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AssrRAqr

Apatite occurs as an acc€ssory phase throughout the Sudbury Igneous Complex (SIC), Ontario, a layered igneous complex
consisting deminsntly of norite, quartz gabbro, and granophfe. Apatite also is present in the overlying tuffaceous rocks of the
Onaping Formation. Representatiys samples from tbree traverses (NW, NE, SW) across the complex have been studied in detail;
the NW suite is the most pristine. Apatite is found primarily as a post-cumulus (or intergranular) phase, but becomes a cumulus
mineral in the quartz gabbro. Despite textural signs ofrapid growrtr, the apatite is homogeneous. It is F-rich; Cl and OH contents
decrease from the base of the complex upward, as in several other layered intrusions. In the SIC, Cl and OH probably decreased
relative to F upon vapor saturation of the evolving melt. The concentrations of LREE, up to 2 wt%o I-a2O3 + Ce2O3 + Nd2O3, are
highest in apa-tite nerlr the base of the complex. The chondrite-normalizd kEE patterns and ETSrF6Sr values (0.707-0.708) are
similar in apatite from each rock type of the SIC. The complex evolved normally by fractional crystallization of a single barch of
highly contaminated basic magrna" The high initial tTSrF6Sr values in apatite indicate that the relatively silica-rich basic magura
had a substantial crustal component, or possibly consisted entirely ofremehed crust. The apatite ftom the norite and that from the
granophyre had a common magmatic source. Apatite from metamorphosed pans of the complex has signi-ficantly lower levels of
Cl and LREE, compared to primary apatite from the NW section; furthermore, its rsr/t6sr value has been reset (up to 0.739) by
exchange of strontium with adjacent K-rich minerals during recrystallization.

Keywords: apatite, Sudbury Igneous Complex, crystal chemistry, cumulates, contamination, trace elements, metamorphic
recrystrl lization, Ontario.

Sotwtens

L'apatite forme un accessoire ubiquiste dans les roches du complexe ign6 de Sudbury, en Ontario, massif stratiforme de
norite, de gabbro quartzifbre et de granophyre. L'apatite est aussi pr6sente dans les roches tuffacdes de la Formation Onaping, qui

recouwent I'unit6 granophyrique. Nous avons 6tudi6 des 6chantillons repr6sentatifs pr6lev6s le long de trois coupes (nord-ouest,

nord-est et sud-ouest) au travers du complexe ign6. Les roches de la section nord-ouest semblent les plus intactes. L'apatite est
surtout un min6ral post-cumulatif (ou intergranulaire), mais devient une phase cumulus dans le gabbro quartzifbre. L'apatite
prirnaire est homogene, malgr6 les indications Exturales d'une croissance rapide. De plus, il s'agit surtout de fluorapatite; les
teneurs en Cl et OH diminuent vers le sommet du complexe, comme dans plusieurs auEes massifs sfatiformes. Il semble probable
que cette diminution signale une perte de Cl et de H2O suite i la saturation du magma en phase volatile, au coun de sa
cristellisation. [.es teneurs en terres rares l6gdres , jtsq:u'h,2%o en poids de La2O3 + Ce2O3 + Nd2O3, sont les plus 61ev6es prds de
Ia base du complexe. Les spectres des terreJrares normalises par iapport aux chondrites et les valeurs de trSrF6Sr (0.707-{.708)

de l'apatite se ressemblent dans chaque type de roche important. l,e complexe de Sudbury aurait 6volu6 par^cristallisation
fractionn6e d'une seule venue de magma basique fortement contamin6. ks valeurs 6lev6es du rapport initial de u/SrfoSr dans
I'apatite t6moignent de I'apport important d'une composante crustale dans le magma basique initial, relativement siliceux, ou
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m6me d'une origine gntiglgm.tt crustale. L'apatite de Ia norite et celle du granophFe ont une source magmatique identique.
L'apatite de la suite de roches pr6lev6es dans le secteur sud-ouest et, h un degr6 moindre, dans le secteur nord-est, a perdu une
quantit6 inportante de Cl et de tenes rares legeres par rapport d I'apatite primaire, conserv6e.lrns Ie secteur nord-ouest. Les
valeurs de 87srf6sr ont aussi 6t6 ajust6es i la hausse 6usqu'e 0.1fl91 px 6chaage du strontium avec des min6raux potassiques
adjacents au cours ds la rccristallisation m6tamorphique.

Mots-clls: apatite, complexe ign6 de Sudbury, shimis cfistalline, cumulats, contamination, 6l6ments traces, recristqllisation
6{tamolphique, Ontario.

IurnopucuoN

Apatite is virtually the only volatile-bearing rock-
forming mineral in stratiform maJic igneous complexes.
As sucho it is an indicator ofhalogen concentrations h
the evolving melt, as revealed by the variation in is
proportion of F, Cl and OH as afunction of heightabove
the basal contact. Here, we examine the chemical com-
position of the apatite, including is strontium isotope
composition, along three stratigraphic sections through
the enigmatic Sudbury Igneous Complex and associated
tuffaceous rocks of the Onaping Formation, exposed
near Sudbury, Ontario.

The Sudbury Igneous Complex displays many ofthe
characteristics of a typical stratiform igneous body, but
is unusual in many ways; its origin is still controversial.
Major questions persist (l) Is the structure the result of
u *elsol impact or an endogenic event? (2) Are the basic
and felsic magnas cogenetic? (3) What is the link of
the basic and felsic magmas with the magma that led to
the overlying tuffaceous rocks of the Onaping Forma-
tion? (4) Is the source of the major barches of magma in
the mantle, in the crusl or are both sources involved?
(5) To what extent has regional metamorphic recrystal-
lization affected the rocks exposed on the southern flank
of the structure? The chemical composition of apatite, a
relatively resistant accessory mineral present at all levels
of the Sudbury Complex, is documented here to address
some of these questions.

DrscpurroN oF THE SuDBURy Srnucnine

The Sudbury Structure, which hosts some of the rich-
est Ni{u deposits in the world, is located in south-
central Ontario, approximately 50 km north of Georgian
Bay. This large elliptical structure (n x 60 km) lies at
the boundary between the Superior (Archean) and
Southern (Proterozoic) provinces, and is 15 km north-
west of the Grenville Front @ig. 1). It was emFlaced
1.85 Ga ago (Krogh et al. 1984). Gravity and seismic
data indicate the lack of an obvious feeder dyke beneath
the lopolithic structure @eutsch & Gieve 1994).

T}ne Sudbury Igneous Complex (SIC), found directly
above the brecciated footwall rocks, locally pseudo-
tachylite-bearing (fhompson & Spray 1994),is divided
into the Sublayer and Main Mass, both attributed the

s4me age (Naldrett & Hewins 1984, Naldrett et al.
1986). The Sublayer and the Footwall Breccia host the
Ni{u deposits. The Sublayer is an inclusion-rich unit
of variable thickness found at the base of the SIC (Con-
tact Sublayer) and as dykes extending outward from the
Sudbury Structure (Offset Sublayer). The Sublayer con-
sists of blocks of mafic and ultramafic rocks, massive
sulfide, and country rock in a matrix that ranges in com-
position from norite and gabbro (Contact Sublayer) to
quartz diorite (Offset Sublayer). In the Contact
Sublayer, sampled in this study, the matrix contains
cumulus orthopyroxene and plagioclase, and inter-
cumulus a]u9itq, qtJafiz, alkali feldspar, sulfideso apatite,
and secondary biotite.

The Main Mass of the SIC consists of norite (base),
quartz gabbro and granophyre (top, Fig. 2). It is distin-
guished from the Sublayer by its higher content of quafiz
and the scarcity of inclusions. T\e rnrite consists of
cumulus plagioclase and orthopyroxene, intercumulus
augite, and a micrographic intergrowth of alkali feld-
spar and quartz, Fe-Ti oxides, and apatite. Secondary
hornblende and biotite mantle the primary pjnoxenes
and opaque phases. Naldrett & Hewins (1984) defined
variations in tle composition of the norite from the
North and South ranges on the basis of quartz content
and concentration and composition of mafic minerals;
oddly, the mS# lL00 MgO/(MgO + FeO)l of both
pyroxenes in the norite increases upward (60 to 70) ftom
the base to an intermediate level, then decreases upward
normally (70 to 62).Tlte quanz gabbro is composed of
cumulus plagioclase, augite, and orthopyroxene;
intercumulus minerals include micrographically
intergrown alkali feldspar and quartz, and secondary
hornblende and biotite. The abrupt increase of Fe-Ti
oxides and apatite withln t1p Ouartz gabbro suggests that
these minerals became cumulus phases near the top of
the unit.

