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ABSTRACT

This is the first mineralogical and geochemical study of
rodingites that occur within serpentinized ultramafic rocks
of the Abitibi greenstone belt in Ontario. Remnants of the
original texture and mineralogy are locally preserved; the
mineralogical and textural changes associated with the
rodingitization process can thus be traced. Rodingite pro-
toliths include diabase and lamprophyre dykes, mafic lithic
inclusions, serpentinites and intermediate volcanic rocks.
Clinozoisite and epidote represent the early stage of alter-
ation, and are followed by the appearance of hydrogros-
sular and prehnite, which form at the expense of epidote.
The most advanced stage of alteration is represented by a
completely recrystallized, fine-grained, diopside-bearing
rock. Mass-balance calculations, using data from a larn-
prophyte for the frst two stages, suggest an isovolume
replacement during which Ca, Al and Fe were added,
whereas Na, K and Mg were removed. Crystallization tem-
peratures of 270-330'C at pressures of l-2 kbars were
obtained from primary fluid inclusions in late-stage diop-
side. The fluid had a low salinity (-2.5 equiv. wt.9o NaCl).
The rodingitization process was not different in Archean
times than in the Phanerozoic, so that the difference in tec-
tonic settings is not an important factor. Thus, deforma-
tion is not an integral part of'the process, although it cer-
tainly affects the final texture and distribution of the rocks.

Keywords: rodingite, rodingitization process, Abitibi green-
stone belt, fluid inclusions, epidote, grossular, diopside,
prehnite, vesuvianite, serpentinite.

Souvalng

Nous pr6sentons ici les r€sultats d'une premibre 6tude
min€ralogique et g6ochimique des rodingites associ6es aux
roches ultramafique serpentinis6es de la ceinture de roches
vertes de l'Abitibi, en Ontario. Les rodingites contiennent
quelques exemples de la texture et de la mindralogie origi-
nelles, ce qui permet de reconstruire les changements sur-
venus au cours de la m6tasomatose. Ont €t6 affect6s: dia-
base, filons lamprophyriques, enclaves lithiques mafiques,
serpentinites et roches volcaniques intermddiaires. Clino-
zoisite et dpidote reprdsenteraient le stade pr6coce de l'alt6-
ration; hydrogrossulaire et prehnite ont cristallis6 par la
suite, aux d6pens de l'€pidote. Pendant le stade le plus
avanc6 de la transformation, la roche est devenue compld-
tement recristallis6e, et riche en diopside d granulomdtrie
fine. Les bilans gdochimiques fondEs sur les donndes pour
un lamprophyre font penser que pendant les deux premiers
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stades du remplacement, qui serait isovolumique, Ca, Al
et Fe ont 6te ajout6s, tandis que Na, K et Mg ont €t6 lessi
v6s. Les inclusions fluides primaires dans la diopside tar-
dive indiquent une formation e 270-330'C et l-2 kbars d
partir d'une phase fluide de faible salinit€ (€quivalent A
l-2.590 NaCl par poids). La rodingitisation dans l'archden
ne semble pas diff6rer des exemples phan6rozoiques; les dif-
fdrences entre les contextes tectoniques ne seraient donc pas
importants. La ddformation ne semble pas essentielle au
processus, mais influence certainement la texture des rodin-
gites, ainsi que leur distribution.

(Traduit par la R6daction)

Mots-cl*i rodingite, ceinture de roches vertes de I'Abitibi,
m6tasomatose, inclusions fluides, 6pidote, grossulaire,
diopside, prehnite, vesuvianite, serpentinite.

INTRoDUCTIoN

Rodingites are calcium-rich, silica-undersaturated
rocks that form by meta$omatism of rocks during
serpentinization (Thayer 1966; Coleman 1977). It is
not surpri$ing that rodingite$ are found associated
with almost all types of serpentinite, as calcium-rich
waters appfff to be a product of the low-temperature
alteration of ultramafic rocks (Barnes et ol. 1967,
Wenner 1979). Rodingites are dredged from present-
day ocean floors (Ilonnorez & Kirst 1975) and are
found in Archean serpentinites (Anhaeusser 1979).
The serpentinized ultramafic rocks of the Abitibi
greenstone belt are no exception to this rule; rodin-
gites have been found in the Dundonald sill, the Bow-
man, Munro, Reeves and United chrysotile asbes-
fss minss, and the Garrison chrysotile asbestos
deposit, although no detailed studies have been cdr-
ried out on any of these occurrences.

The purpose of this paper is threefold: firstly, we
wish to determine, where possible, the characteris-
tics ofthe rodingite protoliths; secondly, we describe
the mineralogy and the textures of the rodingites, and
finally, \tre attempt to establish some of the inten-
sive parameters relevant to their formation.

ANelvtlcnl Mprnous

The characterization of mineral phases was car-
ried out using a Guinier - de Wolff X-ray camera
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(CuKa radiation) and electron microprobe. Indexed
diffraction patterns were refined using the program
of Appleman & Evans (1973). Mineral compositions
were determined with a Materials Analysis Company
Model 400 electron microprobe equipped with a
Kevex Model 50004 energy-dispersion spectrometer,
automated to produce simultaneous multi-element
analysis and data reduction @lant & Lachance 1973).
Operating conditions were the same as described by
Wicks & Plant (1983). Whole-rock analyses were car-
ried out by X-ray-fluorescence spectroscopy. Fused
beads and powder pellets were prepared for major
and trace elements, respectively. The observed and
accepted values agree to approximately l9o. Fluid-
inclusion measurements were obtained using a
Linkam TH600 Fluid Inclusion Stage and the opera-
ting conditions and calibration methods of MacDo-
nald & Spooner (1981).

