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ABSTRACT

Berthierine, a 7 A Fe—Al member of the serpentine group, occurs in the footwall stringer zone of the Archean Kidd Creek
massive sulfide deposit, Ontario, associated with quartz, muscovite, chlorite, pyrite, sphalerite, chalcopyrite, and local tourmaline,
cassiterite, and halloysite. Berthierine has been identified by the lack of 14 A basal reflections on X-ray powder diffraction patierns,
by its composition (electron-microprobe data), and by transmission electron microscopy (TEM). Petrographic and scanning
electron microscopic (SEM) studies reveal different types of berthierine occurrences, including interlayers within and rims on
deformed chlorite, intergrowths with muscovite and halloysite, and discrete coarse grains. TEM images show thick packets of
berthierine and chlorite that are parallel or related by low-angle boundaries, and layer terminations of chlorite by berthierine;
mixed-layer chlorite-berthierine also is observed, intergrown with Fe-rich chlorite and berthierine. End-member (Mg-free)
berthierine is present in small domains in two samples. The Kidd Creek berthierine is chemically similar to berthierine from other
localities, and to Fe-rich chlorite from a variety of geological settings. This is the first reported occurrence of berthierine from
volcanogenic massive sulfide deposits. Textural relations suggest that most of the Kidd Creek berthierine formed as a primary
hydrothermal mineral at relatively high temperatures (~350°C) in the footwall stringer zone, probably by the replacement of a
pre-existing aluminous phase such as muscovite or chlorite. However, the intergrowth textures observed by SEM and TEM suggest
that some of the berthierine originated by syn- or post-metamorphic replacement of chlorite. The difficulty of identifying berthierine
by routine petrographic, X-ray, and electron-microprobe methods suggests that much of the Fe-rich chlorite described from modern
and ancient massive sulfide deposits may instead be berthierine.

Keywords: berthierine, chlorite, volcanogenic sulfide deposit, transmission electron microscopy, electron-microprobe data, X-ray
powder diffraction, Kidd Creek mine, Timmins, Ontario.

SOMMAIRE

On trouve la berthierine, membre Fe—Al 2 7 A du groupe de la serpentine, dans la zone de minerai en veinules de la paroi
inférieure du gite archéen de sulfures massifs de Kidd Creek, en Ontario, en association avec quartz, muscovite, chlorite, pyrite,
sphalérite, et chalcopyrite, avec présence locale de tourmaline, cassitérite et halloysite. On reconnait la berthierine par I’absence
d’une raie ayant une valeur d de 14 A sur le cliché de diffraction X, par sa composition (données & la microsonde €lectronique),
et par éudes au microscope électronique par transmission. Des études pétrographiques et au microscope électronique & balayage
montrent que la berthierine se présente sous plus d’un aspect: elle forme une interstratification avec et une gaine sur la chlorite
déformée, une intercroissance avec muscovite et halloysite, et des grains individuels relativement grossiers. Les images obtenues
par transmission montrent d’épais amas de berthierine et de chlorite paralleles ou 2 faible angle d’incidence, et des feuillets de
chlorite ayant une terminaison de berthierine. Des assemblages mixtes de chlorite-berthierine sont aussi présents, en intercroissance
avec chlorite ferrifere et berthierine. Le pole ferrifere de la berthierine (sans Mg) est signalé en petits domaines dans deux
échantillons. Du point de vue composition, la berthierine de Kidd Creek ressemble  celle d’autres endroits, et 3 la chlorite riche
en Fe de plusieurs milieux géologiques. Nous signalons ici pour la premiére fois la présence de berthierine dans un gisement de
sulfures massifs volcanogéniques. D’apres les relations texturales, la plupart de la berthierine 3 Kidd Creek s’est formée comme
minéral primaire & une température relativement élevée (~350°C) dans la zone & veinules de la paroi inférieure, probablement par
remplacement d’un précurseur alumineux tel la muscovite ou la chlorite. Toutefois, les textures d’intercroissances observées par
microscopie électronique A balayage et par transmission font penser qu’une partie de la berthierine a une origine par remplacement
syn- ou post-métamorphique de la chlorite. La difficulté que nous avons éprouvée 2 identifier la berthierine par méthodes courantes
de pétrographie, de diffraction X et d’analyse 2 la microsonde électronique nous incite A penser que la plupart des exemples de
chlorite riche en fer cités dans la litiérature sur les gites de sulfures massifs modernes ou ancients seraient plutdt de la berthierine.

(Traduit par la Rédaction)

Mots-clés: berthierine, chlorite, gite volcanogénique de sulfures massifs, microscopie électronique par transmission, données a la
microsonde électronique, diffraction X, méthode des poudres, mine de Kidd Creek, Timmins, Ontario.
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INTRODUCTION

Chlorite is one of the most abundant minerals in the
alteration zones of volcanogenic massive sulfide depos-
its (e.g., Franklin er al. 1981); it typically occurs in veins
with quartz, sulfides, and other minerals, and as replace-
ments of sedimentary and volcanic host-rocks. In an-
cient metamorphosed deposits, chlorite may be the most
common layer silicate, together with variable amounts
of phengitic muscovite * paragonite; talc, stilp-
nomelane, and biotite generally are rare. In the pristine,
unmetamorphosed alteration zones of the Miocene
Kuroko deposits of Japan, layer-silicate assemblages are
complex and include chlorite, illite, smectite, local talc,
celadonite, and vermiculite, and rare chrysotile (Iijima
1974, Shirozu 1974, Utada et al. 1974, Shirozu et al.
1975). The alteration pipes of Cretaceous massive
sulfide deposits on Cyprus, also unmetamorphosed,
contain illite, chlorite, smectite, and rectorite (Lydon &
Galley 1986, Richards et al. 1989). In this paper, we
describe the occurrence of berthierine, an Fe—Al serpen-
tine-type mineral, and berthierine—chlorite mixtures
from the metamorphosed Kidd Creek massive sulfide
deposit, of Archean age, and discuss the implications of
these mixtures for interpreting the paragenesis of Fe—Al
layer silicates in modern and ancient volcanogenic
sulfide environments.

