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Synorogenic Collapse: A Perspective from the Middle
Crust, the Proterozoic Grenville Orogen

K. MEZGER, B. A. VAN DER PLUDM, E. J. ESSENE, A. N. HALLIDAY

Structural, petrological, and geochronological studies of the middle to late Proterozoic
Grenville orogen in Ontario, Canada, indicate that a major extensional fault developed
synchronously with late thrusting. This fault zone was initiated during peak metamor-
phism and extended into the crust to depths of at least 25 kilometers. The temporal
and spatial relations among faulting, metamorphism, and regional compression
indicate that synorogenic collapse initiated because the crust exceeded the maximum
physiographic height and thickness that could be supported by its rheology. Compar-
ison of Grenville with recent Himalayan orogenic activity suggests that during
Proterozoic times physiographic height, crustal thickness, and crustal strength were
similar to modern conditions in orogenic belts.

HE DEVELOPMENT OF LARGE-SCALE

extensional shear zones and associat-

ed rapid thinning of tectonically
thickened continental crust is increasingly
recognized as a major synorogenic to post-
orogenic process referred to as “orogenic
collapse.” Theoretical arguments have been
advanced that require extensional tectonics
as a consequence of crustal thickening due to
compressional tectonics (1, 2). Many oro-
genic belts develop extensional shear zones
after the compressional forces cease (1, 3-5).
Only in a few cases has it been shown that
extensional shear zones develop in the upper
parts of active orogenic belts while the crust
is still undergoing compression (1, 2). In
this report we provide evidence from the
Proterozoic Grenville orogen that synoro-
genic collapse due to crustal overthickening
occurred also in ancient orogenic belts and

Department of Geological Sciences, C. C. Little Build-
ing, The University of Michigan, Ann Arbor, MI 48109.

that collapse structures extended into the
middle crust.

The Grenville orogen extends from Lab-
rador to central Mexico and continues on
the eastern side of the Atlantic Ocean in
Ireland and Scandinavia (6, 7). Thus, in
extent the Grenville orogen is comparable to
the Cordillera of western North America
and the Alpine-Himalayan mountain chain.
The Grenville orogen is exposed. continu-
ously from Labrador to southern Ontario
and northern New York. Elsewhere its ex-
tent is inferred from small isolated expo-
sures, inliers within younger orogenic belts,
xenoliths brought up in young volcanic
rocks, drill holes, and geophysical studies
[for example (8, 9)]. Most of the exposed
Grenville orogen is made up of rocks that
have experienced at least amphibolite facies
metamorphism (550° to 650°C at 6 to 8
kbar), and a large part has undergone gran-
ulite facies metamorphism (700° to 800°C at
6 to 11 kbar) [for example (10)]. Thus, in
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Fig. 1. Simplified geo-

logic map of the north-
western Central Meta-
sedimentary belt and
southeastern Central
Gneiss belt of Ontario.
Shown are the major
faults and the direction

of movement as record-
ed by shear sense indica-
tors within the shear
zones. The numbers cor-
respond to the U-Pb
ages given in Table 1.
Ages in boxes corre-
spond to metamorphic
sphenes from marbles,
calc-silicate gneisses, and
an amphibolite and
monazite  from a
metapelite (marked by a
“*»), The other ages cor-
respond to sphenes that
grew most likely as a re-
sult of igneous activity
and were extracted from
granites, syenites, peg-

s

4%
S

matites, and skarns. E, Elzevir domain; B, Bancroft domain; CMB, Central Metasedimentary belt;
CMBBZ, Central Metasedimentary belt boundary zone; CGB, Central Gneiss belt; CGT, Central

Granulite terrane; and BSZ, Bancroft shear zone.

contrast to young mountain belts such as the
Alpine-Himalayan chain, the Grenville oro-
gen allows a direct view of processes that
were active in the middle to lower crust
during orogenic activity.