GEoLocIcAL Ssrrntc

The Archean metavolcanic rocks that conslitute
the Abitibi greenstone belt have been divided into
Lower and Upper Supergroups (Jensen & Pyke
1982). Both units display the sequence, from older
to younger, of komatiitic through tholeiitic to calc-
alkaline volcanic rocks. Large sill-like bodies com-
posed of komatiitic ultramafic and gabbroic rocks
occur within the Lower Supergroup and may repre-
sent magmatic reservoirs for the komatiitic volca-
nic rocks of the Upper Supergroup (Pyke 1982).

The basal sequence ofthe Upper Supergroup con-
sists of both ultramafic and basaltic komatiites and
Mg- and Fe-rich tholeiitic basalts @yke 1982). Large
sill-like bodies of ultramafic komatiite, pyroxenite
and gabbro differentiates also are found in the Upper
Supergroup, but the relationships are more complex
than in the Lower Supergroup because these bod-
ies, which are possible magma reservoirs for the over-
lying tholeiitic volcanic rocks, occur in the same

TABLE 1. RODINCITE UALI1IES !N TTE AB1TIB1 CREENSTONI BELT

TO'ISHIP :mTICUPHIC STATUS
POSI1ION

stratigraphic level as komatiitic flows (Naldrett &
Mason 1968, MacRae 1969, Arndt 1975).

Metamorphism in the Abitibi greenstone belt,
based on mineral assemblages in the greenstones
(Jolly 1982), occurred at pressures below 3 kbars and
temperatures less than 350"C. These temperatures
were exceeded in thermal aureoles developed around
plutons, in which amphibolite- and greenschist-grade
hornfels were produced (Jolly 1982).

RoDINGITE LOCALITIES

Each sample locality is listed in Table I, along with
its relative setting within the stratigraphic sequence
described above. All samples were collected from
chrysotile asbestos mines or deposits (Vos l97l), with
the sole exception of the Dundonald sill. We con-
tend that this situation is more a reflection of avail-
able outcrop than of genetic significance. Firstly,
several of the localities are within open-pit mines
(Reeves, Munro, United) or exploration drifts (Gar-
rison) and do not reflect the normal situation of
sparse outcrop in this part of the Abitibi belt.
Secondly, a serpentinized ultramafic rock must be
a certain thickness to host a chrysotile asbestos
deposit, and the same thick bodies, compared to
thinner bodies, are more likely to host inclusions.
This statement does not apply to dykes that may
cross-cut any serpentinized ultramafic rocks. Finally,
chrysotile asbestos develops within a specific set of
conditions, whereas any ultramafic rock exhibits
some degree of serpentinization. In Phanerozoic ter-
ranes, rodingites. are associated with serpentinization,
not neccessarily with chrysotile asbestos (Coleman
1977).

Rodingites were found in large serpentinized ultra-
mafic bodies in both Supergroups. The Bowman and
United mines occur in what are interpreted to be large
kbmatiitic sills dominated by thick serpentinized
ultramafic layers, with minor pyroxenite and gab-
bro (Pyke et al. 1978, Kretschmar & Kretschmar
1986). Both bodies were emplaced into the Lower
Supergroup volcanic rocks @yke 1982). The Munro
mine (Satterly 1951, Hendry & Conn 1957) and the
Garrison deposit (Vos 1971) occur in the serpen-
tinized ultramafic layer of large komatiitic sills or
flows that also contain pyroxenite and gabbro layers.
The Hedman mine occurs in a serpentinized ultra-
mafic layer of a differentiated body having tholeiitic
affinity (Arndt 1975). The Dundonald sill is also a
differentiated layered intrusive body of tholeiitic
affinity that has a serpentinized ultramafic layer
(Naldrett & Mason 1968). These bodies were intruded
into or extruded as part of the basal sequence of the
Upper Supergroup. The Reeves mine occurs in a
large serpentinized ultramafic intrusive body, but its
nature and position in the str4tigraphy are not well
established (Milne 1972).
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The occurrences of rodingites within these bodies
vary both in geological setting and rock type. Small
gabbro xenoliths (<45 cm in diameter) were rodin-
eitized in the Bowman mine @yke et al. L978), i\
the Hedman mine, in the Garrison deposit, and in
the Dundonald sill. These xenoliths occur in the
upper pafr ofthe ultramafic layers, near pyroxenite
and gabbroic layers. In the United mine, rodingitized
gabbro dykes occut at the contact between perido-
tite and gabbro. Narrow diabase dykes (<30 cm
wide) were rodingitized in the Munro mine, the
United mine (Kretschmar & Kretschmar 1986), and
the Garrison deposit. Lamprophyre dykes (<2 m
wide) were rodingitized in the Munro mine. Rodin-
gitized xenoliths of uncertain parentage occur in the
Munro mine. All Munro mine samples were collected
in and around the B pit (Wicks et al.1984). Rodin-
gites also developed at the contact between serpen-
tinite and volcanic rocks in the Reeves (Milne 1972)
and United mines (Kretschmar & Kretschmar 1980.

