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AssrRAcr

A banded alkali gabbre intrusion with layers altemately rich and poor in kaersutite
is to be found at Brossard, Montreal. This differentiated series has yielded fractionation
patterns in which P, Mq Cu, Zry Rb, Sr, Y, Th are strongly concentrated in the
residual magma, and Cr, Ni, and Mg in the phenocryst phase. K shows no correlation
with Rb and the ratio VRb ranges from about 380 in the probable parental rock to
1230 in the crystal concentrate. The remaining elements, Co, Al, Si, K, Ti, puz+, Ca
are distributed approximately equally between phenocryst and liquid.

Iwrnonucnort

Recent work on suites of lavas from oceanic islands carried out in this
laboratory has confirmed that the range of composition of primary basaltic
magmas is relatively limited. Fractionation of low pressure, high tempera-
ture mineral phases under near-surface conditions frequently greatly

extends the compositional variation of the primary basalts or basanites.

Under conditions of apparently only slightly difiering Pu.e, or P (total)

rather similar magmas may have a spinel, olivine, plagioclase or clino-
pyroxene as the primary phase appearing on the liquidus producing
quite dissimilar fractionation trends. Nevertheless, study of the trace
element fractionation patterns of olivine, clinopyroxene and plagioclase
yields patterns so distinctive that it is possible to suggest a given magma
is the residual product of, for example, olivine fractionation even though
no olivine cumulate rocks are present.

Following on previous studies which showed some of the trace element
patterns and distribution coefficients developed during fractionation subject
to plagioclase control (Gunn & Watkins 1969), olivine control (Gunn
1971), ankaramitic (Op + Cpx) control (Gunn et aI. 1970), and in
partial melt series (Gunn & Mooser 1971), the present paper deals with
the efiects of fractionation by kaersutitic hornblende.
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Gnorocrcer. Becrcnouwo

The Monteregian Province (Adams 1903) consists of a series of 14
principal alkaline intrusive (probably subvolcanic) complexes of Early
Cretaceous age distributed linearly across southern Quebec. Each of the
main centres is a complex of roughly elliptica,l intrusions, often concen-
trically arranged, with the main rock-types ranging from an olivine-
kaersutite-pyroxenite (montrealite) to nephelfure gabbro, yamaskitg lam-
prophyre, monzoniteo syenite, nordmarkitg pulaskite, etc.

East of the Mount Royal complex at Brossard, excavation for the
St. Lawrence seaway has exposed a body of banded kaenutite-bearing
rock, possibly a buried extension of Mt. Royal, possibly a separate stock.
It is at least a mile across and is similar in compoeition to the camptonite
dikes of Mt. Royal. However, it should be noted that these are not true
camptonites (which are accumulative in texture), but are rather olivine-
free nepheline basalts which, crystallising under the conditions of high
P",o common to all Monteregian magmas, have crystallised an amphibole
as the primary ferromagnesian phase. Philpotts (1970) has presented
geophysical evidence for the existence of a similar buried stock of Monte-
regian rock in the Port of Montreal some miles to the east.

Prrnocnepnv

The rock is banded in layers up to 8 in. across. Samples are available
only from excavated blocks due to flooding of the seaway, but banding
in the Monteregian intrusions is commonly (but not always) vertical or
nearly so. The layering is of an unusual type in that it consists of a
wide range in proportion of coarse (1 cm) kaersutite phenocrysts and
microcrystalline groundmass. Many hundreds of tons of excavated blocla
all show continuous altemating rhythmic banding of this type, the "base"
of bands having as high as 60/6 phenocrysts decreasing to as little as
5/6 at the "top".

The phenooysts are euhedral with X : pale yellow ; Y : light brown ;
Z: r&dish brown ; ZAc: I2o ; 2Va: 600 (uncorrected).

Multiple electron probe analysis of grains show them to be highty
homogeneous with the exception of a little iron enrichment at the extreme
crystal margins (table l). Rare grains of serpentinised olivine and diopsidic
augite are the only other macrosmpic phases. The groundmass is micro-
crystallinq often of the appearance of devitrified glass, but includes
plentiful titanomagnetite, ragged kaenutite and clinopyroxene, rare red
biotitg possible feldspar, and nepheline. The mafic nature of the ground-
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mass is similar to that of nephelinites and limburgites associated with
alkaline oceanic islands.