The southern part of the exposed Gren:
ville orogen can be subdivided on the basis
of distinctive associations of lithologies,
geophysical data, and metamorphic histories
into three large belts that strike approxi-
mately parallel to the orogen. From north-
west to southeast, these are-the Central
Gneiss belt, the Central Metasedimentary
belt, and the Central Granulite terrane (Fig.
1) (11). The first two belts are bounded to

the northwest by ductile thrust zones: the -

Grenville Front tectonic zone and the Cen-
tral Metasedimentary belt boundary zone
(CMBBZ), respectively (11-13) (Fig. 1).
The Central Gneiss belt is dominated by
metaigneous gneisses that were metamor-
phosed in the upper amphibolite or granu-
lite facies and consists of several domains
that are bounded by northwest-directed
thrust faults (12—14). The Central Metased-
imentary belt has been subdivided into sev-
eral domains, of which two, the Bancroft
and Elzevir domains, are shown in Fig. 1.
The domains are separated from each other
by ductile shear zones. However, the direc-
tion of movement along these shear zones is
largely unknown except for the Bancroft
shear zone, which runs approximately paral-
lel and in some places crosscuts the bound-
ary between the Bancroft and the Elzevir
domains (Fig. 1). This shear zone is a south-
east-dipping fault zone in which all struc-
tures (including rotated clasts, S-C struc-

696

tures, shear bands, and mica fish) indicate a
normal sense of motion (15). In addition, a
discontinuity in metamorphic grade is ob-
served across this fault. In the vicinity of
Bancroft (Fig. 1) the rocks are of upper
ampbhibolite facies, whereas the immediately
adjacent parts of the Elzevir domain are of
only middle amphibolite facies (15-17).
Graphite-calcite carbon isotope thermome-
try on mylonitized marbles indicates that the
shear zone was active down to temperatures
of about 500°C (18).

In order to evaluate the geological impor-
tance of this extensional fault it is essential to
determine the time of shearing with respect
to regional thrusting and peak metamor-
phism. Therefore, U-Pb ages were obtained
for metamorphic sphenes from marbles and
calc-silicate gneisses within and from either
side of the shear zone. In addition, sphenes
were selected from skarns and igneous intru-
sions in order to evaluate the timing and
significance of magmatism with respect to
metamorphism and tectonism.

Sphene was chosen because it is the only
widespread mineral suitable for isotopic dat-
ing that is of unambiguously metamorphic
origin in marbles and calc-silicate gneisses.
In addition, sphene is the only widespread
and abundant metamorphic mineral that can
be used to obtain precise growth ages in the
Central Metasedimentary . belt [Table 1
(19)]. Sphene has an apparent closure tem-
perature for the U-Pb system of about 550°
to 650°C, depending on the grain size (20).
Because the highest metamorphic tempera-
tures in this area were 600°C, and 650°C
may have been reached only locally (14), it

is possible to obtain information on the
timing of prograde metamorphism as well
as its duration from analyses of sphenes.
Mylonitization continued down to about
500°C (18), and therefore newly grown
sphenes within the shear zone can be used
to determine directly the time of shearing
and recrystallization in the Bancroft shear
zone.

The U-Pb ages obtained on metamorphic
sphenes from samples within and outside
the Bancroft shear zone range from 1045 to
1030 Ma (million years ago), (Fig. 1 and
Table 1). In contrast, sphenes that grew as a
result of igneous activity are older than 1041
Ma. Because the igneous sphenes were not
reset isotopically by the metamorphism, the
ages of the metamorphic sphenes are inter-
preted as growth ages. In addition a mona-
zite from a metapelite was dated at 1041 =
2 Ma. Because monazite has a closure tem-
perature for the U-Pb system of about 725°
+ 25°C (21), this age corresponds to the
time of mineral growth and dates the re-
gional metamorphism.