MTNSRATocy AND TEXTURES OF
RODINGITE PROTOLITHS

Five protoliths were recognized in partly rodingi
tized samples: coarse-grained gabbro, medium- to
fine-grained diabase, lamprophyre, pyroxenite and
fine-grained, foliated andesite. In addition, fine-
grained rodingite assemblages were found dispersed
throughout the Munro serpentinite, occuning inter-
stitially to and as replacements of serpentine pseu-
domorphs after olivine. Unidentified rodingitized
xenoliths occur in the upper part of the ultramafic
layer at Munro.

RODINGITES IN THE ABITIBI BELT

The gabbros are coarse grained. In samples in
which clinopyroxene dominates over plagioclase, the
pyroxene is subhedral, equant to elongate, up to 0.3
x 1.4 cm. In gabbros in which plagioclase is
dominant, the clinopyroxene tends to be more
equant, anhedral and interstitial to the plagioclase
laths, which are up to 0.7 cm long. A coarse-grained
gabbro-norite was found in the Dundonald sill. It

, contains both clinopyroxene and polysutured
orthopyroxene. The primary textural features that
can still be recognized resemble those of gabbro in
thick differentiated bodies such as the Munro-BeatW
komatiite (Wicks et al. 1984) arrd Fred's Flow (Arndt
1977).

Primary textures are better preserved in gabbro
than in diabase. The diabase contains phenocrysts
of plagioclase and glomerophyric aggregates of
pyroxene, with some amphibole in a fine-grained
groundmass. The plagioclase exhibits polysynthetic
lwinning; in one sample, the plagioclase is labradorite
(Anjo), based on the Michel-L6vy method.

Pigeonite, inverted pigeonite and harrisitic textures
are recognized in the pyroxenite inclusions. The lam-
prophyre dyke in the Munro mine is rodingitized only
at its margin. In the center, the lamprophyre dyke
contains large phenocrysts of hornblende, pyroxene,
minor orthoclase (Carlsbad twins, negative optic
sign) and biotite in a groundmass of orthoclase,
acicular amphibole and pyroxene.

MtxsRAlocv oF THE RoDINcITES

The minerals identified during this study are listed
in Table 2. Results of representative microprobe ana-
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TABLE 2. CEARACTERISTIC MINERALS IN RODINGITE FROM THE ABITIBI BELT
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1ABLE 3. REPRESENTATIVE COIiIPOSITIONS OF ITINERALS IN RODINCITE FROI.I ABITIBI BELT

DLopside

Munro Munro Reeveg
vl82 uaz v82
1l-6 L23A 307

phenocryst vej.n

Hydrogrossular Yesuvi.anj.te Phlogopj.te Chlorite

CarrLaon llunro llunf,o
naz u82 l//,82
L37 116A 1164
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t u82
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llunro
ttl82

r-16A
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y,82
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Ct rO,  O.O8

P e O  1 . 4 6
l.lno O.24
HCo 17.58
Cao 25,43

Na2O 0 .00
Kzo 0.07

Toral 99.34

55. L4 52.7L
0.00 0.00
o . z5  0 .52
0 .o7  0 .10

L.77 LO,26
0 .18  0 .52

L7 .76  L2 ,44
25.79 24,LO

o . @  o . @
0 .06  0 .06

101 .02  t 00 .7 t -

39.37
0.00

z L .  z t

0 . 0 5

L . Z 5
0 . 1 9
o . 2 7

3 6 . 5 5

0 . @
0 . 0 9

9 9 . @

39. 35
0.o0

2L .35
0 .06

o .66
0 .34
o.29

36.86

0.00
0 .07

98. 98

38 .63  39 .48
1 .35  0 .74

16 .55  18 .96
0 .16  N .D .

6 .08  2 .83
0 . t 9  0 . 2 5
0 .40  r . 62

35.67 37.23

o .00  0 .27
0 .09  N .D .

99.L2 101.38

37 . r8 30.66
1 .56  0 .L2

14 .89  14 .89
o.o2 0.o2

a .a2  8 .a2
o .25  0 .13

30.30 24.94
0 .o1  0 .o1

0 . @  0 . @
4 .35  0 .O8

97 .68  83 .71

38 .56
o .24

19 .59
0 .06

2 .79
0 .09
o .27

36.92

0 . @
0 .08

98 .60

r$peclmen donated by Dr. L Jensen. Yaluee reporied ln rt.Z. Smples analyzed uslng an !{AC electron
nicroprobe (see lexl for detall-s). Total- j.ron j.s expressed as FeO.

lyses (10 out of 1@) are shown in Table 3. The major
minerals are diopside and hydrogrossular, with lesser
amounts of epidote-group mineral$, prehnite, vesu-
vianite and chlorite. In addition, relict phlogopite,
amphibole and plagioclase were found in the chlorite-
rich reaction zone between the serpentine and rodin-
gite. Note that the amount and thus importance of
the various minerals vary among localities and that
not all minerals are present at each locality.

Plagioclase

In gabbros from the United mine, the anorthite
content ranges between An50 and An2o. Chlorite
pseudomorphs of plagioclase were found in the
chlorite-rich rims adjacent to rodingite. The
plagioclase grains were either chloritized or saussu-
ritized prior to rodingitization.

