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ABSTRAcT

The Late Proterozoic anorogenic Deloro igneous com-
plex, Madoc, Ontario, contains the association hypersolws
syenite, peralkaline hypersolvus granite, and granophyric
granite. The sequence shows a progressive increase in Si,
K, Cs, Rb, Ta, Hf and Zr, and an overall decrease in Mg,
Ca, Sr, Ba, Eu, Sc and Co. Hypersolvus granites exhibit
an increase in REE over syenites, but the granophyric
granites, more evolved, are poorer in REE Low microcline
of average composition 96t/o Or coexists with pure low
albite, indicating a linal temperature of equilibration below
3@"C. The suite was produced by epizonal fractionation
of crystals from a mafic syenitic or gabbroic liquid emplaced
in the Grenville crust during an episode of extension.
Anatectic reactions may have contributed to the formation
of the granophyric granite. The feldspars recrystallizsd
hydrothermally during episodes of reheating approximately
150 and 800 Ma after emplacement. These static low-
temperature events ar:count for the conversion of the K-
feldspar to low miclocline, the apparent lack of grid-
twinned domains, and the partial resetting of the Rb-Sr
and K-Ar systems.

Keywords: Deloro igneous complex, anorogenic mag-
matism, syenite, hypersolws granite, eranophyric
granite, feldspar mineralogy, ion exchange, reheating,
Grenville Province, Ontario.

Souuarns

Le complexe ipd anorog€nique de Deloro (Madoc, Onta-
rio), d'6ge Prot€rozoiilue tardif, contient I'association sy6-
nite hypersolws, granite hypersolws hyperalcalin, et gra-
nite i texture granophyrique. La s6quence montre une
augmetrtation progressive en Si, K, Cs, Rb, Hf et Zr, et
ung diminuli6a en Mg, Ca, Sr, Ba, Eu, Sc et Co. Les gra-
nites hypersolvus sont enrichis en terres rares par rapport
aux sy6nites, mais le granite granophyrique, plus 6volu6,
en est appauwi. Le nicrocline ordonn€, de composition
moyenne 0196, coedste avec une albite pure ordonn6e, ce
qui indique une tempdrature d'e,quilibration finale inf6rieure
a 300oC. La suite rdsulterait de la cristallisation fraction-
n6e i faible profondeur d'un magma-parent mafique, sy6-
nitique ou gabbroique, mis en place dans la cro0te gren-
villienne lors d'un 6pisode d'extension. Des r€actions
anatectiques pourraient avoir contribud i la formation du
granite granophyrique. Les feldspaths ont pu recristalliser
en prCsence d'une phase fluide lors de lCgers rdchauffements
survenus environ 150 et 80 Ma aprbs la mise en place. Ces
6v6nements statiques, a basse temp6rature, expliquent la
mise en ordre finale du feldspath potassique, l,absence de
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maclage quadrill6 dvident dans le microcline, et la 16-
6quilibration partielle des systbmes Rb-Sr et K-Ar.

Mots-clds: complexe ignd de Deloro, magmatisme anoro-
g6nique, sy6ni1e, granite hypersolvus, granite granophy-
rique, min6ralogie des feldspatis, 6change d'ions,
rdchauffements, province du Grenville, Ontario.

Intnooucrror.t

In his classic investigation of the petrogenesis of
felsic plutonic rocks, O.F. Tuttle (1952, Tuttle & Bo-
wen 1958) chose a sample of ganite from the Deloro
complex (referred to as Madoc granite) to illustrate
the hypersolvus texture. Hypersolvus granites charac-
teristically are anorogenic and crystallize in an
epizonal environment (e.g., Martin & Bonin 197Q.
The pristine state ofthe exsolution texture in the per-
thite grains, which led Tuttle to choose the Deloro
granite as a type example, indicates that the com-
plex cooled in a relatively static environment and that
the texture has uot been significantly modified since
then. Yet the setting of this anorogenic plutton, in
the Central Metasedimentary Belt of the Grenville
Province (Wynne-Edwards 1972, Stockwell 1982,
Fie. 20), is far from being one oftectonic quiescence!

The Deloro syenite - granite complex' which
covers an area of about 35 km2, is located 6 km
northwest of Madoc, southeastern Ontario. The
cre$cent-shaped body occurs in the so-called "Hast-
ings metamorphic low", which is the only pafi of
the Grenville Province in Ontario to contain
greenschist-facies rocks (Lumbers 1967, Carmichael
et al, 1978, Anovitz & Essene 1986). These meta-
morphic host-rocks consist of l) the Grenville Su-
pergroup, subdivided into Hermon (older) and Mayo
Groups (Lumber 1967), an.d 2) the Flinton Group
Moore & Thompson 1980). Silver & Lumbers (196O
dated two samples of metarhyolite from the Bancroft
- Madoc area; these were taken from the dominant-
ly basaltic to andesitic Tudor Formation, at the base
of the Hermon Group, and give an age of 1286 !
15 Ma (U-Pb method usi4g zircon; revised decay-
constants). This is widely considered to be the age
of the base of the Grenville Supergroup in
southeastern Ontario. Gneissic basement rocks dat-
ed at 1334 x, 24Maarc exposed in Chandos Town-
ship, 65 km to the north (Heaman et al. 1984), bu|
are not found in the Madoc area.
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Wilson (1940), Saha (1959) and Hewitt (1968) in-
terpreted the intermediate and felsic volcanic rocks
to the east of the Deloro complex to be "basement",
i.e., these were assigned to the Tudor Formation,
Hermon Group .Bartlett et ql. (1984) pointed out that
the Deloro granite occupies a subcircular ring struc-
ture that encloses intermediate to felsic volcanic rocks
distinctly less deformed than those of the Tudor For-
mation. Bartlett et al. also suggested that the em-
placement ef lhis high-lgvel complex postdated the
deposition of the Flinton Group, as the eastern
boundary of the Deloro sppears to truncate the
Madoc syncline of post-Flinton age. Furthermore,
in view of the apparent lack of deformation in the
Deloro suite and the spatially associated volcanic
rocks, and the penetrative deformation that affected
the Flinton Group in the Madoc area, most investi-
gators have considered the Deloro to be "post-
tectonic", i.e., emplaced afterthe two episodes of
deformation and metamorphism that affected the
Flinton Group (Moore & Thompson 1980, Easton
1986).

The definitive geochronological data, reviewed
below to provide a framework with which to explain
the mineralogical results, show that the consensus
about the age of the Deloro is in error. This finding
necessarily raises questions concerning the deposi-
tion and metamorphism of the Flinton Group, at
least in the Madoc area; these questions will be exa-
mined briefly in the Discussion section, mainly to
focus further investigations in the area.

The purpose of our geochemical and mineralogi-
cal investigation is threefold: l) to provide informa-
tion on the trace-element geochemistry of the Deloro
syenite-granite suite, 2)to chancterrze the feldspar
mineralogy of this type example of hypersolvus
granite (Tuttle 1952), and 3) to provide.a working
hypothesis for the petrogenesis of the suite using
geochemical and mineralogical indicators, evaluated
in the light of the importance of open-system rock-
fluid interaction, as revealed bythe disturbances in
the isotopic systems.