Morphology, color, and inclusion pattern
of sphenes from sheared marbles are distinct
from sphenes that were extracted from un-
sheared samples. However, there is no sys-
tematic variation in the U-Pb ages among
these sphenes. To illustrate this relation fur-
ther, sphenes from a hand specimen that
consists of unsheared and mylonitized parts
(samples 90-45, Table 1) were examined in
detail. The unsheared marble contains
coarse calcite and graphite together with

Table 1. U-Pb sphene ages in millions of years
ago. Gr, granite; Sy, syenite; CSG, calc-silicate
gneiss; Peg, pegmatite; MM, marble mylonite;

Sk, skarn; M, marble; Pel, pelite; Am,
amphibolite. Errors are +2 SEM.
206 207 207p
Somple Pb Pb b _ Rock
23877 2357y 206p}, type

90-38 1074 1074 10742 Gr
90-39 1068 1068 1067 +2 Sy
89-05 1058 1059 1060 =3 Sy
90-46 1057 1059 1061 =2 CSG
90-88b 1053 1054 1056 *+3 Gr
ACP/3 1049 1049 1048 =2 Peg
5D 1041 1043 10461 MM
BA-28 1044 1044 0452 MM
90-40 1045 1045 10452 CSG
89-06/1 1044 1043 1043+2 Sk
89-06/2 1041 1042 1044 +4 Sk
GO4b 1047 1046 10441 MM
89-18/1 1015 1024 1042+4 M
89-18/2 1043 1043 1043+6 M
ZR.15 1042 1042 1041 =3 DPeg
REN-28* 1042 1042 1041 +£2 Pel
90-45 1035 1035 1034+3 MM
90-45 1029 1030 10322 M
90-47 1033 1033 1033 +2 CSG
90-88 1025 1025 1024 +2 Am
*Monazite.
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inclusion-free, dark brown sphenes (5 to 10
mm across) with well-developed crystal fac-
es; the marble mylonite consists of fine-
grained calcite with graphite coatings and
has small (<0.5 mm), disk-shaped, yellow-

brown sphenes without any crystal faces but

abundant inclusions. The two sphene sam-
ples are also markedly distinct in their U and
Pb concentrations and their Pb-isotope ra-
tios. These relations imply that the sphenes
from the shear zones are not rounded frag-
ments that were once part of larger sphenes
that grew before shearing but rather are
newly grown grains that formed during
mylonitization. Both types of sphene yield-
ed identical concordant ages of 1032 * 2
Ma and 1034 * 3 Ma, respectively (Table
1). Sphenes from two other samples of
strongly sheared marble from the same out-
crop yielded ages of 1044 + 1 Ma and 1046
+ 1 Ma. The total spread in concordant
U-Pb sphene ages from the Bancroft shear
zone (Fig. 1) is interpreted to indicate that
the shear zone was active from about 1045
to 1030 Ma. The older sphene ages from
sheared samples are identical to the interval
of monazite and sphene growth in un-
sheared rocks in the vicinity of the Bancroft
shear zone. From this relation we conclude
that peak metamorphism coincided with the
initiation of normal faulting. The tempera-
tures of about 500°C for the mylonitized
marbles indicate that shearing continued
during cooling.

The initiation of thrusting of the Central
Metasedimentary belt onto the Central
Gneiss belt along the CMBBZ (Fig. 1) was
dated with the U-Pb technique on zircons
extracted from syntectonic pegmatites locat-
ed within the shear zone (22, 23). The ages
indicate that thrusting started at about 1160
‘Ma in the northeast parts of the CMBBZ.
Major reimbrication and thrusting along the
whole shear zone was initiated at 1060 Ma,
about 20 million years before peak meta-
morphism at about 1040 Ma. Thrusting
lasted until at least 1025 Ma, as is indicated
by U-Pb zircon ages from the northeastern
part of the CMBBZ (22, 23) and the growth
of the last metamorphic sphenes in parts of
the CMBBZ (sample 90-88, Table 1, and
Fig. 1). The whole Grenville orogen of
Ontario and northern New York continued
to undergo compression at least until about
1000 Ma (16, 24). Because extension along
the Bancroft shear zone coincided with
thrusting in immediately adjacent parts and
throughout the orogen, this shear zone is
interpreted to be a synorogenic collapse
structure.