Diopside

Diopside compositions (Table 3, Fig. l) range
from EnorFstwos0 to En26Fs2rWoar. In some in-
stances, we could not establish whether individual
grains of diopside belong to the rodingite or to its
protolith. Each locality appears to have a unique
composition. In the Munro mine, diopside in
phenocrysts and that in late-stage veins from the dia-
base dyke have similar composition (Fsr-Fsn and
Fs1-Fs3, respectively), with a constant 0.5 wt.9o
Al2O3. In the Reeves mine, the compositions of
diopside in the matrix and in the coarse-grained veins
from rodingitized andesite are Fs,3-Fs1, and
Fs15-Fs1s, with 2.4-3.1 and 0.5-2.1 fi.90 Al2O3,
respectively. In the Garrison deposit, glomerophyric

diopside from rodingitized gabbro is Fslt-Fqr, with
a variable l-3 wt.9o Al2O3. In one example from
the Garrison deposit, a diopside characterized by
En rFsrWoae is enclosed by hydrogrossular. Two
observations concerning diopside are noteworthy.
Both the grain size and the Fe content of diopside
decrease with increasing extent of rodingitization.

Hydrogrossular

Microprobe totals for hydrogrossular tend to be
less than 10090 (Iable 3, Fig. l). The microprobe
analyses indicate that hydrogrossular contains less
than 3 wt.Vo FeO and I wt.9o MgO, although some
hydrogrossular contain up to 4190 andradite. The
microprobe data and the cell parameters (Table 4)
suggest that hydrogrossular contains water, but we
do not know the SiO4/(OH)4 value so that we use
the term hydrogrossular rather than hibschite @as-
sa€ilia & Rinaldi 1984).

If it is anisotropic, hydrogrossular is difficult to
distinguish from vesuvianite optically unless an optic
sign can be determined. In our samples, hydrogros-
sular is consistently corroded, so that this was not
possible. The presence of sector zoning in hydrogros-
sular is diagnostic if present. In some ca$es, X-ray-
diffraction studies were necessary to distinguish
hydrogrossular from vesuvianite, $o that vesuvianite
may be more abundant than generally reported.

Epidote, prehnite ond vesuvionite

The epidote-group minerals epidote and clinozoi-
site are important constituents of the rodingites.
Clinozoisite occurs primarily after plagiocla$e but
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te+Mn
Frc. l. Chemical composition of clinopyroxene and hydrogrossular in rodingites from the Abitibi greenstone belt.

may form after pyroxene as well. Clinozoisite also
occurs in veins cross-cutting fresh diabase and
lamprophyre. Prehnite occurs both as a matrix
mineral and in veins. In the matrix, it is associated
with clinozoisite, hydrogrossular and diopside. Vesu'
vianite was identified by X-ray diffraction.
Microprobe data for hydrogrossular and vesuvianite
in the Garrison samples are similar but in the Reeves
mine sample, vesuvieqite is poorer in Ca and richer
in Al and Fe than hydrogrossular.

Tremolite, chlorite and phlogopite

Tremolite occurs in the reastion zones between ser-
pentine and xenoliths of unidentified rocks in the
Munro mine, and between serpentine and andesite
in t}te Reeves mine. Chlorite occupies a position simi-
lar to tremolite, but chlorite occurs in all reaction
zones. No fresh phlogopite has been found, but
partly chloritized grains were observed within chlo-
rite reaction zones at the Munro mine. Microprobe
analysis indicates that phlogopite replacement by
chlorite was accompanied by the loss of Ti, K and
Si, and an increase in Al and Fe.

TEXTURES oF THE RoDINGITES

Rodingitization of gabbro took place by the pseu-

MUilR0
r  d iabase
t lusin

R t tuts
e andesi te
A  U E | N

domorphic replacement of plagioclase by hydrogros-
sular + prehnite and chlorite. Coarse clinopyrox-
ene is replaced by fine-grained diopside or chlorite,
and in one sample from the Dundonald sill, by
amphibole.

Rodingitized fine-grained diabase in the Munro
mine is an equigranular rock consisting of diopside ,
hydrogrossular, prehnite, clinozoisite and vesu-
vianite. Veins of coarser-grained diopside, prehnite,
chlorite and carbonate cross-cut the matrix. In the
United mine diabase, plagioclase alters to hydrogros-
sular and chlorite, with clinozoisite needles penetrat-
ing relict plagioclase. The matrix has altered to
pyroxene and amphibole. Prehnite, epidote and
titanite are minor phases in the matrix. The
plagioclase phenocrysts in the Garrison diabase have
altered to diopside and amphibole, whereas the
matrix was altered to hydrogrossular, vesuvianite,
diopside, prehnite and chlorite. Veins consisting of
equigranular diopside and hydrogrossular cross-cut
the matrix. Diopside dominales in the Munro rodin-
gites after diabase, whereas hydrogrossular
dominates in all the others.

Rodingitized pyroxenite from the United mine
contains hydrogrossular t titanite after pigeonite
lamellae, and diopside after the remaining portion
of the pyroxene.

The least-altered portion of the lamprophyre of
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IABIE 4. DIREM-CELL PANAilETER,S OF I,IINERAI.3 IN RODINCITE FROIiI ABXTIBI BELT
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90 .0(o)

90 .0(o)

90 .0(o)

90 .0(o)
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1 .1871(2)

1.1871 (1 )

1 .186s  (1 )

1 .1870(3)

1 .1898 (2 )

1 .1857 (4 )

VesuvianLte

o,@22 13

0.m16 9

o.@27 9

0.0020

0.oo30

o.oo201.5615(53)  1 .5615(53)  1 .1833(65)  90 .0(O)

+Ce]-L pareat€ra are ln mn@atera.
+REforelcad to qurtz standard.