IDENTIFICATION AND OCCURRENCE
Geological setting

The large Kidd Creek Cu—Zn-Pb—Ag deposit, north
of Timmins, Ontario, consists of massive pyrite, chalco-
pyrite, sphalerite, pyrrhotite, and galena locally under-
lain by a chalcopyrite-rich stringer zone (Walker ef al.
1975, Coad 1985). The ores are hosted by Archean
volcanic rocks dated by U-Pb zircon methods at 2717
Ma (Nunes & Pyke 1981, Barrie & Davis 1990) and are
believed to have formed on or near the sea floor
synchronously with local volcanism and sedimentation.
Multiple events related to postore deformation are
evidenced by mine-scale faults and shear zones, strain
fabrics in hand specimen and thin section, and U-Pb
geochronological data (Walker et al. 1975, Brisbin ef al.
1990, Barrie & Davis 1990). Regional metamorphism,
which only reached lower greenschist grade, took place
at approximately 2685 Ma (Percival & Krogh 1983) and
was followed by a local metasomatic event in the mine
area at about 2576 Ma (Maas er al. 1986).

X-ray powder diffraction

Slack & Coad (1989) recently described the textures
and chemistry of Mg- and Fe-rich chlorite from the
footwall stringer zone at Kidd Creek and suggested that
these two compositional types of chlorite formed during
separate hydrothermal events. The chlorite was identi-
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FiG. 1. X-ray powder-diffraction patterns (CuKo radiation) for
mineral separates of layer silicates from the footwall
stringer zone (north orebody) of the Kidd Creek mine.
Patterns for samples KC-813, KC-2505, and KC-3421
lack the diagnostic ~14 A (6.3°20) and ~4.7 A (18.8°20)
peaks of true chlorite (chl) and consist mainly (or wholly)
of berthierine (ber) mixed with muscovite (mus) * quartz
(gtz); small peaks at 7.0-7.5°20 are instrumental artifacts.
Compare pattern for sample KC-3231 (bottom) that
contains only 14 A chlorite. All patterns were acquired on
air-dried and untreated samples.

fied (by JES) on the basis of optical features and results
of electron-microprobe analyses. Identification of the
Fe-rich chlorite is in error, however, as shown by X-ray
powder-diffraction (XRD) patterns of mineral separates
of layer silicates from $everal samples (Fig. 1). The
Fe-rich silicate lacks the diagnostic 14 A reflection of
chlorite, and therefore is berthierine, an Fe—Al member
of the serpentine group (e.g., Brindley 1982, Bailey
1988). The Fe-rich chlorite (“daphnite”) described by
Slack & Coad (1989, Table 2, Fig. 12) consists largely
or wholly of berthierine, including that in samples
KC-813, KC-2505, KC-3421, and KC-3482. An XRD
study of layer silicate separates from the other Kidd
Creek samples (e.g., KC-3231, Fig. 1) shows prominent
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TABLE 1. X~RAY POWDER-DIFFRACTION DATA FOR BERTHIERINE

hkl hkl Ayrshire® corby¥ RC-813 RC-3421
(mono) (hex) d-cale da-calc d-calc d-calc
0oL 010 7.08 7.12 7.09 7.08
020 100 4,67 4.68

110 4.58

111 4.28 4.30 4.26 4.26
021 101 3.90 3.93

002 002 3.52 3.588 3.88 3.83
022 2.80 2.84 2.84

201 110 2.68 2.71 2.65 2.71
210 111 2.52 2.53 2.83

131 2.40 2.45 2.46
212 2.34 2.38

132 2.27 2.28 2.28
222 112 2.14 2.15 2.22 2.13
132 2.01 2.08 2.00
133 1.894 1.943 1.869
311 004 1.769 1.779 1.778 1.818
233 1.700 1.728

060 300 1.588 1.563 1,563

*PDF caxd 7-315.
PDF card 31-618.
1953)

Berthierine from Ayrshire, UK (Brindley 1$51)
Berthierine from Corby, UK (Brindley & Youell

14 A basal reflections; thus these do contain chlorite.
X-ray data acquired for samples KC-813 and KC-3421
(Table 1) yield similar d-values to those reported for
berthierine from Ayrshire, Scotland (Brindley 1951) and
Corby, England (Brindley & Youell 1953).

Formerly called septechlorite (Nelson & Roy 1958),
and (incorrectly) chamosite and 7 A chamosite, berthier-
ine is an Fe-rich aluminous trioctahedral 7 A layer
silicate with a 1:1 structure similar to that of lizardite
(Bailey 1988). Berthierine is difficult to recognize by
normal XRD methods because the critical identifying
feature, the absence of a 14 A basal reflection, is
commonly masked by a peak due to admixed chlorite
(e.g., Brindley 1982); conventional XRD studies can
document the presence of berthierine only in samples
that lack chlorite. Berthierine associated with a small
amount of Mg—Fe-rich chlorite can be misidentified as
Fe-rich chlorite, because Fe-rich chlorite has a very
strong reflection at about 7 A relative to its ~14 A
reflection (Brindley 1982). Mixed layering of berthier-
ine and chlorite may be suggested by broader and
weaker, odd-ordered 00! reflections, compared to those
of pure chlorite (Dean 1983, Ahn & Peacor 1985).
Possible minor (<10%) interstratified Fe—-Mg-rich
chlorite cannot be detected by XRD, however, because
of the weak nature of the odd-order reflections
(Reynolds 1988). The Kidd Creck samples thatlack a 14
A basal reflection (Fig. 1) thus consist either entirely of
berthierine, or of berthierine and minor interlayered
chlorite not resolvable by XRD methods.

Petrography and scanning electron microscopy

Berthierine from the Kidd Creek mine forms anhedral
grains and subhedral crystals associated with quartz,
muscovite, chlorite, pyrite, sphalerite, chalcopyrite, and
local tourmaline, cassiterite, and halloysite. Typical
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grain-sizes are 10-50 wm, although some large crystals
that appear prismatic in cross section (normal to {001})
in samples KC-3421 and KC-3482 are as much as
100-200 um long. Berthierine grains commonly are
pleochroic from colorless to pale green or from pale
green to medium green, and most have higher birefrin-
gence than chlorite-group minerals (e.g., Hey 1954,
Albee 1962), producing yellow to orange (rarely purple)
first-order interference colors (ny—n, = 0.018). However,
the berthierine grains in several samples have lower
birefringence and superficially resemble chlorite, thus
leading to misidentification based on petrographic crite-
ria alone.

