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Abstract—To understand the genetic relationship between hisingerite material in the joints of an overlying
grey basalt and nontronite and Fe-rich saponite in the joints and matrix of a more deuterically altered,
underlying green basalt, the hisingerite material was treated in a series of hydrothermal experiments. No
well-ordered clay mineral was produced at temperatures <340°C, although extended treatment for 445
days and at 110°C or 42 days at 180°C resulted in the formation of materials that gave broad, weak, basal
X-ray powder diffraction (XRD) reflections characteristic of 2:1 phyllosilicates. Hematite did not form
at 110°C, but it did form at 180°C in 1- and 6-week runs. Treatments at 340°C in Pt, Ag-Pd, and Au
containers resulted in mixtures of Fe-rich saponite + hematite, but the same starting material treated at
340°C in stainless steel yielded, in addition, some chlorite, probably due to the more reducing conditions
in the stainless steel container. Treatment of the unaltered grey basalt at 340°C and 50 MPa for 10 days
resulted in complete alteration of olivine (and probably glass) to a trioctahedral smectite.

The Fe-rich saponite produced by the hydrothermal treatment of the hisingerite material has a com-
position and XRD pattern similar to the Fe-rich saponite found in the green basalt and an XRD pattern
similar to that produced by the hydrothermal treatment of the grey basalt; thus these clays may have had
a similar origin. The compositions and XRD patterns of these clays are not similar, however, to those
of the nontronite in the joints of the green basalt. The nontronite probably formed during a subsequent

low-temperature alteration.
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INTRODUCTION

Three basalt flows have been exposed in a basalt
quarry near Geelong, Victoria, Australia (Figure 1) as
aresult of quarrying operations. An uppermost, weath-
ered grey basalt (third flow) and a middle, highly altered
black basalt (second flow) are removed as overburden
for access to a grey, slightly deuterically altered basalt
(first flow), which is used as a high-quality construction
material. The first-flow lava, about 25 m thick, flowed
into a river gully (Coulson, 1977), which contained a
sediment consisting of smectite, mica, and quartz. The
resulting steam appears to have deuterically altered the
lower part of the flow (about 8—10 m) and produced a
color change from grey to green. Such a color change
in a comparable flow in another basalt quarry has been
attributed to deuteric alteration of glass and olivine to
saponitic and nontronitic clay minerals (Cole and Lan-
cucki, 1976).

Hisingerite material has been reported in joints in
the grey, first-flow basalt (Shayan, 1984). The green,
altered part of this grey basalt contains iron-rich sap-
onite in the matrix and nontronite and goethite in joints.
The apparently more intense deuteric alteration of the
lower part of this flow was probably due to its contact
with the steam generated from the river bed when the
lava flowed into the river. The hisingerite in the upper

Copyright © 1988, The Clay Minerals Society

https://doi.org/10.1346/CCMN.1988.0360406 Published online by Cambridge University Press

part of this flow and the saponite and nontronite in the
lower part of this flow may have had a common genesis,
the different mineral assemblages reflecting only a dif-
ference in intensity and/or duration of the deuteric
alteration.

To understand the possible genetic relationship be-
tween the hisingerite in the joints of the upper part of
this flow and the nontronite and saponite in the lower
part, samples of the hisingerite and the grey basalt were
subjected to laboratory hydrothermal treatment be-
tween 100° and 400°C.

BACKGROUND

Clay minerals in altered subaerial basalts range from
Fe-rich saponite and nontronitic (Cole and Lancucki,
1976) to swelling chlorite (Bain and Russell, 1981), Fe-
rich smectite (Walters and Ineson, 1983), and Fe-rich
saponite and subsidiary interstratified chlorite (Cow-
king et al., 1983). These Fe-rich smectites apparently
formed from interstitial glass and olivine (Cole and
Lancucki, 1976; Walters and Ineson, 1983) in the mild-
ly (deuterically or hydrothermally) altered basalts.
During intensive weathering, where plagioclase also
altered, the Fe-poor, Al-rich dioctahedral clay min-
erals, montmorillonite, vermiculite, and illite, form in
basalt rubble, and the Fe-rich varieties are destroyed
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Figure 1. Schematic representation (not to scale) of the ba-

salt flows exposed at the quarry near Geelong. Soil layers
indicate some weathering of the underlying basalts. IB = ir-
regular boundary, ARB = ancient river bed, SMQ = smec-
tite-, mica-, and quartz-bearing sediment. No evidence exists
for weathering of the green basalt of the first flow.

