 

Fig. 3. a BSE image showing alternating bands of talc, Tc, and 
very fine grained opaque minerals, white dots, and acicular actino- 
lite, Act, intergrowu with talc in pseudomorphs after olivine in 
sample 129-2. The lighter-contrast bands are enriched in Fe, A1 
and Ca, and contain more shrinkage cracks than the darker-con- 

trast bands. Cpx, clinopyroxene; Pg, calci plagioclase, b BSE image 
showing partial replacement of calcic plagioclase by albite, Ab, 
and Ca-zeolite, Ze, in sample 121-1. c BSE image showing intersti- 
tial materials including dendritic titanomagnetite, Mt; sphene, Sph; 
plagioclase; and saponite, Sap, in sample 73-2 
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detailed petrographic data, mineral compositions, and bulk-rock 
compositions of altered basalts, refer to Altet al. (1985) and Kemp- 
ton et al. (1985). 

The occurrences of phyllosilicates are distinguished as: (1) pseu- 
domorphs after olivine; no olivine remains (Fig. 3 a); (2) replace- 
ments of interstitial materials (Groundmass) including glass and 
very fine grained (<0.1 ram) crystals or microlites (Fig. 3c); (3) 
veins or fracture-fillings; (4) replacements of, or fracture-fillings 
in, minerals other than olivine, e.g., partial replacements of selvages 
of clinopyroxene crystals, or fillings in fractures and cleavages in 
plagioclase. Saponite is usually green to brownish green and exhib- 
its moderate birefringence. It occurs in different modes in the shal- 
lowest sample (73-2) but occurs mainly as a partial replacement 
of talc along selvages of talc pseudomorphs after olivine in samples 
129-2 and 132-1. Chlorite was observed optically in all samples 
except 73-2; it is pale green and exhibits weak birefringence, where- 
as corrensite and mixed-layer chlorite/corrensite show higher bire- 
fringence than chlorite, as described by Shau et al. (1990b). How- 
ever, it is difficult to distinguish different types of mixed-layer clays 
by their optical features. Talc was distinguished by its strong bire- 
fringence and lack of absorption color. Talc and chlorite are the 
major phyllosilicates in the two deepest samples, 129-2 and 132-1. 

Electron microscopic observations 

Saponite 

Saponite and lesser mixed-layer chlorite/smectite are the 
dominant phyllosilicates in sample 73-2, which is from 
the uppermost  level of  the transition zone. They occur 
as replacements of  olivine, and of  some interstitial mate- 
rials (probably glass) that coexist with dendritic (or skel- 
etal) titanomagnetite, sphene, thin laths of plagioclase, 
and clinopyroxene (Fig. 3c). Saponite coexisting with 
chlorite, mixed-layer chlorite/smectite and corrensite 
was also observed in veins or fracture-fillings. 

Saponite in samples 129-2 and 132-1 (lower levels 
of  the sheeted dike zone) generally occurs along rims 
of talc pseudomorphs (after olivine) where it is in contact 
with plagioclase. It also replaces the cores of  some talc 
pseudomorphs, rarely in association with opaque miner- 
als. The textures and phase relations imply that, at a 
later stage of low-temperature alteration, the saponite 
in the former case partially replaced talc, and the sapon- 
ite in the latter case replaced relict cores of  olivine that 
had not been completely replaced by talc in an earlier 
stage of  high-temperature alteration (cf., Kempton et al. 
19S5). 

A TEM (001) lattice-fringe image, viewed parallel to 
(001), shows that saponite replacing olivine in sample 
73-2 exhibits a "mo t t l ed"  texture and does not occur 
as well-defined packets that contain well-ordered, coher- 
ent layers (Fig. 4). The mottled texture is a characteristic 
feature of  beam damage in phyllosilicates that have 2:1 
layers and interlayer cations, such as micas, smectites, 
and corrensite (Ahnet  al. 1986; Shau et al. 1990b, 1991). 
The SAED patterns of saponite generally show diffuse 
reflections indicating poor  crystallinity and/or  small 
crystal size, as also implied from the images. The (001) 
lattice fringes of  saponite are characterized by wavy 
layers with approximately 10 ~ periodicity (inferred to 
result from collapse of  ~-~ 14 ~ layers in the high-vacuum 
environment) and abundant defects, particularly trunca- 
tion of fringes along (001). 

The [001] zone SAED patterns obtained with (001) 
of  saponite approximately perpendicular to the electron 
beam consist of  nearly complete ring patterns (not 
shown here), similar to patterns of polycrystalline mate- 
rials, instead of  a single hexanet. This indicates that sa- 
ponite layers are stacked with adjacent layers randomly 

Fig. 4. TEM lattice-fringe image showing wavy layers of saponite 
which replaced olivine in sample 73-2. The lattice fringes are col- 
lapsed 10 A layers of saponite (001). Some 14 A layers are indicated 
by arrows. The saponite exhibits short-range ordering along layers 
with abundant dislocations. The inserted SAED pattern showing 
diffuse reflections with dool = 10 ~ is typical of collapsed smectite 
layers 

Fig. 5. TEM lattice-fringe image showing the stacking sequence 
of chlorite layers (14 A) and saponite layers (10 ~), and corrensite 
layers (24 A), that occur in a vein of sample 73-2. The layers are 
better defined and have less defects than those of materials that 
replace olivine. The inserted SAED pattern exhibits sets of reflec- 
tions from chlorite (slightly irrational) and saponite, respectively 
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Table 1. Selected analytical electron microscopy (AEM) analyses of saponite and mixed-layer chlorite/smectite from the altered basalts, 
DSDP Hole 504B, Leg 83 

Oxides (wt%) Saponite Mixed-layer chlorite/smectite 

73-2-P" 73-2-V 132-2-T 73-2-P 73-2-V 

1 2 3 4 5 6 7 8 9 

S i O  2 45.4 45.2 44.6 47.9 49.0 37.5 39.7 35.5 39.2 
A1203 8.4 8.4 7.9 6.9 4.9 13.1 9.9 11.4 11.6 
FeO b 12.4 1.9 14.1 14.0 9.5 13.9 14.1 19.8 19.0 
MgO 18.6 18.8 16.0 17.6 23.4 18.5 19.0 20.4 17.3 
CaO 1.0 1.8 1.8 1.4 0.9 1.i 1.2 0.4 0.4 
Na20 0.8 0.8 1.0 < 0.1 < 0.1 n.d. n.d. n.d. n.d. 
K20 1.3 1.1 2.5 0.3 0.4 0.9 1.1 0.5 0.5 