T\e g rano p hy re (F ig. 2) consists of micrographically
intergrown quartz and alkali feldspar, typically in "sun-
bursts" surrounding early-formed plagioclase, and
intergranular minerals: biotite, hornblende, apatite,
sulfides, and zircon. The high silica content of the
granophyric layer (-65Vo SiO) is likely to have pre-
cluded the acc 'mulation of phases by settling. Each unit
of the SIC retains a dominangy igneous texture; meta-
morphic minerals, including amphiboles, epidote,
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scapolite, biotite, chlorite, titanite, and recrystallized
quartz, are more common in rocks from the South Range
(fhomson et al.1985).

The Onaping Formation (Whitewater Group), which
overlies the Main Mass (Fig. 2), consists of either
recrystallized impact-generated fall-back breccia (e. 9.,
Dressler et al. 1996) or reworked ash-flow tuff and lava
composed of partly melted fragments of granitic and
metasedimentary rock in a felsic, commonly carbon-
aceous matrix of devitrified glass shards and mineral
fragments, formed by rapid cooling during a subaqueous
impact (Gibbins et al. 1996). The presence of millimet-
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Flc. l. The Sudbury Structure, as interpreted by Dressler er aL (1984); the inset shows its
Iocation in south-central Ontario. NW, NE, and SW are the areas selected for study.
Road-side sampling (26 samples) was done at an interval of approximately 500 m, or
whenever a new rock type was encountered. Eleven samples were taken from the NW
section along Highway 144, ftom Windy lake to Onaping Falls. Eight samples were
taken from the NE section along Highway 545 north ofCapreol, and aroad heading east
from Capreol. Seven samples were ta.ken from the SW section along a road heading
south from the eastern edge of Vermillion Lake toward the Lockerby mine. Samples of
the Contact Sublayer are from the Levack West mine, in the NW section.

ric grains of diamond in the so-called Black Onaping
unit provides firrn evidence of a meteor impact (Masaitis
et aL l997).The Onaping Formation grades upward into
sedimentary rocks of the Onwatin and Chelmsford for-
mations, a61 sampled in this investigation.

The SIC differs from other stratiform igneous com-
plexes in that it has higher levels of Si, K, light rare-
earth elements (LREE), and lower levels of Ca and lower
Na/K than basalts of similar ng# (Naldrett et al. 1986).
Also, the SIC has a much larger volume of granophyric
rocks (Naldrett & Hewins 1984) than could be expected
by a combination of fractional crystallization and
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crustal signature in the mafic and felsic rocks and ores
of the SIC, but questions remain as to the ultimate source
of the magma(s).

Along the North Range @ig. 1), nnits 4ip 61t" rorr*
at shallow angles, whereas in the South Range, units
have been disrupted by south-dipping thrust faults or
shear zones. Seismic reflection data (Milkereit & Green
1992)have shown the structure's elliptical outline and
asymme0ry in cross-section to be the result of northwest-
directed thrust fauling;Fleetet al. (1987) suggested that
the accompanying metamorphic recrystallization oc-
curred in a siagle post-emplacement event. Thomson et
al. (1985) reported that the regional metamorphic over-
print was largely limile6 to the South and East ranges
(upper greenschist to amphibolite facies), and faded

2000
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Ftc. 2. Sratigraphic sequence ofthe Sudbury Structure on the undisnrbed North Range.
Position of samples is approximate, and the number beside each selumn is the sample
number. Modified from Stiiffler er al. (1994).

anatectic reactions along its external contact with the
host rocks. Thus questions persist about the origin of
the granophyre. The "reversal" n mg# found in ortho-
and clinopyroxene may well be correlated with sigrrifi-
cant contamination toward the base. The SIC is now
established as the result of a meteor impact on the basis
of: (1) inferred circular shape prior to post-emplacement
deformation, (2) shatter cones and strong brecciation of
country rocks, (3) shock-metamorphic features in the
basement rocks and in the Onaping Formation, includ-
ing the presence ofdiamond, and (4) overhrrned collar
rocks on the South Range @eredery & Morrison 1984).
In addition, studies of radiogenic isotopes (Faggart &
Basu 1985, Naldrett et al. 1986, Walker et al. 1991,
Dickin er al. 1992, Deursch 1994) indicate a srrong
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northward. The 37 Ma l,ake Wanapitei impact structure
@eredery & Morrison 1984) may have contributed to
the deformation of rocks on the East Range. In contrast,
rocks on the North Range, especially along the north-
western edge, are relatively lnmoffied (subgreenschist
facies).

The age of metamorphism and deformation of the
South Range is still being debated. Itis likely thatmeta-
morphism took place soon aftrer emplacement during
ttre Penokean orogeny (1.89-1.83 Ga:, Bicffiord et al.
1986), a regional event considered responsible for
greenschist-facies metamorphic assemblages in
Huronian supracrustal rocks in the Southem hovince,
to tle southeast of the Sudbury Structure. Regional
metamorphism associated with the Grenville orogeny
(approximately 1.0 Ga) is considered to have had little
effect on the Sudbury Structure (e.9., Dressler et al.
1984, Morris 1984, Peredery & Morrison 1984). In sup-
port ofthis proposal, Bethune & Davidson ( 1997) found
Grenvillian metamorphic assemblages and corona de-
velopment in mafic dykes of the Sudbury swarm (-1.24
Ga) restricted to within a few kilometers of the Grenville
Front.

Srnatcnapruc DlsrnnunoN oF TIIE APATTTE

In the bottom half of the SIC, apatite generally is a
post-cumulus (or intergranular) accessory mineral, less
than I vol.7o, but it approaches 7Vo intbe qtwtzgabbro.
Selected whole-rock compositions and proportions of
normative minerals in the SIC and Onaping Formation
are listed in Table 1; the full dataset is available in
Wamer (1996). The bulk compositions and data in the
literature point to an abrupt increase in the concentra-
tion of phosphorus @g. 3) within fts quartz gabbro (up
to 2.9 wt.Vo P2O5); the increase signals the fust occur-
rence of cumulus apatite.

2.5

O c c6f,po o eoo o

N lqc l  Gr OF

Flc. 3. Whole-rock PzOs (wI.Vo) of samples from the NW sec-
tion. N: norite, QG: quartz gabbro, Gr: granophyre, and OF:
Onaping Formation. Filled symbols represent data from
Wamer (1996), and open symbols are data from Chai &
Eckstrand (1993). Bar represents 450 m.

Monpnor.ocv oF Tr{E APATITE Cnvsrars

Apatite was separated from norite, quartz gabbro and
granophyre samples by initially breaking down the rock
in a BICO jaw crusher, then by grinding between
ceramic plates and sieving. The fraction coarser than
200 mesh was collected for heavy-liquid separation. A
Frantz magnetic separator and further heavy-liquid sepa-
ration removed most grains of mafic minerals, sulfides,
and zircon. The apatite was then hand-picked.

The morphology of apatite separates reflects the order
of crystallization (post-cumulus versus cumulus), and
sample location (North verszs South Range). Grains of
cumulus apatite from the quartz gabbro collected from
the North Range are stout and euhedral (Fig. 4a), whereas
grains of post-cumulus apatite in ne1i1e samples are
subhedrat to anhedral, and finer grained (Fig. 4b). Grains
of post-cumulus apatite ftom the South Range (Fig. 4c)
are more strikingly anhedral, equant, scarcer, smaller and
more heavily fractured than those from the North Range.
If one accepts that the apatite originally crystallized under
similar conditions on both flanks of the originally
lopolithic comFlexo it seems necessary to appeal to post-
crystallization events on the South Range (deformation,
metamorphic recrystallization) to account for the smaller
size and anhedral shape of the apatite crystals.

The following descriptions pertain to each rock type
from the relatively unmetamorphosed NW section. Apa-
tite in the Contact Sublater occurs as stubby, subhedral
to euhedral grains that attain 0.5 mm in length; most
grains have an aspect ratio (Uw) of 3 to 4. As a post-
cumulus phase, apatite is found in the intercumulus re-
gions, along with augite, quartz, alkali feldspar, and
secondary biotite. The apatite crystals are usually longer
and stouter than that in the overlying norite, but most of
the other intercumulus minerals in the Sublayer also are
coarser than in the norite. Other factors being equal, the
coarse grain-size is consistent with relatively slow crys-
tsllization of the intercumulus liquid in the deepestparts
of the SIC.