(Bain and Russell, 1980; Bain et al., 1980). Eggleton
et al. (1987) found that whereas weathered rinds of
basalts from eastern Australia are dominated by hal-
loysite and goethite, the much less weathered, hard
core-stones are dominated by smectite. Unlike the
weathered shallow rocks examined by Eggleton et al.
(1987), the green and grey basalt samples studied here
do not appear to have undergone appreciable aerial
weathering subsequent to their placement. The pres-
ence of Fe-rich saponite and nontronite in the green
basalt from Geelong, thus, indicate a mild alteration
(deuteric). The presence of hisingerite rather than clay
minerals in the joints of the grey basalt (Shayan, 1984)
indicates a much less severe alteration.

The reaction of basalt lava and seawater also pro-
duces Fe-rich saponite and nontronite (Scheiddegger
and Stokes, 1977). Papavassiliou and Cosgrove (1981)
found that the upper regions of ocean-floor basalt con-
tained dioctahedral Fe*+-rich smectite and Fe3* oxide/
hydroxide, whereas the deeper regions contained trioc-
tahedral smectite and smectite/chlorite mixed-layer
minerals. Thus, the oxidation/reduction potential in-
fluenced the type of clay formed during basalt altera-
tion. These authors also indicated that the source of
the clay minerals in the altered submarine basalts was
glass, olivine, and, to a lesser extent, pyroxene, al-
though alteration of feldspars must have provided the
Alcontainedin thealteration clay. Seyfried ez al. (1976),
Noack et al. (1979), and many other researchers in-
volved with the Deep Sea Drilling Project reported Fe-
and Mg-rich smectites in altered submarine basalts.
The clay mineralogies of deuterically altered subaerial
and submarine basalts, thus, appear to be similar.

A study of the alteration of submarine basaltic lavas
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(Scott and Hajash, 1976) and the experimental inves-
tigations of hydrothermal reactions between basaltic
glass, and basalt, and seawater or synthetic salt solu-
tions (Bischoffand Dickson, 1975; Hajash, 1975; Mottl
and Holland, 1978; Seyfried and Bischoff, 1979, 1981)
have provided valuable information on the processes
of alteration of submarine basalt. In these processes
Mg?+ and SO,>~ always appear to have been removed
from seawater and retained by the alteration minerals,
including clay minerals, anhydrite, and some sulfides.
Cations, such as Ca, Na, K and Si, were generally re-
leased into solution initially, but precipitated later as
solid phases, depending on the experimental condi-
tions, such as temperature, solution composition, so-
lution/rock ratio, and time. The direction of ion ex-
change of basalt with seawater evidently reverses,
particularly for Mg and Na, during the subsequent low-
temperature reaction. Thus, Fe-rich saponite may lose
Mg during low-temperature alteration and transform
to nontronite. In these experiments basalt glass and
olivine were found to be least resistant to alteration,
followed by pyroxene; the most resistant phase was
plagioclase.

In view of the mineralogical similarities between clay
minerals produced in these hydrothermal experiments
and those resulting from natural alteration of basalts,
the hisingerite material and the grey basalt were sub-
jected to hydrothermal treatment. The similarity of the
resulting clay minerals to the natural products formed
in the altered green basalt suggest that the components
that alter to the same clay mineral had a similar origin.

EXPERIMENTAL
Starting materials

The starting material for all hydrothermal runs, ex-
cept one, was the hisingerite material described by
Shayan (1984). The material which coated some joint
surfaces of the grey basalt was separated with a blade,
hand-picked under a stereoscopic microscope, and
ground to <75 um particle size. The final powdered
sample contained a trace of siderite and pyrite impur-
ities; its chemical composition is given in Table 1.

A powder sample (<75 um) of the unaltered grey
basalt was used for one hydrothermal run (see below).
The chemical composition of the basalt determined by
X-ray fluorescence is also given in Table 1. It consisted
of olivine phenocrysts, an ophitic matrix of pyroxene
and feldspar, and dark glass containing magnetite
needles.