Total ~ 88.0 88.0 88.0 88.0 88.0 88.0 88.0 88.0 88.0 

No. of cations on the basis of 22 O (saponite) and 25 O (mixed-layer chlorite/smectite) 

Si 6.82 6.78 6.84 7.14 7.16 6.74 7.14 6.39 6.93 
A1TM 1.18 1.22 1.16 0.86 0.84 1.26 0.86 1.61 1.07 
2; TM 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

A1 w 0.29 0.26 0.27 0.34 0.00 1.52 1.23 0.80 1.35 
Fe 2+ 1.57 1.49 1.81 1.74 1.16 2.09 2.12 2.98 2.81 
Mg 4.12 4.22 3.65 3.92 4.84 4.94 d 5.10 d 5.47 d 4.57 d 
2; vl 6.00 5.97 5.73 6.00 6.00 8.55 8.45 9.25 8.73 

Mg 0.02 0.00 0.00 0.00 0 . 2 5  . . . .  
Ca 0.17 0.28 0.30 0.22 0.14 0.22 0.23 0.08 0.07 
Na 0.23 0.23 0.30 0.00 0.00 n.d. n.d. n.d. n.d. 
K 0.25 0.22 0.49 0.06 0.08 0.21 0.26 0.13 0.12 

0.67 0.73 1.09 0.28 0.47 0.43 0.49 0.21 0.19 

Si/(Si+ A1) 0.82 0.82 0.83 0.86 0.90 0.71 0.77 0.73 0.74 
Fe/(Fe+ Mg) 0.27 0.26 0.33 0.31 0.19 0.30 0.29 0.35 0.38 

n.d., not determined 
" P, replacing olivine; V, vein; T, replacing talc 
b Total Fe as Fe 2+ 

c Oxides wt% normalized to 88.0 wt% 
a All Mg assigned to octahedral site 

related by rotations along c* (i.e., turbostratic stacking), 
and thus with lack of  coherence across at least a signifi- 
cant proport ion of  interlayers. 

Some (001) fringes exhibit ,-~ 14 ~ periodicity (Fig. 4) 
but they are not as well defined as those of  chlorite 
(see Figs. 7-13 below). Such ~ 1 4 ~  fringes probably 
correspond to uncollapsed saponite layers (cf., uncol- 
lapsed dioctahedral smectites, Page and Wenk 1979; 
Ahn and Peacor 1986) or perhaps have interlayers occu- 
pied by incomplete hydroxide sheets as proposed for 
"swelling chlorite" (Martin-Vivaldi and MacEwan 
1960). Well-defined 14 ]~ chlorite layers were occasional- 
ly observed within mixed-layer chlorite/smectite in pseu- 
domorphs after olivine, and were common in veins in 
sample 73-2 (Fig. 5). 

Chemical compositions of  saponite obtained from 
A E M  analyses are presented in Table 1. The structural 
formulae of saponite that replaced olivine and interstitial 
materials from sample 73-2 are consistent with triocta- 
hedral smectite containing ~0.7  interlayer cations per 
formula (22 O). The interlayer sites contain considerable 
K, and the saponite may therefore be a significant sink 
for K. The saponite that occurs in veins contains approx- 

imately twice as much K as the saponite from interstitial 
areas or pseudomorphs after olivine. It has a relatively 
high proportion of  interlayer cations ( ~  1.1 per formula 
unit) and vacancies in the octahedral sheets ( <  6 octahe- 
dral cations). This implies that the saponite occurring 
in veins contains some celadonite or dioctahedral smec- 
tite layers. Saponite that replaced talc in sample 132-1 
contains significantly more Si and less Na and K than 
that in 73-2. 

Mixed-layer chlorite/smectite 

Brownish green phyllosilicates occur with sporadic an- 
hydrite and pyrite in a vein ( ~  1 mm wide) in sample 
73-2. The phyllosilicates consist of  14 ~ chlorite layers, 
10 ~ collapsed saponite layers, and a few 24 ]k corrensite 
layers (Fig. 5). As the boundaries of  packets are not well 
defined in this sample, an area extending 1000 ~ across 
layers was arbitrarily chosen for calculation of  probabili- 
ties (P) of  junctions for chlorite (ch) and smectite (sm) 
(saponite) layers. The resulting values of  Pch.sm = ~0.5 
and Po~.ch=~0.5 are consistent with random (R0) 
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as combinations with different proportions of chlorite 
and smectite (Table 1). The total octahedral cations (as- 
suming all Mg in octahedral sites) based on normaliza- 
tion to O can be used to estimate the relative proportion 
of chlorite- and smectite-like layers (Bettison and Schiff- 
man 1988; Shau et al. 1990b; Bettison-Varga et al. 1991 ; 
Schiffman and Fridleifsson 1991). For example, mixed- 
layer chlorite (>0.5)/smectite has total octahedral ca- 
tions >9 per 25 O (analysis 8, Table 1). However, this 
method must be applied with caution, as there may be 
layers of other phases (e.g., dioctahedral phyllosilicates) 
contributing to the average composition. 

Fig. 6a, b. Two SAED patterns showing similar irrational 001 re- 
flections of: a mixed-layer chlorite/smectite from sample 73-2; b 
mixed-layer chlorite/corrensite from sample 107-1, respectively 

mixed-layer chlorite (~0.5)/smectite (Reynolds 1980). 
The SAED patterns which were obtained from areas 
as small as 0.3 gm (3000 ~) in diameter show irrational 
reflections (Fig. 6) that are also consistent with random 
mixed layering. However, such material might be inter- 
preted as an intergrowth of chlorite, saponite, and cor- 
rensite if very thin sequences of only a few layers are 
considered as discrete phases. In some areas, the SAED 
patterns show nearly rational reflections from sequences 
of identical kinds of layers that are as thin as ten layers. 