Some of the rock blocks contain plentiful lcm ocelli of zeolite. Powder
diftraction patterns have confirmed the presence of analcime and dolomite.

Chemical rnethods

Whole rock analyses were made at about 2 in. intervals across a
single rhythmic unit with compositions ranging from less than 5/6 kaer-
sutite to more than 60% (Table 2). Mineral separates estimated at 97%
purity were made by repeated passes through a magnetic separator. Further
hand-picking under a binocular microscope removed grains with included
foreign material but did not appreciably improve results. (Table 1).

Major and trace element determinations were made by r-ray fluores-
cence with the exception of sodium (done by atomic absorption) and
P (colorimetry). The precision of replicate determinations varies from
-r 0.3/6 SiO,, to +- .A02/6 MnO, -r 5 ppm Cr, t 2.0 ppm Th, Pb, and
-r 0.8 ppm Rb. All matrix corrections, correlation coefficients and data
plotting are accomplished by computer.

Rrsurrs

Amphiboles are 'ocarpet bag" minerals in that, for the major com-
ponents the weight concentration of the oxides is little different from the

Tesls l, Mrcnopnosr Anar:sn or Kannsurrrs, Bnoseno Spewar

sioz
Alz03
Tio2
FeO
Mso
CaO
Na2O
Kzo
MnO
Pzos

(4r.44r.7)
(13.4-14.0)
( 3.7- 4.0)
( 8.s-10.3)
(15.2-16.0)
(10.G12.5)
( 2.5- 3.r)
( I.G 22)

41.6
lJ .o

3.8
9.2

15.5

2.8
1.9
0.1
0.0

100.0

Average of 20 random points in phenocryst kaersutite. Maximr:m range encountered
is given with the high FeO, low MgO points being leated on extreme crystal margiru.
These margins show no signiflcant difierences when mmpared with groundmass kaer-
sutite.

Total iron is given as FeO.
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rock in which they occur, that is, the distribution coefficients are close

to unity. Amphiboles from undersaturated or oversaturated magmas are

usually themselves under or oversaturated, and the norlns of the Brossard

kaersutites show a marked degree of undersaturation.
Kaersutites analysed from yamaskitg gabbro and essexite at Mt.

Yamaska, another of the Monteregian Hills, are considerably less mag-

nesian and rather richer in TiO, compared with the Brossard amphibole

(Gandhi i970) ; while those of Mt. Shefiord are similar in most com-

ponents but have only half the KrO (Frisch 1970). Xenolithic kaersutites

from the Canary Is. are again rather less magnesian and of lower KrO

content, (Borley et al. l97l) as are kaersutites of lapan (Aoki 1970).

The matrix of the Brossard rocks is similar in composition to the aphyric

"camptonite" dikes of the Mt. Royal complex. This coupled with the lack

NarO +  K rO Mso

B R O S S A R D  K A E R S U T I T E  S E R I E S

Frc. l. F.M.A. diagram ol Brossard series, Note the characteristic slope of the points
which project towards the MgO-alkalies axis.

F e 2 O .  +  [ s 9
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of zoning in the crystals shown by microprobe scans and the small magni-
tude of the difierence in composition of both phenocryst and groundmass
kaenutite shown by the same method, suggests that a rock with less than
10/6 phenocryst kaersutite represents the parental liquid. From tLis we
can make some estimates of the distribution coeftcients for a range of
elements.

The elements analysed can be grouped into :
(a) Active elements, which enter the phenocryst phase in greater pro-

portion than that in the liquid, i.e. those with distribution coeffi-
c i e n t s  I c ) ) l ;

(b) Passive elements with distribution coefrcienrs /c - I ;
(c) Residual elements markedly discriminated against by the pheno-

cryst phase, with Ic < < 1.
The high Na and K conients of the kaersutite yield a distinctive F.M.A.

diagram (Fig. 1).
The distribution coefficients for a number of elements are given in

Table 3. The higher values, e.g. for Cr and Ni are subject to some un-
certainty due to uncertainty as to the exact composition of the initial
liquid.