Berthierine grains in sample KC-3421 are locally
associated with a white clay mineral. X-ray data ob-
tained with a Debye-Scherrer camera (H.T. Evans, Jr.,
USGS, pers. commun., 1991) indicate that this clay is
halloysite-7 A, with possibly a trace of halloysite-10 A
Electron-microprobe analyses, using a defocused beam,
show 45-46% Si0,, 36-37% Al,05, 0.1-0.7% FeO, and
anhydrous oxide totals of 83-84%, consistent with the
presence of halloysite. The halloysite forms irregular
zones (Fig. 2A) commonly 0.5-1.0 mm in diameter
within massive sphalerite, and intergrowths with mus-
covite, quartz, and sparse fluorite; berthierine occurs
along the margins of some halloysite zones (Fig. 2B).
One large zone of halloysite fills what appears to be a
former aggregate of euhedral flakes of muscovite (or
another phyllosilicate) in sphalerite (not shown), sug-
gesting a paragenesis of early muscovite (?) followed by
a later stage involving pseudomorphous replacement by
halloysite. Inclusions of muscovite in some of the
halloysite zones display embayed, corroded edges,
whereas others have smooth boundaries; similar rela-
tions exist between sphalerite and layer silicates. The
halloysite is interpreted as a late hydrothermal phase,
and not a product of supergene alteration or weathering,
based on the lack of fractures in this sample and the
absence of any secondary minerals diagnostic of oxida-
tion or weathering (e.g., hematite, covellite, goethite).
Halloysite has been identified in some of the Miocene
Kuroko deposits of Japan (e.g., Nurukawa) and recently
in the modern Kuroko-type Jade deposit actively form-
ing in the Okinawa Trough (Marumo 1991). Stanton
(1983) reported possible halloysite from the Archean
Geco massive sulfide deposit in Ontario, but without
supporting XRD evidence. The occurrence in the Kidd
Creek deposit appears to be the first example of
hypogene halloysite documented in Precambrian rocks.

Berthierine commonly displays complex inter-
growths with both muscovite and chlorite. Euhedral
berthierine blades enclosed within sphalerite in sample
KC-3421 locally show embayed contacts with musco-
vite (Fig. 2C) that suggest replacement of muscovite (or
a pre-existing phyllosilicate) by berthierine. However,
other areas of this sample and areas within sample
KC-813 (Fig. 2D) have “equilibrium” textures that
imply contemporaneous formation of muscovite and



FIG. 2. SEM back-scattered electron images of samples from the footwall stringer zone. A. Intergrowth of halloysite (dark grey)
with muscovite (medium grey) and berthierine (pale grey) along right edge, surrounded by sphalerite (white); black areas are
open pits (sample KC-3421). B. Detail of A showing euhedral berthierine (pale grey) in contact with muscovite (medium grey)
and halloysite (dark grey) and associated with sphalerite in white (sample KC-3421). C. Massive sphalerite (pale grey)
enclosing prismatic grains of berthierine (medium grey) apparently replacing muscovite (dark grey); small white grains are
cassiterite (sample KC-3421). D. Grains of berthierine (pale grey) intergrown with and surrounded by muscovite (medium
grey), and associated with quartz (dark grey); sphalerite is white (sample KC-813). E. Elongate composite grain of berthierine
(pale grey) and Fe-Mg chlorite (medium grey); muscovite is black and surrounding chalcopyrite is white (sample KC-2505).
F. Detail of E showing alternating lamellae of finely intergrown berthierine (pale grey) and Fe-Mg chlorite (medium grey),
and rims of berthierine on chlorite; black areas are cracks and voids between mineral lamellae (sample KC-2505); see Table
2 for results of electron microprobe analyses of the chlorite (no. 2505F1) and berthierine (no. 2505F2) in this grain.



BERTHIERINE FROM THE KIDD CREEK DEPOSIT

berthierine (or its precursor). Berthierine in sample
KC-3421 exhibits embayed and corroded edges and
seems to be partially replaced by the associated hal-
loysite (Fig. 2B).

Figure 2E shows a composite grain of berthierine and
chlorite partly surrounded by muscovite in chalcopyrite-
rich sample KC-2505 from the core of the stringer zone
(see Slack & Coad 1989, Fig. 2). This grain is clearly
deformed, consistent with the presence in the same
sample of microscopic chevron folds defined by de-
formed muscovite, chlorite, and sulfides. Most of the
borders of the composite grain (Fig. 2E) contain a thin
(<5 pm) rim of nearly end-member (Mg-free) berthier-
ine, whereas the interior has very fine lamellac of
berthierine <1 pm in diameter (Fig. 2F). The deforma-
tion may have caused bending and gliding of chlorite
layers, resulting in separation of the layers and formation
of the elongate lens-shaped voids. Packets of berthierine
oriented parallel to the voids also have a similar lens-like
shape, and several of the voids contain a berthierine rim,
although some berthierine lamellae have different orien-
tations and are not associated with voids. One interpre-
tation of these features is that the chlorite and berthierine
represent primary hydrothermal precipitates that were
deformed together, producing the paragenetically late,
lens-shaped voids. Alternatively, berthierine may have
formed by filling of deformation-related voids or by the
replacement of previously deformed chlorite. Similar
lens-shaped replacements of deformed phyllosilicates
have been widely reported in low-grade metamorphosed
and hydrothermally altered rocks (Craig et al. 1982, van
der Pluijm & Kaars-Sijpesteijn 1984, Gregg 1986, Ahn
& Peacor 1987, Bons 1988).

Transmission electron microscopy

Part of a thin section of sample KC-2505 was
prepared for transmission electron microscopy (TEM)
following optical and SEM studies. A 3-mm-diameter
area adhering to an aluminum washer was detached from
the thin section and a Cu grid backing was attached to
one side to prevent the possible loss of thin edges due to
differential thinning and expansion—contraction rates of
layer silicates and sulfides during Ar jon-beam milling.
A Philips CM12 scanning transmission electron micro-
scope! coupled with a low-angle Kevex Quantum
detector for EDS analysis was used for the TEM
observations at the University of Michigan. The 00/
reflections up to the third order (chlorite) were selected
to produce one-dimensional lattice fringe images.

Chlorite in sample KC-2505 was observed to consist
of three principal textural types, including (1) discrete,

Any use of trade, product, or firm names is for descriptive
purposes only and does not imply endorsement by the U.S.
Government.
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large crystals of Fe-Mg-rich chlorite, (2) single layers
or very thin packets of layers interstratified with
berthierine (i.e., mixed-layer chlorite-berthierine), and
(3) crystals of relatively Fe-rich chlorite (designated
hereafter as Fe-chlorite) that are intimately intergrown
with mixed-layer chlorite-berthierine. In addition to the
mixed layering, discrete, thick packets of berthierine
intergrown with chlorite also are present, analogous to
the berthierine lamellae shown in Figure 2F.