Hydrothermal treatment

Hydrothermal treatments were carried out on 200-
300 mg of powder or hand-pressed pellets as follows:
(1) powder samples were placed in small Pt crucibles
or sealed with 70 mg of distilled water in Ag-Pd cap-
sules and treated at 180°C and 1.7 MPa in an autoclave
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Table 1. Composition (wt. %) of the starting materials for
the hydrothermal runs.
Hisingerite! Grey basalt
Sio, 34.20 51.12
TiO, 0.28 1.97
AlLO, 4.16 14.10
Fe,O, 17.10 ,
FeO 4.15 }‘ 10.22
MnO 0.08 0.14
MgO 5.70 7.17
CaO 0.91 8.24
Na,O 0.67 3.54
K.O 0.26 1.16
P,O; 0.05 0.38
H,0+ 5.30
H,0- 25.40 0.413
CO, 1.23
Total 99.49 99.00

! Taken from Shayan (1984).
2 Total Fe given as Fe,0,.
3 Loss on ignition.

for 1 day, 1 week, and, for one sample, in a Pt crucible
for 6 weeks; (2) powder samples + 100 mg of distilled
water were placed in 5-cm? stainless steel containers
and treated at 340°C and 13.8 MPa for 1 day and 1
week; those in Pt and Ag-Pd capsules were treated for
1 week; (3) powder samples + 70 mg water were placed
in sealed Ag-Pd capsules and pellets were placed in
unsealed Pt foil and treated at 370°C and 13.8 MPa
for 1 day and 1 week; (4) powder samples + 70 mg
water were sealed in Au and Ag-Pd capsules, either
alone or encapsulated with Co-CoO buffer in another
Au capsule and treated at 370°C and 50 MPa for 1
week; (5) powder samples (2 g) + 5 mg water were
placed in a 50-cm? stainless steel container and heated
in an oven at 110°C for as long as 445 days; and (6) a
powder sample (100 mg) of the grey basalt from the
first flow + 70 mg water were placed in a sealed Ag-
Pd container and treated at 340°C and 50 MPa for 10
days.

Analyses

After each treatment X-ray powder diffraction (XRD)
patterns were taken with a Philips PW1050/8 1 powder
diffractometer and monochromatic CuKa radiation (30
kV, 15 mA, scanning rate of 0.5°26/min). XRD pat-
terns were also obtained for (1) oriented air-dried sam-
ples, (2) samples treated with glycerol or dimethyl-
sulfoxide (DMSO), and (3) samples heated at 580°C
for 1 hr. Infrared (IR) spectra were obtained on a Per-
kin-Elmer 1430 ratio-recording instrument using 0.5-
or 1.0-mg samples in 200-mg KBr disks. Differential
thermal (DTA) and thermogravimetric (TGA) analyses
were made simultaneously on a Stanton Redcroft ST781
analyzer using 10-mg samples and a heating rate of
10°C/min. A Cambridge scanning electron microscope
(SEM) equipped with an energy-dispersive X-ray spec-
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trometer (EDX) was used to indicate, from an exam-
ination of compositions, if minor phases were pro-
duced by the treatments. The product of the treatment
at 370°C, which contained hematite + Fe-rich sapo-
nite, was treated with dithionite-citrate-bicarbonate
(DCB) to purify the Fe-rich saponite by removing free
iron oxides (Mehra and Jackson, 1960). The purified
material was hand-pressed into a flake and analyzed
in an ARL-EMX electron microprobe equipped with
an EDX system and operated at 15 kV and a 1-nA
beam current. A JEOL 100 CX transmission electron
microscope (TEM) was used to determine the mor-
phological features of various samples. This instru-
ment was equipped with an attachment that allowed
specimens to be examined before and after heating in
vacuum or in hydrogen, without contacting the spec-
imen with air.

RESULTS AND DISCUSSION
X-ray powder diffraction analysis

XRD patterns of the treated samples are shown in
Figure 2. Trace 1 represents both the untreated his-
ingerite material and the material treated for 1 day at
180°C. The treatment had no effect except that the color
changed from grey green to red brown. The same treat-
ment for one week in various containers, however,
resulted in the formation of small amounts of hematite
(trace 2). After 6 weeks, more hematite and weak basal
reflections of 2:1 layer phyllosilicates were also evident,
similar to those shown in trace 3. Treatments for 1 day
at 340° and 370°C (trace 3) produced larger amounts
of hematite. In addition, the low-angle region of the
XRD traces suggests that some 2:1 layer clay minerals
also formed. The reflection at 3.50 A may be due to
small amounts of anhydrite, which formed from the
trace of pyrite impurity in the original sample and Ca
from the hisingerite. Anhydrite is a common hydro-
thermal product of materials similar to those investi-
gated here (Hajash, 1975; Seyfried et al., 1976; Mottl
and Holland, 1978).