Stable continental crust is approximately
35 km thick and has an elevation that is
typically only a few hundred meters above
sea level. In contrast, collisional tectonics in
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active orogenic belts, which leads to thrust-
ing and crustal shortening, may produce
continental crust with at least twice its nor-
mal thickness and a maximum average phys-
iographic height of 5 km (1, 25). Since the
crust reaches isostatic equilibrium on a time-
scale of 10* years (26), the resulting moun-
tain range reaches its maximum physio-
graphic height at about the same time the
crust reaches its maximum thickness. The
maximum thickness and physiographic
height of the crust are constrained by its
strength and the magnitude of the lateral
compressional forces. Once the crust reaches
a physiographic height that cannot be sup-
ported further by the strength of the ‘rock
column, the rocks in the lower part of the
crust may flow laterally or extensional shear

‘zones may develop in the upper parts of the

thickest crust. Evidence for crustal thinning
due to lateral flow is not accessible to direct
observation. However, evidence of orogenic
collapse is preserved as prominent normal
faults that parallel orogenic belts [for exam-
ple (2)]. During synorogenic collapse, nor-
mal faulting leads to crustal thinning by
extension of crustal segments in an area that
is undergoing compression on a regional
scale. The topographic expression of the
mountain range will be balanced by exten-

sion during continued crustal shortening.

Such a scenario is consistent with the obser-
vations in the northern Central Metasedi-
mentary belt.

The Central Metasedimentary belt was
emplaced on the Central Gneiss belt, which
was thickened previously by thrusting from
1160 to 1120 Ma (13). The second episode
of thrusting along the CMBBZ that started
at 1060 Ma led to the formation of over-
thickened crust and a topographic front.
This resulted in overstepping of the critical
crustal thickness and led to the formation of

an extensional shear zone parallel to the

orogenic belt; this shear zone prevented
further crustal thickening in the western
Central Metasedimentary belt. Sphenes
from igneous rocks and skarns within the
Bancroft domain yielded U-Pb ages that
range from 1041 to 1074 Ma and are sig-
nificantly older than metamorphic sphenes
(Table'1). This difference implies that most
of the magmatic activity preceded peak
metamorphism, and is an indication that the
heat budget for metamorphism was not
strongly influenced by magmatism, but rath-
er that metamorphism was the result of
crustal thickening. This lack of external heat
input accounts for the low average geother-
mal gradient of 20° to 23°C per kilometer
derived for peak metamorphism in the Cen-
tral Gneiss belt and the western Central
Metasedimentary belt (14). Such a gradient
indicates that thermally undisturbed conti-

nental crust was stacked during thrusting.
The U-Pb sphene data show that initial
failure of the crust occurred at the time of
peak metamorphism at about 1040 Ma.
Uplift associated with extension led to cool-
ing of the rocks in the footwall and halted
amphibolite facies metamorphism. As a con-
sequence no new metamorphic sphenes
formed in the rocks after 1032 Ma (Fig. 1).

The observed coincidence of peak meta-
morphism and the initiation of orogenic
collapse in the western Central Metasedi-
mentary belt is consistent with temperature-
controlled crustal weakening. This observa-
tion suggests that crustal thickness in
orogenic belts is limited by the strength of
the rock column and not lateral compres-
sional forces. During peak metamorphism
maximum pressures of 7 to 8 kbar (14) were
reached in the northwestern Central
Metasedimentary belt. For an average crust-
al density of 2.75 g/cm?®, these pressures
correspond to a burial depth of 26 to 29 km.
If the area was underlain by the same crust as
it is now, the crust reached a maximum
thickness of at least 60 to 65 km during the
Grenville orogeny.

The setting of the Grenville orogen is-
strikingly similar to that described for the
present-day central Himalayan and southern
Tibetan regions, where a compressional oro-
genic belt shows evidence for synorogenic
extension (2). In this young orogenic belt,
southward thrusting of the Tibetan Plateau
over the Indian plate has led to the forma-
tion of continental crust up to 70 km thick
and an average physiographic height of 5
km (1, 25). This overthickened crust has
collapsed along major faults that have devel-
oped parallel to the orogenic belt and termi-
nate at unspecified levels in the continental
crust (2). The similarity of synorogenic ex-
tension in the Grenville orogen with that
described from the Himalayas (2) and pos-
sibly the Andes (1) indicates that the maxi-
mum thickness of continental crust and the
possible physiographic height of mountain
ranges in the Proterozoic were quite similar
to the maximum values observed in current-
ly active fold-and-thrust belts, and no differ-
ences in lower crustal v1scos1tx or the mag-
nitude of lateral tectonic forces”have to be
postulated. Moreover, the evidence forsyn-
orogenic collapse in the Grenville orogen
demonstrates that extensional faults can ex-
tend at least into the middle crust (>25 km
depth) and that they are initiated during
peak metamorphism.
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Length of the Solar Cycle: An Indicator of Solar
Activity Closely Associated with Climate