Figure 3 shows typical relations between berthierine
and the three different types of chlorite. Each layer
silicate forms relatively thick, well-defined, discrete
packets that are parallel or subparallel, with berthierine
and mixed-layer chlorite—berthierine occurring prefer-
entially at the boundaries of chlorite crystals. The
individual packets of chlorite seem similar to those of
phyliosilicates affected by metamorphic processes that
locally approach an equilibrium state, with an absence
of the heterogeneous features (e.g., mixed layering) that
characterize textures formed at very low temperatures
(e.g., Ahn & Peacor 1985). However, packets of Fe-
chlorite, Fe-Mg-rich chlorite, and chlorite in mixed-
layer berthierine~chlorite occur immediately adjacent to
one another, a feature that clearly indicates nonequili-
brium conditions.

Several types of deformation features are observed.
In the middle-right part of Figure 3 is a pale grey area
with an arrowhead shape that separates Fe-Mg-rich
chlorite that presumably was once continuous, as the
outlines on both sides of the arrowhead-shaped area are
nearly identical. We are unable to identify the material
within this arrowhead-shaped area, but it appears to be
a noncrystalline phase containing Al, Si, K, Mg, Fe, S,
Cu, and CJ, as suggested by EDS spectra. The packet of
Fe-Mg chlorite that is dissected by the arrowhead-

-
J00nm

FiG. 3. Transmission electron microscopic image of sample
KC-2505 showing intergrowths of berthierine with Fe-Mg
chlorite (C), Fe-chlorite (C"), and mixed-layer chlorite—ber-
thierine (C/B). The pale grey arrowhead-shaped area in the
middle-right is a noncrystalline phase (see text). The white
arrow indicates a kinked area in chlorite.
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Fic. 4. Selected-area clectron-diffraction patterns of areas in
Figure 3 showing 00! reflections of A) berthierine, B)
Fe-Mg chlorite, C) mixed-layer chlorite-berthierine, and
D) chiorite + berthierine. The beam stopper was used for A.
and C.

shaped area has a prominent kink (indicated by the white
arrow). Thicknesses of the packets next to that of the
kinked packet vary along the packet, consistent with
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gliding along boundaries with a component normal to
the image. Variations in contrast occur within some of
the chlorite and berthierine packets, apparently reflect-
ing strain. The strain contrast at the crystal boundary in
the middle-left part of the image suggests that there is a
lattice misfit, in agreement with an origin due to gliding
along partially coherent interfaces, as is normally the
case in gliding facilitated by dislocations. Such defor-
mation features have not been observed in berthierine
and mixed-layer chlorite-berthierine regions, which
implies that some of the berthierine is probably syn- or
post-deformation in origin, replacing deformed chlorite
or voids created during deformation.

Selected-area electron-diffraction (SAED) patterns
were obtained from different areas of Figure 3. The
SAED patterns are consistent with the presence of
berthierine (7 A periodicity, Fig. 4A), chlorite (14 A
periodicity, Fig. 4B), and mixed-layer chlorite—berthier-
ine (relatively weak, diffuse odd-order and strong, sharp
even-order 00! reflections where d(001) = 14 A, Fig.
4C). The continuous streak along ¢* in Figure 4C
suggests that the 14 A (chlorite) and 7 A (berthierine)
layers are randomly interstratified in the mixed-layer
areas. Like the interpretive problems of XRD patterns

FiG. 5. Lattice-fringe image of intergrown berthierine (B), Fe-Mg chlorite (C), and mixed-layer chlorite-berthierine (C/B) in
sample KC~2505. Layers showing ~7 A (narrow fringes) and ~14 A (wide fringes) periodicities are berthierine and chlorite,
respectively. Layer terminations and complex mixed layering between chlorite and berthierine are present in the middie right.
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discussed above, it is difficult to differentiate 00/
reflections of discrete berthierine + discrete chlorite
(Fig. 4D) from those of only discrete chlorite (Fig. 4B).

Packets of berthierine and mixed-layer chlorite—
berthierine are locally parallel or subparallel to adjacent
packets of Fe-Mg chlorite (Fig. 5). Individual 14 A
layers are present within the berthierine packet, and
discontinuities between 14 A and 7 A layers are present
in the mixed-layer area. Such discontinuities may be due
to variation in the inclination of ¢ along the layers or to
variations in crystal thickness (Amouric er al. 1988,
Jahren & Aagaard 1989). However, in this case they
appear to represent true interfaces because images that
were obtained at different conditions of focus all display
the same features.

Figure 6 shows alternating thick packets of berthier-
ine and Fe-Mg chlorite layers that are parallel or related
by low-angle boundaries. Such textures are analogous to
those observed in many occurrences of phyllosilicate
intergrowths that formed during prograde metamor-
phism (e.g., Franceschelli ez al. 1986, Frey 1987, Jiang
et al. 1990). The variation in contrast along the layers in
the upper left reflects strain, presumably due to shear
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stress (Bons ef al. 1990). The berthierine and chlorite
packets in the lower part of the image seem to be
unaffected. The slight variations in contrast on the right
are principally due to decreasing thickness of the
specimen toward the thin edges. Mixed layering and
interstratification of packets of two phyllosilicate phases
are common in replacement reactions of one phyllosili-
cate by the other (e.g., Banfield & Eggleton 1988, Jiang
& Peacor 1991), although they also may occur without
phase transitions.