The treatments at 340°C in stainless steel containers
(trace 4) produced hematite, smectite, and chlorite,
whereas the same treatment in the Pt and Ag-Pd con-
tainers produced hematite and smectite only. The latter
assemblage was also produced in runs at 370°C in the
various containers with or without Co-CoO buffer (trace
5), although more hematite was produced at the higher
temperature. From its 060 reflection at 1.537 A Ge.,
trioctahedral) and its Mg- and Fe-rich nature (Table
2), this smectite was probably an Fe-rich saponite.

The formation of chlorite appears to have been re-
lated to the use of stainless steel as a container, because
chlorite did not form in runs made in other types of
containers under similar conditions. A more reducing
condition probably prevailed in the stainless steel con-
tainer; from standard tables of redox potential it is
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Figure 2. X-ray powder diffraction patterns of: (1) hisingerite
material untreated (same as that treated at 180°C for 1 day);
(2) treated for 1 week at 180°C; (3) treated for 1 day at 340°C
or 370°C; (4) treated for 1 week at 340°C in stainless steel
container; and (5) treated for 1 week at 370°C in platinum,
silver-palladium, or gold containers. S = saponite, H = he-
matite, Ctb = cristobalite, Ch = chlorite, A? = possibly an-
hydrite. Spacings are given in A.

evident that Fe is a much stronger reducer than Au,
Ag, or Pt. From the XRD patterns (Figure 2), hematite
clearly formed prior to the formation of clay minerals
from hisingerite. After the available oxygen was con-
sumed by the formation of hematite, iron, in excess of
that incorporated in the structure of the Fe-rich sap-
onite, was probably present as Fe?* and was available
for the formation of the chlorite phase. As discussed
below, chlorite and magnetite formed under the re-
ducing conditions in the center of a thick hisingerite
pellet, whereas smectite (Fe-rich saponite) and hema-
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tite formed in the oxidized outer parts of the pellet that
was subjected to treatment at 370°C for 1 week (vide
infra). Senkayi et al. (1983) also reported that, during
the weathering of lignite overburden, the oxidized zone
was characterized by the presence of reddish brown,
crystalline iron oxide and by the absence of chlorite,
whereas chlorite was present in the reduced zone. Pa-
pavassiliou and Cosgrove (1981), also indicated that
chlorite forms under more reducing conditions than
are required for the formation of Fe*+-rich smectites.

The difference between the runs at 340°C in stainless
steel and those at 370°C in other types of containers is
more clearly shown in the XRD patterns of oriented
samples in Figure 3. Because the 002 reflection of chlo-
rite (7.2 A) is much more intense than the 001 reflection
(14.2 A), the chlorite is probably Fe-rich (Brindiey,
1972). The 001 reflection of chlorite is masked in the
XRD trace of the air-dry sample by the strong 001
reflection of Fe-rich saponite, and it is extremely weak
in the trace of the DMSO-treated product because a
general loss in intensity occurs for glycerol- and DMSO-
treated samples (cf. peak intensities in the traces of the
air-dry and DMSO-treated samples). Heating the sam-
ple at 580°C collapsed the (001) spacing of Fe-rich
saponite to about 10 A and destroyed the 002 reflection
of chlorite and enhanced its 001 reflection. The refiec-
tion at 7.2 A in the trace of the air-dry product is
probably not due to kaolinite, because the DMSO treat-
ment produced no reflection at 11.2 A. The treatment
with dithionite-citrate-bicarbonate (Mehra and Jack-
son, 1960) removed about 20% hematite from the Fe-
rich saponite-hematite mixture, which was produced
by the treatment at 370°C (Figure 2), and the XRD

Table 2. Electron microprobe analysis' and recalculated composition? of purified saponite.

Wt. % Atoms® Atoms*
Si0, 48.28 (1.23) Si 6.89 Si 7.11 } 8.0
TiO, 0.20 (0.08) Al 0.95 8.0 Al 0.89 :
ALO, 5.66 (2.40) Fe+ 0.16
Fe,0, 12.71 (1.53)
or® or
FeO 11.44
MnO 0.35 (0.26) Fe*+ 1.21 Al 0.10
MgO 20.16 (3.99) Ti 0.02 5.56 Fe?+ 1.41
CaO 0.13 (0.21) Mn 0.04 : Ti 0.02 6.00
Na,0 2.34 (0.66) Mg 4.29 Mn 0.04
Mg 4.43
X,0 0.19 (0.17) Ca 0.02 Ca 0.02
Subtotal 90.02 Na 0.65 0.70 Na 0.67 0.73
H,08 9.82 K 0.03 K 0.04
Total 99.84

' Average of 8 analyses. Standard deviations are given in parantheses.