The AEM analyses of the mixed-layer chlorite/smec- 
tite give rise to compositions that can be interpreted 

Corrensite 

Corrensite was defined as a 1:1 regular interstratifica- 
tion of trioctahedral chlorite with either trioctahedral 
smectite or trioctahedral vermiculite (Bailey 1981). It has 
been suggested that corrensite is a unique phase with 
a unique crystal chemistry that is different from that 
of a simple combination of chlorite and smectite layers 
(Brigatti and Poppi 1984; Inoue et al. 1984; Shau et al. 
1990 a, b; Inoue and Utada 1991). Corrensite coexisting 
with chlorite occurs as replacements of olivine or inter- 
stitial materials and as a fracture-filling in samples 79-2 
and 107-1. Dominant chlorite and small amounts of cor- 
rensite also occur in veins in samples 79-2 and 121-1. 
In sample 73-2, only 2 to 5 corrensite-like layers group 
together. 

The TEM images show that some packets of corren- 
site and chlorite are well defined and range from 200 
to more than 1000 ~ in thickness in the interstitial areas 
adjacent to a vein from sample 79-2 (Fig. 7). The mottled 
texture is a common feature of corrensite packets. Cor- 
rensite exhibits (001) lattice fringes having 24 ~ periodic- 
ity (14 ~ chlorite-like layer+10 ~ collapsed smectite- 
like layer). Both corrensite and chlorite layers are up 

Fig. 7. TEM lattice-fringe image 
showing well-defined chlorite 
(14 A) and corrensite (24 ~,) 
packets occurring as a replace- 
ment of olivine in sample 79-2. 
Inserted SAED pattern taken 
from a corrensite-dominated area 
shows rational 24/n ,~ reflections 

Fig. 8. TEM lattice-fringe image 
showing mixed-layer chlorite/cor- 
rensite pseudomorphic after oliv- 
ine from sample 107-1. The a r -  

r o w s  point to the segments of 
brucite sheets along the 10 
layers. The textures imply lack of 
complete development of crystals 
and non-equilibrium textural rela- 
tions. Corresponding SAED pat- 
tern exhibiting irrational reflec- 
tions of mixed-layer chlorite/cor- 
rensite is shown in Fig. 6b 
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Table 2. Selected AEM and electron microprobe analyses (EMPA) of corrensite and mixed-layer chlorite/corrensite from the altered 
basalts, DSDP Hole 504B, Leg 83 

Oxides (wt%) AEM EMPA 

79-2-P a 107-1-P 107-1-P 

1 2 3 4 5 6 7 d 

107-1-I 

8 

S i O  2 33.8 34.1 33.0 33.2 31.7 32.4 32.4 29.6 
A1203 16.4 16.2 14.0 14.7 15.2 14.9 14.9 15.8 
FeO b 13.8 13.4 24.2 24.3 24.5 25.7 25.7 23.8 
MnO 0.2 0.2 0.14 0.14 0.11 0.14 0.14 0.11 
MgO 21.5 21.4 15.9 /5.1 17.0 16.0 16.0 15.3 
CaO 1.1 1.5 0.8 0.6 0.75 1.00 1.00 1.07 
Na20 <0.1 <0.1 <0.1 <0.1 0.09 0.09 0.09 0.10 
K20 1.2 1.2 < 0.1 < 0.1 0.07 0.07 0.07 0.06 

Total ~ 88.0 88.0 88.0 88.0 89.4 90.3 90.3 85.8 

No. of cations on the basis of 25 O (except ~ 7) 

Si 5.94 5.98 6.08 6.10 5.79 5.88 6.58 5.64 
A1 iv 2.06 2.02 1.92 1.90 2.21 2.12 1.42 2.36 
~iv 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

A1 v[ 1.33 1.32 1.13 1.30 1.06 1.06 2.14 1./9 
F e  z + 2.04 1.98 3.73 3.73 3.73 3.90 4.37 3.79 
Mn 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 
Mg 5.60 5.59 4.12 3.95 4.41 ~ 4.13 ~ 4.85 4.14 e 
~w 9.00 ' 8.92 9.00 9.00 9.22 9.11 11.38 9.14 

Mg 0.02 0.00 0.25 0.19 0.20 ~ 0.20 e _ 0.20 ~ 
Ca 0.21 0.29 0.15 0.11 0.15 0.19 0.21 0.22 
Na 0.00 0.00 0.00 0.00 0.03 0.03 0.03 0.04 
K 0.27 0.26 0.00 0.00 0.02 0.02 0.02 0.02 

0.50 0.55 0.40 0.30 0.40 0.44 0.26 0.48 

Si/(Si + A1) 0.64 0.64 0.65 0.66 0.64 0.65 0.65 0.61 
Fe/(Fe + Mg) 0.27 0.26 0.43 0.47 0.45 0.47 0.47 0.47 

a Replacing olivine phenocrysts, P, or interstitial materials, 
b Total Fe a s  Fe z + 
~ Oxides wt% normalized to 88.0 wt% for AEM analyses 

d Same as no. 6 but normalized on the basis of 28 O (chlorite 
formula) 
e Assuming 0.20 Mg in the interlayer site 

to i I, tm (10000/k)  wide wi thou t  in terrupt ion by defects. 
Within  corrensite packets  there are usually some extra 
chlorite layers; similarly, some corrensite layers occur  
within chlorite packets. As 10 ]k smectite-like layers were 
never observed to be adjacent  to each other,  the mixed 
layering can be described as either an R /  mixed-layer  
chlorite/smectite or  a mixed-layer  chlori te/corrensite on 
the basis o f  the stacking sequences. Shau et al. ( /990b)  
suggested that  the assemblage should be described as 
chlorite + corrensite + mixed-layer  chlorite/corrensite,  
f rom the poin t  o f  view o f  the unique crystal chemistry 
o f  corrensite and the c o m m o n  paragenesis o f  chlorite 
with corrensite ra ther  than with r a n d o m  mixed-layer 
chlorite/smectite.  The S A E D  pat terns  o f  corrensite show 
rat ional  reflections with dool = 24 A (Fig. 7). The relative 
intensities a m o n g  00l reflections are consistent  with 
those o f  the corrensite observed by Shau et al. (1990b). 

