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Abstract

The Adirondack Mountains are characterized by three major events that took place during the interval ca. 1350-1000
Ma. The earliest of these is the arc-related Elzevirian Orogeny (ca. 1350-1185 Ma) during which substantial volumes
of juvenile calc-alkaline crust were added to the Adirondacks as well as to the northwest segment of the Central
Metasedimentary Belt. Data from the southwestern United States as well as from Ireland and Baltica indicate that
Elzevirian magmatism and orogeny were of global dimensions. Within the southwestern sector of the Grenville Province,
the Elzevirian Orogeny culminated at ca. 1185 Ma when accretion of all outboard terranes was completed. Compressional
orogeny related to this convergence resulted in overthickened crust and lithosphere which subsequently delaminated giving
rise to orogen collapse and AMCG magmatism that swept southeastward from the Frontenac Terrane into the Adirondack
Highlands during the interval ca. 1180-1130 Ma. Localized compressional events within neighboring parts of the Grenville
Province emphasize the continued existence of contraction during this interval, although crustal extension caused local in
sedimentary basins in which were deposited the Flinton and the St. Boniface Groups.

The Adirondacks have not yet provided any record of events within the interval ca. 1125-1100 Ma, although there is
evidence of contraction elsewhere in the southwestern Grenville Province at that time. At 1100-1090 Ma the northern
Adirondack Highlands were invaded by mildly A-type hornblende granites (Hawkeye suite) that are interpreted to be the
result of local crustal thinning contemporaneous with rifting and mafic magmatism taking place in the Midcontinent rift.
Immediately following, at ca. 1090 Ma, the global-scale continental collision of the Ottawan Orogeny was initiated. Strong
convergence, deformation, and metamorphism continued to at least ca. 1070 Ma, and rocks older than this are profoundly
affected by this event. During the waning stages of the Ottawan Orogeny, overthickened crust and lithosphere delaminated
and the orogen underwent collapse. Large extensional faults such as the Carthage—Colton-Labelle shear zone developed
and rapidly exhumed granulite facies rocks in the mobile core of the orogen which centers on the Adirondack—Morin
terranes and extends southeastward into the New York—New Jersey Highlands. Extensional faulting along the Carthage—
Colton mylonite zone dropped the amphibolite facies Lowlands down to the west and into juxtaposition with granulite
facies rocks of the Highlands. U-Pb cooling ages from garnet, monazite, and titanite exhibit a sufficiently broad spectrum
to accommodate an initial rapid rate of rebound-related cooling followed by a slower, erosion-controlled cooling history.
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During delamination, late- to post-tectonic granites of the Lyon Mt. Gneiss (ca. 1070-1045 Ma) were emplaced. The
youngest member of this suite is an undeformed fayalite granite dated at ca. 1045 Ma which crosscuts all older rocks
and fabric. High-potassium, post-tectonic granites of similar age are common in other parts of the southwestern Grenville
Province.

Renewed contraction and metamorphism at ca. 1030 Ma demonstrate that the Ottawan Orogen was still experiencing
convergence well after the peak of orogeny. However, most of the manifestations involve reactivation of older thrust faults,
including the Grenville Front Tectonic Zone. The intrusion of small bodies of anorthosite at ca. 1015 Ma (i.e., Labrieville)
provide further evidence for the emplacement of these rocks within collisional orogens, albeit in their collapsing phase.

Keywords: anorthosite; collisional tectonics; delamination; exhumation tectonics; orogeny; granitoid; zircons