2 On the basis of 22 oxygens.

3 Atom proportions if total iron is calculated as Fe+.
4 Atom proportions if total iron is calcunlated as Fe?*,
* Total Fe is calculated either as Fe,O; or as FeO,

¢ Total water content determined on a 2-mg sample by the Australian Mineral Development Laboratories, using microan-

alytical techniques for H determination.
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Figure 3. X-ray powder diffraction patterns of oriented sam-
ples of the products of hydrothermally treated hisingerite. The
370°C treatment yielded saponite, but both saponite and chlo-
rite formed in the 340°C treatment in stainless steel container.
DMSO = treated with dimethysulfoxide, S = saponite, Ch =
chlorite. Spacings are given in A.

pattern of the residue showed no reflections of hema-
tite.

To supplement the relatively short runs described
above, a slurry of hisingerite (2 g) in H,O (5 ml) was
treated at 110°C for as long as 445 days in a stainless
steel container. In addition to anhydrite, the XRD pat-
tern of the product showed weak, broad reflections in
the low-angle region, indicative of poorly ordered 2:1
phyliosilicates. Unlike the short runs described above,
no crystalline iron oxide formed; iron, therefore, was
apparently not released from hisingerite in the runs
made at 110°C.

Treatment of the unaltered grey basalt at 340°C and
50 MPa for 10 days resulted in the complete alteration
of olivine (and probably glass) to a trioctahedral smec-
tite having an XRD pattern similar to that of the Fe-
rich saponite. Pyroxene and feldspar may have par-
tially altered to smectite, because their reflections in
the XRD patterns of the treated samples were weaker
than those in the XRD pattern of the untreated grey
basalt.

The formation of smectite at the expense of olivine
(and probably glass) in the grey basalt indicates that
the absence of clay minerals in the grey basalt is prob-
ably related to the lack of deuteric alterations. The
persistence of hisingerite in the grey basalt, compared
with the clay minerals in the green basalt, may also be
due to the same reason.
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Figure 4. Infrared spectra of: (A) untreated hisingerite ma-

terial, (B) hisingerite material treated at 370°C for one week,
i.e., a mixture of hematite and saponite; and (C) sample B
extracted three times with dithionite-citrate-bicarbonate to
remove hematite. Run (A) = 0.5 mg sample, runs (B) and
(C) = 1.0 mg sample/200 mg KBr.

Infrared spectroscopic analysis

The IR spectra of the untreated hisingerite material,
of that treated at 370°C for 1 week (i.€., a mixture of
Fe-rich saponite and hematite, vide supra), and of the
latter product after removal of hematite by the DCB
treatment are shown in Figure 4. Whereas the spectrum
of the original hisingerite (Figure 4A) shows OH vi-
brations due to structurally bonded water molecules
only (16335, 1660, and 3200-3430 cm '), the spectrum
of the hydrothermally treated material (Figure 4B)
shows OH-stretching vibrations due to Mg/Fe?*-OH
of the saponite in the region 3570 to 3630 cm~!. The
absorption band at 1100 cm~! in spectrum B is prob-
ably due to hematite or the product of its interaction
with Fe-rich saponite, because the band was absent
after hematite had been removed from the sample (Fig-
ure 4C). The absorption bands at 330, 525, and 650
cm~! are due to hematite (Van der Marel and Beutel-
spacher, 1976). The band at 670 cm~! (Si-O-Mg vi-
brations) was more pronounced after hydrothermal
treatment of the sample and the removal of hematite,
suggesting a greater structural organization relative to
the original hisingerite material. The Si~O-Si vibration
at 1020 cm~! and the Si~-O and/or Mg-O vibrations

TGA
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Figure 5. Differential thermal analysis and thermogravi-
metric analysis curves of purified saponite, corresponding to
sample yielding spectra (C) in Figure 4.
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Figure 6. Transmission electron micrograph of untreated
hisingerite material.