Corrensi te  in sample /07-1 is less perfect than that  
in 79-2, generally occurr ing as mixed-layer  chlori te/cor-  
rensite wi thout  well-defined, discrete packets,  as shown 
by lattice-fringe images and  irrat ional  reflections (Figs. 8 

and 6, respectively). Two 10 ~ layers adjacent  to each 
other  but  extending less than a few hundred  ~ along 
(001) (locally change into 14 ]~ layers) were only ob- 
served on one occasion. The p o o r  crystallinity and pres- 
ence o f  disorder  m a y  be caused by rapid growth  of  bo th  
chlorite and corrensite. However ,  an alternative mecha-  
nism in which corrensite (and p robab ly  some saponite) 
partially replaced preexisting Mg-r ich chlorite is more  
likely, as the defects and layer-stacking sequences in the 
mixed-layer chlori te/corrensite are similar to those ob- 
served in the products  o f  al terat ion o f  biotite to chlorite 
(e.g., Veblen and Ferry 1983). This re t rograde al terat ion 
p robab ly  occurred at a later stage o f  hydro the rma l  alter- 
at ion with temperature  ranging f r o m / 0 0  to 250 ~ C (the 
4th stage defined by Alt  et al. 1986a). 

The structural  formulae  o f  corrensite calculated f rom 
A E M  analyses have 8.9-9.0 octahedra l  cat ions and ~ 0.5 
interlayer cat ions per 25 O (Table 2). They  are consistent  
with a combina t ion  o f  one chlorite-like layer (6 M w per 
/4  O, MVX=octahedral ly  coord ina ted  cations) and one 
t r ioctahedral  smectite-like layer (3 M w per 11 O). The 
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Fig. 9. TEM lattice2fringe image showing well-developed chlorite 
packets 1000-2000 A thick which occur as a replacement of intersti- 
tial materials in sample 87-1. The central packet exhibits 28 A. peri- 

odicity, apparently as a two-layer polytype that is also indicated 
by the non-00/reflections (indicated by an arrow) in the inserted 
SAED pattern 

compositions obtained by EMPA exhibit abnormally 
high 6A1 (=AlVa-A1TM where AlW=tetrahedrally coor- 
dinated A1) values and high proportions of octahedral 
vacancies when normalized to a chlorite formula, or 
have an excess of octahedral cations when normalized 
to a corrensite formula (comparing nos. 7 and 8, Ta- 
ble 2). Part of the Mg of the microprobe analyses has 
been assigned to interlayer sites (assuming 0.20 Mg 
based on AEM analyses, nos. 3 and 4, Table 2). The 
resultant formulae show an excess of octahedral cations 
(>9.0), indicating that microprobe analyses contain 
mixtures or mixed layering of corrensite and chlorite, 
rather than pure corrensite. A significant variation in 
corrensite composition occurs for the interlayer cations: 
Mg and Ca are the dominant cations in corrensite of 
sample 107-1, whereas K and Ca are dominant in sample 
79-2. Corrensite in sample 79-2 has lower Fe/(Fe + Mg) 
ratios than that of sample 107-1. 

Chlorite 

Chlorite is ubiquitous in the six altered basalt samples 
from the lower transition zone and the sheeted dike zone 
(below ~ 625 m within the basement). However, chlorite 
coexists principally with corrensite in the transition zone 
and in the upper levels of the sheeted dike zone (79-2, 
107-1, and 121-1), whereas it generally coexists with talc 
in the lower levels of the sheeted dike zone (129-2 and 
132-1). Where chlorite is intergrown with talc on a sub- 
microscopic scale, the resulting material exhibits deeper 
absorption colors (similar to the color of saponite) than 
pure chlorite. Submicroscopic intergrowths of  chlorite 
and micas exhibiting anomalous, deep colors have also 
been observed by Franceschelli et al. (1986) and Shau 

et al. (1991). Sample 87-1, which has been altered most 
intensely, is the only one in which chlorite was observed 
as the sole phyllosilicate. This chlorite occurs as thick 
packets (1000-2000 ~)  and is characterized by sharp and 
straight lattice fringes (Fig. 9). 

The composition of chlorite is quite variable among 
different specimens and modes of occurrence (Fig. 10). 
The AEM analyses of chlorite from samples 87-1 and 
121-1 give rise to ideal chlorite formulae with relatively 
low Si/(Si + A1) and high Fe/(Fe + Mg) (Table 3). By con- 
trast, chlorite of ideal formulae from 129-2 and 132-1 
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Fig. 10. The Si/(Si + A1) versus Fe/(Fe + Mg) plots (ratios of cations 
per formula unit) for chlorite from different occurrences and depths 
of DSDP Hole 504B, Leg 83. Solid symbols, replacement of olivine, 
P, or interstitial materials, I; open symbols, vein or fracture-filling, 
V, and replacement of phenocrysts adjacent to veins, PV; Cross 
symbols, replacement of clinopyroxene adjacent to plagioclase, Pg, 
or Fe-Ti oxides, Mt. Analyses of 79-2-V are from EMPA and 
all others are from AEM 



Table 3. Selected AEM analyses of chlorite from the altered basalts, DSDP Hole 504B, Leg 83 
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Oxides (wt%) 87-1-I a 107-I-P 121-1-P 129-2-P, I 

1 2 3 4 5 6 7 8 

SiO2 27.5 26.5 30.• 29.7 27.9 27.6 30.2 29.3 
A1203 18.6 18.6 14.5 14.6 18.2 18.4 17.1 15.6 
FeO b 25.2 27.2 25.4 26.6 23.3 24.0 16.0 21.0 
MnO 0.6 0.4 0.1 0.2 0.4 0.2 0.3 0.2 
MgO 15.9 15.1 17.4 16.2 18.0 17.6 24.1 21.5 
CaO 0.2 0.2 0.4 0.7 0.2 0.2 0.3 0.5 

Total c 88.0 88.0 88.0 88.0 88.0 88.0 88.0 88.0 

No. of cations on the basis of 28 O 

Si 5.77 5.63 6.31 6.28 5.78 5.74 6.0• 6.0• 
A1TM 2.23 2.37 1.69 1.72 2.22 Z26 1.99 1.99 
X TM 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

A1 vl 2.36 2.29 1.90 1.91 2.24 2.26 2.03 1.78 
Fe 2 + 4.45 4.83 4.45 4.71 4.06 4.20 2.67 3.60 
Mn 0.10 0.08 0.02 0.04 0.06 0.03 0.04 0.03 
Mg 4.98 4.80 5.43 5.10 5.56 5.47 7.16 6.58 
2; vl 11.89 12.00 11.90 11.76 11.92 11.96 11.90 11.99 