AGE oF THB DELoRo PLUToN

There have been many efforts to date the Deloro
pluton, in view of its importance in defining a tec-
tonic setting. Silver & Lumbers (1966) reported on
U-Pb geochronological studies using zircon from
various plutons in the Bancroft - Madoc area. Two
s.amples of zircon were taken from the coarse-grained
hlpersolvus ganite facies of the Delor6 pluton. Both
were found to be discordant and consistent with an
age greater than 1200 Ma (S.8. Lumbers, pers.
comm., 1986). Revised U-decay constants indicate
an age of 1226 t 25 Ma (L. Heaman, pers. cornm.,
1987). Heaman et al. (1987)have confirmed that the
Deloro pluton belongs to the oldest of the ihree epl-

sodes of igneous activity recognized in the Central
Metasedimentary Belt. It was emplaced toward the
end of the 50-Ma interval between Dn and l?A Ma.
This new findings is confirmed by results on zircon
obtained by the Geological Survey of Canada
(1245!tr Ma; O. van Breemen, pers. comm., 1987;
sample of hypersolvus granite collected from fust
roadcut into granite along Highway 7, 7.2 km west
of Madoc).

The suite of rocks covers an unusually broad range
of Rb/Sr values, from 0.6 to 20 (BeU & Blenkinsop
1980). It should thus be amenable to radiometric dat-
ing by the Rb-Sr method. The early work (Wanless
& Loveridge 1972),bued on six whole-rock samples
(one of aplite and five of granite), gave a relatively
imprecise age of 1096 t 48 Ma @ell & Blenkinsop
1979) and an initial 875r/865r ratio of 0.7036 !
0.0030. Twenty-seven samples were analyzed by Bell
& Blenkinsop (1979, 1980) in an attempt to obtain
a more precise age. However, they too found
pronounced scatter in their data.

In view ofthe high-presision results obtained on
zircon, the scatter and the false age are now inter-
preted to reflect the extensive migration of fluid set
in motion during or following the regional metamor-
phism that affected the Central Metasedimentary
Belt. The Rb-Sr system of many plutons was reset
by this event; where a pluton is only incipiently dis-
turbed (e.9., the Tallan Lake granodiorite, approx-
imately 45 km northwest of Madoc), the Rb-Sr
isochron agrees wilh the U-Pb (zircon) isochron
away from obvious fractures, but gives a false age
near fractures along which an aqueous fluid circu-
lated and alkali metasomatism occurred (Heaman el
al. 1986). The fact that the volume of rock predomi-
nated over that of the fluid during this episode of
hydrothermal circulation suggests that the initial
875r/865r value calculated by Wanless & Loveridge
(1y72)is close to the original one for the Deloro suite.

If the disturbance had been thorough in tle Deloro
pluton, one could expect a precise Rb-Sr age. The
imprecision in the "isochron" indicates that the sys-
tem was inhomogeneously reset, as in the Tallan
Lake example. But to complicate matters, there is
evidence, ?mong the twenty-seven samples analyzed
by Bell & Blenkinsop (1979, 1980), for a still youn-
ger isochron, at 450 Ma (K. Bell, pers. somm., 198Q.
We consider this event to have been less extensive
(Le., restricted to only some of the zones of earlier
hydrothermal disturbance and metasomatism) and
at a lower temperature than the earlier disturbance.

The existence of a mild Lower Paleozoic reheat-
ing in the area is supported by the $Arl3eAr ther-
mochronometry results of Lopez-Martinez & York
(1983), who investigated the cooling history of the
Cordova gabbro, l0 km west of the Deloro stock.
They documented an age of ll43 t 13 Ma on horn-
blende and 450 Ma qsing hydrothermally affected



plagioclase. Clark & Hanes (1985) documented the
existence of the Ordovician event using fhe same
approach on the Elzevir trondhjemitic batholith
@ride & Moore 1983), located 15 km north of the
Deloro pluton and emplaced at approximately the
srfme time (l2A Ma ago, determined by Rb-Sr
method: Bell & Blenkinsop 1980).

Conventional K-Ar dating has been carried out
on alkali amphibole from the Deloro complex.
Macintyre et al. (1967) reported ages of 992 and 989
Ma (error t4Vo). Lopez-Martinez (1981) obtained
an age of 1029 t 3 Ma on the same material using
the stepwise oAx/3eAr method. These results illus-
trate that the K-Ar system, like the Rb-Sr system,
was reset by recrystallization of the rock-forming
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minerals in the presence of a fluid phase otherwise
equilibrated with the alkaline rocks.

PREvIous Wonr aNp Ftel-o REr,arroNsHrps

The pluton was first recognized by Wilson (19z()),
who later wrote about tlte ocqurences of base-metal
and silver mineralization in its aureole (Wilson 1965).
Saha (1959) subdivided the complex into separate
intrusive phases, and studied the mode of emplace-
ment of the body. He considered the syenite to be
a product of assimilation of gabbro by granitic
magma (sr4 during its forceful emplacement. Saha
(1959) interpreted gabbro along the western border
ofthe pluton (Frg. l) to be the country rock. Bart-
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Fto. 1. Geological map of the Deloro pluton, soutieastern Ontario, showing the dis-

tribution of the major intrusive phases and the country rocks, The map-units are
modified from the map of Saha (1959): black unit: syenite; vertical dashes: gab-
bro; plus signs: peralkaline granite; central unit (palterned): granophyric granite.
Numbered units: I metavolcanic rocks interpreted to belong to the Hermon Group
(basement) by Wilson (1940), Saha (1959) and Hewitt (1968), but now considered
likely to be relaled to the complex (Bartlett et ol. 1984, ttris work), 2 metapelitic
rocks, 3 marble, 4 Paleozoic cover. Kuehnbaum (1973) collected tris samples of
syenite and hypersolvus granite from roadcuts along Highway 7. The samples of
rhyolite and of a mineralized vein are indicated by black and white stars, respec-
tively. The approximate location of the kyanite occurrences (Ihompson 1972) is
shown by a "k".
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lett et al. (1984) viewed the gabbroic rocks as part
of the Deloro suite, a view consistent with what is
found in numerous other anorogenic complexes the
world over. Kuehnbaum (1973) analyzed represen-
tative specimens; he proposed that the hypersolvus
granite, which is slightb alkaline, formed at a pres-
sure close to I kilobar. He recognized that late albiti-
zation had affected some feldspar bulk-
compositions, and that not all the riebeckitic amphi-
bole (Abdel-Rahman 1982) is magmatic. Wu &
MacRae (1986) have recently reported on the
geochemistry of this syenite - granite complex, but
the raw data on which they based their petrogenetic
model (see below) have not been published.

The rocks of the Deloro suite are massive, and lack
a deformation fabric. Both syenite and granite con-
tain inclusions of gabbro, diabase, and volcanic
rocks (Saha 1959). Dykes of peralkaline granite
cross-cut the syenite (Abdel-Rahman 1982); there is
a gradational eastward increase in the quartz con-
tent of the syenite. The peralkaline granite is injected
by thin veins and irregular bodies of granophyric
granite, considered the youngest intrusive phase, and
possibly to have arisen by devitrification of glass
(Kuehnbaum 1973). The granophyric granite is in
sharp contact with the peralkaline granite and
exhibits a very fine-grained texture that coarsens
away from the contact.

The Deloro complex is partly concealed by Ordo-
vician limestone of the Black River Formation (Fig.
l). Fault-related calcite - fluorite - barite - galena
veins cut the Ordovisian rocks and the underlying

Frc. 2. Characteristic texture of a hypersolvus granite from
Deloro in which the grains of turbid microcline perthite
are lined by a film of post-exsolution albite. Zone of.
Na-for-K exchange occurs along a fissure located above
(and parallel to) the white line. Width of field of view:
5 mm.