The series described here have characteristics which may enable
kaersutite control to be recognized even in residual magmas :

(a) the marked enrichment of Rb relative to K in the residual liquids
distinguishes the series from other series controlled by olivine *

Taalr 3. Dr.smrarrrroN C,osrFrcrENrs (IGansrrnrr/Lrquro) ron Tns BnossARD SERrEs.
signiflcant distribution mefficients foru"tllt;;:ff};r1959 Kilauea Iki series have been

Active Elements Passive Elements Residual Elemerlts

Sr, 0.5
NIn 0.5
Zr 0.43
Y 0.43
Fes + 0.36
Rb 0.3
Cu 0.16

1.1
1.08
1.0
1.0
no (
0.94
0.90
0.80
0.65
0.7
0.6
0.6

t-o

AI
si
K
Ti
Fes +

Ca
P

(3.0)Cr = F-6.0
Ni = 3-4.0 (10.0)
Ms=  1 .8  (4 .5 )

(1.0 )
( .s5)

Ga
S E'as *

Na
Ba

(1.1) Th. < .1
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%  M s O

BROSSARD KAERSUTITE SERIES

Frc. 2. Distribution of Cr, Ni, MgO, FeO, \, Zn TiOz, MnO us. MgO for tle
Brossard Series. Points on the etfirene right are of pure kaersutite. C,o (not shown) is
present in almost constant amomt at 63 :! 5 ppm.
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spinel or Ol * Cpx * Sp fractionation. The constant K content
(distribution coefficient fr : 1.0) contrasts strongly with plagioclase-
controlled series where k may be lower than 0.1 (Gunn & Watkins
1970).
the slope of the Cr us. Mg distribution is only half that of alkali
basalts subject to ankaramitic (Ol * Cpx + Sp) control as seen
in the Crozet Is. (Gunn et al. 1970) and in the Cape Verde and
Azores Is. (unpublished data) and in oceanite series. Thus at an
MgO content oI l5/o we have a Mg/Cr of 250 compared with 170
for typical ankaramitic series (Gunn et al.1970) and 1i3 for olivine
cpntrolled series (Gunn 1971). Similarly the Mg/Ni :470 com-
pared with 210 and 160 at the same MgO content. The Ni content
is however somewhat lower throughout than many other series
the large number of distribution coefficients with values near unity,
e.g. lor Al, Si, Ti, Ca, as well as K, are all specific.

M n O
d)o:_o-o-o-o-oo.o

o  IFe

a (  /

\\>,r'

P E R C E N T  M g O

1959,  K ILAUEA IK I  SERIES
Frc. 3, Distribution of ferromagnesian elements in an olivine mntrolled series

(1959 Kilauea lki lavas), mean slopes of Cr and Ni added from separate diagram;
data from Grmn (1971). Compare with flgure 2.

(b)

(c)

O  O  r r . u

s<o
. '  E :

L . l  o  Q  o n

^ ' a -

c v Z

t r  ; . .
N 6  6 . 0

17.512.52.50.0
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(d) Manganese and ferrous iron show unusually strong relative fraction-
ation vdth FeO/MnO ranging from 31 ta 77. Gallium is also
somewhat enriched in the residual liquid relative to Al as tn 7.n'
relative to Fe. Ferric iron is also strongly residual unlike Fe8+.

Philpotts & Schnetzler (1970) found kaersutite/matrix distribution
coefficients oI 0.43 for Rb, 0.55 for Sr and 0.42 fior Ba for a Mount Royal
camptonite. This rock had a K/Rb of 325 in the matrix and 1060 in the
kaersutite, while the Brossard rock had K/Rb of about 380 in the probable
parental rock and 1230 in the amphibole. Such high K/Rb ratios appear
typical of all hornblendes (Hart & Aldrich 1967; Griffin et aI. 1967). Of
33 amphiboles listed by the former writers from a wide range of rock

%  M g O

B R O S S A R D  K A E R S U T I T E  S E R I E S

Frc. 4. Distribution of Ga, A12Os, Cu, Sr, Ba, Rb, Na2O, K2O, Th, P2Os with
MgO in the Brossard series. Note curvature of trends of K and Rb suggesting some loss
of these elements from the system.
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typs, only 7 have K/Rb less than 500 and these amphiboles are mainly
from granites and pegmatites.