E. FrI1S-CHRISTENSEN AND K. LASSEN

It has recently been suggested that the solar irradiance has varied in phase with the
80- to 90-year period represented by the envelope of the 11-year sunspot cycle and
that this variation is causing a significant part of the changes in the global
temperature. This interpretation has been criticized for statistical reasons and
because there are no observations that indicate significant changes in the solar
irradiance. A set of data that supports the suggestion of a direct influence of solar
activity on global climate is the variation of the solar cycle length. This record closely
matches the long-term variations of the Northern Hemisphere land air temperature

during the past 130 years.

UCH SCIENTIFIC EFFORT HAS
l \ / I been exercised in order to under-

stand the effects on climate of
the release of increased quantities of CO,
into the atmosphere. Because realistic ex-
periments on a global scale are not possi-
ble, verification of physical theories have
relied on model simulations or observa-
tions. Model simulations are limited by

the necessary assumptions, and observa-

tions suffer from the lack of suffi-
ciently long time series of fundamental
quantities.

One of the most fundamental quantities
in relation to the terrestrial climate is the
sun’s radiation. This is one of the parame-
ters of which we have the least exact knowl-
edge. Eddy (1) pointed out that apparent
long-term relations between solar activity
and certain indicators of the global climate
might be caused by changes in the solar
irradiance. Only recently, however, during
the satellite era, have reliable measurements
of the variability of the sun’s irradiance
been obtained (2), but these measurements
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are for a time scale shorter than a solar
cycle.

Reid (3) discussed a striking similarity
between the globally averaged sea-surface

. temperature (SST) and the long-term

record of solar activity, as represented by
the 11-year running mean Ziirich sunspot
number. He pointed out that although not
identical, the two time series had several
features in common. Most noteworthy was
the prominent minimum in the early dec-
ades of this century, the steep rise to a
maximum-in the 1950s, a brief drop during
the 1960s and early 1970s followed by a
final rise, which apparently has not
stopped.

Reid used these observations to show
that the solar irradiance may have varied by
approximately 0.6% from 1910 to 1960
in phase with the 80- to 90-year cycle (the
Gleissberg period) represented by the en-
velope of the 11-year solar activity cycle.
To estimate the response of the upper
ocean to changes in the solar constant,
Reid used a simple one-dimensional ocean
thermal model of Hoffert et al. (4). He
found that the necessary range of variation
in the solar constant required to account

for the temperature increase during the
130-year period is less than 1%, which
is consistent with the magnitude of the
long-term trend that could be derived
from the measurements of the solar irradi-
ance.

Correlations regarding sun-weather rela-
tions have traditionally been attacked for
two main reasons. The first, and perhaps
most serious one, is the lack of a phys-
ical mechanism that could lead to the
claimed relations. The second has been the
poor statistical significance of the correla-
tions.

Kelly and Wigley (5) argued that the
required change in the sun’s energy output
largely exceeds the changes that are sug-
gested by direct measurements. On the
basis of directly measured irradiance data
from the short time period of satellite
measurements, Foukal and Lean (6) con-
structed a model of the total solar irradi-
ance variation between 1874 and 1988.
Variations of less than 1.1 W/m?2, which is
less than 0.1% of the total output, were
predicted. However, they explicitly noted
that additional low-frequency changes in
the irradiance might be present that could
not be deduced from the limited series of
irradiance data.

Even for a change in the solar energy
output compatible with thé value estimated
by Reid, model calculations by Kelly and
Wigley (5) indicated that solar forcing is
unlikely to have accounted for more than a
small part of the observed temperature
variation. An important reason for this
conclusion was the limited statistical corre-
lation between the two time series used by
Reid.

There is, however, no a priori reason to
believe that the long-term changes of solar
irradiance are perfectly represented by the
number of sunspots. In this paper we pre-
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