D

at about 460 cm~! are common to all the spectra. The
spectrum of the Fe-rich saponite purified by the CDB
treatment of Mehra and Jackson (1960) (Figure 4C)
differs slightly in the position of bands from some of
the published spectra for saponite (Post, 1984; Van der
Marel and Beutelspacher, 1976), possibly due to com-
positional differences as indicated by the latter authors.
The IR spectra strongly suggest that the hydrothermal
treatment resulted in the introduction of OH ions into
and the removal of Fe from the structure of hisingerite.

Differential thermal and
thermogravimetric analyses

DTA and TGA curves for the original hisingerite
material were reported by Shayan (1984). Figure 5 shows
the DTA and TGA curves for the Fe-rich saponite
produced by the treatment of the hisingerite material
at 370°C. The accompanying hematite was removed
by DCB treatment before the DTA and TGA run. The
endothermic peaks at 60° and 90°C are due to the loss
of adsorbed water, and the peak at 830°C indicates a
dehydroxylation reaction. The original hisingerite ma-
terial contained no OH ions; therefore, OH ions must
have been incorporated into the structure during the
hydrothermal treatment, which produced an ordered
structure (i.e., Fe-rich saponite). The exothermic hump
near 326°C in the DTA curve of the DCB-treated sam-
ple was absent in the DTA curve of another run in
which the hematite had not been removed from the
Fe-rich saponite. As much as 80% of structural iron in
Fe-rich smectites like nontronite can be reduced to
Fe2* by the DCB treatment (Russell e al., 1979); hence,
the weak exothermic reaction at about 326°C was prob-~
ably due to the oxidation of Fe?+ of the DCB-treated,
reduced sample to Fe3+. A gradual weight loss similar
to that noted for this sample in the temperature range
300-830°C was also observed for an Fe-rich saponite
by Kohyama et al. (1973) and may represent the loss
of loosely held surface hydroxyls, whereas the more
tightly held hydroxyls in the clay structure were lost at
the higher temperature (830°C).
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Figure 7. (A) Transmission electron micrograph of hising-
erite material, after hydrothermal treatment at 370°C. Arrows
show curled edges of saponite sheets, and hands point to
hematite particles. (B) Higher magnification of saponite sheets
showing lattice image and ordered structure. Arrows show
direction of the fringes.

Lalia

Electron microscopy

Hydrothermal treatment at 110° and 180°C did not
significantly alter the morphology of the hisingerite
material, which, as shown in Figure 6, consists of ir-
regularly shaped and spherical bodies. The treatment
at 110°C for 72 days and at 180°C for 6 weeks, however,
caused a partial or full unfolding of some of the spher-
ical bodies. This unfolding may have been responsible
for the weak basal reflections in the XRD patterns of
these products, Hematite particles were observed in
the products of 1-day treatments at 340° and 370°C;
however, irregularly shaped bodies were also present.
After a 1-week treatment at these temperatures large
amounts of hematite were noted in the sample, as shown
in Figure 7A for the 370°C treatment. Here, curled and
folded edges of the Fe-rich saponite sheets (arrows) and
hematite particles (hands) can be seen. After a 1-week
treatment at 340°C some of the original hisingerite
material remained, as judged by the presence of the
spherical bodies. The lattice-fringe image of the Fe-
rich saponite sheets shows ordered structures (Figure
7B). TEMs also.showed that the hematite component
of the hydrothermally treated samples was effectively
removed by the DCB treatment. Heating the hisinger-
ite material in the TEM chamber in a hydrogen at-
mosphere or in vacuum between 300° and 600°C pro-
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duced particles <200 A in size (Figure 8A), which were
identified by electron diffraction as y-Fe. The mor-
phology of the original hisingerite material was pre-
served, as shown in Figure 8B; however, the color of
the hisingerite material changed to dark brown on heat-
ing in air at such temperatures, probably due to the
oxidation of structural Fe. TEM showed no evidence
of either crystalline or noncrystalline iron oxide in the
air-heated samples.

