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“miogeocline, southern Canadian Rocky Mountains:
subsidence mechanisms,

Implications for

and crustal thinning

——
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ABSTRACT

A quantitative procedure has been developed
for calculating tectonic subsidence in fully lithi-
fied strata and has been applied 1o stratigraphic
sections in the early Paleozoic miogeocline of
the southern Canadian Rocky Mountains. The
results indicate that tectonic subsidence along
the inner edge of the miogeocline was controlied
mainly by thermal contraction of heated litho-
sphere. Comparison of a palinspastically restored
cross section of the inner part of the miogeocline
with a cross section constructed from a two-
dimensional stretching model suggests that thin-
ped continental crust was present beneath the
inner miogeocline. These results support the
pessive-margin model that has beep proposed
for the miogeocline. The extensive transgression
onto the craton east of the miogeocline in Cam-
brian time, however, cannoi be explained by
subsidence processes operating within 2 passive
margin. and the transgression could be evidence
for a eustatic rise of sea level.

The form of the tectonic subsidence curves
strongly implies that cooling of the heated litho-
sphere. which was initiated at the time of break-
up. could not have begun earljer than the latest
Precambrian or earliest Cambrian (555 Ma 1o
600 Ma). Ages of 800 Ma t0 900 Ma that have
been assumed previously for rifting in the mio-
geocline are 100 old to have led directly to con-
tinental breakup. Scattered occurrences of mafic
volcanics interlayered with arkosic sediments
bave been reported in the latest Precambrian
W earliest Cambrian Hamil| Group exposed in
the middie to outer part of the miogeocline.
These deposits Mmay record the phase of rifting
that immediately preceded formation of the
proto-Pacific margin in the southern Canadian
Rockies,

INTRODUCTION
The presence of an early Paleozoic miogeo-

dine in the North American Cordillera was
—_—

l Lamoni-Doherry Geological Observatory of Columbiq Universiyy,

interpreted by Stewart (1971, 1972) and by
Burchfiel and Davis (1972) as evidence that a
passive continental margio was initiated at some
time in the late Precambrian along the western
edge of the North American craton. This inter-
pretation was based on a comparison of the
geology of the miogeocline with the generalized
and largely descriptive models of passive mar-
gins that were available at the time.
In recent years, new quantitative methods and

geophysical models have been developed for
analyzing the evolution of modern passive mar-
gins (Keen, 1982: Watts, 1981). In this paper,
the evolution of a part of the Cordilieran miogeo-
cline in the southern Canadian Rocky Moun-
tains is re-examined using a quantitative method
for analyzing subsidence that has been applied
recently to modern passive margins. This meth-
od involves the construction of tectonic sub-
sidence curves from columnar stratigraphic
sections (Sleep, 1971, Watts and Ryan, 1976).
Tectonic subsidence, which is subsidence caused
solely by a tectonic or dnving mechanism, is caj-
culated by Quantitatively removing the subsi-
dence produced by nontectonic processes such

as sediment loading. sediment compaction, and
water depth changes. The advantage of this
procedure is that a graph of tectonic subsidence
VErsus time, the tectonic subsidence curve, can

be compared with subsidence curves calculated

from various geophysical models of passive

margins. The comparison of such curves has

been found to be especially useful as a means of
identifying the thermal component of subsidence
and its timing in the postrift cooling stages of
modern passive margins (Sleep, 1971; Keen,

1979, Watts and Steckler, 1979).

This paper begins with the development of a
new method that has been briefly described pre-
viously (Bond and Kominz, 1981; Kominz and
Bond, 1982) for recovering the tectonic compo-
nent of subsidence from fully lithified and litho-
logically diverse strata of the type that are
typically present in the Cordilleran miogeocline.
We apply this method to selected stratigraphic
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sections in the thrust and fold belt of the south-
ern Canadian Rockies, where the strata are ex-
ceptionally wel exposed and good stratigraphic
and structural controls have been established.
The results of the analysis are compared with
thermal-mechanical models of passive margins
to identify the mechanisms that controlled the
subsidence and (o obtain a new estimate for
the age of continental breakup and initiation of
the passive margin in the southern Canadian
Rockies