Munro mine consists of pyroxene and amphibole
phenocrysts within a matrix of needle-shaped amphi-
bole, orthoclase, quartz, epidote and chlorite. It can
be classified as vogesite, based on its mineralogy.
Toward the margin, which is the most extensively
altered part, pyroxene and zoisite-altered phenocrysts
are set in a matrix of epidote-group minerals, pyrox-
ene, titanite and minor carbonate. Approximately
7590 of the rock consists of clinozoisite and epidote.
Diopside is a minor phase, and ttre carbonate appears
to postdate rodingtization. Commonly, diopside and
epidote veins cross-cut the alteration assemblage.
Hydrogrossular was not observed in the altered lam-
prophyre. Sample W83-112, which represents the
original compositions of the lamprophyre, contains
6.22 wt .4/o CaO (Iable 5). Samples W83-65-C (1 7. 3
wt.9o CaO), W83-65-11 Q0tloCaO) andW83-58-l
Q4.7t/o CaO), in a sequence of increasing amounts
of Ca, represent an increasing extent of alteration
as defined by the mineral assemblages.

The least-rodingitized andesite at the Reeves mine
consists of clinozoisite and chlorite, which are
replaced by diopside and tremolite with increasing
degree of alteration. The most altered rocks have a
fine-grained granular texture consisting predom!
nantly of diopside with minor clinozoisite,
hydrogrossular and tremolite after epidote. The
hydrogrossular is cloudy and anhedral, and epidote
is cut by anastomosing microfissures delineated by
tremolite and chlorite. A set of late diopside veins
cross-cuts the alteration-

An unusual occurrence of rodingitized serpentine
was found in the Munro sill. Fine-grained pyroxene,
garnet and epidote occur after interstitial pyroxene
betwee.n pseudomorphically serpentinized olivine
grains. In addition, some serpentinized olivine grains
have been altered to pyroxene. This type of altera-
tion has been observed in the Jeffrey mine in

southeastern Quebec (Wares & Martin 1980) and in
the Alexo area of Ontario (N.T. Arndt, pers.
comm.). The process appears to begin with the alter-
ation ofthe pyroxene to diopside and epidote, and
then continues with the alteration of serpentine to
diopside.

CHANcES rN WHoLE-RocK CHEMrsrRy

Coleman (1967) has used the ACF diagram to
define the rodingite field. Molar proportions of
appropriate oxides from our samples were calculated
from whole-rock compositions (Iable 5, Fig. 2). Our
samples plot in or near thg lodingifs field regardless
of the extent ofr-bdingitization. Given the wide range
in protolith composition, this fact suggests that any
rock type can be rodingitized in the presence of a
Ca-rich fluid.

Mineralogical and chemical changes can be quan-
tified for the Munro lamprophyre, as the middle of
the dyke still is unaltered. Losses and gains ofvari-
ous elements were calculated by the method of
Gresens (1967). This method utilizes the system of
equations:

oB

where/v is the volume factor, /, the protolith, B,
the product, g, the density, Cn,the weight fraction
of component n, anld Xn, the amount of component
n lost or gained during alteration. This system of
equations is underconstrained, so that either/v or
Xr must be known. Gresens (1967) described a
method using bulk-rock compositions, which
approximates /v. A composition-volume diagram
(Gresens 1967 , Fie. 3) is constructed by calculating
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Xrz for a set of/v. The intersection of the curves for
the assumed immobile components Zr and Ti with
the line Xn : 0 was used to obtain a value of /y
of 1.05. This value indicates that a very small volume
increase accompanied rodingitization. The results
(Fig. 3) suggest that Ca, Si, Al, Fe, and P increased,
whereas Mg, Na, K and volatiles were lost during
rodingitization. These results support petrqgraphic
observations that primary hornblende and fefdspar(s)
alter to epidote and diopside.

A well-developed reaction rim in the Munro mine
was chosen for detailed study of the metasomatic
exchanges. The reaction zone ranges from 2 to 20
cm in width, and there is a zonation from partly
altered biotite near the serpentinite, to chlorite with
fine-grained clinozoisite needles near the rodingite.
Petrographic observation of chlorite pseudomorphs
after plagioclase laths and zoned plagioclase flndicate
that the chlorite-rich reaction zone is formed at the
expense of the dyke ratler than the serpentinite. The
boundary between chlorite and rodingite is quite
sharp, whereas between chlorite and serpentinite it
is more diffuse. The reaction rim is shown schemat-
ically in Figure 4.

The edge of the dyke was defined by using Cr,/Ti
values (Sanford 1982). Values of 0.01-0.1[ in the
dyke, 0.'l l-0. 14 in the reaction zone and 0.83-1.73
in the serpentinite suggest that the reaction zone
formed at the expense of the dyke. Variations in
major oxides are less clear but appear to be consis-
tent with this choice. Concentrations of MgO and
HrO are much lower, and that of CaO is much
greater in the rodingite than in the serpentinite or

in the reaction zone (Ftg. 4). Al2O3 and SiO2 are
lower in the reaction rim than in the rodingite, and
appear to have increased in the serpentinite. There
is a loss of Na and K from both the rodingite and
the reaction zone.

FLUID INCLUSIoNS

Primary fluid inclusions were found in diopside
from the gabbro in the Bowman mine. The freezing
temperature of 24 inclusions ranges between -40oC
to -50"C, and the final melting temperature of ice,
from -0.93 to + 0.4oC. These values, indicate that
the fluid is a low-salinity HrO containing less than
1.6 wt.Vo NaCl equiv. (Potter et al. 1978). Using
pressure corrections of I and 2 kbars (Jolly 1982)
and the homogenization temperature (x:208 t 6oC),
the formation temperature corresponds rcn0"C at
one kbar and 330'C at two kbars.