Within the norite, apattte occurs as a post-cumulus
phase; two generations are distinguishable on the basis
of size and textural relationships. Early post-cumulus
apatite (<1 vol.%) occurs as subhedral, elongate and
slender (fypically 4,00 pm in length, ?-O < Uw < 25)
crystals. In general, these are parallel to the plane of
lamination defined by the cumulus plagioclase. Late
post-cumulus apatite is less plentifirl, up to 300 pm in
length, subhedral or anhedral, and with an aspect ratio
less than l0; the apatite fills voids between cumulus
minerals. Both types of apatite are evenly scattered in
the intercumulus regions along with augite, quartz, al-
kali feldspar, Fe-Ti oxides, and secondary biotite and
hornblende. Apatite also is found within the overgrowth
on cumulus plagioclase. The slender habit of early post-
cumulus apatite, like the presence of an axial cavity (see
below), may reflectrelatively rapid crystallization from
the interstitial liquid.
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Fig.4a

Apatite occurs as a cumulus phase only in the quertz
gabbro. Cumulus apatite @ig. 4d) forms subhedral to
euhedral prisms up to 2 mm in length. Although in some
cases the apatite is concentrated in layers and shows a
close spatial relationship with Fe-Ti oxides, the cumu-
lus apatite is usually scattered randomly throughout the
thin sections. Also present in the quartz gabbro, but less
prominenl are clusters of post-cumulus apatite crystals
(usually less than 20-30 pm in length), associated with
other intercumulus mine14.ls.

In the granophyre, apante is far less common (<l
vol.Vo) than in the underlying quartz gabbro (Fig. 3).
The abundance of apatite decreases from the base of the
granophyre toward the top. The intergranular apatite is

TI{E CANADIAN MINERALOGIST

Hc. 4. Photomicrographs of apatite separates ftom the different rock types of the Main
Mass from the NW and SW sections; sample nnmbers are shown in brackets. (a)
Euhedrd cryst,ls of cumulus apatite from the quartz gabbro (30) on tle North Range.
Some of the crystals have an axial cavity (ac) parallel to the Z axis. @) Subhedral to
?nhedral crystals ofpost-cumulus apatite from the norite (28) on the North Range. (c)
Anhedral post-cumulus apatite from the norite (64) on the South Range. Note that here,
all of the crystals are poorly developed and equant. Field of view for (a), (b), and (c) is
I mm. (d) Photomicrograph (crossed nicols) of representative cumulus apatite from the
quartz gabbro (30). Note the numerous cross-sections and prismatic sections. Field of
view for (d) is 3 mm.

mostly subhedral, with an average length between 100
and 200 p,m (maximum 0.5 mm) and an aspect rafio
ranglng from 2 to 5. The crystalso in some instrnces,
seem corroded or abraded. There also are smaller grains
(4,00 pm), which are more elongate (20 <Uw <25).
Pyroclastic rocks of the Onaping Formation contain
even less apatite (<0.4 vol.Vo) tban the underlying
granophyre. The grains are typically less than 150 pm
across and subhedral. The apatite found in the matrix
and in devitrified lumps of melt are abraded, frag-
mented, and even pitted.

Some of the apatite separates have an axial cavity
parallel to ttreir Z axis (Fig. 4a), similar to that described
by Drinkwater et al. (1990) in apatite from the Dufek

Fig.4c

Fig.4b Fig.4d
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TABLE I. WHOLE.ROCK COMPOSNION AND NORMATTVE MINERAIIX}Y OF SFI FCTFN SAI\4PLES
FROM TIIE SUDBI,,'RY IGIIEOTIS COMPLE( AND ONAPING FORMATION
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2.77 3.O8 3.22 5.85 32A 2.96 2.9 1.99 2.71 5.21 4.49 3.86 3.32 4.lO 2.86 1.43
0.9t l.0l 1.46 4.47 1.53 1.50 0.82 0.E9 0.78 2.86 2.78 1.50 0.53 1.14 1.37 1.08
0.53 0.62 0.37 6.rE 0.56 0.53 0.39 0.36 0.D 5.10 2.44 0.95 0.12 0.45 0.31 0.36

9928 9E.Et 9.4810026 9.tl .n 98.E2 96.43 nn 99.70 99.46 95.88 9E.74 n.85 98.t8 9t.33

R€F€lstatires'arTlsof Mite (Nl quEEgabbrc (QG) gr@pbyre (Cr), adOtreitrgFsmlaion(OF) wamty4d
btnqicmdrcl€trdtraEel@€d!byX-rEyflu@()(R$dMccilUnimity. Thsmlyswed,ooswitha
Pmipr PWl,m inrrrmeo r+ng furcd bodr popared fi'on igdt€d s@les, and m c<odciect trc.hiquo. Tdal im
pr6€ot hs b@ report€d u FqQ. Oxido m quoted h wt%, ed trse el@Edq iD ppn <IrD' mc€ffidio l€s rh'n
the linit of &'tecli@ LoI: los of ignitim Ths ful ddrst is 6dsbte h xtm (1996).
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intrusive complex (Antarctica). Crystals with such a
cavity were seen only in separates of subhedral and
euhedral apatite, and occur more commoDly in norite
and quartz gabbro samples than in the granophyre. In
some cases, the axial cavity is filled; semiquantitative
electron-microprobe analyses show that both ortho-
pyroxene and clinopyroxene are present wirhin the cav-
ity, along with a cblorite-goup minslnl. The infilling
phase(s) may have crystallized from melt trapped dur-
ing a period of rapid gowth of apatite owing to high

supersahfation; the chlorite may have formed during
devitrification of basic glass.

4a svamination by cathodoluminescence and a com-
parison of rim and core compositions (Wamer 1996)
show that grains are homogeneous and unzoned. Thus
in spite of textural evidence for supersaturation, crystal
gowth was not sufficiently rapid, erlen in the felsic
rnagm4 to lead to concentric or sector zoning. Piccoli
& Candela (1994) emphasized that apatite typically
crystallizes over a restricted range of temperature, owing
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to efficient decrease of its solubilify due to cooling and
to increase in SiO2 content of the melt. Near-isothermal
crystallization would favor unzoned crystals.

Cnel"trcAr- ColvposmoN oF APATIE
FRoM rHE NW SrcnoN

Selected compositions of apatite from the main mass
of the SIC and the overlying Onaping Formation are
listed in Table2| the firll dataset is available in Warner
(1996). [s snmples were collected along three traverses
(Fig.2), obvious questions concern not only the differ-
ences in apatite composition as a function of height
above the base, but also from oDe traverse to the next.
On the basis of petrogaphic descriptions and previous
studies of met4morphic history (e.9., Thomson et a/.
1985, Fleet et al. 1987), one might expect apatite from
the NW section to have the most pristine composition.

Substintion in the Ca site

The levels of the light rare-earth elemcnts (IREE,
)La + Ce + Nd; Fig. 5a) are generally highest in apatite
in the Sublayer and norite lup to 18000 ppm or 0.12
atoms per formulaurttt(apfu)1, and they decrease in the
quartz gabbro (down to 5700 ppm or 0.035 apfu). Apa-
tite has simil2l leve15 of LREE (5500 ppm) from the

Flc. 5. The concentration ef minsl elements in apatite from
the: a) NW, b) NE, and c) SW sections. SL: Sublayer, N:
norite, QG: quartz gabbro, Gr: granophyre, and OF:
Onaping Formation. Units are atoms per formula unit, apl2.
LREEiI-,a,+Ce+ Nd. Sfatigraphic height increases toward
the right. The scale is the same as in Figure 7.

middle sample of granophyre, then increases slightly in
apatite near fhe top ofthe granophyre (up to 8300 ppm).
In Onaping Formation samples, the levels of LREE
range from 2300 to 4800 ppm (0.014-0.03 apfu).Tt.e
higher concentatton of LREE in apatite near the base
of the SIC, and systematic decrease toward the
granophyre, are opposite of the compositional hends in
apatite from the Dufek intrusion (Dnnkwater et al.
1990), the only one with which a comparison is judged
suitable.

The apatite separates were analyzed by ICP-MS (so-
lution technique) for their trace-element content, and the
results are given in Table 3. Chondrite-normaliz.sd paf-
terns of apatite separated from representative samples
(Fig. 6a) indicate a consistent distribution of the REE in
each rock type of the Main Mass; except for the heavy
rare-earth elements (HREE), the apatite (post-cumulus)
ftom the norite is tle most enriched n REE. Apatite
from the Main Mass has significantly higher levels of
LREE thal- of HREE (15 < La1./LuN< 20), is most en-
riched in La and Ce, and consistently shows a negative
Eu anomaly. The apatite from the NW section is more
strongly enriched ia LREE and, to a lesser extenl the
HfuEE,than that from other major tholeiitic complexes.

The concenfiation of sodium in apatite (Fig. 5a) is
highest in the Sublayer (up to 2000 ppm or 0.05 apfu),
decreases systematically with stratigraphic height into
the quartz gabbro (<1300 ppm or 0.M apfu), and is 400
ppm in the middle of the granophyre. The levels then
increase slightly (to 600 ppm) in the uppermost sample
of granophyre. In the Onaping Formation, the levels
range from 100 to 600 ppm. Although Na is present in
lower concentrations than the LREE, its distribution in
apatite mirrors that of the LREE at all levels of the SIC,
as well as in the Onaping Formation. The parallel distri-
bution of Na and the LREE is consistent with their in-
corporation into apatite by a coupled substitution 2Ca2*
= Na* + LREE*.