Grenville marbles and granite (Melanson & Robin-
son 1982) and are expressions ofthe mild disturbanc€
in the area in Lower Paleozoic time.

Tns AppnoecH UsED

The present study is based on geochemical and
mineralogical data reported for selected samples of
the quartz-bearing syenite, peralkaline granite and
granophyric granite. Most samples are taken from
Kuehnbaum's thesis collection. He analyzed
representative specimens for the major elements
using the X-ray-fluorescence technique. Kuehnbaum
also determined the concentration of Fd* by titra-
tion, and sodium by atomic absorption. The first
author used the X-ray-fluorescence techniqu e for Zr ,
Sr, Y, U and Th, and neutron-activation analysis for
the rare earths, Na, Ba, Rb, Cs, Cr, Sc, Co, Hf and
Ta (technique of Barnes & Gorton 1984). A preci
sion of better than 590 was found for most elements
determined by INAA.

The samples were irradiated at the Slowpoke-2
nuclear reactor at the University of Toronto. They
were counted 7 and 35 days after irradiation. Con-
centrations of trace elements were calculated by com-
paring the area of the peaks in samples to those of
a laboratory standard (UTBI) after correction of the
peak areas for interference, differences in sample
weight, and time elapsed since irradiation (Abdel-
Rahman 1982). Chondrite values used in the normali-
zation of the absolute concentrations are those of
the Leedy chondrite (Masuda et al. 1973) divided by
1.2 (cf. Taylor & Gorton 1977).

The feldspars present in the same specimens and
selected additional samples were characterized by X-
ray diffraction. A powder-diffraction pattern was
recorded using a Guinier-Hiigg focusing camera, syn-
thetic spinel standard, a = 8.0833 A at room terr-
perature and CuKcul radiation. The peak positions
were measured, corrected, indexed and input into the
cell-parameter refinement program of Appleman &
Evans (1973). The results are relevant to the
dominant feldspar structures in a small (approxi-
mately 1 mm3), single gain of perthite; where the
rock is aphanitic, I mm3 of pulverized whole rock
is used for the analysis. Among the additional sam-
ples examined are two samples of aphanitic felsic vol-
canic rocks from inside the outer ring @ig. 1) and
the pink feldspar that accompanies arsenopyrite -
gold mineralization in a dyke near the northwestern
edge of the pluton.

PsrnocnAPHv

The syenite is a medium- to coarse-grained rock
that consists mainly of perthite, clots of calcic amphi-
bole (ferro-actinolite to hastingsite) and interstitial
quartz (ess than 1090 by volume). The feldspar
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grains are mesoperthitic and subhedral. The K-
feldspar is turbid, aud shows no sign of cross-hatched
domains. Aenigmatite is a rare accessory in the clots
of mafic minerals. The hypersolvus syenite grades
into peralkaline hypersolvus granite eastward.

The peralkaline granite consists of quartz flocally
showing undulatory extinction), mesoperthite and
alkali amphibole, with accessory annite, ilmenite, zir-
con, fluorite, calcite, hematite, chlorite, pyrite and
titanite. The K-feldspar is pink and turbid (Fig. 2;
Tuttle & Bowen 1958, Plate 2), and shows simple
twins according to the Baveno and Carlsbad laws.
There generally is no sign of cross-hatched domains
typical of microcline formed by inversion from
orthoclase. Tuttle (1952) noted the presence of per-
thite but did not specify whether or not the K-
feldspar host consists ofmicrocline; both Saha (1959)
and Hewitt (1968) mentioned the presence of
microcline in Fassing, but did not mention how this
phase was identified. Alkali amphibole forms ragged,
poikilitic grains; it seems to have crystallized late,
possibly even after exsolution in the alkali feldspar
in part.

In some specimens of syenite and ganite, all the
albite in the rock is within the perthite grains (c/
Tuttle & Bowen 1958, Plate2). Saha (1959) pointed
out that there is a gradation between such rocks, in
which the perthite grains lack completely a rim of
albite, and rocks in which there is a thin (< I mm)
rim of late albite along the edge of perthite grains
(Fie. 2).

The granophyricgranite is a pink leucocratic rock
composed of radiating, spherulitic intergrowths of
quartz and turbid perthite, and accessory muscovite,
biotite, magpetite, pyrite, fluorite and zircon. The
K-feldspar shows no cross-hatched domains.

Two samples of rhyolite also were.examined.
One (zt-l) is pink and massive, and represents aphyric
devitrified obsidian. The other (4-4) is ignimbritic,
with flattened fragments of pumice appearing as
pinkish lenticular masses. The mineralized vein is
lined with pink grains of coarse, untwinned feldspar;
arsenopyrite crystallized late, in the centre of the
vein.

GEocHEMrsrRY oF THE Dnt,ono Sulrs

Major elements

The twelve analyzed samples define roughly linear
trends in variation diagrams (Fig. 3) as a function
of differentiation index (Thornton & Tuttle 1960),
which ranges between 68 and 95. Calcium, Fe and
Mg decrease gradually with differentiation index,
whereas K shows a steady increase. Aluminum and
sodium concentrations vary only slightly with D.I.
The bulk compositions are plotted in three triangu-
lar diagrams, Qtz - Ab - Or (Fig. 4A), An - Ab -
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Fra. 3. Variation of tle major elements, expressed as
oxides (ffi.qo) as a function of differentiation index
(Thornton & Tuttle 1960). The following symbols are
used in all the other figures. Circles: syenites; squares:
peralkaline granites; triangles: granophyric granite'
Straight lines have been drawn where the variation is
regular.

Or (Fig. 48) and a part of the plot SiO2 - Al2--O: -

fNa,O- + K,O) (Fre. 4C). Kuehnbaum (1973)
presentea thi data using similar diagrams in his

thesis.
In Figure 44, only seven of the twelve bulk-

compositions follow the trend expected of magmatic
evolution of a syenitic parental melt on the Ab-Or
join toward the H2O-saturated minimqm at a con-
fining pressure of I kilobar. The five other points
appear to be shifted to the left, toward the Ab - Qtz
sideline. The five sodic bulk-compositions range in
D.I. from 71 to 95; there does not seem to be any
link between D.I. and extent of displacement from
the expected magmatic trend, so that projection of
the bulk compositions onto the D.I. = l@ plane is
not considered responsible for the shift.

We attribute the displacement in primary bulk-
compositions toward the Ab - Qtz sideline mainly
to a postmagmatic ion-exchange reaction that
affected the feldspar assemblage of some samples of
granite and syenite after exsolution had occurred in
the feldspar grains. Some perthite grains in the
affected rocks are now almost monomineralic (i.e.,

-a- -E- - - - -- - - - -o- - -o- - - - ea'
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o sronito (B)
o perolkollne gr.
I grcnofiyric gr.

Or Ab

.3Si  02
Af2o3

.3 Si02
Fto, 4. Plots of the whole-rock compositions (Table l) in terms of normative quartz, albite and orthoclase (A), norma-

tive Or, Ab and An (B), and (Na2O + KzO).3SiOz - Al2O3rlgiQ, - SiO2 (C). In A, the cotectic curves are shown
for 0.5 and I kbar, as well as the location of the pseudobinary and pseudoternary minima (Iuttle & Bowen 1958).
In C' the intersection of the vertical line (Na + K = Al) with the base line is tie location of the feldspars KAlSi3Os
and NaAlSi3Os.

albitized), the K-feldspar being relegated to small,
irregular domains away from the grain margin and
fissures.