1. Introduction mained poorly understood until recent times. Stock-
well (1964) summarized K-Ar dates from across

As a consequence of large size, complicated struc- the region and concluded that essentially the entire
tural framework, high metamorphic grade, and inac- Province had experienced thermal metamorphism at
cessibility, the Grenville Province (Fig. 1) has re- 950 £ 150 Ma; an age that came to be associated
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Fig. 1. Subdivisions of the Grenville Province according to Wynne-Edwards. Inset shows terranes of the Central Metasedimentary Belt
(CMB) and shear zones as given by Easton (1994). BCS = Baie Comean Segment; BT = Bancroft Terrane; CCMZ = Carthage—Colton
Mylonite Zone; CMBBZ = Central Metasedimentary Belt Boundary Zone; CGB = Central Gneiss Belt; CGT = Central Granulite
Terrane; EGP = Eastern Grenville Province; ET = Elzevir Terrane; FT = Frontenac Terrane; GFTZ = Grenville Front Tectonic Zone;
LSZ = Labelle Shear Zone; LT = Mont Laurier Terrane; MSZ = Maberly Shear Zone; PT = Pinware Terrane; RSZ = Robertson Lake
Zone.
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with the vague and ill-defined ‘Grenville Orogeny’.
During the 1980s, detailed field studies coupled with
modern geochronology began to reveal a protracted
and complicated tectonic history that extended back
to ca. 1700 Ma and involved several distinct orogenic
events (cf. Moore, 1986; Scharer et al., 1986; Gower
et al., 1990; Davidson, 1995). Two of the most im-
portant of these orogenic events were recognized
in the Central Metasedimentary Belt (CMB, Fig. 1)
by Moore and Thompson (1980) who designated
them as the Elzevirian Orogeny (ca. 1300-1200 Ma)
and the Ottawan Orogeny (ca. 1100-1000 Ma), re-
spectively. Together, these two pulses constitute the
Grenville Orogenic Cycle in the same sense that the
Taconian, Acadian, etc., constitute the Appalachian
Orogenic Cycle. Where currently employed, the term
‘Grenville Orogeny’ is used synonymously with the
Ottawan Orogeny (cf. Rivers, 1995), but it is advis-
able to utilize the more clearly defined terminology
of Moore and Thompson (1980) to which we adhere
in this paper.

The Grenville Orogenic Cycle was preceded by
older dynamothermal and magmatic events that ex-
tend back to the Labradorian Orogeny (ca. 1680-1650
Ma) in the eastern portion of the Province and may in-
clude extensions of Penokean and post-Penokean (ca.
18001700 Ma) rocks in western Ontario (Gower et

al., 1990; Rivers, 1995). The existence of orogenic
and magmatic activity in the Grenville Province at
1800-1600 Ma indicates that crustal growth and ac-
cretion represented by the Yavapai (ca. 1800-1700
Ma) and Mazatzal (ca. 1700-1600 Ma) Orogenies
in the southwest also occurred along northeast Lau-
rentia, although not necessarily in the same orogens
(Hoffman, 1988, 1989). Between 1600 and 1400 Ma
the Grenville Province was affected by granitoid in-
trusion and metamorphism at a number of centers
summarized by Moore (1986), Gower et al. (1990),
and Rivers (1995). These events still remain relatively
obscure, and their discussion is beyond the scope of
this paper; the interested reader is referred to the lit-
erature cited above.

As shown in Fig. 1, the Adirondack Mts. repre-
sent a southern extension of the Grenville Province
to which they are connected via the Frontenac Arch.
The Adirondacks are divisible into the rugged High-
lands terrane dominated by orthogneisses and the
topographically subdued Lowlands that are under-
lain principally by easily eroded metasediments, no-
tably marbles (Fig. 2). Separating the Highlands and
Lowlands is a high-strain zone of variable width
(e.g., 1-10 km) referred to as the Carthage—Colton
mylonite zone (CCMZ) that is occupied along most
of its length by the Diana Complex consisting of
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Fig. 2. Geochronological and lithologic subdivisions of the Adirondack Mountains. Age relationships shown in legends for (a) and
(b). AF = Ausable Forks;, PS = Paul Smith’s; SL = Schroon Lake; W = Wanakena. L = Lowlands; H = Highlands; CCMZ =
Carthage—Colton Mylonite Zone. After Chiarenzelli and McLelland (1991).
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pyroxene-bearing granitoids (Geraghty et al., 1981).
The CCMZ appears to extend into Canada as the
Labelle shear zone, and, as shown in Fig. 1, the com-
bined shear zones form the boundary between the
Central Metasedimentary Belt (CMB) on the west
and the Central Granulite Terrane (CGT) on the east.
The Adirondack Highlands are part, therefore, of the
CGT whereas the Lowlands belong to the Frontenac
Terrane of the CMB. As noted by Buddington (1939)
and discussed by several other workers (e.g., Bohlen
et al., 1985; Valley et al., 1990; Kitchen and Valley,
1995), the Lowlands exhibit assemblages charac-
teristic of upper amphibolite facies metamorphism
whereas the Highlands comprise classic a granulite
facies terrane (Buddington, 1939; deWaard, 1965).
Both regions are characterized by intense, polydefor-
mational folding accompanied by the development
of strong penetrative fabrics including down-dip rib-
bon lineations of the sort commonly associated with
ductile strain (McLelland and Isachsen, 1986). Al-
though deformation and the widespread presence
of orthogneiss preclude the establishment of strati-
graphies in the region, it is clear that many of
the lithic types and packages of the Adirondacks
(e.g., anorthosite, marble—quartzite sequences) bear
a close resemblance to rocks occurring north the St.
Lawrence River in Canada and provide strong evi-
dence for geologic continuity throughout the region.