The concentration of sffontiam is lowest in apatite
near the base of the complex, in the Sublayer and norite
(100-200 ppm or 0.001-0.002 apfu; Table 2); it in-
creases in the quartz gabbro and granophyre (500-700
ppm). The levels of Sr in apatite from the Onaping For-
mation ranges from 100 [o 500 ppm. The concentrations
of Sr thus increase dramatically within the upper por-
tions of the quartz gabbro and the granophyre, even
though Watson & Green (1981) reported that the parti-
tioning of Sr into apatite is insensitive to temperature or
melt composition.

The chondrite-normalized distribution pattern of
other trace elements (Iable 3) that substitute for Ca in
apatite in five samples from the NW section form a very
coherent set (Fig. 6c). In general, the apatite is relatively
and uniformly depleted in monovalent cationso which
fhus behave like Na. The pattern of enrichment of Ba
obeys that expected on the basis of well-studied
fractionation sequences. Variations in Pb resemble vari-
ations in Ba. For the other elements, the samples are all

aG

a
-e AL

b-

6  r r  ^  t  o

c
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Saople pcl56 pcl53 2J 29 45 30 33 36 37 2a 16 4 IE 5a 20 lOa il 60 59 56 54
Unit SL SL N N aG aG Gr Gr OF N N @ aG Gr Gr OF N N Gr cr OF

NW Secion NE Section SW Section

41.?2 N.eg N.77 4l.44 40.14 41.09 40.42 4t.21 40.47 41.56 40.Es 41.61 4r.25 N.46 41.38 41.91 41.8e 41.97 41.27 4t.4A 42.43
0.1r 0.19 0.44 0.27 0.2E 0.11 022 0.24 1.09 0.19 0.42 0.12 0.15 0.17 0.27 0.11 0.13 0.07 0.05 0.15 0.35
0.00 0.00 0.0t 0.11 0.03 D-a" 0.01 0.01 0.41 0.02 0.03 r-a- 0.03 0.M 0.09 0.05 0.11 0.01 0.01 0.01 0.08
O.l2 021 0.24 0.43 0.33 na- 0.45 0.47 o.4s 0.23 O.24 n"o- O.24 O.42 0.33 0.13 Q.ot 0.07 0.03 0.14 0.04
0.07 0.07 0.07 0.04 0.06 na. 0.0t 0.O7 0.04 0.04 0.05 na- 0.05 0.05 0.05 0.01 0.07 0.M 0.04 0.02 0.03
0.04 0.07 0.06 0.06 0.03 na. 0.06 0.03 0.,16 0.10 0.05 na- 0.07 0.04 0.01 0.01 0.0o 0.00 0.@ 0.00 0.03

54.71 53.E5 53.07 55.n 54.63 54.q3 54.63 54.20 52.90 54.7a 53.U 55.32 55.23 53.07 53.E8 55.92 55.55 55.84 55.50 55.52 55.74
0.16 0.19 0.17 0.r0 0.11 0.05 0.04 0.05 0.06 0.11 0.21 0.05 0.08 0.06 0.11 0.01 0.02 0.02 0.01 0.01 0.04
o.2l 0.12 0.04 0.04 0.0r 0.10 0.01 0.01 0.01 0.o2 0.02 0.05 0.17 0.01 0.01 0.02 0.05 0.00 0.00 0.01 0.03
o.m 0.02 0.01 0.00 0.0t 0.05 0.07 0.06 0.01 0.M 0.00 0.05 0.02 0.05 0.o2 0.02 0.05 0.05 0.02 0.08 0.01
0.00 0.o2 0.10 0.04 o.0r 0.00 0.01 o.m 0.01 0.02 0.03 0.00 o.m o.m 0.03 0.00 0.01 0.00 0.00 0.00 0.00
0.13 0.27 0.37 0.17 0.19 0.10 0.10 0.19 0.r0 0.13 0.46 0.r2 0. l l  0. ls  0.20 0.02 0.01 0.02 0.01 0.0s 0.10
o.42 0.74 0.92 0.48 0.46 0.29 0.29 0.43 0.27 0.3t 1.05 0.29 0.38 0.31 0.49 0.09 0.09 0.10 0.M 0.17 0.72
0.16 0.27 0.4 0.21 0.t9 0.18 0.16 0.19 0.10 0.lt 0.42 0.12 0.33 0.16 0.22 0.ol 0.03 0.04 0.M 0.05 0.07
0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.03 0.00 0.@ 0.@ 0.00 0.00 0.01 0.01
0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00
2.n 2.n l.99 2.r4 2.s0 2.A5 3.& 3.57 3.34 2.94 3.23 2.s3 2.98 3.13 3.79 3.48 2.10 2.72 3.91 3.74 3.01
r.25 1.31 1.21 0.65 0.81 0.60 0.18 0.14 0.30 0.31 0.22 0.33 0.13 0.05 0.0s 0.02 0.62 0.23 0.@ 0.01 0.01

9.72 W.27 9.E7101.09 9r.56100.37 9r.r0 99.37 9r.54 99.741q).301@.62 9.% 9824100.92100.34 99.71 99.91 929 99.rrr@.91
r24 t.tg l.ll 1.05 t24 t.34 t.s7 1.54 1.47 r.3t 1.41 l.l4 t.29 t.33 r.61 1.47 r.Vz t20 1.65 l.5E t27

9t.48 9E.0E 98.761@.04 n33 99.01 n.22 97.U n.W 98.43 9r.89 99.48 9E.67 96.91 9.31 9r.r7 9r.75 98.78 n.@ 9t.30 99.&

Atomic proportions on tb basis of (P + Si + S) = 6 stoms and (F + O + OfD = 2 aroEr

5.942 s.951 5.919 5.950 5.951 s.968 s.960 5.957 5.814 5.965 s.926 5.n3 5.9s3 5.969 5.953 5.979 5.E12 5.987 s.992 5.yt4 s.y39
0.030 0.033 0.076 0.04 0.04E 0.019 0.v39 0.u2 0.185 0.033 0.071 0.020 0.026 0.029 0.045 0.019 0.v21 0.012 0.008 0.026 0.058
0.027 0.016 0.005 0.@5 0.00t 0.013 0.001 0.001 0.001 0.002 0.002 0.m7 0.021 0.001 0.002 0.002 0.006 0.001 0.000 0.001 0.003

0.001 0.001 o.wt 0.v22 0.006 0.000 0.003 0.002 0.082 0.0M 0.006 0.000 0.005 0.m8 0.017 0.010 0.v23 0.N2 0.002 0.002 0.01s
0.017 0.029 0.034 0.061 0.049 0.000 0.066 0.067 0.w 0.032 0.034 0.000 0.034 0.62 0.M6 0.018 0.011 0.009 0.004 0.020 0.005
0.010 0.010 0.010 0.005 0.009 0.000 0.011 0.010 0.006 0.006 0.007 0.@0 0.007 0.008 0.008 0.002 0.010 0.006 0.006 0.@2 0.@t
0.@9 0.017 0.016 0.014 0.009 0.000 0.016 0.007 0.117 0.074 0.011 0.000 0.017 0.011 0.002 0.002 0.001 0.001 0.0@ 0.001 0.008
9.9t0 9.895 9.75310.17110.25110.09510.193 9.915 9.6t9 9.951 9.73910.05010.0t5 9.90t 9.il010.09410.02310.01010.1981o.1t9 9.t74
0.040 0.M8 0.043 0.025 0.029 0.013 0.010 0.013 0.014 0.028 0.052 0.014 0.020 0.015 0.026 0.N2 0.006 0.004 0.002 0.@4 0.010
0.002 0.0m 0.001 0.000 0.00t 0.005 0.008 0.006 0.001 0.004 0.000 0.005 0.002 0.005 0.N2 0.w2 0.005 0.004 0.@2 0.00t 0.001
0.000 0.002 0.009 0.004 0.001 0.000 0.001 0.002 0.@l 0.002 0.003 0.000 0.002 0.002 0.003 0.000 0.001 0.000 o.mo 0.000 0.000
0.008 0.017 0.023 0.011 0.013 0.006 0.006 0.012 0.006 0.008 0.029 0.008 0.007 0.0t0 0.013 0.001 0.001 0.001 0.000 0.003 0.006
0.0260.M7 0.05t 0.030 0.030 0.0It 0.018 0.027 0.0t7 0.424 0.066 0.018 0.m40.020 0.031 0.005 0.005 0.006 0.@3 0.010 0.013
0.010 0.017 0.025 0.013 0.012 0.011 0.010 0.011 0.@6 0.01t 0.026 0.007 0.020 0.010 0.013 0.001 0.002 0.002 0.003 0.003 0.004
0.000 0.000 0.000 0.0@ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.0@ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

r.n2 1.151 1.07E 1.146 I.3E5 1.5.S6 1.U7 1.930 1.791 1..s79 1.751 1.357 1.@7 1.72s 1.087 1.857 r.rl9 r.44a 1.999 L.9E 1.574
0.362 0.380 0.352 0.186 o.Ul 0.175 0.053 0.040 0.086 0.089 0.065 0.095 0.037 0.016 0.013 0.0M 0.176 0.065 o.(nl 0.002 0.002
0.416 0.469 0.570 0.66E 0.375 0.279 0.000 0.030 0.123 0.333 0.183 0.548 0.356 0.259 0.000 0.139 0.705 0.487 0.000 0.000 0.424
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very close; these findings emphasize the close coher-
ence between mafic and felsic portions of this igneous
complex.