DISCUSSION

The dominant minerals in the rodingitized gabbros
and diabase are diopside, hydrogrossular and preh-
nite, whereas the dominant minerals in the rodingi-
tized lamprophyre and andesite are epidote and
clinozoisite. Prehnite, hydrogrossular and diopside
occupy late-stage cross-cutting veins. The mineral
assemblages observed in the rodingites from the
Abitibi greenstone belt are similar to those observed
in rodingites from Phanerozoic terranes. All of these
minerals are associated with subgreenschist-facies
metamorphism (Rice 1983). Our fluid-inclusion
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Flc. 2. ACF plot of Abitibi belt rodingites, showing the rodingite field as delineated

by Coleman (1977).

results from diopside agree with this assessment of
a low temperatlue. In addition, the presence of
COlfree inclusions is consistent with the absence of
carbonate phases in these assemblages.

As part of the lamprophyre at Munro mine was
not rodingitized, this outcrop will be used to demon-
strate mineralogical and chemical changes that
accompany rodingitization. The initial reaction iden-
tified in the lamprophyre destabilizes plagioclase and
produces clinozoisite. The second reaction involves
the breakdown of hornblende and clinozoisite to
form epidote with minor diopside and tremolite. This
change in mineralogy is accompanied by a change
in bulk chemistry. These stages can be recognized
within the rodingitizrid andesite in the Reeves mine
as well, in which diopside dominates at the contact
between rodingite and serpentinite, and epidote and
clinozoisite are found at a distance from the contact.

Coleman (1967, 1977) proposed several reactions
to describe the onset of rodingitization:

3CaAl2Si2Os + Ca2* + 2H2O :
(anorthite)

2Ca2Al3Si3O12(OH) + 2H+
(zoisite)

2Ca2Al3Si3O12(OH) + 5C*+ + 2H2O :
(zoisite)

Ca3Al2Si2.rO1o(OH)z + 4H+
(hydrogrossular)

and

l.sCaAl2Si2O, + 0.5Ca2+ * 1.5H2O =
(anorthite)

Ca2Al2SirO,o(OlI)z + 0.5A12O3 + H+
(prehnite)

2Ca2Al2Si3O1o(OH)z + 2C*+ =
(prehnite)

2CarAl2Si2.rOro(OH)z + 0.5Si4*
(hydrogrossular)

in which plagioclase alters first to zoisite or preh-
nite, which then alter to grossular. This intermediate
step may not be necessary, however, as

CaAl2Si2Os + 2C*+ + 3H2O + 0.5SiO2 :
(anorthite)

CarAlrSir.rO,o(OH)z + 4H+
(hydrogrossular)
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Frc. 3. Chemical changes that resulted from rodingitization of the Munro mine lam-
prophyre. Magnitude ofvolume factor indicates that no volume change occurred
as a result of rodingitization,
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We have observed plagioclase as well as zoisite and
prehnite alterrng to hydrogrossular. In addition, the
replacement of zoisite with prehnite is described by
the reaction

2CarAl3SirOt2(OH) + 3SiO2 + 2C** + 4H2O =
(zoisite)

3Ca2Al2Si3Ore(OH) + 4H*
(prehnite)

All of these reactions are consistent with the appar-
ent increase in Ca and water, and the loss of Na and
K from the system with increasing rodingitization.

Laurent (1980) defined two mineral assemblages
in rodingites in the serpentinized harzburgites from
the Thetford Mines ophiolite in Quebec. The earlier
assemblage, which comprises the bulk of the rodin-
gite, consists of diopside, hydrogrossular and
clinozoisite. The later assemblage occupies cross-
cutting veins and consists of zoisite, grossular, preh-
nite, diopside, vesuvianite and wollastonite. Laurent
associated the formation pf the early assemblage with
the production of lizardite mesh-rim textures dur-
ing serpentinization under the ocean floor. He
associated the later assemblage with the production
of lizardite hourglass and chrysotile interlocking tex-
tures and chrysotile asbestos veins that presumably
formed during emplacement of the ophiolite.

According to Laurent (1980), the different mineral
assemblages reflect different regimes of serpentini-
zation and rodingrtization. These regimes are defined

by thermodynamic parameters as well as by the tec-
tonic environment. Using his model, we can define
two episodes of rodingitization as well. Late-stage
veins cross-cut most samples found in the chrysotile
deposits, but no veins were found in samples from
thi Dundonald sill. This finding is consistent with
the two episodes of serpentinization found in the
asbestos deposits, and the single one recognized in
the Dundonald sill (Wicks et al. 1983).

Although we can define two episodes of rodingiti-
zation based on cross-cutting relationships, we can
also subdivide the first episode into stages based on
the observations made on the lamprophyre: a first
stage in which feldspar alters to clinozoisite, a second
stage in which hornblende and zoisite alter to form
epidote and diopside, and a third stage in which all
minerals alter to dioPside.

The consistently corroded margins of hydrogros-
sular in the other rodingites indicate that it is an early
phase. However, different stages are not as appar-
ent in ttre other rodingites, primarily because of the
persistence of diopside in both the matrix and the
veins. Vein diopside has a chemistry similar to that
of the matrix that it cross-cuts. In addition, the grain
size of the matrix diopside decreases with increases
in the extent of alteration, a trend that is accompa-
nied by a loss of Fe.