Electron microprobe analysis

The average of eight EMP analyses of the purified
Fe-rich saponite, together with two possible structural
formulae calculated on the basis of 22 oxygens, are
given in Table 2. In one formula, total Fe is taken as
Fe?* and in the other, as Fe?>*. In the first formula, all
of the 0.95 Al and 0.16 Fe?+ cations were allotted to
tetrahedral positions. In view of the extensive washing
of these samples with the Na-rich reagents, the ex-
change sites are most likely saturated with Na, as seen
in Table 2. Therefore, no exchangeable Mg was al-
lowed, resulting in an octahedral occupancy of 5.56 of
6 positions and a calculated cation-exchange capacity
(CEC) of about 87 meq/100 g. Although some Fe?+ is
possible in tetrahedral positions (e.g., Kohyama et al.,
1973; Cowking et al., 1983), the amount shown in the
recalculated formula of the present sample may be due
to the dissolution of some Si and Al during the DCB
treatment (Stucki ef al., 1984). If the total iron content
was taken as Fe?*, there was no need to assign Fe to
the tetrahedral positions, and the occupancy of the
octahedral sites became complete (i.e., 6). The resulting
calculated CEC value was then 92 meq/100 g.

Despite the fact that the second formula appears to
give a more reasonable approximation of the structural
formula of the Fe-rich saponite, all of the Fe probably
does not exist in the mineral as Fe?*. The material
changed from deep greenish blue to grey and finally to
light brown after the DCB treatment, indicating some
oxidation of iron. According to Stucki et al. (1984),
oxidation of Fe cannot be avoided in the traditional
DCB treatment, which was used in this study. More-
over, from the 060 reflections at 1.537 A, the b di-
mension of 9.22 A is close to that of the oxidized Fe-
rich saponites reported by Kohyama et al. (1973). Thus,
the structural formula of the Fe-rich saponite appears
to be between the two given in Table 2, probably closer
to the oxidized form, i.e., (Cago;Nag 5K os)(Fe3 5,
"Mg, 26 Tig.02 Mg 04 )(8ig 55 Alg.os Fe+ 4 16)0,0(OH),.
Structural water calculated from the TGA weight loss
>300°C is 4.7% of the sample, in agreement with that
contained in the above formula (4.4%).

Phases produced in the cores of hydrothermally
treated thick pellet samples

Although the hydrothermal reaction products of the
powdered hisingerite or thin pellets (1 mm) of the his-
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Figure 8. (A) Transmission electron micrograph of hising-
erite material heated in a hydrogen atmosphere between 300°
and 600°C and showing the released y-Fe particles. (B) Higher
magnification showing unchanged morphology of hisingerite
material.

ingerite material at 370°C were hematite + Fe-rich
saponite, only the outer parts of thick pellets (~3 mm)
transformed to these minerals. The core of the thick
pellet was black and contained magnetite as the major
component, together with minor amounts of chlorite

Figure 9. Acicular crystals of xonotlite formed on the surface
of a thick pellet (~3 mm) of hisingerite material after treat-
ment at 370°C and 13.8 MPa water vapor pressure for one
week.
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and brucite. In addition, a weak reflection at 3.03 A
was noted in the XRD pattern of the core material
corresponding to either calcite or a calcium silicate
hydrate. An SEM of a faint white stain on the surface
of the thick pellet showed it to consist of acicular crys-
tals (Figure 9), and EDX indicated only Ca and Si in
these crystals. An XRD film pattern, taken with a Uni-
cam camera, showed that the crystals were xonotlite
(JCPDS Card 29-379). Formation of xonotlite under
temperature and pressure conditions similar to those
employed in this work has been reported (Luke et al.,
1981; Stevula and Petrovic, 1983). The small amount
of Ca present in the hisingerite (0.91% CaO) restricted
the formation of xonotlite in the pellet. The presence
of magnetite, rather than hematite, indicates reducing
conditions in the core of the pellet; the chlorite appears
to have formed under these reducing conditions, where
iron was available as Fe?*. The existence of brucite as
a separate phase suggests alkaline conditions in the core
of the pellet.

Relationship between natural and
synthesized materials

Because iron (17.1% Fe, O, and 3.5% FeO) and silica
(34.2% Si0,) comprise about 80% of the dry mass of
the hisingerite material, hydrothermal treatment should
have produced nontronite, which would partly have
explained the existence of nontronite in the joints of
the green basalt. Fe-rich saponite, however, formed,
and most of the iron contained in the hisingerite was
transformed to hematite. Minor amounts of cristobal-
ite and anhydrite also formed.