Ca 0.04 0.04 0.11 0.15 0.05 0.04 0.06 0.10 

Si/(Si+ A1) 0.56 0.55 0.64 0.63 0.56 0.56 0.60 0.62 
Fe/(Fe ÷ Mg) 0.47 0.50 0.45 0.48 0.42 0.43 0.27 0.35 
A1 vl - A1 Iv 0.13 - 0.08 0.21 0.19 0.02 0.00 0.04 - 0.21 

" Replacing olivine phenocrysts, P, or interstitial materials, 
b Total Fe as Fe 2 + 
° Oxides' wt% normalized to 88.0 wt% 

has re la t ive ly  high S i / (S i+A1)  and  low F e / ( F e + M g ) .  
F igure  11 shows th ick  chlor i te  packe t s  exhib i t ing  sha rp  
and  s t ra igh t  la t t ice  fringes tha t  occur  in a p s e u d o m o r p h  
af ter  ol ivine and  ad jacen t  to a veinlet  in sample  129-2. 
Some 24 /~  correns i te - l ike  layers  occur  only  as i so la ted  
uni ts  a long  para l l e l  or  low-angle  g ra in  b o u n d a r i e s  be-  
tween chlor i te  packets .  Ana lyses  o f  chlor i te  t ha t  replaces  
ol ivine in samples  79-2 and  107-/ usua l ly  dev ia te  f rom 
ideal  chlor i te  s t ruc tu ra l  f o r m u l a e  and  exhibi t  h igh p ro -  
p o r t i o n s  o f  vacancies  in oc t ahed ra l  sites because  the ras-  
ter ing a rea  in A E M  analyses  inc luded  some correns i te  
layers.  Chlor i t e  occur r ing  as r ep lacements  o f  c l inopyrox-  
ene selvages and  ad jacen t  to p lag ioc lase  has  lower  Si/ 
(Si + A1) a n d  s l ight ly  h igher  Fe / (Fe  + Mg)  than  tha t  rep-  
lac ing olivine. However ,  chlor i te  rep lac ing  c l i nopyroxene  
and  ad jacen t  to Fe-Ti  oxides  has  m u c h  h igher  F e / ( F e +  
Mg)  and  S i / (S i+A1)  than  tha t  ad j acen t  to p lag ioc lase  
(Fig.  10). 

Fig. 11. TEM lattice-fringe image of chlorite in a pseudomorph 
after olivine which is adjacent to a veinlet in sample 129-2. Single 
layers of 24/~ corrensite-like layers occur along the boundaries 
between well-developed packets. The inserted SAED pattern exhib- 
its sharp and rational 001 reflections 

Ta/c 

Talc occurs  ma in ly  as r ep lacement s  o f  ol ivine and  inter-  
s t i t ial  ma te r i a l s  a n d  as vein-f i l l ings in samples  129-2 and  
132-1. P s e u d o m o r p h s  o f  talc  af ter  ol ivine phenocrys t s  
usua l ly  exhibi t  a concentr ic ,  b a n d e d  s t ruc ture  tha t  con-  
sists o f  a l t e rna te  bands  o f  talc,  wi th  very fine g ra ined  
(_< 10 gm)  o p a q u e  minera l s  (Fe-oxides  and  sulfides) be-  
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Table 4. Selected AEM and EMPA analyses of talc from the altered basalts, DSDP Hole 504B; Leg 83 

Oxides (wt%) AEM EMPA 

1 2 3 4 5 6 7 8 

SiOz 62.4 61.8 61.5 61,2 63.8 63.5 60.5 56.7 
AlzO3 0.5 0.6 0.8 0,5 0.39 0.31 1.11 2.30 
l eO  a 2.4 3.8 3.3 3,9 2.6 2.5 6.2 11.1 
MnO 0.0 0.0 0.0 0,0 0.02 0.00 0.03 0.03 
MgO 29.7 28.5 29.4 29,4 30.6 31.1 28.2 23.5 
CaO 0.0 0.3 0.0 0.0 0.11 0.I0 0.64 0.87 
NazO 0.0 0.0 0.0 0.0 0.03 0.05 0.05 0.05 
K20  0.0 0.0 0.0 0.0 0.00 0.01 0.00 0.04 

Total b 95.0 95.0 95.0 95.0 97.6 97.6 96.7 94.6 

No. of cations on the basis of 22 O 

Si 7.99 7.95 7.91 7.91 7.96 7.93 7.78 7.66 
A1TM 0.01 0.05 0.09 0.08 0.04 0.05 0.17 0.34 
Z Iv 8.00 8.00 8.00 7.99 8.00 7.98 7.95 8.00 

A1 w 0.07 0.05 0.03 0.00 0.02 0.00 0.00 0.03 
Fe 2 + 0.26 0.41 0.36 0.42 0.27 0.26 0.67 1.26 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 5.65 5.49 5.64 5.65 5.69 5.79 5.41 4.72 
Z vl 13.98 13.95 14.03 14.06 13.98 14,03 14.03 14.01 

Ca 0.00 0.05 0.00 0.00 0.01 0,01 0.09 0.13 
Na 0.00 0.00 0.00 0.00 0.01 0,01 0.01 0.01 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

Si/(Si + A1) 0.99 0.99 0.99 0.99 0.99 0.99 0.98 0.96 
Fe/(Fe + Mg) 0.04 0.07 0.06 0.07 0.05 0,04 0.11 0.21 

" Total Fe as Fe 2 + 
b Oxides' wt% normalized to 95.0 wt% for AEM analyses 

Fig. 12. TEM lattice-fringe image showing discrete packets of chlorite and talc pseudomorphic after an olivine phenocryst from the 
same grain as in Fig. 11. The inserted SAED pattern exhibits two sets of rational reflections from chlorite and talc, respectively 



tween the bands (Fig. 3 a). The talc within any one band 
exhibits a single crystallographic orientation but alter- 
nate bands may have different orientations. There are 
generally two orientations that probably were inherited 
from the olivine structure (cf., Souza Santos and Yada 
1983; Eggleton 1984). The BSE images of the banded 
talc usually display two shades of contrast because of 
a difference in Fe content (Fig. 3 a). The talc can be dis- 
tinguished as consisting of Fe-rich and Fe-poor varieties 
by both EMPA and AEM analyses. The Fe-rich talc 
is also richer in A1 and Ca than Fe-poor talc (Table 4), 
probably as a result of interstratified saponite, as dis- 
cussed below. 