An electron-diffraction pattern of berthierine (Fig.
7A) shows a highly disordered sequence of stacking, as
suggested by the strong streaks in the non-00! reflection
rows with & # 3n. The presence of very weak streaks and
14 A reflections suggests that there is a minor component
of chlorite interstratified with the berthierine. Disor-
dered sequences of stacking are common in phyllosili-
cates that formed during diagenesis or very low-grade
metamorphism (Kisch 1983, 1987). Such disordered
sequences transform to ordered sequences during pro-
grade metamorphism before conditions of the lower
greenschist facies are attained. Coexisting muscovite,
having a nearly end-member composition, with only

Fi6. 6. Lattice-fringe image of sample KC-2505 showing alternating packets of berthierine (B) and Fe-Mg chlorite (C) that are
parallel or related by low-angle boundaries.
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FiG. 7. Electron-diffraction patterns of berthierine in sample
KC-2505 showing continuous streaking along c* in Okl or
hhi rows, suggesting a highly disordered stacking sequence
(A), and the [110] or [1T0] zone of muscovite with 20 A
periodicity in khl or kRl rows, implying a two-layer
polytype (B).

minor Fe and Mg, invariably occurs as a two-layer
polytype, giving a20 A periodicity in non-00/ reflection
rows with k£ # 3n of SAED patterns (Fig. 7B) and with
different contrast in alternate 001 fringes. The muscovite
forms either discrete, large packets of layers, or small
packets of layers enclosed within other phases; mixed
layering between muscovite and other phases is not
observed. All of these features in muscovite are consis-
tent with equilibration of dioctahedral phyllosilicates
under greenschist-facies conditions.

MINERAL CHEMISTRY

Slack & Coad (1989) reported on the results of
detailed electron-microprobe analyses of Mg- and Fe-
rich chlorite from Kidd Creek, the latter now recognized
as berthierine. Selected compositions from that study,
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together with more recent microprobe data (using the
same methods and standards), are presented in Table 2.
The berthierine contains nearly equal amounts of SiO,
and Al,O;, and most samples have little or no Na, Ca, or
K. Many grains contain <1 wt% MgO, and several
compositions from samples KC-813 and KC-3482 lack
detectable MgO, thus documenting the occurrence of
end-member berthierine (e.g., no. 813F, Table 2). Grains
enclosed in sphalerite in sample KC-3421 have as much
as 2 wt% ZnO that indicate a small component of
fraipontite, the zinc analog of berthierine (Fransolet &
Bourguignon 1975). The minor amounts of Na, Ca, and
K found locally in berthierine from samples KC-813 and
KC-3421 suggest the presence of finely interlayered
smectite or perhaps interlayered micas such as parago-
nite, muscovite, or margarite. Normalizations on the
basis of an ideal chlorite anion formula (20 O + 16 OH)
reveal that VAl significantly exceeds 'V Al in all samples,
in contrast with ideal end-member berthierine
[(FegAl)(SisAl)O,0(OH) 4] for which YIAl ='VAL The
excess Y'Al in the Kidd Creek samples may be related to
the presence of intergrown Si-rich phases such as quartz,
pyrophyllite, or talc, or to interlayering with a di,trioc-
tahedral chlorite such as sudoite (e.g., Bailey & Lister
1989, Shau et al. 1990), with both the trioctahedral
chlorite and berthierine. Sudoite has been identified in
the alteration zones of several of the unmetamorphosed
Kuroko deposits of Japan (Tsukahara 1964, Hayashi &
Oinuma 1964) and the metamorphosed Geco massive
sulfide deposit, Ontario (Stanton 1984). It is also
possible that the excess V'Al reflects vacancies in the
octahedral sites (Foster 1962), which are common in
berthierine (Brindley 1982) and some chlorite (e.g.,
Curtis et al. 1985).

Qualitative EDS and analytical electron microscopy
(AEM) analyses have been acquired on sample KC—
2505. The EDS analyses suggest that most of the
berthierine crystals are more Fe-rich than coexisting
chlorite, although very Fe-rich chlorite (i.e, daphnite) is
present locally (Fig. 3). Ahn & Peacor (1985) and Jahren
& Aagaard (1989) have demonstrated that berthierine is
generally more Fe-rich than chlorite, but that overlaps in
Fe-Mg contents occur. The AEM analyses, carried out
on materials defined as pure by TEM observation, are
consistent with this relation. Extreme caution, therefore,
must be used in the identification of Fe-rich chlorite,
especially the aluminous varieties.

Figure 8 shows the average compositions of Kidd
Creek berthierine and chlorite compared to the compo-
sitional fields for berthierine and chlorite from other
localities. This diagram illustrates the overall chemical
similarity between berthierine and chlorite, and the
difficulty of distinguishing them on the basis of electron-
microprobe data alone. Compositions of the Kidd Creek
berthierine and chlorite all plot within the field of
berthierine reported by Brindley (1982), Iijima & Mat-
sumoto (1982), Bhattacharyya (1983), and Velde
(1989), and also within the compositional fields of
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TABLE 2. REPRESENTATIVE COMPOSITIONS OF BERTHIERINE AND CHLORITE

813 B13E 8135 250561 2s05F2 34218 34820 HIRAN KURSK coRsY ussR
stoz wtz  22.04 22.62 21.99 23.03 2.3 21.96 22.83 22.87 21.26 22.81 22.40
Al203 23.01 23.05 22.21 23.15 23.51 23.31 23.38 23.24 23.61 23.12 23.34
Tio2 0.07 0.05 6.03 0.05 0.04 0.01 0.03 n.a. n.d. n.a. n.d.
Fe0 42.70 41.37 42.99 33.31 41.07 41.94 36.77 40.15 39.19 39.66 39.63
L 0.26 0.22 0.16 0.13 0.13 6.27 0.14 n.a. n.d. n.a. 1.69
Mgo 1.13 0.98 0.00 7.13 1.31 1.23 5.19 1.77 2.92 2.72 2.01
o n.a. n.a. n.a. n.a, n.a. 1.03 n.a. n.a. n.a. n.a. 0.66
Ca0 0.02 0.10 0.02 0.03 0.04 0.00 0.0% 0.09 n.d. n.a. n.d.
Na20 0.08 0.25 0.06 0.08 0.04 0.01 0.02 0.00 n.d. n.a. n.d.
K20 0.04 0.51 0.08 0.19 0.06 0.02 0.00 0.00 n.d. n.a. 0.29
Total 89.35 89.15 87.54 87.10 88.51 89.78 88.37 88.12 86.98 88.37 90.02
Structurel formulae on the basis of 28 oxygens