The expected increase in normative An with
increasing Ca content ofthe bulk rosk is not appar-
ent in this suite @g. 4B). The maximum An con-
tent is 3.590, in sample 148, which contains 3.2wt.
0lo CaO. In other words, the most calcic bulk-
compositions, all syenitic rocks, contain a low-
calciumfeldspar assemblage that does not reflect the
progressive enrichment in Ca in this unit. Figure 48
also illustrates the significant displacement of some
bulk compositions toward the Ab corner.

Figure 4C groups sodium and potassium contents
as the hypothetical end-member (Na2O + K2O).
3SiO2; the corresponding end-member that accom-

modates aluminum is Al2O3.3SiO2. The remaining
SiO2 is shown as the third component. The figure
illustrates clearly the peralkalinity of some samples
and the metaluminous composition of one sample
of granophyric granite and of four syenitic bulk-
compositions. The slight excess of aluminum in these
compositions does not seem entirely explained by the
small proportion of the An component, as the two
compositions poorest in SiO2 and relatively rich in
calcium (142, 154) show no such excess in aluminum.

The intersection of the vertical line, along which
(Na + Q is equal to Al, with the base-line gives the
position of the feldspars NaAlSi3O, and KAlSirOr.
The diagram shows well the progressive evolution
of the suite, from rocks (and, presumably, -ag-as)
of syenitic composition emplaced along the western



rim of the pluton to more silicic compositions in the
interior. The departure of the rosks from the line
(Na + K): Al is relatively minor either way. The
process of feldspar fractionation, which usually is
proposed to explain the progression from syenitic
fquid to granitic liquid, cannot explain the scatter-
ing of data points on both sides of the line
(Na+ K) = Al.

Trace elements

The trace-element distribution in rocks of the
Deloro complex is interpreted to reflect magmatic
processes of differentiation and a postmagmatic
overprint during the cooling of the complex, and
later, as a result of at least two distinct episodes of
reheating in the presence of water. The concentra-
tion of some trace elements Clable l) is illustrated
in variation diagrams, as a function of differentia-
tion index.

Rubidium (Fie. 5) increases progressively with
differentiation index, and follows the trend defined
by potassium. However, there is some scatter, some
rocks being depleted at the low-D.I. as well as the
high-p.t. end of the diagram. At the low-D.I. end,
the Rb-depleted samples are two of the four K-
depleted (Na-enriched) specimens of syenite @ig.
4A); the sample of granophyric granite that is
depleted in K is also depleted in Rb. The same pat-
tern should applyto the distribution of cesium, which
is even more incompatible and highly mobile. The
most evolved rocks contain less cesium (0.3 ppm)
than some of the less evolved ones (Iable 1). Most
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of the cesium may have been lost from the
granophyric granite at the postmagmatic stage, in
view of the fineness of its grain size.

Barium decreases progressively with D.I., from
over 8@ to 300 ppm (fable l). This progressive
decrease is characteristic of a fragtionating sequence,
but the unusually low amount in tlte sodium-enriched
granophyric granite (P8-1210) suggests that some bar-
ium may have left with potassium during the post-
magmatic exchange of alkalis. Strontium varies from
I l0 ppm in the mafic syenites to less than 20 ppm
in the peralkaline and granophyric granites (Fig. 5).
The mobility of Rb and Sr accounts for the errone-
ous age inferred for these rocks by Wanless &
Loveridge (1972).

Cobalt and scandium normally follow Mg and Ca,
and are concentrated in the more mafic rocks @ig.
5). They show a gradual decrease with increasing D.I.
On the basis of these Nys gsmpatible elements, the
granophyric granite seems clearly to be part of the
same evolutionary sequence as the peralkaline
granite.

The distribution of zirconium is complicated
because its behavior depends strongly on the alka-
linity of the system. Even among specimens of pe1-
alkaline granite of comparable D.I., however, there
is great variability (between 1120 and 250 ppmZr:.
Table 1). Not all the Zr is present as zircon in the
peralkaline granite. That portion that may be tied
up in alkali zirconium silicates and the mafic minerals
may have been subject to late-stage redistribution.
Both specimens of granophyric ganite contain close
to 300 ppm Zr; presumably this is entirely accom-
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TABTE I. CHEMICAT COMPOSITION OF SYEI{ITIC AND GRANITIC SPECIMENS FROM ITIE DELORO PLUTOI{

't54

t6 .  $

1 .08
13.44

8 .19
0.24' I . l 9

3.09
q o o

5 .57
3 .21

ppm 37 25 66 44 55 34 26 82 l l8 94 124 55
l t 3  103  30  72  60  l t o  3  16  15  12  l 9  22
827 659 415 689 792 893 533 778 636 521 460 301

0 .6  0 .3  0 .4  0 .5  0 .4  0 .4  0 :5  0 .3  0 .5  0 .4  0 .4  0 ,3
7  7  0 .5  4  6  8  0 .7  2  0 .7  6  I  2
6 4 2 3 q 4 ? 1 1 4 1 2

505 ?92 74't 712 546 407 250 l12l 686 574 290 329' l l  I  19  19  l 5  11  29  29  30  15  l 0  l 1
1 0 . 8 2 3 2 1 4 3 6 2 2 2

93 77 124 142 1r9 98 100 220 331 159 106 98
0 .7  I  0 . 6  0 .2  0 .1  0 ,2  2  2  5  3  2  3
0 .5  0 .8  6  6  4  2  12  19  25  15  l 8  15

Sl02
Ti 02
Al 203
Fe203
Feo
Mn0
Mso
Ca0

Na20

Kzo
Rb
Sr
Ba

co
Zr
Hf
Ta
Y
U
Th

]4r 142 147 148
r{t.% 57.41 57.93 68.93 63.60' I  

.08 r  .0r  0.37 0.58
1?.57 13.59 13.23 13.95
5.29 3,72 1.77 3.89
8.59 7.49 3.52 3.08
0.47 0.22 0.  I  3 0,  r  5
0.90 1.22 0.07 0.42
3 .79  3 .55  1 .95  3 .20

|  4.97 6.05 4.66 4.99
I  4.99 6.09 4.33 4.39

3.23 3.55 4.44 4.13

'I 1 I 121 139 140
76.09 74.11 75.54 74.19
0 .07  0 .16  0 .07  0 .11

11.88 11.99 12.53 12.49
0 .31  0 ,46  0 .39  1 .96
1 .64  1 ,90  0 .58  l , 0 l
0.06 0.06 0.03 0.02
0 .18  0 .05  0 .07  0 .12
0.39 0.56 0.64 0.40
5 .06  4 .62  3 .98  5 .19
4.66 4.27 3.65 5.30
4.57 4.42 4.89 3.52

149
58.91
I  . 07

12.94
4 .12

0 .31
1 . 1 2
J .  UC

5 .00
4.67
3.68

'I 14 117
77,74 75.49
0 .04  0 .  l 0' 11 .05  11 .64
0.08 0.49
t . 5 5  t . v o
0.03 0,07
0.03 0.24
0.38 0.40
4 .18  4 .45
4.09 4.67
4.?4 q.49

Data on major elenents are taken from the thesls of Kuehnbaum (1973); hls sample numbers are
prefixed by P8-. Concentrations of sr, zr, Y, u, and Th were detennlned uslng x-ray-fluores-
cence (xRF); concentratlons of Na, Rb, Ba, cs, 5c, co' Hf and Ta were detemined by instru-
mental n€utron-actlvatlon analysls (I l{M). Detalls of the procedure are provlded ln the text
and in Abdel-Rahnan (1982). Sarnples l4l, 

' | ,42,147, 
148, 149 and l54 are syenlte, 1]4, l l7,

l l8 and l2l are peralkaline granites, and 139 and 140 are granophyr{c granites. Two va'lues
of Na20 are l lstedi the flrst was obtalned by )RF analysls' the second' by INAA, The first
value was used ln Flgures 3 and 4, and ln the calculatlon of differentiatlon lndex.
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Fto.5. Variation of trace elements as a function of diffe-
rentiation index. Straight lines have been drawn where
the variation is regular.

modated in accessory zircon, as their bulk composi-
tion is not alkaline.