Talc intergrown with amphibole needles commonly 
was observed in the interstitial areas or at the edges 
of pseudomorphs (Fig. 3a). Chlorite more commonly 
occurs with talc in the interstitial areas than in the pseu- 
domorphs after olivine. Talc was locally and partially 
replaced by saponite in the interstitial areas or in the 
selvages of talc pseudomorphs, especially adjacent to 
grain boundaries between talc pseudomorphs and pla- 
gioclase grains. However, such plagioclase does not 
show evidence of albitization. 

The TEM images show talc packets that are several 
thousand ~ in thickness and that have sharp and straight 
lattice fringes of 9.5 * spacing�9 Talc and chlorite general- 
ly occur as packets of discrete phases 100-1000 ]k thick 
where they are adjacent to veins (Fig. 12) or as stacks 
of chlorite, talc, and mixed-layer talc/chlorite as replace- 
ments of interstitial material or olivine (Fig. 13). The 
assemblage therefore includes chlorite, talc, and mixed- 
layer talc/chlorite. A phase that is an ordered 1 : 1 mixed- 
layer talc/chlorite (kulkeite, cf., Schreyer et al. 1982) 
consisting of up to 10 layers with dool =23.5 ~ was also 
observed. 
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Discussion 

Parageneses and compositions of phyllosilicates 

The TEM/AEM analyses demonstrate that the domi- 
nant phyllosilicates in the transition and sheeted dike 
zones are all trioctahedral phyllosilicates with nearly 
ideal structural formulae; the one exception may consist 
of a small proportion of dioctahedral mixed layers (cela- 
donite?) in veins in uppermost levels of the transition 
zone (see saponite section above). The trioctahedral 
phyllosilicates include saponite, corrensite, chlorite, talc, 
and mixed-layered phases. Mixed-layered phases com- 
monly include chlorite/corrensite and talc/chlorite. 
Mixed-layer chlorite/smectite was only observed in sam- 
ple 73-2. 

The present study verifies that there are systematic 
changes in phyllosilicates in the altered basalts at site 
504B, Leg 83. According to the results of this and pre- 
vious studies (Alt 1984; Alt et al. 1985; Kempton et al. 
1985; Roberson 1987, 1989), the general distribution of 
phyllosilicates in Hole 504B, Leg 83 is as follows. Sapon- 
ite is dominant in the upper levels (572-624 m within 
the basement) of the transition zone. That section and 
the overlying pillow zone were classified as the low-tem- 
perature alteration zone, for which the formation tem- 
perature of saponite was determined to be 60-110~ C 
(or < 150 ~ C), based on oxygen isotope data (Honnorez 
et al. 1983; Alt etal. 1986a, b). From ~624m to 
~965 m, chlorite, corrensite, and mixed-layer chlorite/ 
corrensite occur. Chlorite, talc, and mixed-layer talc/ 
chlorite occur commonly from ~ 725 m to the deepest 
level (1076 m). Alteration of basalts from 62~1076 m 
was classified as the high-temperature alteration zone. 
Temperatures of formation of major secondary minerals 

Fig. 13. TEM lattice-fringe image showing chlorite layers (14 A, 
marked by white bars) intercalated with dominant talc layers that 
occur as a replacement of interstitial materials in sample 132-1. 
Inserted SAED pattern exhibits rational reflections from talc, black 
arrows, and a set of irrational reflections from mixed-layer talc/ 
chlorite, white arrows 
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Fig. 14. The Si/(Si + A1) versus Fe/(Fe + Mg) plots (ratios of cations 
per formula unit) of chlorite, mixed-layer chlorite/corrensite, cor- 
rensite, mixed-layer chlorite/smectite, and saponite in DSDP Hole 
504B, Leg 83. Some analyses of the mixed-layer chlorite/corrensite 
are from EMPA and all others are from AEM 
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such as chlorite, actinolite, albite, pyrite, and sphene 
were estimated at 200-380 ~ C based on data from fluid 
inclusions, oxygen isotopes and mineral assemblages 
(Honnorez et al. 1985; Alt et al. 1985, 1986a, b). 

Precise AEM analyses from single phases provide ac- 
curate compositions of intimately intergrown phyllosili- 
cates and their compositional variations on a submicro- 
scopic scale. The AEM analyses indicate a general trend 
of increasing Si/(Si + A1) and decreasing Fe/(Fe + Mg) 
in the order chlorite, corrensite, and saponite (Fig. 14). 
The same kind of compositional trend was hypothesized 
to reflect minimum strain (misfit) between octahedral 
and tetrahedral sheets (within 2:1 layers) as a function 
of cation radii (Shau et al. 1990b). Among trioctahedral 
phyllosilicates, the lowest Fe/(Fe+ Mg) and highest Si/ 
(Si + A1) ratios occur for talc, as expected (Table 4). Sim- 
ilar trends were also observed, on the basis of EMPA 
and XRD analyses, by Al te t  al. (1985, 1989). The com- 
positions of mixed-layer chlorite/corrensite and mixed- 
layer chlorite/smectite are generally intermediate to 
those of chlorite and smectite. Alt et al. (1989) also ob- 
served that the mixed-layer clays contain more Si and 
Mg, and less Fe and A1 than chlorite. 

Compositional variations of chlorite, corrensite, saponite, 
and talc 

The composition of chlorite varies significantly among 
samples but is also a function of mode of occurrence 
(Fig. 10). In the transition zone and upper levels of the 
sheeted dike zone where alteration is more intense and 
pervasive (samples 87-1 and 121-1), chlorite has lower 
Si/(Si + A1) and higher Fe/(Fe + Mg) than in lower levels 
of the sheeted dike zone. However, sample 79-2, which 
is almost free of titanomagnetite (or its relict pseudo- 
morphs), contains chlorite that has the lowest Fe/(Fe + 
Mg) ratios. Chlorite replacing clinopyroxene and adja- 
cent to Fe-Ti oxides has higher Si/(Si + A1) and Fe/(Fe + 
Mg) than that adjacent to plagioclase. 