Substitutinn in thz P site

The levels of. silicon in apatite are more or less con-
stant across the NW section of the complex (-2000 ppm
or 0.03-{.05 apfu; Table 2), with the exception of a
higher value from a sample of norite (4400 ppm or 0.076
apfu) and an anomalously low value from a sample of
quartz gabbro (1100 ppm). One sample from the
Onaping Formation has levels of Si over I vt.Vo SiO2
(0.185 apfu), but this value may well be suspect, owing
to the fineness of the grain size. The other sample from
the Onaping Formation has levels of Si in apatite less
than 900 ppm (0.015 apfu).T:he high concentration of

1o'

10'

100

10"

Sr

Flc. 6. Chondrite-normalized (apatite/chondrite) REE patterns for apatite from the a) NW
and b) SW sections. REE patterns for apatite from other complexes [Dufek Drinkwater
et al. (1990), Skaergaard: Paster e, aI. (1974), and Bjerkrem - Sogndal lopotth:
Roelandts & Duchesne ( I 976)l plot in the shade.d weu The kEE values for the average
Canadiaa Shield (ACS) plot in the band marked by single oblique lines (Shaw et al.
1974). Experimentally determined apatite - liquid partition coefficients (D) for REE
(La Sm, Eu, Dy, Lu) ftom intermediate to mafic rocks plot in the band marked by
doubled oblique lines (Watson & Green 1981). Chondrite-normalized (apatite/
chondrite) trace-element patterns for apatite from the c) NW and d) SW section. Legend
refers !o rock type (sample).

Si in apatite near the base of the SIC is anomalous
compared to other layered complexes, but presumably
reflects the coupled substitution with part of the struc-
turally bound REE: Ca2+ + Ps = Si4 + REE3* (R@nsbo
1989).

The concentrations of sulfur are near the detection
limit Clable 2); the levels are highest in apatite from the
Sublayer (up to 2100 ppm or 0.O27 apfu), one sample of
quartz gabbro (400 ppm or0.005 apfu), and one s2mPle
from the Onaping Formation (up to 3400 ppm or
0.043 apfu).In every oghel sample, the apatite contains
100 ppm or less. Naldrett et al. (1986) showed that the
Sublayer is the site of efficient accumulation of an
immiscible sulfide melt unmixed from the overlying
silicate melt. Apatite in the Sublayer, therefore, crystal-
lized from a melt whose content of sulfate was relativelv
low.
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VoLartle constituents

ln general, apatite from the SIC is F-rich (Fig. 7a).
The Cl and OH contents decrease from the base ofthe
complex toward the top, whereas apatite in the Onaping
Formation has higher inferred levels of OH. The infened
F:CI:OH proportions of apatite range from 58:18:24 in
the Sublayer and norite, to 7l;12:.17 in the quartz
gabbro, 98:2:0 in the granophyre, and 68:3:29 in the
Onaping Formation. Although apatite in the SIC shows
a steadily increasing level ofF with stratigraphic heigh!
as in other layered complexes, that in the Onaping For-
mation is distinctly enriched in OH.

Colrrposmoxs on Aperm
FRoM rrrE NE axp SW Spcuolls

Many of the same trends are recogrrizsd in the com-
position ofapatite from the NE and SW sections (Table
2), along which the rocks are more strongly recrystal-
lized, but there are subtle differences in composition
with respect to apatite in the NW section. In all rock
types (Fig. 5), the levels of LREE in apatite are uni-
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. c l
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oo oo^ o
-  - ^ - o
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formly lower than those from the NW section. This is
especially noticeable near the base of the complex sam-
pled along the SW section, where concentrations are 6
to 12 times lower. Only one sample ftom the NE sec-
tion has levels of ZREE (up to 19000 ppm or 1..24 apfu)
similar to those expected along the NW section.

Chondrite-normalized patterns show that apatite
separated frs6 samples of norite and granophyre from
the SW section (Iable 3, Fig. 6b) has a conformable
REE distribution, as in the NW section; apatite ftom the
two samples of granophyre is the most and least en-
riched in REE, whereas that from the samples of norite
fall in between. Also as encountered in sarnples from
the NW section, apatite from the SW section has sig-
nifi cantly higher levels of LREE rhan of HREE, is most
enriched in La and Ce, and consistently shows a nega-
tive Eu anomaly. The most obvious difference between

TABLE 3. ICP-lvlli DATA FOR A?ATITE FROM TIIE NW AND SW
SECTIONS OF TIIE SUDBTJRYIG{FOUS COMPIEX ONTARIO

NW S€tio!
N Q G G I
29 30  3 l
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28

IrD SWSecti@ IdD
N N G T G T
i l 6 2 5 8 5 6

1 - A

sr-i r.r lqcl Gr OF
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la 2057 l8l4 75'1 946 987
Ce 4888 4065 1394 2178 23?3
Pr 650 555 n8 306
Nd 2',194 2tl5 567 1162 l31l
Sm 456 383 186 22O 250
F r 1 5 1 4 n l t 2 l
Gd 351 306 165 194 212
Tb 42 37 21 27
Dy 215 lgi ll4 157 145
IIo 37 35 21 33 2A
E [ 8 7 8 2 5 3 1 0 1 n
Tm 9.0 9.0 6.8 14.7 9.9

4t.9 35.2 91.6 56.5
5.5 4.9 t4.1 E.l
2.4 2.4 5.6 5.1
3 .1  3 .9  3 .4  4 .5
24 7t2 431 549
831 M r93 744
235 t8 3365 4365
0.2 0.2 18.6 55.8
o.4 0.3 4.2 5.6
0.2 0.0 0.r 0.1

462 24t.6 54.4 55.1
5.E 0.5 83.2 107.9
0.0 0.0 0.8 2.1
0.0 0.0 0.1 0.1

t2.8 t5.9 70.5 87.3
0.0 0.1 1.1 0.3
21 16 390 163
7.7 4.4 126.4 71.3

0.62 3y 33t 4'17 95 0.002
0.d)9 738 711 923 ?)3 0.@6
0.@l 105 99 124 29 0.@1
0.v2t 39t 367 533 l2t 0.015
o.otg & 61 92 22 0.W
0.@6 '1.2 6.8 8.0 3.7 0.@5
0.@6 s0 47 76 17 0.@6
0.w2 6.2 s.9 9.7 2.3 0.@3
0.012 33 32 54 13 0.003
0 . 0 0 3 6 6 1 0 3 0 . 0 0 1
0.010 17 l7 n E 0.@4
0.002 2.4 2.4 4.0 1.2 0.W2
0.018 t5 t4 22 I 0.@9
0.w 2.5 2.s 3.4 r.l 0.@3
o.@8 t.2 r.4 2.4 "1.7 0.497
o.r4l 1.2 1.2 10.3 9.t 0.038
0.E0E 301 2K 336 307 0.23
0.01r lss 147 250 74 0.@8
0.ot4 2.7 2.4 ll.7 24 o.mt
0.006 0.2 0.2 0.4 0.4 0.@4
0.017 0.3 0.2 13.6 1.7 0.67
0.016 0.0 0.0 0.1 0.1 0.006
0.029 15.0 16.0 125.0 108.0 0.m
0.0n 0.1 0.t 0.3 0.2 0.009
0.0M 0.0 0.0 0.0 0.0 0.@l
0.009 0.0 0.0 0.0 0.4 0.008
o.om 7.6 '1.2 E;l 2lv 0.m9
o.ol2 0.2 0.3 0.2 12 0.w
o.oo2 1r 12 31 ls 0.007
o.otl 2.2 2.1 15.4 7.1 0.004
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the REE pattems from the NW (Fig. 6a) and SW (Fig.
6b) sections involves the overall concentrations of the
REE,wlljch are significantly lower (by up to one order
of magni1u6.; in apatite from the SW section.