The complicated structural framework and high
metamorphic grade of the Adirondacks make it ex-
ceedingly difficult to establish geologic history from
map patterns and petrologic relationships alone. As
a consequence, very little progress could be made
in reconstructing the tectonic evolution of the region
until quantitative constraints were brought to bear
on processes and events recorded in the rocks. To
this end, thermobarometry and oxygen isotope stud-
ies (Bohlen et al., 1985; Valley et al., 1990) have
provided important quantitative measures of meta-
morphic, igneous, and fluid processes. However, the
ultimate key to unravelling Adirondack geologic his-
tory has been through the utilization of geochronol-
ogy, as summarized below.

Although several Rb-Sr isochron studies were
undertaken in the Adirondacks (e.g., Heath and Fair-
bairn, 1969), it was immediately evident that the high
metamorphic temperatures of the area precluded the
acquisition of unequivocal emplacement ages via
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Fig. 3. Timing of principle igneous and metamorphic events
in the Adirondack Mountains. AMCG = anorthosite-mangerite—
charnockite—granite suite; AN = Antwerp granitoid and Rossie
diorite; HSG = Hyde School Gneiss; LMG = Lyon Mt. Gneiss.

this technique. Accordingly, Silver (1969) undertook
a landmark investigation of U-Pb zircon ages in both
the Highlands and Lowlands. These early results
inevitably suffered from the fact that zircon dating
was still in its infancy, but, nonetheless, they yielded
data suggesting that some Adirondack charnockites
were emplaced at ca. 1120 Ma and that metamorphic
zircons formed in massif anorthosite at ca. 1050 Ma.
These results, although limited in scope, remain in
basic agreement with what is known today.

In 1985, McLelland and Chiarenzelli initiated a
major program of U-Pb zircon dating in the Adi-
rondacks. Over three dozen ages were determined
(McLelland et al., 1988b; McLelland and Chiaren-
zelli, 1990a,b; Chiarenzelli and McLelland, 1991),
and the results have provided the basis for unrav-
elling the tectonic evolution of the region (Fig. 3).
Although these data were obtained prior to the devel-
opment of techniques for the analysis of single grains
of zircons, they are internally consistent across the
region and are believed to provide ages that corre-
spond closely to the time of emplacement. Ongoing
high-precision, single-zircon studies have corrobo-
rated this conclusion (McLelland and MclLelland,
1995, 1996). The purpose of this paper is to summa-
rize the results of these zircon studies and to provide
a tectonic synthesis that satisfactorily accounts for
both the geochronology and the field relationships of
the region.

2. Chronology of major events within the
Adirondack Mountains

The most significant intrusive and metamorphic
events in Adirondack geologic history are summa-
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rized in Fig. 2, where Adirondack lithologies have
been broken out on the basis of age. In the following
discussion, we first present data regarding charac-
teristics and emplacement ages of different suites
of igneous rocks and follow this with a discussion
of major metamorphic events. The high degree of
correlation between the chemistry of rock suites and
their age provides strong evidence that the zircon
chronology has yielded correct results even in areas
of granulite facies metamorphism (Chiarenzelli and
McLelland, 1993). The order of the following dis-
cussion proceeds from the oldest (ca. 1350 Ma) to
the youngest (ca. 1000 Ma) events, and relevant ob-
servations concerning events in the Proterozoic cores
of the adjacent Appalachians are included under the
several headings.