The compositional variations of chlorite from differ- 
ent occurrences reflect the relative concentrations of ca- 
tions available locally from adjacent primary minerals. 
The composition of chlorite, in terms of Fe/(Fe + Mg) 
and Si/(Si +A1) ratios, can be correlated with the follow- 
ing factors. Bulk-rock composition (e.g., concentration 
of primary titanomagnetite), fluid composition, and de- 
gree of alteration (especially alteration of titanomagne- 
tite and plagioclase) determine the general trend of vari- 
ations among samples. On the other hand, the modes 
and sites of occurrence for chlorite, including types of 
precursor phases (e.g., olivine, clinopyroxene, or glass) 
and the types of surrounding phases give rise to compo- 
sitional variation of chlorite within a specimen. 

Samples 79-2 and 107-1, which contain abundant cor- 
rensite, are from the transition and sheeted dike zones, 
respectively. Although they both contain chlorite+cor- 
rensite+mixed-layer chlorite/corrensite, the textures of 
the phyllosilicates (Figs. 7, 8) and the assemblages of 
other secondary minerals are distinctive. Sample 79-2 
exhibits pervasive albitization and zeolitization whereas 

sample 107-1 shows only incipient albitization with only 
small albite domains in plagioclase. The different degrees 
of albitization and zeolitization in the two samples are 
consistent in demonstrating that sample 79-2 has been 
altered under conditions of higher water/rock ratio than 
107-1. Corrensite in sample 79-2 contains K and Ca as 
principal interlayer cations whereas that in sample 107-1 
has mainly Mg and Ca (Table 2). Even though Mg can 
be assigned to octahedral sites, assuming that there are 
some chlorite layers interstratified with corrensite (like 
those analyzed by EMPA, which has poor spatial resolu- 
tion), the amounts of K are still significantly different. 
Corrensite in sample 79-2 has much lower Fe/(Fe + Mg) 
ratios than that in 107-1. This is similar to the composi- 
tional trend of chlorite for both samples, consistent with 
the fact that sample 79-2 is almost free of titanomagne- 
tire. 

The AEM analyses of saponite showed that saponite 
in sample 73-2 contains much more interlayer K than 
that in samples 129-2 and 132-1. Corrensite in sample 
79-2 also contains K as the dominant interlayer cation. 
This implies that uptake of K also may occur in the 
lower levels of the pillow zone and the upper levels of 
the transition zone (down to ~ 632 m within basement), 
although the uptake of K is probably much less than 
that in the upper pillow zone where K-rich celadonite 
is the most abundant phyllosilicate. In the upper levels 
of the transition zone, stockwork-like mineralization oc- 
curs due to mixing of upwelling hydrothermal fluids and 
cooler seawater circulating in the overlying pillow ba- 
salts (Alt et al. 1986a). The K for the saponite and cor- 
rensite in the transition zone therefore can be derived 
from the downwelling fresh seawater or upwelling hy- 
drothermal fluids that are enriched in K. 

The composition of talc as obtained from EMPA and 
AEM analyses shows significant amounts of Ca, Fe, and 
A1 consistent with a saponite component as suggested 
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for talc and saponite from DSDP Hole 504B, Leg 83. Data ob- 
tained from both EMPA and AEM analyses 
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by Alt et al. (1985) (Fig. 15). This implies either that 
the Fe-rich talc has a structure intermediate between 
those of talc and smectite (i.e., has Ca as interlayer ca- 
tion and some Si replaced by A1), or it contains some 
layers of saponite. Lattice-fringe images do not provide 
a definite answer to this question because talc and sapon- 
ire exhibit lattice fringes with nearly the same spacing 
(9.5 and 10 A, respectively). However, shrinkage cracks 
of lenticular shape oriented along layers are common 
in some "talc" bands that are enriched in Fe, A1 and 
Ca. Such lenses are typical of dehydrated and collapsed 
smectite layers, and may imply the presence of saponite 
or smectite-like layers in at least some of the Fe-rich 
talc. 

Occurrence of mixed-layer chlorite/smectite (versus 
discrete phases) 

Random mixed-layer (R0) chlorite/smectite has been re- 
ported as a common run product in experimental basalt- 
seawater reactions (e.g., Seyfried and Janecky 1985). It 
was also reported in very low grade mafic rocks that 
have been subjected to hydrothermal alteration (e.g., 
Evarts and Schiffman 1983; Alt etal. 1985; Bettison 
and Schiffman 1988; Shau and Peacor 1989; Bettison- 
Varga et al. 1991; Schiffman and Fridleifsson 1991) or 
diagenesis (e.g., Chang et al. 1986). However, only two 
occurrences of random mixed-layer chlorite/smectite 
have been characterized by TEM (Shau and Peacor 
1989; Bettison-Varga et al. 1991). 

We have observed random mixed-layer chlorite/smec- 
tite in sample 73-2 from uppermost levels of the transi- 
tion zone (T< 150 ~ C). However, even for that sample 
the stacking sequence may be interpreted in two different 
ways depending on the choice of total number of layers 
that were counted (the thickness of the packets chosen) 
in determination of junction probabilities. The stacking 
sequence is therefore expressed as either a random 
mixed-layer chlorite/smectite in "crystals" of > 1000 ]~ 
thick, or an assemblage of chlorite, smectite, and corren- 
site with crystals generally < 150 ~ in thickne~ (Fig. 7). 
The SAED patterns that were obtained from 3000-A- 
diameter areas may exhibit irrational reflections indicat- 
ing mixed-layer chlorite/smectite (or chlorite/corrensite) 
in some cases (Fig. 6), or two sets of nearly rational 
reflections indicating discrete smectite and chlorite in 
other cases. It is tentatively suggested that the paragene- 
sis of phyllosilicates in sample 73-2 includes saponite, 
chlorite, mixed-layer chlorite/smectite, and corrensite. 