PROCEDURE FOR CALCULATING
TECTONIC SUBSIDENCE IN THE
MIOGEOCLINAL STRATA

The procedure we use to calculate tectonic
subsidence in the miogeoclinal strata is a modifi-
cation of the backslripping method that was
originally developed by Sleep (1971) and later
applied to the northwestern Atlantic margin by
Waits and Ryan (1976) (see Steckler and Watts,
1978; and Sclater and Christie, 1980, for de-
lailed discussion of the method). The procedure,
shown diagrammatically in Figure ], begins by
restoring the lowest unjt ip a stratigraphic sec-
tion, usually a formation oy member, to its initial
thickness and bulk density (unit 1a in Fig. 1)
and placing its top at a depth below sea leve]
corresponding to the average depth of water in
which the unit was deposited (Wd)). The iso-
static subsidence of the basement caused by the
weight of the sediment in the unit is then re-
moved, and the depth to the surface on which
the unit was deposited (Y ) is recalculated with
only the weight of water as the basement Ioad-
ing factor. Next, the second unit in the section is
restored to its initial thickness and bulk density
(unit 2a) and js positioned with its top at the
average depth of deposition of the unit (Wd)
and its base in contact with the first unit, The
thickness and bulk density of the first ypit are
adjusted (unit 1b) in accordance with the depth
of burial beneath the second unit. The isostatic
subsidence due to the weight of sediment in both
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the first and second units is removed as before,
and the depth to the surface on which the first
unit was deposited (Y,) is again recalculated -
with only the weight of water as the loading
factor. These steps are repeated for successively
higher units until they are completed for the
highest unit in the section. To complete the
procedure, the water depths should be corrected
for any eustatic changes in sea level, if known,
using the method described by Steckler and
Watts (1978) (this step not shown in Fig. 1).
The tectonic subsidence curve for the section is
given by plotting the values of Y as a function of
radiometric ages of the stratigraphic units (Fig.
1). If the base of unit 1 was not deposited close
to sea level, the first point on the tectonic
subsidence curve (Yg) must be plotted at the
water depth for the base of that unit.

Calculation of Tectonic Subsidence

The calculation of tectonic subsidence in a
unit of a stratigraphic section is given by the
general equation that has been developed for
modern sedimentary basins (Steckler and Watts,
1978): ‘

voofs () -]
[wad - ast] (1)

where Y = tectonic subsidence, S* = sediment
thickness corrected for compaction, p; = mean
bulk density of sediments, p, = mean density of
mantle (3.40 g/cm?), p,, = density of sea water,
ASL = change in sea level relative to its present-
day elevation, & = a basement response or
weighting function relating sediment and water

discussion.

loads to tectonic subsidence, and Wd = average
depth of water in which unit was deposited.
This equation is not directly applicable to the
miogeoclinal sequences, however, because of the
way in which S*, the decompacted sediment
thickness, has been calculated. For modern ba-
sins, calculation of S* has been simplified by
assuming that thicknesses and porosities of the
sedimentary layers decrease during burial solely
by compaction resulting from mechanical pro-
cesses and/or pressure solution with precipita-
tion of all dissolved material in pore space (Van
Hinte, 1978; Perrier and Quiblier, 1974; Steckler
and Watts, 1978; Sclater and Christie, 1980).
The change in thickness and density of a layer
during burial, therefore, is assumed to be directly
proportional to the decrease in porosity in that
layer with depth. The decrease in porosity with
depth is calculated using well-log data from drill
holes in the margin. The change in porosity with
depth cannot be determined in this manner for
the sedimentary rocks in the miogeocline be-
cause their long exposure to diagenesis has
reduced the porosities to essentially zero. More-
over, it is clear that compaction was not the only
process that reduced porosities in the miogeo-
clinal strata. We have found from thin-section
studies that in portions of certain lithologies,
especially quartz sandstone and calcarenite with
little matrix, the grains are loosely packed and
the pore space is filled with cement. Such tex-
tures, which are widely recognized in both mod-
ern and ancient sediments, are evidence that
porosities were reduced and the sediment lithi-
fied by precipitation of cements before the layers
were buried deeply enough to be compacted
(Beales, 1971; Bathurst, 1976; Choquette and