5.034 $.150 5.153 5.123 5.087 5.000 5.086 5.198 4.904 5.162 5.045
Al 2,966 2.850 2.847 2.877 2.913 3.000 2.9% 2.802 3.096 2.838 2.955
avt 3.227 3.336 3.286 3.193 3.406 3.250 3.225 3.422 3.324 3.331 3.243
T 0.012 0.008 0.006 0.008 0.007 0.001 0.006 0.005 0.000 0.000 0.000
Fe 8,155 7.876 8.424 6.198 7.834 7.980 6.852 7.632 7.559 7.506 7.465
Mn 0.050 0.043 0.033 0.027 0.025 0.052 0.026 0.000 0.000 0.000 0.322
Mg 0.386 0.334 0.000 2.363 0.446 0.418 1.724 0.600 1.004 0.917 0.675
2n 0.000 0.000 0.000 0.000 0.000 0.172 0.000 0.000 0.000 0.000 0.110
Ca 0.004 0.023 0.004 0.008 0.011 0.000 0.003 0.022 0.000 6.000 0.000
Na 0.037 0.108 0.025 0.033 0.017 0.006 0.008 0.000 0.000 0.000 0.000
K 0.011 0.149 0.022 0.052 0.017 0.005 0.001 0.000 0.000 0.000 0.083
Total 19.882 19.877 19.800 19.880 19.763 19.884 19.845 19.681 19.887 19.754 19.898
Oct vacancy 0.170 0.403 0.251 6.213 0.282 0.127 0.167 0.341 0.113 0.246 0.185
Fe/(FetMg)  0.955 0.959 1.000 0.724 0.950 0.964 0.7%9 0.927 0.883 0.891 0.917
Mg/Fe 0.047 0.042 0.006 0.381 0.057 0.052 0.252 0.079 0.133 0.122 0.090

Notes: Total iron as Fe; n.a. = not analyzed or not reported; n.d. = not detected.

8130: berthierine associated with tourmaline, pyrite, minor sphalerite and quartz, and traces of sericite (from Slack & Coad 1989, Table 2); B13E:
berthierine associated with quartz, sphalerite, pyrite, tourmaline, and minor sericite; 813F: berthierine associated with pyrite, quartz, sphalerite,
and minor serfcite; 2505F1: chlorite intergrown with berthierine and associated with sericite, chalcopyrite, and minor quartz (see Fig. 2x); 2505F2:
berthierine intergrown with chlorite and associated with sericite, chalcopyrite, and minor quartz (see Fig. 2x); 3421B: berthierine associated with
sericite, sphalerite, and minor chalcopyrite and cassiterite (see Fig., 2x); 3482A: berthierine associated with tourmaline, quartz, pyrite, sphalerite, -
and minor sericite (from Slack & Coad 1989, Table 2); HIRAM: K-type berthierine of Iijima & Matsumoto (1982, Table 4) in Triessic fireclay beds from
Hiramatsu area, Japan; KURSK: berthierine in bauxite deposits from Kursk, USSR (Yershova et al. 1976); CORBY: berthierine in Jurassic jronstone from
Corby, Northemptonshire, UK (Brindley & Youell 1953); USSR: berthierine + chiorite in Ag-Ph-Zn quartz vein, USSR (Rusinova et al. 1987).

Si

Chlorites
(Velde 1973)

BN

Chidrites
{Foster 1962}

R? Al

FiG. 8. Cation plot of average microprobe compositions of
chlorite (open circles) and berthierine (solid triangles) at
Kidd Creek compared to the compositional fields of
chlorites compiled by Foster (1962) and Velde (1973) and
the field of berthierines (hatchured) from Brindley (1982),
lijima & Matsumoto (1982), Bhattacharyya (1983), and
Velde (1989). R? = Fe?* + Mg + Mn + Zn.

chlorite compiled by Foster (1962) and Velde (1973).
However, the berthierine and chlorite from Kidd Creek
differ slightly in relative proportions of Al and R>* (Fe®*
+ Mg + Mn + Zn) cations. The Kidd Creek berthierine
and those samples listed in Table 2 from Corby (Eng-
land), Hiramatsu (Japan), and the USSR (not plotted),
all are more aluminous than the Kidd Creek chlorite.
Note that in deformed sample KC-2505 (Fig. 2F), the
microprobe data reported in Table 2 for the berthierine
lamellac (2505F-2) also indicate a more aluminous
composition than that of the coexisting chlorite (2505F—
1). With the exception of sample 2505, this probably is
unrelated to the extent of octahedral-site vacancies,
which span a similar range in the berthierine (Table 2).
and chlorite (Slack & Coad 1989, Table 2).

DISCUSSION

Berthierine is a common mineral in many Fe-rich
sedimentary rocks, especially ironstones and iron forma-
tions (e.g., French 1973, Bhattacharyya 1983, Van
Houten & Purucker 1984, Maynard 1986). Recent
mineralogical studies also have identified berthierine in
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soils and bauxites (Kodama & Foscolos 1981, Nikitina
19835), unmetamorphosed coal measures of Japan (Iijima
& Matsumoto 1982), diagenetically altered clastic sedi-
ments of the Gulf Coast (Ahn & Peacor 1985), clastic
reservoirs of offshore Norway (Jahren & Aagaard 1989),
conglomerates from England (Taylor 1990), and some
low-grade pelitic schists from Venezuela and Spain
(Amouric et al. 1988, Bons & Schryvers 1989). Docu-
mented occurrences of berthierine in hydrothermal
settings are less extensive, and mainly involve sulfide-
bearing veins such as in France (Caillére & Hénin 1956),
Czechoslovakia (Novak er al. 1959), England (Smith &
Hardy 1981), the former Soviet Union (Rusinova et al.
1987), and Niger (Perez et al. 1990); berthierine also has
been reported recently from hydrothermally altered
shales in the Salton Sea geothermal field of California
(Yau et al. 1988, Walker & Thompson 1990). The
berthierine identified from the Kidd Creek mine in this
study represents the first known occurrence in subma-
rine massive sulfide environments.

Formation of berthierine

Possible mechanisms for the formation of the Kidd
Creek berthierine involve hydrothermal, metamorphic,
and postmetamorphic processes. Interpretations of pre-
metamorphic hydrothermal growth are based on the
presence of large prismatic crystals in pristine sample
KC-3421 (Fig. 2C), and on equilibrium textures ob-
served in relatively undeformed samples such as KC—
813 (Fig. 2D) that are similar to those observed in
modern sulfide deposits from the sea floor (e.g., Alt er
al. 1987, Alt & Jiang 1991), where mineral grains
commonly are euhedral and form straight contacts with
layer silicates, presumably as a result of crystallization
in a stress-free environment.