Sample 73-2 is the one (questionable) exception to 
the rule that all samples contain assemblages of chlorite, 
corrensite, talc, saponite, mixed-layer chlorite/corrensite 
and talc/chlorite. The common observation by TEM/ 
AEM in the present study of the assemblage chlorite + 
corrensite is generally in good agreement with studies 
based on XRD data and simulated XRD patterns (Ro- 
berson 1987, 1988, 1989). These data are therefore con- 
sistent with the hypothesis that corrensite is a phase pos- 
sessing unique crystal-chemical and thermodynamic 
properties (e.g., Inoue et al. 1984; Shau et al. 1990a, b; 

Inoue and Utada 1991). We concluded that mixed-layer 
chlorite/smectite, chlorite/corrensite, and talc/chlorite 
are metastable products that occur only when formation 
of relatively stable discrete phases is suppressed, as dur- 
ing rapid crystallization or formation at low tempera- 
tures or in the absence of significant amounts of fluid. 

Shau etal. (1990b) have pointed out that some 
mixed-layer chlorite (0.75)/corrensite (alternatively des- 
ignated as R1 mixed-layer(~ 0.8)/smectite) exhibits irra- 
tional 001 reflections which are virtually indistinguish- 
able from the irrational reflections of R0 mixed-layer 
chlorite(0.8)/smectite. The mixed-layer chlorite/corren- 
site in sample 107-1 gives rise to irrational 00l reflections 
in SAED patterns (Fig. 6b) that are very similar to the 
irrational SAED patterns from random mixed-layer 
chlorite/smectite (Fig. 6 a). Therefore, without character- 
ization by TEM imaging, an XRD pattern showing irra- 
tional 00l reflections and peak broadening does not nec- 
essarily indicate the presence of random mixed-layer 
chlorite/smectite. 

Factors controlling the parageneses and microstructures 
of phyllosilicates 

The parageneses of phyllosilicates varies primarily as a 
function of depth, but is also closely related to the assem- 
blages of other secondary minerals, especially the occur- 
rence of albite and zeolites. Saponite (in 73-2) and talc 
(in 129-2 and 132-1) which have high Si/(Si+A1) and 
low Fe/(Fe + Mg) ratios occur in the samples that exhibit 
no evidence of albitization or zeolitization of plagioclase. 
On the other hand, chlorite_+ corrensite_+ mixed-layer 
chlorite/corrensite that have relatively low Si/(Si+A1) 
and high Fe/(Fe+ Mg) occur in samples 87-1 and 121-1. 
These two samples show pervasive albitization and zeoli- 
tization of calcic plagioclase. The most pervasively al- 
tered sample (87-1) has titanomagnetite completely re- 
placed by sphene and lesser ilmenite, and it contains 
only chlorite. Sample 107-1 shows only incipient albitiza- 
tion but no zeolitization, and contains chlorite § corren- 
site § mixed-layer chlorite/corrensite__+ saponite _+ talc. 

Phyllosilicates with high Si/(Si + A1) and low Fe/(Fe + 
Mg) therefore occur in the basalts without significant 
albitization or zeolitization, whereas those with relative- 
ly low Si/(Si + A1) and high Fe/(Fe + Mg) are accompa- 
nied by abundant sphene, albite, and zeolites. This im- 
plies that the availability of A1, as produced by albitiza- 
tion, is a factor in phyllosilicate paragenesis, in addition 
to other factors such as temperature and the Fe/(Fe+ 
Mg) ratio of reactant fluids. The availability of Fe from 
alteration of titanomagnetite (also glass) is another im- 
portant factor. Pervasive alteration of titanomagnetite 
to sphene and other phases promoted the formation of 
Fe-rich chlorite, as in sample 87-1. 

It has been concluded that permeability of oceanic 
basalts controls penetration of seawater and therefore 
controls the degree of alteration (e.g., Honnorez 1981; 
Alt et al. 1985; Kempton et al. 1985). Kempton et al. 
(1985) observed that albite and zeolites are most abun- 
dant in the interval between 645 and 915 m within the 
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basement ,  where  a l t e ra t ion  is m o s t  pervasive ,  only  one 
sample  wi th in  this  in terval  con ta in ing  talc and  saponi te .  
Both  a lb i t i za t ion  and  zeo l i t i za t ion  are  thus  s ignif icant  
when  the f lu id / rock  ra t io  is h igh and  t e m p e r a t u r e  is suit- 
able du r ing  h y d r o t h e r m a l  a l t e ra t ion  o f  basal ts .  The  p ro -  
cesses o f  a lb i t i za t ion  and  zeo l i t i za t ion  yield A1 as one 
o f  the reac t ion  p roduc t s .  Since zeol i t i za t ion  p o s t d a t e d  
the f o r m a t i o n  o f  the  p r inc ipa l  phyl los i l ica tes  (Al t  et al. 
1985), the degree o f  a lb i t i za t ion  therefore  de te rmines  the 
a m o u n t  o f  ava i lab le  A1 and  p lays  an  i m p o r t a n t  role  in 
con t ro l l ing  f o r m a t i o n  o f  phyl los i l ica tes  (J.C. Alt ,  per-  
sonal  communica t ion ) .  

The  f lu id / rock  ra t io  m a y  affect  the  crys ta l l in i ty  or  
layer  s tacking  sequence o f  phyl losi l icates .  As  obse rved  
by  T E M ,  the phyl los i l ica tes  tha t  f o r m e d  where  f luid/  
rock  ra t ios  were re la t ive ly  large,  as in veins o r  in pervas i -  
vely a l te red  basal ts ,  are genera l ly  discrete  phases  wi th  
wel l -def ined packe ts  o f  coheren t  layers.  In  con t ras t ,  
those  rep lac ing  olivine or  in ters t i t ia l  ma te r i a l s  in the ba -  
salts wi th  min ima l  a l t e ra t ion ,  inc luding  only  m i n o r  albi-  
t iza t ion,  usua l ly  con ta in  mixed- l aye red  phases ,  such as 
mixed- laye r  ch lor i t e /cor rens i te  or  ta lc /chlor i te .  There-  
fore, the  occur rence  o f  these mixed - l aye red  phases  is 
ma in ly  con t ro l l ed  by  kinet ic  fac tors  (Al t  1984). The  oc- 
currence  o f  mixed - l aye red  phyl los i l ica tes  and  i l l -def ined 
packe ts  implies  tha t  t ex tura l  equ i l ib r ium genera l ly  has  
no t  been achieved.  
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