The concentrations of Na in apatite from the NE sec-
tion (Fig. 5b) are similal 6 those reported in the NW
section, whereas in the SW section (Fig. 5c), levels of
Na (<400 ppm) in apatite from all rock types of the Main
Mass are significantly lower. l,evels of Na are slightly
higher (1700 ppm) in apatite from the Onaping Forma-
tion in the SW section. The concentration of Sr in apa-
tite from the NE section (Iable 2) is highesr near the
base of the complex, in the norite (up to 600 ppm) and
decreases with stratigraphic height, whereas among
samples from the SW section (table2), concentrations
are highest in the granophyre (up to 800 ppm) and
slightly lower in apatite in the norite (<500 ppm). The
concentration of Sr in apatite in the Onaping Formation
is low in all thrce sections (4,00 ppm).

The concentration of other trace elements that sub-
stitute for Ca in apatite from the SW section (Fig. 6d) is
similsl 16 that from the NW section (Fig. 6c), but the
samples do not form as coherent a set; especially vari-
able in apatite from the SW section are Pb, Tl, Ba, and
Rb. In general, apatite 11s6 samples of granophyre is
the most enriched in these trace elements.

The concentration of Si in apatite from the NE sec-
tion (Iable 2) is similar to that from the NW section
(-2000 ppm), whereas levels of Si from the SW section
are less than 1500 ppm in all rock types of the Main
Mass, and slightly higher in the Onaping Formation. Just
as in the NW section, the levels of sulfur from the NE
and SW sections are low in every rock type (<500 ppm),
with the exception of higher values in the quartz gabbro
(1700 ppm) from the NE section (Table2).

Concentrations of the volatile components found in
apatite are slightly more variable in the NE and SW
sections (compared to the NW section), with lower lev-
els of Cl and more irregular concentrations of F, In the
NE section @ig. 7b), inferred F:CI:OH proportions
range from approximately 85:5:10 in the norite and
quartz gabbro, up to 96:4:0 in the granophyre, and
90:2:8 in the Onaping Formation. In the SW section
@g. 7c), the proportion ranges from 65:5:30 at the base
of the complex , 97:l:2 in the granoph5neo and 8O:.4:20
in the Onaping Formation. In general, levels of Cl near
the base of the complex from the NE and SW sections
are up to six trmes lower than those reported from the
NW section. To a large exten! these differences are at-
tributed to the met4morphic overprint (see below).

Urtrr-Cgr DnnlrsroNs

Unit-cell parameters are listed in Table 4 for apatite
separates from samples of Sublayer, norite, quartz
gabbro, and granophyre on the North and South ranges.
As expected, because the apatite in all samples ftom the
SIC is relatively F-rich, their cell dimenslsls plot close

to those of fluorapatite (Warner 1996). Samples of F-
rich apatite in the granophyre from either limb of the
SIC have dimensions closest to those of end-member
fluorapatite. Apatite in the norite and Sublayer from the
NW section, which have the highest concentration of
Cl and IREE (4.Fi9.5), plot toward the chlorapatite
end-member, which has aluger a and smaller c dimen-
sion (Hughes et al. 1989).

The levels of incorporation of the REE in apante
from the SIC are similar to those in the samples of REE-
bearing fluorapatite studied by Hughes et aI. (1991)
having the lowest concentration of REE. Apatite from
the SIC has a shorter c dimension than all of the syn-
thetic REE-doped fluorapatite @eet & Pan 1995), sug-
gesting that it is substitution in the anionic site that is
the more important variable in determining the unit-cell
dimelsisls of apatite.

The volume of the apatite unit-cell (fable 4) is ex-
pected to increase with increasing levels of IREE-f.or-
Ca(2) and Cl-for-F substitution (Hughes et al. 1989,
1991). The apatite samples from the SIC with the high-
est levels of Cl and LREE (e.g., those from the norite
and Sublayer) do indeed have the largest volume,
whereas the apatite samples that are F-rich and depleted
n LREE (e.9., those from the granophyre) have the
smallest volumes observed. Note that the unit-cell vol-
ume of the apatite in the granophyre, as that from the
Kiglapait intrusive complex, the only one forwhich such
data are reported (Huntington 1979),is smaller than the
unit-cell volume cited for end-member fluorapatite.

87srf6sr Reno op rrm APATnE

Ifapatite is as inert as it is reputed tobe (e.g., Creaser
& Grey 1992), it would seem to be an excellent monitor
of fte 87Sr/E6Sr value of the maema at the time of

TABLE 4. UMT-CEII DIMENSIONS OF APATTTE
FROM fi{E STJDBIIRY IGNBOUS COMPLD(

Sp€i@ a JAl '(A) v(41

Nort!Rmge
Gmophyre 32
QuffE Gabbrc 30
N6ite 29
Ndits2t
Sublsyd Pcl-53-56

SoldlRegB
Ctruophyre 58
Norite 64
Nqit€ 62

9.3823(97) 6.r7e6(09) s24.4q08)
9.403(08) 6.E7r9(09) 526.27(@)
9.42t2(08) 6.8718(07) s29.ol(09)
9.4247(t4) 6.8684(lr) 5 .36(14)
9.4A9{n) 6.8762\13) 527.29(t7)

9.3738(l l)
9.4144{146)
9.3E9s(05)

6.Er39(09) s23.84{r1)
6.8n408) s27.87(03)
6.8829(07) s?5.54l05)

A powdoX-ray{ieactimpctmrerwded ofuo6s spadsuing a Guider
-fng fumlng w (CuKclmdicio4 sychetic spinel added u an irmal
dstrdtr4 4 qlual to 8.0833 A a rm tqpsurre). The cell puametEs re
rdEr*l ,'Fing the progm of Applm & Bw (1973), u nodi8ed by Gfl€V
(t9eo) md indcd orut€d ps!s. The nmbq h bmrlcts it ths mr io the led
two deinal plae The tcbniqre of sampls Eepmtim is I dffiib€d in Tsble 3.



growth. The 87SrF6Sr values determined on hand-picked
concentrates of apatite are given in Table 5. Apatite in
rocks from the North Range @g. 8) has consistent val-
ues of ETSrF6Sr for each of the principal rock-types of
the Main Mass; values range from0.7072to0.7087. On
the South Range, values are somewhat higher and more
variable over the same stratigraphic interval; apatite
from the norite exhibits values of 0.7087 and 0.7098,
whereas for the granophSne, the values are 0.7133 and
0.7396. As the apatite contains very little Rb (Figs. 6c,
d), the isotopic ratio measured today is virnrally identi-
cal to its value at the time of emplacement, unless, of
course, open-system behavior involving mobilization of
87Sr has affected the apatite.

Colvposmon oF A?ATrE NEAR Mrcnornacn-rnes

Electron-microprobe traverses across microfractures
in apatite from the NW, NE, and SW sections (Wamer
1996, Table 5) were carried out to test whether the
compositional differences attributed to the metamorphic

q
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zE(N) ze(N) 30(Qc)32(Gr) 33(cr) 64(N) o0{) 58(Gr) 56(cr)

Frc. 8. Strontium isotopes in apatite from the SIC on the North
and South ranges. Samples are shown with the rock type in
brackets. The standard error associated with these values is
smaller than the size of the svmbols.

TABLE 5. esrFsr tr{ ApATrrE
FROM TI{E SUDBTJRY IGNEOUS COMPLEX

Spsinn

North Rego Soli!Reg€

Gmophyre 33 0.707K(21) Grmophyre 56 0.7396q15)
Gmophyre 32 0.7O727(U) Crnophyre 58 O.7132q07)
Quadz G8bbrc 30 o.70721(0t) Norirs 62 0.70871(04)
Nqite 29 0.70873(04) Ndite 64 O.7@75(A\
Ntrire28 0.70785(05)

Theopsffg 8€pardsfrmnodtq quatzgabbrc ed grmophyrereualyrdwith
I VG Ssts mltisletq ns sp€ctrcmets d the Urimit6 du Qudbw d
Montr6al. It€ nJmbq ia bmc&ets b the em h th€ lsst tm dEiEd plae. The
ratio 'Sr/Sr in ssrdtrd NBS98I M tumd to b o.7lm4. Th€ t€chiquo of
nimal marcim is m dwibed in Table 3.
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overprint are due to changes that occurred along cracks.
Apatite grains were selected from norite samples from
each section because these have high concentrations of
Cl, LREE, and Na. In general, in samples 17 (NE sec-
non),26 (NW) (Fig. 9),and6/-l (SW) (notshown), the
concentrations of Cl, IREE, Na" and P tend to decrease
across the fractures, whereas that of Si increases. Sam-
ple 642 (SW; not shown) shows similar results, except
that Si and I,REE both increase significantly at one point
as a result of an inclusion of allanite (<30 pm across).
Allanite is commonly found along fractures in apatite
in rocks along the South Range, whereas none was
found in the North Range.