Experimental studies also are consistent with a hy-
drothermal origin for some of the Kidd Creek berthier-
ine. All of the synthesis work done to date on chlorite
has made 7 A, not 14 A phases, as initial run products
(e.g., Nelson & Roy 1958, Turnock 1960). In a detailed
study of the stability of iron-rich chlorite, James et al.
(1976) synthesized 7 A Fe-rich silicate at 300°C and 2
kbar P(H,0), whereas crystallization of 14 A Fe-rich
chlorite required longer run times (six weeks) at tem-
peratures in excess of 525°C. More recently, Nikol’skaia
et al. (1985) formed berthierine by reacting kaolinite
with FeCl, at 400°C, and Yau er al. (1987) synthesized
berthierine = illite at 300°C from an interlayered illite—
smectite precursor. These experiments show that
berthierine, although probably metastable, may form in
hydrothermal systems at relatively high temperatures of
300—400°C. The inferred hydrothermal berthierine from
Kidd Creek is believed to have formed under similar
temperature conditions (e.g., Slack & Coad 1989). The
formation of the hydrothermal berthierine probably
occurred by replacement of a pre-exisiting aluminous
phase, rather than by direct precipitation from solution,
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based on the low solubility of Al in most hydrothermal
solutions and the very low Al/Fe ratios of end-member
(Mg-free) compositions calculated for fluids sampled at
modern submarine vents (Bowers & Taylor 1985, Von
Damm & Bischoff 1987). We cannot exclude the
possibility, however, that some of the Kidd Creek
berthierine precipitated directly from hydrothermal so-
lutions, like the illite—smectite recently discovered by
Alt & Jiang (1991) from massive sulfide deposits on the
sea floor.

Textural relations and experimental work (Yau et al.
1987) suggest that the initial formation of berthierine
may have involved growth from an illite—smectite
precursor (e.g., Fig. 2C), or possibly a kaolinite precur-
sor (Bhattacharyya 1983, Nikol’skaia et al. 1985) that
reacted with Fe-rich hydrothermal fluids. The latter
interpretation is considered less likely, on the basis of
the observed paragenetic relations among berthierine,
muscovite, and halloysite in the Kidd Creek samples.
Smectite also is not a favored precursor because of the
lack of significant Na or Ca recorded in the microprobe
data for the berthierine (Table 2), although Na and Ca
could have been leached from smectite during hy-
drothermal alteration to berthierine. Most, if not all, of
the premetamorphic berthierine at Kidd Creek is be-
lieved to have formed by the hydrothermal replacement
of pre-existing muscovite or chlorite at temperatures of
approximately 350°C (Slack & Coad 1989), which
produced the observed embayment textures and euhe-
dral pseudomorphs.

Evidence in support of a syn- or postmetamorphic
origin for some of the berthierine comes mainly from
textural features documented by SEM and TEM studies.
These include the lamellar intergrowths observed in
deformed sample KC-2505 (Fig. 2F), and the relations
between deformed chlorite and undeformed berthierine
illustrated in the lattice fringe images of the same sample
(Figs. 3, 5). The latter textures are common in inter-
grown stacks of phyllosilicates that formed as stable
coexisting assemblages in low- to medium-grade, green-
schist-facies rocks (e.g., Franceschelli et al. 1986, Frey
1987, Jiang et al. 1990) and in phyllosilicate aggregates
that formed through partial replacement of a precursor
phase (e.g., Jiang & Peacor 1991). We cannot discrimi-
nate between syn- and postmetamorphic growth of this
berthierine, but regardless of the timing, it seems likely
that it replaced pre-existing chlorite, either of hydrother-
mal or metamorphic origin. The Fe necessary for the
formation of this metamorphic berthierine may have
come from the rims of tourmaline crystals in the footwall
stringer zone that were leached of substantial amounts
of Fe, Ti, and Ca (Slack & Coad 1989, Figs. 5, 11),
possibly during the late metasomatic event documented
in the mine area by Maas et al. (1986). The formation of
the Fe-chlorite may have involved alteration of berthier-
ine in the later stages of multiple metamorphic events in
the region, identified by Brisbin et al. (1990) and Barrie
& Davis (1990).
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Preservation of hydrothermal berthierine

Berthierine is generally considered to be a metastable
phase that inverts to 14 A Fe-rich chlorite during
diagenesis and metamorphism. In clastic sediments,
berthierine is preferentially found at shallow depths
relative to Fe-rich chlorite, which commonly is coarser
grained and paragenetically later than the associated
berthierine (Frey 1970, 1978, Lee & Peacor 1983, Ahn
& Peacor 1985). Velde ez al. (1974) suggested that in
arenites and calcarenites, 7 A berthierine undergoes a
polymorphic transformation to 14 A chlorite at tempera-
tures of 25-100°C. Similar relations are observed in
hydrothermally altered sediments from the Salton Sea
geothermal field, where berthierine is found in shallow,
low-temperature settings relative to the deeper, higher
temperature occurrences of Fe-rich chlorite (Yau ez al.
1988, Walker & Thompson 1990).

The presence in sample KC-3421 of large (100-200
um) prismatic crystals of berthierine together with
halloysite (Figs. 2A, B), a likely metastable precursor to
kaolinite (Churchman & Carr 1975, Steefel & Van
Cappellen 1990), suggests that this Kidd Creek berthier-
ine is a primary hydrothermal phase and that the
halloysite formed by late hydrothermal processes, as
discussed above. The preservation of berthierine and
halloysite in this sample may reflect the armoring of
layer silicates by massive sulfide, thus preventing
interaction with metamorphic fluids that would have
converted these silicates to Fe-rich chlorite and kaolinite
(or illite), respectively. This interpretation is supported
by the fact that samples containing tourmaline with a
metamorphic reaction-rim (Slack & Coad 1989) have
chlorite but little or no berthierine, whereas tourmaline
crystals in other samples that contain abundant berthier-
ine (e.g., KC-813) show little or no evidence for
interaction with a metamorphic fluid (i.e., absence of a
reaction rim).

Evolution of the Kidd Creek stringer zone

Many electron-microprobe studies have shown that
massive sulfide deposits are dominated by Mg-rich
chlorite, but that some deposits contain local Fe-rich
chlorite [Fe/(Fe+Mg) > 0.8], as summarized by Urabe et
al. (1983) and Slack & Coad (1989). The inner cores of
footwall zones of alteration in the deposits may show
preferential concentration of either Mg- or Fe-rich
chlorite, relative to peripheral zones (e.g., Franklin et al.
1981, Urabe et al. 1983, Gustin 1990). Such composi-
tional variations in chlorite chemistry are generally
attributed to precipitation from solutions containing
variable proportions of Mg-rich seawater and Fe-rich
hydrothermal fluid (Roberts & Reardon 1978, Zieren-
berg et al. 1988). The compositional variations of the
Kidd Creek chlorite were interpreted by Slack & Coad
(1989) in a similar manner: the Fe-Mg chlorite formed
first and was overprinted or replaced by Fe-rich “chlo-
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rite” (i.e., berthierine) where alteration and mineraliza-
tion asssociated with an earlier hydrothermal event were
believed to have sealed off the footwall zone of alteration
from infiltration by Mg-rich seawater. The recognition
of berthierine in the deposit, however, requires a re-
evaluation of this interpretation.