Modal variations in mineralogy within rodingites
of the same protolith could be due to variation in
the rodingitization regime. For example, diopside
dominates in rodingitized Munro diabase, whereas
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RODINGITE CONTACT SERPENTINE

Ftc. 4. Schematic representation of chemical changes
across the reaction zone between the rodingite protolith
and the serpentinite in the Munro mine.

hydrogrossular dominates in all the others, although
hydrogrossular is corroded in these diabase rocks.
The Munro serpentinite contains antigorite in addi-
tion to lizardite and chrysotile. We suggest that a
change in the regime of serpentinization at Munro,
reflected in a change from lizardite-chrysotile to
antigorite, resulted in a change in rodingite miner-
alogy (production of diopside), due to the liberation
of Mg during recrystallization of the serpentine.

Using the observations and reactions given above,
we can define three types of rodingites in the Abitibi
belt, representing a different extent of, or regime of,
rodingitization. Epidote-rich rodingites represent the
initial stage of rodingitization, in which either
clinozoisite or zoisite may be the dominant modal
phase. Minor phases include diopside and titanite.
The Munro lamprophyre dyke and the less-
rodingitized andesite of Reeves represent this stage.
Grossular-ich rodingites, which formed bythe alter-
ation of epidote-group minerals to hydrogrossular

and prehnite, represent a second stage of rodingiti-
zalion. Hydrogrossular forms most commonly after
clinozoisite, prehnite or plagioclase, and uncom-
monly after pyroxene. Prehnite predates hydrogros-
sular in some rocks but occurs inter$titially to
hydrogrossular in others. Minor diopside may be
present as well. The Garrison and United diabases
and the Hedman gabbro are examples of this type.
Diopside-rich rodingites represent a third $tage of
rodingitization, in which the epidote-group minerals,
hydrogrossular, prehnite and relict pyroxene
recrystallize to fine-grained diopside. The Munro dia-
base and the mele 1e<lingitized andcite at tle Reeves
mine are examples of this type. Although stage I
represents the initial phase of rodingitization, it can
be followed either by stage 2 or stage 3. Observa-
tions made on Phanerozoic (Adib & Pamic 1980) and
ocean-floor rodingites (Honnorez & Kirst 1975) are
consistent with these stages, as well as with the reac-
tions proposed by Coleman (1967).

The stages of rodingitization are not always related
to different events of serpentinization that could be
defined by serpentine mineral assemblages. The best
example of this is found in the Dundonald sill gab-
bro. The rodingitized gabbro consists of diopside and
hydrogrossular. Based on the stages outlined above,
it is a highly rodingitized rock. The olivine in the sill
has been pseudomorphically replaced by lizardite
without the formation of antigorite or chrysotile. The
serpentinized olivine indicates that only one serpen-
tinization event occurred, whereas the gabbro has
experienced two stages of rodingitization during the
same event. Furthermore, we have not been able to
characterize rodingite textures in a manner similar
to that used to describe serpentine textures. For
example, Wicks & Whittaker (1977) classified ser-
pentine textures into pseudomorphic and nonpseudo-
morphic textures, which correspond to retrograde
and prograde serpentinization. Our observations
indicate that there are no specific rodingite textures
associated with either retrograde or prograde serpen-
tine. Thus one cannot predict in detail serpentinite
mineralogy and texture from rodingite mineralogy
and texture or vice versa. The correlation between
serpentinization and rodingitization based on miner-
alogy and texture is not straightforward.

Vesuvianite was observed in the rodingitized dia-
base and andesite but not in the rodingitized gab-
bros or lamprophyres. Presumably this pattern of
distribution is due to the greater extent of rodingiti-
zation of diabase and andesite, because vesuvianite
requires more calcium than zoisite, hydrogrossular
or prehnite. Grain size is also a factor. The fine grain-
size of diabase and andesite appears to enhance reac-
tion rates and results in a more extensive rodingiti-
zation than in similarly situated but coarse-grained
gabbro and lamprophyre.

The presence of relict phlogopite and tremolite in
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the chlorite reaction rim adjacent to the diabase dyke
but not adjacent to the lamprophyre dyke may be
due to the relative time of emplacement of the dykes.
A dyke emplaced into contact with a hot peridotite
in the presence of water may be a more favorable
envilonmeirt for the crystallization of phlogopite and
tremolite, in contrast to the emplacement of a dyke
into a cold, dry serpentinite. A late-stage emplace-
ment of the lamprophyre is consistent vrith the more
pristine mineralogy observed in its center.

Coleman (1967) used an ACF diagram to deline-
ate a field in which the chemical compositions of
thoroughly rodingitized rocks would plot. This field
is characterized by the composition that represents
various modal proportions of diopside and chlorite
with hydrogrossular, prehnite or epidote. Coleman
also indicated the trend toward this field of partly
rodingitized greywackes and basalts and stated that
the bulk chemistry of the protolith would have a
minor effect on the outcome.

We believe that protolith chemistry should be
emphasized because the type of chemical changes
necessary to produce a rodingite will vary with the
protolith. For example, basalts must lose alkalis and
Mg, increase in ferric iron or gain Ca. Lamprophyres
have high Fe3* /F&* values already, and the one in
the Munro mine has low Mg values. This rock needs
only to lose alkalis and a little Mg and to gain Ca
to plot in the rodingite field. For Ca-rich protoliths,
the bulk chemistry of the rodingite will evidently not
indicate the extent of rodingitization.

The primary definition of the extent of rodingiti-
zation should be based on the minerals present and
not on the location of the sample in an ACF dia-
gram (Coleman 1977). The data presented by Cole-
man (1967), Wares & Martin (1980) and our paper
bear this out. Our samples plot near the rodingite
field regardless of their extent of rodingitization.