In view of the modifications documented in Figure
9, it is reasonable to attribute part of the reduced levels
of Cl in apatite from the SW and NE sections to chemi-
cal modification along fractures during a metamorphic
event. Distinctly lowerlevels of.LREE, Na, Si in apatite
from the SW section suggest that they are leached in a
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993

100

-t" to

i

S 1
B

o.1

1 1

o^ to
q

s
J
t 1

b
# P

cl

SI
Na

0.'l 1 2 s 4 5 6 7 A
Micro-travme analYses

Ftc. 9. Electron-microprobe traverses across fracrures in apa-
tite from norite samples: a) sample 17 (NE section) and b)
sample 26 (NW section). Bar in each diagram represents
the position of an apatite fracnue. Dstance between each
point in a) is 5 pm, and in b), 7 pm. Units are wt.7o, and the
scale is logarithmic. LREE: (l-azOt + CozOz + Nd2O3.
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coupled fashion, a consequence of their coupling in the
structureo as described by Lieftjnk et al. (1994) in aptttn
from @deg&rdens Verk (Norway). Howevero the lack of
a dense network of fractures in the apatite from the SW
section, and the absence of striking modifications in
back-scattered elecffon images of such grains, suggest
that the modifications alons fractures are of minor con-
sequence.

DrscussloN

Stratigraphic nends

An examination of the primary, magmatic composi-
tions of apatite is best accomplished with samples from
the NW section, which are considered the least dis-
turbed. In theory, the compositional trends are control-
led by the sequence of crystallization and the partition
coefficients (D) of elements that substitute into apatite
and the coexisting minerals crystallizing from the evolv-
ing magma. Post-cumulus apatite near the base of the
complex crystallized from an intercumulus liquid,
whereas cumulus and intergranular apatite from the
quartz gabbro and granophyre, respectively, crystallized
ftom a late-stage fractionated liquid. According to Green
(L994), both plagioclase and orthopyroxene have D4qE6
less than I with respect to a melt, whereas apatite has a
Duaamuch greater than l, i.e., apatrte is the primary
mineral most likely to host the LREE n this suite. The
LREE are thus expected to partition into the inter-
cumulus melt rather than in the cumulus silicate miner-
als. As the intercumulus liquid becomes enriched in
LREE, local concentration should be reflected in the
post-cumulus apatite. The concentration of the I,REE in
apatite is, in fact, highest in samples from the norite and
Sublayer (cl Fig. 6), which crystallized before the melt
had apatite on the liquidus. Saturation of apatile is ex-
pected to occur nearer the liquidus as the melt becomes
more silicic owing to fractional crystallization (Watson
1980). Such saturation occurred in the quartz gabbro
(Table 1), close to the point of saturation of the magma
in magnetite and ilnenite (Natdrett & Hewins 1984), as
is typical of a fractionating tholeiitic liquid. The con-
centration of LREE in apatite then drops in samples of
granophyre @g. 5a), which crystallized from a melt that
presumably had become depleted in LREE as a result of
apatite saturation and removal from the system. The
enrichment in REE near the base of the SIC is anoma-
lous, in comparison to other stratiform complexes, and
is considered to be related to the high proportion of a
cnrstal contaminant even in the least evolved unils o1
the complex.

Hughes et aL (199L) have proposed that the typical
REE pattem for apatite should be concave downward
centered on Nd, in view of ionic radius and bond-
valence requirements. Presumably for these reasons,
D,ynsp values are higher than DuaB or DspBB for apa-

tite, according to Green (1994) and Watson & Green
(1981). The apatite from the SIC departs from the pre-
dicted profile in being more enriched in LREE than in
MREE Fie.6a), as are bulk rocks of the SIC (Naldrett
& Hewins 1984), and the potential crustal component
of the SIC, modeled here by the average profile of the
Canadian Shield (Shavr et al.1974).The REE budget of
the apatite from the SIC is controlled by the bulk com-
position of the evolving magma, which seems strongly
influenced by its crustal contaminant, such that tle
growing apatite, the only phase to significantly host the
REE, simply accepted the populations of REE as avail-
able in the melt. Partition coefficients imply equilibrium
growth; in the case of the REE, these possibly were vio-
lated owing to rapid crystallization of the entire complex.

Apatite from the Onaping Formation is sparse, and
its ultimate origtn (i,e,, xenocrystic or crystallized from
an impact-generaled melt) is still not established. It has
broadly similal 6e16s to that in the granophyre; it is F-
rich, LREE- and Na-pooro and the levels ofSi and S are
comparable to those reported in samples of the under-
lying granophyre. Conversely, the differences are
judged to be indication of a more complex petrogenetic
history for rocks of Onaping Formation; the higher in-
ferred levels of OH in apatite, in particular, are consist-
ent with formation from a magma that was in the process
of violent degassing upon emplacement.

Comparison with other layered complexes

The apatite from the Sudbury igneous complex has
a vertical distribution generally comparable to what has
been documented in other subalkaline layered igneous
complexes. Typically, the modal proportion of post-
cumulus apatite near their base is less than I vol.7o, like
at Sudbury. The proportion of cumulus apatite, in con-
trast, may reach up ta lO vol.Vo (Kiglapaifi Huntington
1979), or even 3O vol.Vo (Bushveld: Cawthorn & Walsh
1988, Boudreau & Kruger l99O) (7 vol.Vo rn the SIC).
The characteristics ofapatite from capping granophyres
have only been documented in the Dufek intrusion; the
modal concenhations of apatite there (rry to 1.2 vol.Vo:
Drinkwater et al. l99O) also are comparable to those in
granophyric rocks in the SIC.

As in the case of the SIC (Fig. 7), fluorapatite is the
typical apatite-group mineral of other layered igneous
complexeso with the notable exception of the ultramafic
sequences at the base of the Bushveld and Stillwater
intrusions, which contain chlorapatite (over 7 wt.Vo Cl).
Above such zones of the Bushveld and Stillwater com-
plexes, and in compositions reported from each of the
other layered complexes, the fluorapatite exhibits a
crudely systematic decrease in the level of Cl up-
section. Cumulus apatite, which is reported in the
Skaergaard (Nash 1976), Kiglapait, Bushveld, and
Dufek intrusions, contains the highest levels of F il
general.
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The concentration of ZREE (up to2wt.Vo LREE2O3)
in apatite from the SIC (Fig. 5) is at least nvice as high
as that reported in any other tholeiitic complex, except
for chlorapatite from the lower sequences of the
Stillwater Complex (also up to 2 vtt.Eoi Boudreau &
McCallum 1989, Meurer & Boudreau 1996). On the
other hand, the level of. HREE n apatite ftom the SIC is
only slightly higher than that reported for the Dufek,
Skaergaard, and Bjerkrem - Sogndal (Roelandts &
Duchesne 1979) complexes (Fig. 6a). Differences with
other complexes can be attributed to the anomalously
tugh LREE|HREE ratio in the SIC magma (Naldrett &
Hewins 1984). At the base of the Bushveld, Stillwaler,
and Munni Munni @oudreau et aI. 1993) layered com-
plexes, the relatively Cl-rich post-cumulus apatite has
the highest concentration of IREE, whereas cumulus
apatite has the lowest levels. A notable exception is
apatite from the Skaergaard intrusion (Nash 1976),
which apparently shows no variation in levels of LREE
with stratigraphic height. Also, unlike the SIC, the lev-
els of ZREE in apatite from Dufek are higher in apatite
from the capping granophyre than in that from the lower
units. This difference reflects the fact that the SIC
magma, even at the deepest parts of the sections sam-
pled, is significantly more LREE-ich than the parental
magma in other stratiform igneous complexes.

Variations in proportions of the volatile constituents

Pristine apatite from the SIC invariably is close to
end-member fluorapatite (Frg. 7). Levels of Cl and OH
are highest in apatite near the base of the SIC and
decrease up-section. As anhydrous phases such as
plagioclase and orthop5noxene crystallized in vast quan-
tities, the residual melt increasingly approached satura-
tion in a volatile phase. Once bubbles nucleated, it is
reasonable to propose that they coalesced and began to
rise. The marked drop in Cl (and inferred for OH) in
pristine apatite from the SIC can be attributed to pro-
gressive degassing of the melt well before apatite be-
came a cumulus phase, and to decreasing temperature
(Piccoli & Candela 1994). Escape of a volatile fluid
phase from a vapor-satuated magma is expected to
cause a decrease in Cl relative to F, because Cl shows a
strong preference for an orthomagmatic fluid phase, and
F is more likely to remain in a silicate melt (Candela
1986). In the presence of a melt or magmatic volarile
phase, apatite will preferentially exclude Cl- because of
its much larger ionic radius than F or OH- (r = 1.7 A
versus I.4 A: Shannon 1976). Halogen concentrations
found in apatite will reflect the relative proportions ofF
and Cl in the residual melt upon crystallization of apa-
tite. The F-dominant composition of cumulus and
intergranular apatite in the quartz gabbro and grano-
phyre, respectively, is taken to reflect the composition
of the bulk magma after Cl and H2O have already com-
menced to escape,

A comparison of apartrc on the North
and South ranges

On the basis of an assumption that the entire
Iopolithic igneous complex, whatever its origin, formed
at one point in time, what is formed along the northern
and southern sides of the structure should be very simi-
lar, if one allows for regional differences in the nature
of the crustal contaminant. If one accepts this assump-
tion, the compositional differences noted between the
more pristine NW section and the more strongly
recrystallized NE and SW sections may be explained in
terms of a regional mer2morphic overprint, the influ-
ence of which waned northward. Rocks on the North
Range have been metamorphosed to the greenschist
facies only, and those on the South and East ranges,
locally up to the amphibolite facies (Thomson er a/.
l985,Fleet et al. 1987). Grains of apatite in rocks along
the South Range are smaller, less plentiful, and more
intensely fractured than fhose on the North Range; these
features are attributed to brinle deformation and com-
minution during the northwesterly directed thrusting of
the South Range.