The formation of Fe-rich saponite by the hydro-
thermal reaction of the hisingerite material is in agree-
ment with the clay mineralogy of the underlying, deu-
terically altered green basalt. Electron microprobe
analyses of the trioctahedral, saponitic clay minerals
in one locality of the green basalt yielded an average
composition (41 analyses) of Nag K sCag 00o(Si¢ 57Al 30
‘Fe3t 3 ) (Fe?t, sMng 0.Mg; 45)05,(OH),, similar to the -
formula listed in Table 2, if all Fe is taken as Fe3+.
Both formulae differ, however, from the average elec-
tron microprobe composition (10 analyses) of the non-
tronite (purified by DCB treatment) in the joints of the
green basalt, Na, 4 Koo (Siy73 Alg 1o Fe? ¥ 17) (Fe3t 550
-Mny 5, Mg, 05)O,0(OH),. The nontronite is a diocta-
hedral, Mg- and Al-poor mineral. A detailed clay min-
eralogy of the green basalt will be reported elsewhere.

Although the composition of the trioctahedral smec-
tite produced by the hydrothermal reaction of the un-
altered grey basalt could not be determined due to the
presence of feldspar and pyroxene, the smectite is likely
an Fe-rich saponite, because it probably formed from
the olivine (and glass) in the basalt, similar to the Fe-
rich saponite in the matrix of the underlying green
basalt, which is, in turn, similar in composition and
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XRD pattern to that produced by the hydrothermal
treatment of hisingerite. Based on these results the his-
ingerite material may have the same origin as the in-
terstitial glass and olivine, which have altered to the
clay component of the green basalt and which formed
a trioctahedral smectite during the hydrothermal treat-
ment of the grey basalt. The Fe-rich saponite in the
green basalt probably formed because the rock reacted
with the steam that was generated from the river bed
into which the basalt flowed. Because the hisingerite
material had formed above the layer of basalt that
reacted with the steam, it remained unaltered.

The formation of nontronite in the joints of the green
basalt is difficult to explain. Papavassiliou and Cos-
grove (1981) stated that after a high-temperature al-
teration of basalt, characterized by increase in Mg and
loss in Ca and Fe?*, subsequent low-temperature al-
teration results in losses of Mg, Ca, Fe?*, and Na. Thus,
although the material in the joints of the green basalt
could have originally been Fe-rich saponite, consid-
erable Mg may have been lost due to circulation of
cold ground water through the joints, a fluctuation of
the water table, or oxidation and reduction processes
and converted the Fe-rich saponite to nontronite. The
fact that goethite, rather than hematite, coexists with
nontronite further indicates a low-temperature alter-
ation. Shayan and Lancucki (1984) found that the
ground water moving through the green basalt at Gee-
long had the composition (mmole/liter) of Na (88.8),
Mg (8.5), Ca (0.85),Sr(0.01), CO4?> (1.2), HCO,~(11.2),
SO (3.94), and Cl- (86.0) and a pH of 8.34. This
composition may have been reached by river water
moving through the surrounding Tertiary marine de-
posits before it intersected the basalt flow. A solution
of similar composition, which would be capable of
ionic exchange with the solids, may have been involved
in low-temperature alteration of the green basalt near
Geelong. Rock surfaces exposed in the joints and joint-
material was probably more strongly influenced by such
low-temperature alterations than the whole rock mass.
Papavassiliou and Cosgrove (1981) proposed that low-
temperature alteration superimposed on a high-tem-
perature alteration produced Fe oxyhydroxides and
Fe3+-rich smectite.

The formation of Fe-rich saponite from hisingerite
material appears to have involved the release of Fe
from the hisingerite structure as a first step. At 340°
and 370°C hematite was formed in the laboratory after
1 day of reaction, without the formation of clay. After
1 week, more hematite formed together with highly
crystalline Fe-rich saponite. A temperature >180°C
(probably closer to 340°C) appears to have been needed
for the formation of the later, because no ordered clay
mineral formed in the laboratory after 6 weeks of treat-
mentat 180°C and after 445 days of treatment at 110°C.

Harder (1977) synthesized, in a few weeks to a few
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months, various smectites at room temperature (20°C)
from solutions containing <60 ppm Si and 1-2.5 ppm
of various metal cations, under alkaline to neutral pH
conditions. He concluded that conditions similar to
those in the experimental work were prevalent during
lateritic weathering. Although such a process could have
contributed to some extent to the formation of smectite
in the joints of the green basalt, the initial deuteric
alteration appears to have been dominant, as is evident
from the fact that 20-40% smectite formed throughout
the mass of the green basalt, as found by point counting
microscopy (Cole et al., 1984). Further work is in pro-
gress to compare the synthetic and natural formation
of clay minerals in these basalts.
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