2.1. Summary of major igneous events in the
Adirondack Mts.

2.1.1. ca. 1300 Ma calc-alkaline suite of the
Adirondack Highlands

Within the Adirondacks, highly deformed, ca.
1300 Ma, rocks of calc-alkaline affinity (McLel-
land and Chiarenzelli, 1990b) have been recog-
nized only within the southern and eastern High-
lands (Fig. 2a). The most distinctive member of the
suite is a pyroxene—hornblende tonalite which invari-
ably contains disrupted, centimeter- to meter-scale
amphibolitic layers that commonly exhibit mutually
crosscutting relationships with the tonalite and are
interpreted as coeval basaltic dikes. In addition to
the tonalitic rocks, granodiorites and granites (now
charnockites) are common in the suite and can repre-
sent as much as 50% of the lithic package. Although
all of these rocks are highly metamorphosed, their
anhydrous nature and quartzo-feldspathic composi-
tion have resulted in the preservation of original min-
eralogy and even original texture. Although chemical
data from the tonalites do not discriminate between
an island arc or continental margin setting, the pres-
ence of a substantial volume of granodiorites and
granites, as well as the relative scarcity of mafic
rocks, suggests that the arc foundation contained
significant quantities of continental crust.

The age of the tonalitic suite ranges from 1330 Ma
to 1307 Ma (McLelland and Chiarenzelli, 1990b),
and therefore these rocks are somewhat younger

than the 1350-1300 Ma ages reported by Raicliffe
et al. (1991) for similar tonalites in the Mt. Holly
Complex of the adjacent Green Mts. of Vermont
lying to the east of the Adirondacks. The chem-
istry of the Mt. Holly suite suggests that it evolved
in an Andean-type collisional margin (Ratcliffe et
al., 1991). Metasediments in the Mt. Holly Com-
plex bear strong similarities to those in the eastern
Adirondacks and suggest early continuity between
the two regions. Within the Adirondacks some of
these metasediments are crosscut by ca. 1300 Ma
tonalites indicating an early depositional age. Within
the New Jersey Highlands, the Lossee Fm. (Volkert,
1993) exhibits chemical characteristics similar to the
tonalitic rocks of the Adirondacks and Green Mts.
and, although undated, it is thought to belong to the
ca. 1300 Ma suite.

Sm-Nd isotopic investigations (Daly and McLel-
land, 1991; Daly et al., 1992) reveals Tpy ages of
ca. 1350-1450 Ma and eng = +3 to +5 for tonalites
of the Adirondacks and Green Mts. The Tpm ages
are only slightly older than the emplacement ages
of these rocks and demonstrate that they represent
juvenile crustal additions to the Grenvillian Orogen.
This stands in contrast to prior models (e.g., Wynne-
Edwards, 1972; Dewey and Burke, 1973) which por-
trayed the orogen as comprising reworked Archean
and early Proterozoic crust. The addition of substan-
tial juvenile crust at ca. 1400-1300 Ma is consistent
with the existence of a collisional arc at that time.

2.1.2. ca. 1240 Ma Charnockites of the Highlands

Pre-1150 Ma charnockitic rocks are known only
from the southern Highlands (Fig. 2a) where the
extensive Canada Lake charnockite yields an upper
intercept age of 1243 + 51 Ma and megacrystic
charnockitic rocks of the Tomantown Pluton have a
minimum Pb-Pb age of 1184 Ma (Chiarenzelli and
McLelland, 1991). Within the Mt. Holly Complex of
the Green Mts., Ratcliffe et al. (1991) have dated the
College Hill granite at 124448 Ma. Compositionally,
it is similar to both the Canada Lake charnockite and
the Tomantown Pluton.

2.1.3. ca. 1230 Ma Hyde School Gneiss of the
Adirondack Lowlands

Fourteen domical plutons (Fig. 2a) consisting
of pink alaskite and grey tonalite (referred to as
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Hyde School Gneiss—Buddington, 1939) together
with lesser amounts of granodiorite occur scattered
throughout the Adirondack Lowlands. The plutons
are characterized by the presence of disrupted, dike-
like sheets of amphibolite that generally account for
10-25% of areal exposure. Originally Buddington
(1939) interpreted these plutons as intrusives (i.e.,
phacoliths), but subsequently they were reinterpreted
as metamorphosed dacitic to rhyolitic ash-flow tuffs
by Carl and Van Diver (1975). Recently, McLelland
et al. (1992) have provided a range of petrologic
and field evidence supporting an intrusive origin, and
graphite—calcite geothermometry (Kitchen and Val-
ley, 1995) indicates anomalously high temperatures
near one pluton as would be expected from contact
metamorphism.