Slack & Coad (1989) proposed the existence of two
hydrothermal events in the Kidd Creek deposit, in which
early formation of Fe-Mg chlorite and tourmaline was
followed by a second event that chemically overprinted
the chlorite to form daphnite (i.e., berthierine), whereas
the compositions of the chemically more resistant
tourmaline remained unaffected. However, the SEM and
TEM observations of complex berthierine—chlorite in-
tergrowths suggest instead that most of the 7 A berthier-
ine formed first from an Fe-rich, end-member hydrother-
mal fluid and that the 14 A Fe-Mg chlorite formed later
from a seawater-dominated fluid; quartz, tourmaline,
and sulfides apparently were precipitated during both
events of fluid circulation. These mineralizing events
need not have been separated by a significant time
interval, however, and could have been part of one
long-lived seafloor hydrothermal system. The apparent
disequilibrium between the Fe/(Fe+Mg) ratios of chlo-
rites and tourmaline rims suggested by Slack & Coad
(1989) therefore may not indicate the presence of two
unrelated hydrothermal fluids in the footwall stringer
zone, but instead could reflect the occurrence of berthier-
ine (rather than daphnite) in samples with Fe/(Fe+Mg)
ratios that fall off the equilibrium K}, curves for chlorite
and tourmaline (see Slack & Coad 1989, Fig. 13).

Implications for modern and ancient volcanogenic
massive sulfide deposits

The recognition of berthierine in the Archean Kidd
Creek massive sulfide deposit has implications for
similar ancient, as well as modern, volcanogenic sulfide
deposits. Particularly interesting are the calculated sta-
bility-relations of berthierine relative to other Fe—Al
silicates (Fig. 9). This diagram was constructed for a
temperature of 350°C under conditions of quartz satura-
tion using thermodynamic data from SUPCRT (see
Bowers et al. 1984, and references therein), except the
free energy and enthalpy data for daphnite (14 A) and
berthierine (“7 A chamosite™), which are from Wolery
(1978, Table 2). Despite uncertainties in the thermody-
namic data, the calculations show that berthierine has a
similar, but smaller field of stability relative to that of
daphnite (14 A Fe-rich chlorite), and therefore probably
is metastable. Based on textural relations (e.g., Fig. 2D),
the Kidd Creek berthierine and muscovite appear to be
coeval and may have formed under equilibrium condi-
tions in some of the samples, in agreement with the
thermodynamic relations. In a recent study of Ag—Pb—
Zn polymetallic veins in the Ukraine, Rusinova er al.
(1987) determined that berthierine formed simultane-
ously with sericite and K-feldspar. The apparent theo-



1138

6 —
350°C
800 bars
5 L.
Daphnite
[~
~
~
[N Annite

4r- ~
* N .
N;E Berthierine ~ &21 N
F SJIDF-~g >
ER s Foe
§' Daphnite Daphnite
o
<)
2 L,L

Kaolinite Muscovite K-feldspar
1 —
1 | [ | |
00 1 2 3 2 5
IOQ (aK+/aH+)

Fi1G. 9. Activity diagram showing stability relations of minerals
in the system FeO-K,0-Al,05-Si0,~H,0 at 350°C and
500 bars. Activities of minerals and H,O are set at 1.0 under
conditions of quartz saturation. Thermodynamic data and
calculations from SUPCRT (see Bowers er al. 1984, and
references therein) except free energy and enthalpy data for
daphnite (14 A) and berthierine (“7 A chamosite”), which
are from Wolery (1978, Table 2). Data points for end-mem-
ber vent fluids from 21°N (OBS) and the southern Juan de
Fuca Ridge (Plume) were calculated by J.K. Bohlke
(USGS) using the program SOLVEQ (Reed 1982, Spycher
& Reed 1989) and the fluid compositions reported by Von
Damm et al. (1985) and Von Damm & Bischoff (1987),
respectively. Note smaller field of stability of berthierine
(dashed) relative to that of daphnite.

retical incompatibility of this assemblage (Fig. 9) may
be an artifact of the thermodynamic data-base, however,
particularly the position of the K-feldspar — muscovite —
quartz buffer, and therefore does not necessarily conflict
with the paragenetic observations of Rusinova et al.
(1987) for the vein deposits they studied.

The thermodynamic data also permit an evaluation of
the stability of Fe-silicates in modern submarine hy-
drothermal systems. Calculated compositions of end-
member vent fluids at 350°C from the OBS site at 21°N
on the East Pacific Rise and from the Plume site on the
southern Juan de Fuca Ridge are both within the stability
field of berthierine (Fig. 9). Such relations suggest that
metastable berthierine may be currently forming in the
subsurface feeder zones of these active submarine
hydrothermal vents. Additional candidates include the
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Galapagos Ridge (Embley e al. 1988) and the Kane
Fracture Zone of the Mid-Atlantic Ridge (Delaney et al.
1987), where reported Fe-rich chiorite likely contains
minor to major amounts of berthierine.

The difficulty of identifying berthicrine by routine
optical, X-ray, and electron-microprobe methods sug-
gests that much of the Fe-rich chlorite reported from
modern and ancient massive sulfide deposits may in-
stead be berthierine. Recognition of premetamorphic
berthierine in such deposits is important because it
records the preservation of primary mineral assemblages
deposited by paragenetically early, Fe-rich hydrother-
mal fluids. Additional mineralogical studies integrating
SEM, TEM, and electron-microprobe data are needed on
layer silicates from other unmetamorphosed or weakly
metamorphosed massive sulfide deposits on land, and
from modern deposits on the sea floor. Such studies will
be useful for accurately documenting mineral composi-
tions and paragenetic relations in alteration zones related
to massive sulfide deposits, and for improving our
understanding of fluid-rock reactions in submarine
hydrothermal systems.
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