Figure 1. Steps in the procedure for calculating tectonic sub. :

for eustatic changes in sea level not shown. See text for

TECTONIC
SUBSIDENCE

lithified strata of the miogeocline. Correctiog }

Pray, 1970; Friedman, 1975). In other litholo.
gies in the miogeocline, however, compaction
appears to have been important, especially i |
shales and fine-grained limestones containing
fluid escape structures and flattened burrows. To
calculate S* for the miogeoclinal strata, there. 3
fore, the sedimentary layers must be delithified; §
that is, corrections must be made for both com. §
paction and cementation during burial, and
these corrections must be developed without §
direct porosity measurements as a guide.

A Procedure for Delithifying the
Miogeoclinal Strata

The quantitative relations between depth of |
burial, compaction, and cementation are poorly 3
understood, and it is not possible to specify a }
precise empirical or theoretical delithification
factor for each lithology in the miogeocline. '
Quantitative delithification factors cannot be ob-
tained directly from petrologic studies of the
miogeoclinal sediments, either, because of the |
long and complex diagenetic processes that have
affected them. It seems, therefore, that the best
approach to delithification is to determine the |
maximum and minimum limits of the effects of
compaction and cementation during burial of |
the strata and to assume that the ranges between
the limits contain the correct values for delithifi-
cation. We have found that this procedure can
be developed readily from data in the literature
and that the ranges between reasonable maxi-
mum and minimum limits are not unacceptably }
large. 3

The maximum limit for delithification is de-
rived from the assumption that the thickpesses |
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l'ﬂd densities of each stratigraphic unit were
changed during burial solely by compaction. To

'a]culale this limit, it is necessary to determine
‘ ‘the average initial porosity and the change in

average porosity during burial of each strati-
phic unit. This is done using an empirical
rosity versus depth curve for each of the most
gommon lithologies in the stratigraphic units,
which are micrite, calcisiltite, calcarenite, non-
ealcareous shale, quartz siltstone, and well-sorted
riz sandstone with little to no matrix (Fig. 2,
solid curves). The construction of these curves is
weated in the next section of the discussion. To
ealculate the initial average porosity, the strati-
grphic unit is placed on the porosity curves
with its top at zero depth and its base at the
gdepth equivalent to its present thickness. The
porosity curves corresponding to each lithology
that is present in the unit are integrated from
zero depth 1o the base of the unit and divided by
the thickness of the unit. The average initial por-
osity s given by multiplying each result of this
division by the percentage of the corresponding
lithology in the unit and summing the products.
The thickness of the unit is then increased by the
amount of water needed to fill the initial average
porosity. Because the addition of the water car-
nies the base of the unit to a deeper level on the
porosity curves, the steps for calculating the
initial average porosity must be repeated using
the new depth to the base of the unit. This
procedure is repeated until the difference in suc-
cessive values for average initial porosity is less
than 2%. The initial thickness of the unit is calcu-
lated by adding its measured thickness to the
thickness of water required to fill the pore space
given by the last iteration for the average initial
porosity. The average initial density of the unit is
easily calculated from the average grain density
of the unit and its average initial porosity. The
average grain density is determined using densi-
ties for various nonporous lithologies given by
Daly and others (1966) and the percentage of
the lithologies in each unit. To obtain the
change in thickness and average density of the
unit with burial, thickness and average porosity
are calculated as above but using the succes-
sively deeper segments of the porosity curves
that correspond to the increasing depths of bur-
ial of the unit as successively younger units are
placed above it. This procedure for calculating
the maximum limit of delithification is valid for
compaction caused by purely mechanical move-
ment of grains closer together, by solution of the
grains and reprecipitation of all dissolved mate-
tizl in nearby pore space, or by a combination of
these two mechanisms.
The minimum limit for delithification is de-
nved from the assumptions that only noncal-
GQreous shales were compacted during burial