Although hafnium is expected to show a similar
pattern because ofits striking geochemical coherence
with zirconium, such is not the case @ig. 5). The con-
centration of hafnium increases progressively with
D.I., from mafic syenite to peralkaline granite. The
two samples of granophyric granite are depleted in
hafnium (10 ppm). The yttrium content increases
with increasing D.I., but there is some scatter among
the peralkaline granites, as for Zr, and the
granophyric granite is depleted (100 ppm; Fig. 5),
as for Hf.

Uranium and thorium both increase with D.I. The
samples ofperalkaline and granophyric granites con-
tain very similar amounts of uranium and thorium
Clable l). These two elements behave highly incom-
patibly, and presumably remain in the melt phase
until forced into the crystals. Thorium increases more
regularly than uranium.

The Deloro suite is relatively enriched in rare-earth
elements (Table 2), as is typical of anorogenic suites
the world over @owden et al. 1979, Collins el aL
1982). The sum of the rare earths ranges from 180
to 295 ppm in the syenites and from 560 to 820 ppm
in the peralkaline granites; the two samples of
granophyric granite contain only 215 and 290 ppm.
The chondrits-aemalizsd plots (Fig. 6) show that
the syenites have a relatively unfractionated, almost
flat pattern.

The patterns for the five samples of peralkaline
granite (Frg. 6) are parallel and slightly light-rare-
earth enriched compared to those of the syenites. The
negative Eu anomaly is striking in these rocks, but
it cannot be attributed to the fractionation of
plagioclase, as normally proposed, because
plagioclase is absent as a discrete primary mineral
in the Deloro syenites. The negative Eu anomaly may
reflect the progtessive concentration of all the rare
earths excapt europium, removed preferentially via

(,
o

t l o r  m A
! f q---
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TABLE 2. CONCENTMTIOIIS OF RARE-EAR'TH ELEMEI.ITS tN I,IHOLE-ROC( SAI.PIES FROM THE DELORO PLUTON

l4l 142

La ppn 37.1 30.3
Ce 97,1 74.9
Nd 61.4 46.7
Sm 16.7 12.2
Eu 4 .13  2 ,92'rb 

2.77 1.87
Ho 3.40 3.59
Yb I  r .8  9 .30
L u  l . 9 l  1 . 5 2

r49

43.5

78.0
17.9
3 .49
2,75
4.94
t4 .9
2 .32

0.20
20,0

279.8

147

45.9
125.7

20.4
t . u 9
3.02
6.68
20,0

8 . 1
o.32
12,7

179.6

'148

103. I
67 .2
1 7  , 9
2 .42
3.22
5 . 1 2
21.2

'154 
rl4 l lz r 'r8 121 144 139 140

41.5  109.8  t55 .3  150.5  97 .3  i18 .8  62 .3  41 ,7
r00.9 2s5. t 386.9 338.6 186.5 295.4 140.8 96.7
62,4 123.9 196.1 '147,4 

97.5 160.3 56.8 46.7
16.4 29.4 43.3 34.7 22.0 39.7 14.7 l l.8
3 . 3 8  1 . 7 6  2 , 8  2 , 0 4  1 . 5 2  3 . 0 7  1 . 0 3  l . l 1
2 .44  5 .62  6 .66  6 .45  3 .71  6 .91  2 .46  2 .8
4 .63  9 .91  9 .05  to . t  8 .13  13 .1  4 .31  3 .54'12,3 

31.7 26.9 36.6 20.2 38.6 12,7 12.7'1 .89  
4 .44  3 .84  4 .94  2 .95  5 .30  0 .17  1 .89

8 , 2  8 . 1  1 4 . 4  9 . 3  9 . 2  7 . 6  1 1 . t  7 , 6
0 .29  0 .05  0 .08  0 .05  0 .06  0 .08  0 .07  0 .06
16.6  41 .8  37 .4  48 ,0  26 .9  50 .9  15 .4  17 .5

241.2 1.8 821.6 721.3 431.7 668.1 290.9 21s.5

Ce/Yb 8.3
Eu,/Yb 0,32
xlu+Ybilb 15.5
EgwE 232.9

6 . 3  4 . 9
0 . 0 9  0 . 1 2
26.4 27.6

295.4 256.4

-e---€----- - ----o-.- lO--- : -

concentratlons of rare-earth elm€nts detemlned by neutmn:acilvafion analysis (see text for the
detalls). .sanple numb€rs should be preftxed by re--; th. smpies ire fron ihe c;]]ecfion of Kuehn-
bam-{1973) .  Samples  l4 l ,  142,147,148,149 and 154 are  syent te ,  i l4 ,  l l 7 ,  l lS ,  l2 l  and 144 areperalkaline gran{te, and l39 and 140 are granophyrlc granl6.



the fractional crystallization of sanidine. The triva-
lent rare-earths reside in the accessory phases,
whereas europium is much more strongly partitioned
in the feldspar as Eu2*.

The granophyric granites (Fig. O are somewhat
parallel in their profile to the peralkaline granites,
but are displaced toward lower concentrations of
each element. The magnitude of the europium
anomaly is more pronounced than that for the per-
alkaline granites. The total concentration of the rare
earths in the granophyre falls in the range ofthe least
evolved syenites (Figs. 5, 6), in spite of the more
evolved nature of this late batch of granitic magma
(as indicated by the major elements).

The smooth variation in the concentration of Ca,
Sr, Sc, Co, Mg + Fe + Mn in the sequence syenite
- peralkaline granite - granophyric granite strongly
suggests that all samples are interrelated by a process
of fractionation. The depletion of rare earths, Hf
and Y in the granophyre could be due to 1) the early
fractionation of a rare-earth-bearing accessory phase
on the liquidus (cl, Payette & Martin 1980, 2) the
loss, during the emplacement of this subvolcanic
plug, of a primary volatile phase in which these
incompatible elements had concentrated, or 3) sub-
solidus readjustments involving a1 eidizing fluid
phase that preferentially intereacted with the
granophyric granite and that may have destabilized
a primary R.EE-bearing accessory phase. Much more
work would be required to account for the behavior
of these elements quantitatively.
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FELDSPAR MINERALOGY OF THE DETONO SUTTE

The cell dimensions of the potassium- and sodium-
rich feldspars in the eighteen samples examined are
listed in Table 3, which is available at nominal cost
from The Depository of Unpublished Data, CISTI'
National Research Council of Canada, Ottawa,
Ontario KIA 0S2. Tables 4 and 5 show the inferred
composition and degree of Al-Si order of the
potassium-rich and sodium-rich feldspars' respec-
tively.

TABLE 4. COMPOSITION AI{D DECREE OF A'I.5I ORDER OF THE K-FELDSPAR
iN ROC(5 OF IHE DELORO PLfiON

u  1 0 0

e
c-
c
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o
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Frc.6. Chondrite-normalized plot showing an envelope of six rare-earth patterns for
syenites superimposed on data for five samples of peralkaline granite and two
of granophyric granite. Raw data are reported in Table 2.