Suvrueny

The residual liquid of an alkali-basalt magma fractionated by kaersutite
removal would be somewhat impoverished in Cr, Ni and Mg and would
be enriched in Th, Rb, P, Cu and to a lesser degree, in 7n, Y, Mn, Sr,
Ba, Na, )Fe3+ and Ga. Certain hornblende pegmatites occurring within
the ultrabasic kaersutite-bearing olivine pyroxinites of Mount Royal have
the appropriate compositions.

The Rb, Sr, P, etc. enrichment is of interest when considering the
genesis of syenites and trachytes, but kaersutite crystallisation must be
accompanied by pyroxene to accomplish the necessary iron, magnesium
and calcium removal. In the alkali-gabbro suites of Mt. Royal and of
Tahiti (McBirney & Aoki 1970), tradrytes and syenite occur in close asso-
ciation with ultramafic masses, plainly accumulative in origin, of just such
pyroxene-kaersutite rocks. Removal of typical pyroxene-kaersutite "Mont-
realite" from an alkali gabbro magma lelds a monzonite-syenite residual
series (Woussen 1970).

Acrrvowr,rlcEMENTs

This work was carried our with suppofi of Grant No. A-3834 of the
National Research Council of Canada. Miss Mona Kerba carried out most
of the chemical determinations; Dr. Ramon Coy-Yll is thanked for
making microprobe determinations of kaersutite, and Dr. Gaston ,Pouliot

for powder patterns of zeolites.

RrrunsNcrs

Aravs, F.D. (1903) : The Monteregian Hills. A Canadian petrographical provinrce.
l. Geol. Lx, 239-28:2.

Aorr, Ken-Ichiro (1970) : Petrology of kaersutite-bearing ultramafic and mafic inclu-
sions in lki Island, lapan. Contr. Mineral ond Petrol. 25, 270-283,

Bonrnt, G.D., Suooanr, P. & Scorr, P. (1971): Some xenoliths from the alkalic rodcs
of Teneri{Te, Canary Is. Contr. Mineral and Petrol. 3L, 102-114.

Fnrscr, Thomas (1970) : Chemical variations among the amphiboles of Shefford
Mountain, a Monteregian htrusion in southern Quebec. Cannd. Mineral. L0;
553-570.

GeroHI, S.S. (1970) : Petrology of the Monteregian intrusions of Mount yamaska,
Quebec. Canad. Mineral. I0, 452-484.

Grurrtr, W.L., Mr.rnnnv, V.R. & Pnrrmrv, W.C. (1g67) : VRb from amphiboles and
amphibolites from north-eastem Minnesota. Earth Planetarg sci. r.etters 3, 36?-3?0.



850 MINERALOGIST

Grnrr, B. (1971) : Trace element partition during olivine fractionation of Hawaiian
basalts. Chem. Geol. E, 1-13.

----------, Cor-Yn, Ramon, WArrnrs, N.D. Aaneryso\ C.E. & Noucug l. (1970) :
Geochemistry of an oceanite-anlaramite-basalt suite from East Island, Crozet Archi-
pelago. Contr. Mineral. and Petrol. 28, 319-339,

& Moosrq F. (1971) : G:ochemistry of the volcanics of Central Mexico.
BUII. Volcano. 34, 577-616.

Hanr, S.R & Aronrclr, L.T. (1967) : Fractionation of potassium/rubidiu,m by amphi-
boles : Implications regarding mantle composition. Sci,ence t55t 325-327,

McBrmwv, Alexander R. & Aorr" Ken-Ichiro (1970) : Petrology of the island of Tahiti.
GeoI. Soc. Atner. Mem.1161 523-556.

Prrrr:eorrs, A.R. (1970) : Mechanlsm of emplacement of the Monteregian intrusions.
Canad. fuIineral. LOo 395-420.

Pnu.norrs, John A. & Scnrvrrzrnn, C.C. (1970) : Phenocryst-matrix partition coefficients
for K, Rb, Sr and Ba, with applications to anorthosite and basalt genesis. Geochim,
Cosmochim. Act 34, 307-322.

Wousr"rt, G. (1970) : La g6ologie du crrmplexe ign6 du Mcnt Royal. Canad. Mineral.
10, 432-451.

Manuscript receiued, September 1971, emended October 1971.