POROSITY (%)
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Figure 2. Empirical porosity-
depth curves used for delithifying

the miogeoclinal sequences. Solid
curves are for maximum values
of delithification, and dashed
curves are for minimum values
of delithification. Construction
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and that the average initial porosities of all other
lithologies were reduced solely by addition of
cement. We specify that the cement originated
in an external source and not from solution of
grains within the section. The calculation of
average initial porosity and change in porosity
with burial is the same as for the maximum
limit, with two exceptions. The porosity curves
used for the calculation are the dashed curves in
Figure 2, and the present or measured thick-
nesses of each unit are increased only by the
amount of water required to fill the porosity in
the fraction of noncalcareous shale in the unit.
The density of the cement that is added to fill the
pore space is set equal to the average grain den-
sity; therefore, the calculation of the increase in
density with burial is the same as for the maxi-
mum limit. It should be clear that during pro-
gressive burial of each stratigraphic unit, the
increase in density of all lithologies except non-
calcareous shale is due entirely to addition of
cement, and the thicknesses of all lithologies ex-
cept noncaicareous shale remain equal to their
measured or present-day thicknesses.

We recognize that elimination of porosity en-
tirely by precipitation of a cement derived from
an external source, as assumed for the minimum
limit, is highly unlikely in a thick sedimentary
sequence, in view of the extremely large volume
of dissolved material that must be carried into
the sedimentary column (Blatt, 1979; Bathurst,
1976). Even so, we choose to define the min-
imum limit in terms of an externally derived
cement because it establishes a probable bound-
ary on the range of lithification processes in
sediments.

We have assumed in the procedures for de-
lithification that the processes of compaction

of the curves is described in the
text.

and cementation are mainly depth dependent
rather than time dependent during progressive
burial of sediment in a subsiding basin. Where
the sedimentary layers are buried relatively ra-
pidly, as in the miogeocline, this assumption is
probably valid enough for our purposes. In addi-
tion, Schmoker and Halley (1982) suggested
from their detailed study of carbonate porosities
of south Florida that porosity reduction there
was mainly a depth-dependent process.

The equations for calculating the maximum
and minimum limits and the calculation of S* in
terms of these limits are given in Appendix 1.

Construction of Empirical Porosity Curves

The porosity curves in Figure 2 were con-
structed using general concepts of sediment
diagenesis during burial and values for porosities
as a function of depth in modern sedimentary
deposits. The choice of exact values for the
porosities was necessarily somewhat arbitrary,
but the rate of change in the porosities with
depth and the ranges between values for coarse-
and fine-grained sediments are in accord with
the available data.

The values for the surface porosities in the
maximum and minimum curves are taken from
the upper and lower limits, respectively, of
ranges reported for typical surface porosities in
coarse- to fine-grained limestones, clean quartz
sandstones, siltstones, and noncalcareous shales
in modern depositional environments (Enos and
Sawatsky, 1980; Fiichtbauer, 1974; Shinn and
others, 1977; Coogan, 1970; Maxwell, 1964;
Scholle, 1977; Von Engelhardt, 1973; Chilingar-
ian and Wolf, 1975, 1976; Rieke and Chilingar-
ian, 1974; Magara, 1980; Beard and Wyel,
1973). We do not assign a surface porosity of
0% to any sediment undergoing cementation be-
cause even hardgrounds, where exceptionally
early cementation occurs, typically have more
than 10% porosity near the surface (Scholle,
1977; Shinn, 1969). The curves for decrease of
the surface porosities with depth are exponential
in form for both the maximum and minimum
limits. For the maximum limits (solid curves in

~ Fig. 2), the porosity is reduced in two exponen;
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tial segments, the upper of which has a faster
rate of decay than does the lower. This form of
the curves for the maximum limits is based on
theoretical and empirical studies of sediment
compaction that indicate that porosity reduction
typically is exponential with increasing depth of
burial and that very high rates of porosity reduc-
tion typically occur in the upper 1 km, probably
owing to rapid losses of water in loosely com-
pacted sediments (Rieke and Chilingarian, 1974,
Chilingarian and Wolf, 1975, 1976; Fiichtbauer,
1974; Schmidt and McDonald, 1979). On the