The ultramajic rocks in the Abitibi belt are either
flows or sills; there is no evidence of a tectonite
fabric. The absence of deformation is a marked
difference between these rocks and those found in
Phanerozoic mountain belts. In the laffer environ-
ment, tectonite fabrics are cornmon and indicate that
the rocks originated in the mantle (Coteman 1977).
Much attention has been drawn to the role of defor-
mation and tectonism in Phanerozoic rocks as well
as in samples dredged from the ocean floor. Cole-
man (1967) has invoked pressures greater than 4
kbars and temperatures of 200-500'C for the for-
mation of rodingites containing aragonite. This
regime contrasts sharply with that of present-day
weathering of ultramafic rocks, which produces
xonotlite in California (Barnes et al. 1972). Stable
isotope data reconcile these two contrasting regimes.
The data suggest that rodingitization occurs over a
temperature range from 400 to 25'C (Wenner 1979).

Antigorite serpentinitm host rodingites within the

Tananao schist of Taiwan (Yui el a/. 1988). Their
enrichment in light stable isotopes of hydrogen and
oxygen suggests that antigorite-tremolite and diop-
side are in isotopic equilibrium. Clinozoisite, which
is found furthest from the serpentinite and appar-
ently represents the least-altered schist in their study'
is not in isotopic equilibrium with the other minerals.
Yur et al. (1988) also noted that hydrogrossular com-
monly occurs with diopside; their observations and
interpretations are consistent with our proposed divi-
sion of rodingites.

As the Abitibi ultramafic rocks are sills and flows
and occur interlayered with altered basalts that have
not undergone metamorphism at a grade higher than
'low greenschist fasies (Jolly 1982), temperatures and
pressures could not have been higher than 4@oC and
3 kbars, respectively. On the other hand, we did not
find either xonotlite or pe'ctolite, which would rule
out rodingitization near 25"C.

The differences in tectonic style and degree of
metamorphism of rodingite localities throughout the
world suggest that rodingitization is simply a chem-
ical process characterized by the addition of calcium'
and the removal of silica and the alkalis from the
protolith. If the rodingite protolith and the serpen-
tinite are considere! as one system, as suggested by
Thayer (1966) andCernt (1968), rodingitization can
be viewed as an autometasomatic process once water
is present. In this view, the extent to which rodin-
gitization progresses depends upon the chemical com-
position of the serpentine protolith.

The apparent sporadic absence of rodingites from
some serpentinites has been noticed by several
authors (Coleman 1967, Leaming 1978, Yui et al.
1988). We believe that the presence or absence of
rodingite is governed by the composition and by the
amount of fluid present. Firstly, if present, CO2 will
scavenge calcium to produce dispersed calcite or
dolomite. Both minerals are common in $ome partly
serpentinized peridotites. Less commonly, small clots
of fine-grained diopside and garnet occur in the inter-
stitial zones between serpentine pseudomorphs after
olivine, as observed in the Munro mine serpentinite.
In both instances, as calcium-bearing minerals are
not concentrated but dispersed throughout the ser-
pentinite, they would be difficult to recognize as
rodingite in the field. Another factor that is impor-
tant to the transport of cations and to the concen-
tration of the calcium-bearing minerals is the amount
of fluid flowing tlrouglr the serpentinile. A high flow
could flush calcium out of the serpentinite, a lower
flow could concentrate calcium within the serpen-
tinite, within inclusions or at lithological contacts.

The investigations of Anhaeusser (1979) and our
own indicate that the rodingitization process has not
changed since the Archean, despite the possibly
different tectonic driving forces in Phanerozoic times
than in Archean times. Therefore, the parameters
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that control the formation of rodingites in the
Phanerozoic rocks apply also to the Archean andvice
uersa. Among these controls are protolith chemis-
try and grain size, and the extent ofserpentinization.
Factors that influencg ledingitization but are nox
essential to its operation are multiple lectonic events
and varying episodes of serpentinization.

CoNcLUsIoNs

The rodingites hosted by ultramafic sills in the
Abitibi greenstone belt formed from several pro-
tolitls including dykes, lithic inclusions and volcanic
rocks at t}te serpentinile contact. Variations in miner-
alogy and textural relationships allow us to define
three groups of rodingites, each representing $ucces-
sive stages in alteration of the protolith: l) epidote-
rich rocks: earliest alteration of the protolith; 2)
grossular-prehnite-rich rocks: intermediate altera-
tion, and 3) diopside-rich rocks: final stage of alter-
ation. The initial bulk-rock chemistry affects the
modal proportion of minerals.

Observations and chemical trends reported here
are similar to those found in Phanerozoic terranes,
indicating that the rodingitization process has not
changed since the Archean, a conclusion also reached
by Anhaeusser (199). Mass-balance calculations and
fluid-inclusion data indicate that rodingitization was
an isovolume process; in these examples, rodingiti-
zation was mediated by a low-salinity water at tem-
peratures of approximately 300oC and at I kbar.
Although deformation commonly affects the serpen-
tinite host, it is not an essential factor in the rodin-
gptrzation process. The parameters that appear to
effect the process of rodingitization are: a) timing
of emplacement of the dyke or intrusion into the
ultramafic rock with respect to the onset of serpen-
tinization, b) size of the protolith compared to thar
of the serpentinite, c) grain size of protolith, and d)
extent of serpentinization.
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