The chemistry of Hyde School Gneiss is bimodal
and exhibits calc-alkaline signatures (McLelland and
Chiarenzelli, 1990b) suggesting a tectonic link to the
older Highland tonalites summarized above. The ca.
1240 Ma granites of the Highlands or the Green Mis.
may represent distant manifestations of the Hyde
School magmatic event.

Sm-Nd investigations in the Adirondack Low-
lands (McLelland et al., 1993) yield 7py ages of
ca. 1350 Ma (eng = +4) which correspond to
tonalitic Hyde School Gneiss representing juvenile
crust. Daly and McLelland (1994) have demonstrated
that most Lowland metasediments are characterized
by Tpm of ca. 1500 (eng & 3) and these rocks could
also have participated in the generation of Hyde
School Gneiss, particularly the alaskitic facies.

2.14. ca. 1185 Ma Antwerp granitoid and Rossie
diorite of the Lowlands

Scattered occurrences of these small bodies are
found within the Lowlands. The more abundant
Antwerp granitoid consists dominantly of granodi-
orite and both it, and the Rossie diorite exhibit
strong depletions in HREE (Carl et al., 1990), sug-
gesting a deep, garnet-bearing source. The very reg-
ular outcrop trend of the Antwerp granitoid suggests
fault-controlled emplacement. U-Pb zircon (McLel-
land et al., 1993) and Rb-Sr whole-rock isochron
techniques (Carl et al., 1990) have yielded Antwerp
granitoid ages of 1183 +7 Ma and 1197 £+ 53 Ma, re-
spectively. A Rb-Sr determination for Rossie diorite
yielded an age of 1160 £ 42 Ma (Carl et al., 1990).

To date, lithic equivalents of the Antwerp granitoid
and Rossie diorite have not been recognized outside
of the Adirondack Lowlands.

2.1.5. ca. 1150-1125 Ma,
Anorthosite—charnockite—-mangerite—granite
(AMCG) suite

The voluminous AMCG suite of highly de-
formed and metamorphosed rocks underlies most
of the Adirondack Mts. (Fig. 2b) and comprises a
group that has long been of interest to petrologists.
AMCG granitoids consist of mildly alkaline, iron-
enriched types characteristic of the rapakivi suite,
and anorthositic members consist of large plutons
dominated by pyroxene and intermediate (ANys_s0)
plagioclase typical of Proterozoic massif anorthosite
(Emslie, 1978, 1985; McLelland, 1991; Ashwal,
1993). Within the Adirondacks, the largest body
of anorthosite is the Marcy massif (70 x 50 x 7 km)
which underlies the entirety of the northeastern re-
gion of high peaks. As observed by Silver (1969),
and corroborated by McLelland and Chiarenzelli
(1990a), the Marcy massif contains metamorphic
zircons whose age of ca. 1050 Ma dates the time
of peak granulite facies metamorphism. This con-
clusion is consistent with the equant, multi-faceted
(‘soccer ball’) morphology of these zircon grains,
as well as their low uranium content. Besides the
metamorphic zircons, a small volume of baddelyite
from the anorthosite gives a minimum age of 1087
Ma, and the air-abraded cores of zoned zircons yield
a minimum age of 1113 Ma, both results point-
ing towards a still older emplacement age for the
anorthosite (McLelland and Chiarenzelli, 1990a). In
order to constrain this emplacement age, McLel-
land and Chiarenzelli (1990a) dated granitoids that
both crosscut, and are crosscut by, anorthositic rocks
of the Marcy massif. These yielded ages between
1134 + 4 Ma and 1125 + 10 Ma, respectively, and
demonstrate that the anorthosite and granitoids are
coeval at ca. 1130 Ma, and that they constitute a
bimodal magmatic suite.

Although the anorthosites and granitoids of the
AMCG suite are coeval, most workers agree that
they are not comagmatic (e.g., Emslie, 1978, 1985;
McLelland, 1991; Ashwal, 1993). The anorthositic
rocks are best accounted for as gabbro-derived, vari-
ably contaminated (Valley et al., 1995) melts from