Porosity (%)
0O 10 20 30

SECTION GL
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basis of a compilation of porosity data from
wells, Magara (1980) suggested that sandstones
lose porosity linearly as a function of depth
rather than exponentially. The well data that he
cited are, however, from about 1 to 5 km below
the surface. At these depths, the exponential
porosity curves we assume for sandstones are so
nearly linear (Fig. 2) that they easily can be fit to
the sandstone porosities compiled by Magara

.(19803 within the scatter of data points. For the

minimum limit (dashed curves in Fig. 2), we
assumed that the surface porosity in each lithol-

SECTION Mtwi

SH% LS% $5%
25 55 20

ogy except noncalcareous shale should be
duced along a single exponential curve,
surprisingly few data are available on the quapg
tative relation between cementation and poros
reduction with depth. An exponential decrease
porosity with depth in limestones and dolomiteg
has been reported recently by Schmoker apg ‘
Halley (1982) for drilled Jurassic to Holocepe.
carbonate sequences in south Florida, whep
cementation is active (Fig. 2). The curve for t
minimum limit in noncalcareous shales has twg’s
exponential segments as required by our ag.*
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Figure 3. Test of the delithification procedure that is applied to miogeoclinal strata. Graphs in the top row show synthetic porosity-depth
values calculated for three sections of Cambrian to Ordovician strata in the miogeocline using the delithification procedures described in the
text. Location of the three sections is shown in Figure 4. Graphs in the bottom row compare porosity-depth values from wells in south Florida=
and offshore in the COST GE-1 well with ranges of synthetic porosities for the three miogeoclinal sections in the top row.
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gumption that shales lacking carbonate impuri-
ties are not likely to be cemented and will lose
rosity mainly by compaction (Von Engel-
-pardt, 1973; Zankl, 1969; Rieke and Chilingar-
. jan, 1974). The exponential decay constants for
4be maximum and minimum curves were ob-
mined from the upper and lower limits, re-
spectively, for the range in measurements of
;porOSi')’ loss with depth for coarse- to fine-
.grained sediments in compilations of data from
"'--fé’umerous drill holes in modern basins (Magara,
1980; Schmoker and Halley, 1982; Chilingar-
an and Wolf, 1975, 1976; Rieke and Chil-
fngarian, 1974; Maxwell, 1964; Fiichtbauer,
1974; Scholle, 1977; Von Engelhardt, 1973;
an Hinte, 1978).

Test of Delithification Procedures

To test the validity of our procedures for de-
fithification, we calculated porosity versus depth
yoﬁles for three representative sections in the
miogeocline. We compared the profiles with
Porosities measured in wells drilled in the south-
astern Atlantic margin of the United States in
e south Florida peninsula (Schmoker and
Halley, 1982) and off the Florida coast (CosT
GE-1 well) (Halley, 1979), where the drilled
sequences have essentially the same proportions
of limestones, dolomites, shales, and clean sand-
stone as in the three miogeoclinal sections. Using
our delithification procedures, we calculated
three porosities for each formation in each sec-
tion, one for the minimum delithification, one
for the maximum delithification, and a third for
the middle of the range between the two ex-
wvemes. Each set of three porosities is plotted
against the corresponding decompacted depth to
the middle of each formation (Fig. 3). The plots
sbow the predicted porosities as a function of
depth at the time the most recent bed in the
youngest formation was deposited. The scatter
of points is an approximation of the range of
porosities as a function of depth that would
g ocour if the lithologies had been lithified by