P8-I 14
P8-I I 7
P8-1 l8
P8-l 2l
P8-137
PS-I38
P8-l 39
P&140
P8- t4l
P8-142
P8- t 44
Pe-l47
P8-148
P8- t49
P8- 1 54
4-t

rcck type il0r tl}+ttn t\0-t!n trO A

oera lka l ine  qran i te  0 .980 0 '993 1 .009 1 .00  0 .99
bera lka l ine  qran l te  0 .945 0 .971 l '012  0 .99  1 .02
bera lka l lne  qran l te  0 .966 0 .997 1 .004 1 .00  0 .98
bera lka l lne  i ran l te  0 .950 1 .001 0 '977 0 .99  0 .97
iranoohvrlc qranite 0.981 0.984 0.992 0.99 0'96
i ranobhvr ic  d ran l te  0 .956 0 .973 1 .003 0 .99  1 .00
i ranobhvr lc  q ran i te  1 .004 0 .990 1 .000 

'1 .00  
0 .99

iranobtr-vric dranlte 0.928 0.968 0.954 0.96 0.95
ivent td  

-  
0 .946 0 .988 0 .989 0 .99  0 '94

s-ven l te  0 .955 1 '010 0 .989 1 .00  0 .99
D; ra lka l lne  oran i te  0 .956 0 .968 0 .955 0 .96  0 .96
iven l te  

-  
0 .976 |  '007  0 .996 1 .00  0 .99

s ien l te  0 .951 0 ,997 1 .019 l .0 l  1 .03
s-ven l te  0 .960 0 .997 0 .975 0 .99  0 .99
s-venlte 0.955 0.937 0.890 0.91 0'92
d;v l t r l f ied  obs ld ian  0 .989 1 .040 1 .042 

' l  
' 04  0 .99

Composltion is calculated fmn cell volme uslng the equatlon of
Krcil & Rlbbe (1983), Degree of Al-sl order, -expressed as tro'
i s  ca lcu la ted  us lnq  the  express lons  o f  B las i  (1977) .  Er rc r  ln
ItOr (expressed as a mle fraction) and !10 is estlnated to be
r0 .Ol5 .  ob l iqu i ty  a  =  12 .5(d13r  -  d r i r ) .  The smple  nmbers
pii i i i ia 6i it i- i i i  taten trrim'fie coii i i t ion of Kuahnbam (1s73).
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rock type

P8-l t4 peralkalJne granlte
P&l l7r pemlkalJne granlte
P&lI8r peralkal Ine granite
P8-l2l  peralkal lne granlte
P&137* granophyrlc granlte
P8-138 gfanophyrlc granlte
P&139 granophyrlc granlt€
P&l40 granophyrlc granlt4
P&l4lr  syenlte
P&.142i syenlte
P&144* peralkal ln€ granlte
P8-147 syenlte
P&148t syenlts
P8-149 syenlte
P&154 syenlte
+4 devltr l f led obsldlan
Ars nlneral i red veln

tt0+trn t\Vtfl tro I 3 l
' 1 .026 1 .000 t .0 l  t ,069
0.996 1 .01  9  t ,0 t  1 .089
0.980 1.008 0.99 t.081
0.994 1 .000 1 .00  1 .096
1.015 1 .003 l .0 l  ' t .096
1.004 0 ,998 t .00  1 .085
0.983 0 .995 0 .99  1 .095
0.991 0.991 0.99 1.08?
r .025 1 .009 1.02 1 .1 57'1.01 

9 .1.008 t.0l 1.084
1.033 0 .997 1 .02  1 .133
0,998 1 .002 1 .00  1 .072
1.002 0 .991 1 .00  1 .106
1,01  9  0 .988 t .00  l .  l  l 8' t .016  

0 .961 0 .99  1 .  t49
0.988 0 .985 0 .99  1 .123
0.997 0 .985 0 .99  1 . i l7

Cmposlt lon- ls calculatod frcm cel l  vol@ uslng the equaf ion of Krol l  e
Rlbb€ (1983).  Ibgree of Al-St orderr expressed-as rr0, ls calculated
uslng the expresslons of Blasl  (1977).  Efrcr ln ,yor-(dDressed as a mle
fract lon) ls est lmted to b€ 10.015. An content ls esi lmted fM the
9r_- y*,plot  {F!9. 8).  Tle sun t to+t la ls supposed to hove a wlM
value of l .  Vqlues exceedlng I  prcbai ly ref l i r t  the presence of a smll
@unt 0f the An codponent or of  s l lght dlsordef t jnt  poElsts ln the
structure {or botJ|) .  For thls reason, the qual l tat jve est lmte of degree
of Al-Sl order derlved from Flgure 8 ls rcnj ldered @re lnfo@ilve thsn
the value 0f qlo nomlU quoted. * Evtdsce of s l ight dlsordor (Ftg. 8).
l3 l :  20131 - 20lEl,  in degres. for Cutrdt radlst ton:

All specimens examined except the two samples
of rhyolite and the vein material contain two feld-
spars. T'he proportion ofthe K-feldspar to albite is
not constant, but varies as a function of the late-stage
exchange of K by Na and of the deposition of secon-
dary albite along grain margins. Albite and K-
feldspar are present in subequal proportions in the
undisturbed mesoperthite. The sample of aphyric
devitrified obsidian contains albite + quartz (no
trace of K-feldspar), as does the arsenopyrite-bearing
vein. The devitrified flattened pumice fragments
(specimen 4-l) contain the association of K-feldspar
+ quartz (no trace of albite).

Microcline

The K-feldspar in the Deloro suite is low
microcline @igs. 7, 8). In most cases, the value of
l1O, the proportion of aluminum occuping the 7,O
position, is 0.99 or 1.00. The data points lie close
to the low rnicrocline sorner, but are not tightly
clustered, owing to minor variations in composition
and degree of Al-Si order. Three samples contain
microcline that departs significantly from fully
ordered microcline in degree of order; the most dis-
ordered microcline has, on average, 91go of its alu-
minum in the [O position (Table 4). One of the
samples of granophyric Cranite has a significantly
more sodic microcline (9390 Or) than all the other
samples (average 9690). The coexistence ofOre5 and
pure albite (see below) indicates a temperature of
final equilibration below 3@oC in the presence of
an aqueous phase. In spite of this low temperature
of equilibration, the microcline failed to recrystal-
lize thoroughly in the time available in its field of
stability (maximum 400"C). This would be consis-

IABLT 5. COIiIPOSITION AI.ID DEGREE OF AI.S.I ORDER OF 
.IIIE 

ALBTTE
III ROCrc OF THE DELORO PLUION

tent with a rapid sssling of the epizonal somplex,
and gnly mild annealing later. Submicroscopic albite-
and pericline-twinned domains are inferred to be
present in the microsline because it inverted from a
monoclinic primary feldspar. A very fine scale of
intergrowth of the twin domains, which would reflect
the limited degree of recrystallization, precludes their
direct observation by optical microscopy.

The microcline in the devitrified pumiceous
material in the ignimfritic rhyolite has a l1O value
of 1.04. This anomalous value (the maximum is 1.0)
is attributed to the presence of a large cation (e.g.,
rubidium) in the structure; this causes an expansion
of the unit cell, and a position in Figures 7 and 8
clearly beyond the low microcline corner. As this
rock underwent complete K-for-Na exchange (i.e.,
no trace of albite is left), an increase could be
expected in the concentration of rubidium, whose
geochemical coherence with potassium is well estab-
lished.