Tacker & Stormer (1989) determined experimentally
that apatite is relatively immune to low-temperature re-
equilibration by diffusive processes, and high-tempera-
ture (>500oC) hydrothennal dissolution also is not sig-
nificant in changing the compositions of apatite. On the
other hand, apatite - fluid interaction is known empiri-
cally to affect the composition of apatite. Lieftinket al.
(1994) determined that with increasing metamorphic
temperatures, Cl in chlorapatite from Odegirdens Verk
(Norway) is replaced by OH or F along reaction fronts
along cracks in the grains. Similar alteration has been
described in low-temperature environments. Boudreau
& McCallum (1990) described the leaching of chlor-
apatite and increased mobility of the REE in the
Stillwater Complex as a result of deuteric alteration. In
each case, halogen re-equilibration occurred by
recrystallization in the presence of a fluid.

Apatite from the NE and SW sections has signifi-
cantly lower levels of Cl, LREE, Si, and Na than the
apatite from the NW section. Traverses across
microftactures in apatite (Fig. 9) suggest that concen-
trations of Cl, Na, and P decrease locally only. The loss
of Cl near fractures indicates that Cl was leached from
apatite in the presence of a pore fluid. Because of sig-
nificantly higher metamorphic temperatures on the
South Range, we contend that the composition and
morphology of apatite were modified through dissolu-
tion to a greater degree than in rocks on the North
Range. The overall lower concentrations of Cl, I'REE,
Na, and Si in apatite ftom the SW section are attributed
to reactions affecting entire grains, rather than to
changes along discrete microfractures.

The close spatial association of allanite found in
small and fractured grains of apatite from the South
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Range implies that the allanite also results from a meta-
morphic reaction involving the apatite. On the basis of
these findings and the increase in 875r/865r (see below),
it seems likely that entire grains were o'processedo'as a
result of metamorphic recrystallization on the South
Range.

Vartadons in thesTSrF6Sr rarto of apatite

Whole-rock 87SrF6Sr values for the SIC, determined
from individual rock samples, g5ing an assumed age on
both the North and South ranges (Gibbins & McNutt
1975), and for North Range rocks only (Hurst & Farhat
1977), are in the range of 0.706-{.707 for the norite,
and 0.700 to 0.71 I for the granophyre. The initial ratio
determined ftom isocbron plots is approximately 0.707.
Apatite in rocks from the North Range (Fig. 8) has con-
formable frSrF6Sr values for each of the principal rock-
types of the Main Mass. Therefore, the 87SrF6Sr ratio in
apatite from the SIC, like the plots of conformable
chondrite-normalized distribution of trace elements,
suggest that the granophyre is a product of crystal
fractionation from a single parental basic magma.

The somewhat higher values in apatite from the
South Range (cf. Table 5) are most likely the result of
homogenization of the eSrF6Sr ratio during metamor-
phism to the lower amphibolite grade (Thomson et aI.
1985), at which grade isotopic homogenization, at least
on an intramineral scale, is extremely likely (Faure
1986). Rubidium-rich minerals, such as alkali feldspar,
generate locally high concentrations ofeSr, which are
expected 16 gyehange with the strontium of the rubid-
ium-free apatite via a pore fluid generated during
prograde mer2morphic recrystallization. This effect is
much more pronounced for apatite from granophyric
rocks (fable 5) simply because these contain much more
K-feldspar, and thus Rb, than the basic rocks.

Origin of the Sudbury Stntcture

The consensus today is that the Sudbury Structure
formed by impact @eutsch 1994),but magma sources
for the SIC have yet to be firmly established. Three
hypotheses are still being evaluated: (l) the magma
formed by melting of the upper and lower crust as a
result of a meteor impact (Faggart & Basu 1985, Grieve
1991, Dickin et al.1992, Deutsch 1994,Stoff7er et al.
1994); Q) the impact crater was filled with mantle-gen-
erated magma, which assimilated and mixed with shock-
melted cnrstal rocks (Kuo & Crocket 1979, Naldrett er
al. 1986, Walker et al. l99I), and (3) a meteor impact
melted crustal rocks, producing the granophyre-form-
ing magma, whereas the basic liquid that crystallized as
the norite and quartz gabbro was a mantle-derived melt
that rose into the newly formed crater (Chai & Eckstrand
1993,1994).

The ultimate origin of the Sudbury Structure cannot
be determined solely by examining apatite, but the

chemical and isotopic properties of apatite from the NW
section do point to the likely hypothesis. Apatite in tle
lower cumulates of the SIC exhibits a crystall2ation
history that is comparable to that in other stratiform ig-
neous complexes. In the Dufek (Drinkwateret aL l99O)
and other classical stratiform igneous complexeso the
granophyre is considered to be the result of a combina-
tion ofcrystal fractionation and anatectic reactions along
the contact between crustal rocks and mantle-derived
melt. In such a case, the chemical composition of the
resultant complex of rocks, in particular the isotopic
composition, can be expected to be bimodal, with apa-
tite ftom the granophyre and lower cumulates glving
distinct signatures. This is not the case for apatite from
the SIC. The chondrite-normalizedREEpattems and the
875r/865r ratios (0.707-{.708) in apatite ftom each unit
of the Main Mass from the North Range are very con-
sistent. These trends signify that the SIC (at least the
Main Mass) evolved normally by fractional crystalliza-
tion of a single batch of relatively homogeneous but
highly contamhated or crust-derived basic magma. The
relatively high initial 875r/865r values and ZREE enrich-
ment also signify that the basic magna cannot be de-
rived from partial melting of a normal mantle source.
Details about the apatite suggest that the impact crater
was filled with a single batch of magma formed by
melting of the Archean and Eady Proterozoic crustal
rocks comminuted by the meteor impact. Further evalu-
ations of the source of the magma clearly will require
thorough geochemical and isotopic characterization of
the basement near the Sudbury Structure.

CouclusroNs

l. Apatite from the NW section occurs as a post-
cumulus phase near the base of the SIC; it becomes a
cumulus phase in the quartz gabbro and an intergranular
mineral in the granophyre. Rim and core analyses,
cathodoluminescence, and 87SrF6Sr values indicate that
the primary apatite is homogeneous, despite the pres-
ence oftextural signs ofrapid growth.

2. The composition of apatite evolves up-section by
systematic changes in the proportions of F:CI:OH and
many of the minor elements , from LREE-ich and rela-
tively Cl-rich post-cumulus apatite to LREE-poor and
F-rich cumulus and intergranular apatite. Decrease in
OH and Cl are interpreted to accompany degassing of
the magma.

3. The chondrite-normalized trace-element pattems
and rsrr6sr values are consistent and concordant in the
relatively unmetamorphosed apatite from each rock type
of the Main Mass. The high initial 87srf6sr values
(>0.707) in apatite indicate that the relatively silica-rich
basic magma had a substantial crustal component or
possibly consisted entirely of remelted lower crust. Ul-
timately, the apatite from the norite and that from the
granophyre must have had a common magmatic sourceo
suggesting that the complex evolved by fractionation
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ftom a single batch of relatively basic though highly
conteminated magma.

4. T\e compositional and textural features of apa-
tite from the SW section, and to a lesser extent, the NE
sectiono are the result of fluid-mediated adjusfinents to
the composition and morphology of apatite during at
least one metamorphic event, Deformation also was a
contributing factor. Relative to apatite from the NW sec-
tion, fhat from the SW section is consistently depleted
llCl, LREE, Na" and Si.

5. Metamorphism on the South Range has reset 87Sr/
865r values in the apatite in a homogeneous fashion,
which suggests a solution-and-redeposition process. If
apatite, a relatively inert mineral, has been dissolved and
reprecipitated in modified form, then all the other rock-
forming mins14l5 likely have re-equilibrated as well.

6. Rocks of the Sudbury Igneous Complex offer a
unique opportunity to document the effects of metamor-
phic recrystallization in a sleep regional gradient.
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