Albite

Compared to microcline, the unit-cell refinement
of albite in these rocks is invariably based on a
greater number of indexed lines in the powder pat-
tern. This is because the albite is more homogene-
ous than the microcline, both structurally and com-
positionally; as a result, the standard errors on the
unit-cell constants are smaller for albite. The albite
contains very little calcium (frg. 9); the maximum
$eems 10 be An, (specimen P8-154). Many of the
specimens depart somewhat from complete Al-Si
order. The findings of Martin (1984) sueeest that this
slight disorder reflects the albitization of a more cal-
cic albite (or oligoclase). The composition of the
original sodic plagioclase lamellae in the perthite has
been adjusted to An' or An, during the subsolidus
re-eqrlilibration. The original plagioclase may have
been An, or An6, as predicted from the calculation
of the normative constituents (Fig.  B). The X-ray"
diffraction technique provides information on the
dominant structure present; if the volume of "new"
albite produced as a result of ion exchange and
hydrothermal deposition is subordinate to the
volume of "old" albite that resulted from the albiti-
zation of An5, its presence would not be detected in
the powder pattern.

We contend that the devltrified obsidian that con-
tains the assemblage An, + quartz represents a
product ofthe ion-exchange reaction driven to com-
pletion. During devitrification of the obsidian, or
possibly after, the potassium (as well as rubidium,
presumably) was removed efficiently yia an inter-
granular pore-fluid, and sodium was added to the
feldspar. This type of exchange reaction is common
in ignimbritic rocks, and is inferred to have occurred
in a higher-temperature regime than would be the

trOr
0.01 I
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0.001
0.0 t4
0.002
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0
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case for the complementary K-for-Na reaction (e.9.,
Martin & Bowden 1981).

The mineralized vein sampled northwest of the
Deloro complex (Wilson 1965, Sangster & Bourne
1982) contains albite but no microcline. The same
fluids that deposited hydrothermal albite in the
syenite and granite at a relatively high subsolidus
temperature may have transported Ag, Au and the
base metals outward, into the fractured host-rocks.
More work is needed to confirm that fluids saturated
in albite are responsible for ore transport at Deloro.

Discussion of the feldspar mineraloglt

The mesoperthitic texture that characterizes the
hypersolvus granite at Deloro was formed as a result
of exsolution of albiter. from primary, singls-pfuass
alkali feldspar (sanidine solid-solution, of composi-
tion close to Or6oAb40). The temperature of exsolu-
tion was approximately 625"C (e.9., Martin 1974).
Subsequent cooling allowed a coarsening of the exso-
lution texture, and thus local mobility of Na and K.
In some plutonic samples, sodium was added and
potassium was removed at this stage, and the exso-
lution texture became modified. This sodium
metasomatism is partly responsible for the shift of
some bulk compositions toward the Ab + Qtz side-
line in Figure 4A. The inversion to microcline may
have occurred at approximately 400oC, thus after
the exsolution, during the continued cooling of the
epizonal complex. However, results of analogous
studies of degree of Al-Si order attained in K-
feldspar in hypersolvus granites and syenites of other
SiO2-saturated anorogenic complexes of compara-
ble size (e.g., Martin & Bowden 1981, Lalonde &
Martin 1983) suggest that at Deloro, the cooling was
probably too rapid to permit such a major recon-
structive transformation to low microcline to be com-
pleted. Structurally intermediate microcline + low
albite, with residues of orthoclase, may have been
the assemblage present in the perthite grains 1.2
billion years ago. The successful conversion to low
microcline occurred as a result of the later, low-
temperature hydrothermal events, primarily t}re event
that partly reset the Rb-Sr system, in the interval
1070-1&CI Ma (Heaman et al. 1987) possibly with
further local ordering during the Ordovician event
recorded in the Elzevir bathotth 15 km to the north
(Clark & Hanes 1985) and the Cordova gabbro l0
km to the west (Lopez-Martinez & York 1983). The
relatively low temperature of these events, as well
as the lack of associated deformation, can account
for the local persistence of slight disorder and the
absence of coarsely twinned domains in the
microsline. The time available would have been
ample for compositional equilibration between the
microcline and the albite at this low temperature
(estimated to be approximately 200oC according to
the thermochronometric findings quoted above).

1.

cd)

b (l)

Ftc.7. A portion of the D - c quadrilateral showing the
distribution of the microcline data-points. LM low
microcline, HS hieb sanidine, HA high albite. The error
bars in D and c represent an average standard error for
all the samples plotted. The standards errors are pro-
vided by the.program of Appleman & Evans (1973).
Raw data are reported in Table 3.

DISCUSSIoN

Tectonic setting

The occurrence of the Deloro anorogenic complex
in the southern part of the Central Metasedimentary
Belt of the Grenville Province is unusual, because
of indications of coeval orogenic magmatism close
by. As more high-precision U-Pb ages and bulk-
composition data become available for'the intrusive
rocks of this belt, it is clear that the first cycle of
igneous activity, which cukninated at L?.AAMa (Hea'
man et al. 1987), involved the intrusion of mantle-
derived mafic magmas. In some cases, such magma
rose quickly into the upper crust, in a state of dis-
tension, as there are no associated differentiates (e.9.,
in ttre Cordova gabbro). In others, like'at Deloro,
the mafic maglla ponded near the surface and
differentiated, to glve the observed suite of felsic
differentiates. The low initial 875r/865r value deter-
mined for these felsic rocks, +0.7036, is consistent
with this proposal. The Deloro reservoir probably
was sheet-like in form, as the syenite + granite body
consists of a slab (maximum thickness 0.5 km) that
thins southward under the Paleozoic cover (Real &

+, Ll{ o syenite
o perolkoline groniie
e gronophyric gronife
+ devilrified obqidion

EI
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FIo. 8. A portion of the o* - -y* plot showing the location
of the microcline data-points with respect to the LM
corner. Note that the datum for the dwitrified obsidian
(star) Iim distinctly outside the quadrilatoal, as in Figure
7. The error bars in oE and I rqresent an average stan-
dard error for all the samples plotted. The standard
errors are provided by the program of Appleman &
Evans (1973).

Thomas 1987) and that is concealed at the surface
by volcanic units which we consider genetically
related (Abdel-Rahman & Martin, in prep.). At the
same time and in the same part of the belt a$ these
rift-related complexes, however, magmas of appar-
ent calc-alkaline affinity also were being intruded.
Could the calc-alkaline signature of plutons such as
the Elzevir (Pride & Moore 1983) be an artifact of
the generation of intermediate magmas by melting
of the basement by the primitive mafic magmas that
rose into the distended crust, followed by their
hybridization? The juxtaposition in time and space
of the two magmatic lineages is anomalous, and
requires an explanation.

Magmatic processes

The geochemical data provided here are consis-
tent with trends produced by fractional crystalliza-
tion. The parallel chondrite-normalized REE pat-
terns indicate a close genetic link between syenite and
peralkaline granite. The evolution of the peralkaline
granite was probably controlled in part by the early
crystallization of calcic amphibole from syenite mehs
/e.9., Abdel-Rahman 1987). More work is required
to document the exact nature of the parental mafic
magma that was emplaced in the upper crust and to
identify the assemblage of liquidus minerals that
fractionated from the system to give the low-Ca dif-
ferentiates. In this respect, gabbroic material asso-
ciated with syenite in the western part of the complex
should be re-examined, and its affinity to the Cor-
dova gabbro evaluated.

A comparison of the Deloro suite with magmatic
associations found in the classic anorogenic com-
plexes suggests that l) gabbro, syenite, hypersolvus
granite and (in part, at least) granophyric granite are
all comagmatic, and 2) the parental magma is basic,
and not of crustal derivation. We do not agree with
the inferences of Wu & MacRae (1986), derived by
REE modeling, that the granitic melt is anatectic,
formed by nonmodal partial melting of a silicic
granulite. In their model, the gabbro in the area is
a cumulate formed by the fractional crystallization
(70 to 8090) of a low-K tholeiite, the residual melt
being syenitic. The link between hypersolvus syenite
and hypersolvus granite is not explored in their
abstract.

The clustering of mafic and accessory phases and
the lack of significant buildup of the An component
in the plagioclase of relatively mafic syenites possi-
bly reflect the crystallization of such rocks from an
emulsion of conjugate Fe-dioritic and syenitic melts
that are related by a phenomenon of immiscibility,
as are found in jotunite - alangerite pairs in anor-
thositic complexes (Philpotts 1981). To propose an
association of the Deloro suite with anorthosite is
not far-fetched, as the same association is found in
the more deeply dissected anorogenic complexes of
Niger (Bowden et al. in press).

Anatectic reactions in the wall rocks may have led
to the production of a highly evolved, leucogranitic
fraction that became mixed in with the differenti-
ate: alternatively, the geochemical distinctions
recorded in the granophyric granite may be due
entirely to the early fractionation of an accessory
phase like britholite that appeared on the liquidus
(Payette & Martin 1980 or to a postmagmatic
hydrothermal overprint. In other areas, granophyric
granites are notoriously disturbed geochemically and
mineralogically (e,9., Taylor 1968). As granophyric
rocks cool, they become very permeable owing to the



THE DELORO ANOROGENIC COMPLEX, MADOC, ONTARIO 333

e

6
4
c

l -
t;;
l u
l e
t o
t=

large surface-area that is a consequence of the fine-
ness of the intergrowth; hence, they may be as sus-
ceptible to chemical exchange as volcanis rocks.

Post ma gm a tic ov erprint s

The preservation of the granophyric texture in the al&
central unit and of the hypersolvus texture in the p
syenites and granites implies that the degree ofdefor-
mation since the time of exsolution has been negligi-
ble. The Deloro rocks are texturally very much like
younger hypersolvus syenites and granites emplaced
in crustal segments known to have been tectonically
quiet at and since the time of emplacement. The
minor effects of recrystallization that do occur in the
Deloro rocks (e.9., slightly strainsd quartz, Fe-rich
phyllosilicates developed at the expense of amphi-
bole, recrystallization effects in feldspar and amphi-
bole: Davidson 1979) are recognized also in those
younger complexes. The deposition of hydrothermal
albite from a fluid medium that was saturated vdth
respect to NaAlSi3Os is believed to occur during
eeeling of the rocks in response to l) decreasing tem-
perature, and 2) shrinkage of the medium to coarse
grains owing to thermal contraction, exsolution, Al-
Si ordering, and Na-for-K ion exchange. It is likely
that the "new" albite would grow in optical con-
tinuity with the exsolution lamellae in the mesoper-
thite, which project to the edge of the grains. The
deposition of the rim albite thus seems to postdate
exsolution.

At Deloro, all gradations exist in degree of sub-
solidus modification, from rocks devoid of secon-
dary albite and of Na-for-K ion exchange to rocks
where the ion-exchange process has gone to comple-
tion. The variability in extent of the geochemical and
mineralogical modifications discussed in this paper,
and specifically those involving Na, K, Rb and Cs
(and, by implication, eSr), undoubtedly are respon-
sible for the scatter in the plot of 87Sr/E6Sr yerszs
Rb/Sr. Open-systeur behavior involving Rb and radi-
ogenic Sr occurred at least three times, once during
the cooling of the complex, during the 1070-1040 Ma
regional "soaking", then again during the mild
regional reheating in the Ordovician.

The main episode of regional reheating that
affected the area may be a consequence of the intru-
sion of primitive mafic magma into the Grenville
crust in a state of distension following the major epi-
sode of deformation at about 1l@ Ma. Intrusive
bodies also could be responsible for the Ordovician
event. The zones of Ordoviei4l minelalization share
the orientation of the Ottawa - Bonnechdre graben
(Sangster & Bourne 1982); hydrothermal solutions
set in circulation by the cooling rift-related bodies
could account for the lead removed from rocks of
the Grenville Supergroup (Fletcher & Farquhar
1982).

@ft
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"lu
FIc.9. A portion of the Br' - 7* plot showing the location

of the albite data-points with respect to end-member
ordered albite (encircled star). The dashed line marks
the locus of ordered structures in the range Ano to
furs. A decrease in the degree of Al-Si order causes
a decrease in the value of p*. The error bars in B'r *O
1E represent an average standard error for all the sam-
ples plotted. The standard errors are provided by the
progrnm of Appleman & Evans (1973).

Relationship with the Flinton Group

The Deloro is not only undeformed, but consider-
ably older than the rocks of the Flinton Group; yet
these metasedimentary rocks show at least two epi-
sodes of deformation (Moore & Thompson 1980)
and regionally developed metamorphic isograds
(Carmichael et al. 1978).In the Madoc area, Moore
& Thompson (1980) reported the occurrence of poi-
kiloblasts of chloritoid, biotite, garnet, margarite
aud, at two localities (Fig. l; Thompson 1972),
kyanite (Madoc Fm.). Anovitz & Essene (1986) used
the occurrence of kyanite and geothermometry on
calcite-dolomite pairs from the overlying Stewart
Formation to postulate that the area around Madoc
had been buried to a depth of 13-16 km. There is
no textural or mineralogical record of deep burial
in the near-surface plutonic rocks and their volcanic
cover; also, to exp€rt an amount of uplift that brings
back to the surface from such depths rocks formed
at the surface is considered unrealistic.

The easiest way to reconcile the data is to propose
that l) the major episode of deformation that
affected coeval plutonic bodies in the northern part
of the Central Metasedimentary Belt soon after their
emplacement (Heamanet al. 1987) had no effect on
the Deloro body, perhaps because of its very near-
surface character, perhaps because the intensity of
that orogeny waned significantly southward, a\d2)
the contact with rocks of the Flinton Group in the
Madoc area is tectonic. Another possibility is that
the rocks assigned to the Flinton Group in the Madoc
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area, their burial, recrystallization and later uplift'
all predate the emplacement of the Deloro complex.
Careful remapping ofthe southern and eastern con-
tacts of the Deloro with the adjacent metasedimen-
tary units will be required to solve the dilemna.

Deloro: a Late Proterozoic caldera?

The rocks exposed at the present level of erosion
may provide an incomplete sampling, along an
oblique section, of the root zone of a Late Pro-
terozoic caldera (syenite and gabbro inthe west, vol-
canic cover to the east). The sequence of intrusive
events during the period of activity of the Deloro cal-
dera complex probably will be found to parallel the
classic eruptive sequence illustrated in much youn-
ger complexes (Smith & Bailey 1968). Particularly
relevant will be detailed investigations of the earli-
est product$ of eruption from the Deloro magma
chamber, now perhaps represented by the ipimbritic
and massive rhyolites on the eastern side of the
complex.
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