3 processes that Spanned the extremes we have
4 ssumed for early cementation and for mechani-
~f  alcompaction.
res The calculated porosities for the sections in
‘4 the miogeocline correspond reasonably well to
:4 e downhole porosities for carbonate rocks in
& themodern carbonate margin (Fig. 3). The mis-
A 8 with low porosities between about 1.5 and
35km in the wells of south Florida (Fig. 3)
occurs in lithologies composed mainly of dolo-
Rile (Schmoker and Halley, 1982). However,
delithifying dolomites in the miogeoclinal se-
ences using the best-fit exponential for dolo-
®ite a5 determined by Schmoker and Halley
Fg. 3), instead of our exponentials for lime-
Mones, does not significantly change the values
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for delithification. We have not included esti-
mates of the effects of secondary porosity forma-
tion, which can be anticipated at depths below
about 1 km, and we have ignored the possibility
of overpressuring. Even so, we consider the sim-
ilarity between the calculated porosities in the
carbonate bank and those in the modern margin
as evidence that the maximum and minimum
limits we have assumed for delithification are
not unreasonable and that an acceptable approx-
imation of the true changes in sediment thick-
nesses and densities during burial lies between
the limits.

SUMMARY OF THE GEOLOGIC
SETTING AND STRATIGRAPHY IN
THE MIOGEOCLINE OF THE
SOUTHERN CANADIAN

ROCKY MOUNTAINS

The oldest sedimentary rocks in the miogeo-
clinal belt of the southern Canadian Rocky
Mountains are in the Belt-Purcell Supergroup
(Figs. 4, 5), which is Helikian in age (1,800 to
1,500 Ma) and has a maximum exposed thick-
ness of about 15 km. This supergroup was inter-
preted by Gabrielse (1972), Stewart (1972), and
Sears and Price (1978) as a continental terrace
and aulacogen complex formed along an early
proto-Pacific passive margin in western North
America. Harrison and Reynolds (1976), how-
ever, suggested that it may have been deposited
In epicontinental basins in the western United
States. In Canada, the Belt-Purcel] Supergroup
was uplifted, deeply eroded, and locally meta-
morphosed during the East Kootenay-Racklan
Orogeny, a poorly understood deformational
event that is thought to have occurred between
1,300 Ma and 1,350 Ma (Leech, 1962; Young
and others, 1979; McMechan and Price, 1982).

The Belt-Purcell Supergroup is overlain with
angular unconformity by the Windermere Su-
pergroup (Figs. 4, 5), which is Hadrynian in age
(800 Ma to 575 Ma) and has a maximum
thickness of about 9 km (Gabrielse, 1972). In
the southern Canadian Rockies, this supergroup
Is regarded as a syntectonic complex that ac-
cumulated during an episode of high-angle fault-
ing and differential subsidence that affected the
central and western parts of the miogeocline be-
tween 800 and 900 Ma (McMechan and Price,
1982; Poulton and Simony, 1980; Monger and
Price, 1979, Young and others, 1979; Brown
and others, 1978). Mafic intrusive and extrusive
rocks near the base of the Windermere Super-
group in the southern part of the Kootenay Arc
(Fig. 4) are thought to have been extruded along
deep crustal fractures that were active during
this time (Monger and Price, 1979; McMechan
and Price, 1982).

Above the Windermere Supergroup lies the
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extensive lower Paleozoic miogeoclinal wedge
in which our analyses of subsidence were con-
centrated. The wedge is bounded at the top and
base by regional unconformities (Fig. 5), be-
tween which the strata have a maximum ex-
posed thickness of about 6 km and consist of
distinct and laterally persistent facies, Resting on
the sub-Cambrian unconformity is a thick de-
posit of Early Cambrian age composed for the
most part of mature, shallow-marine quartz sand-
stones in the Gog, Cranbrook, and Hamill
Groups (Fig. 5). Above these Early Cambrian
sandstones, from near Cranbrook northwest-
ward to at least 53° latitude, the inner part of the
miogeocline consists of two major northwest-
trending facies. The eastern facies is Middle
Cambrian to Late Ordovician in age and consti-
tutes a westwardly thickening prism of predom-
inantly subtidal to supratidal carbonate deposits
informally known as the carbonate bank (Ait-
ken, 1966, 1971) (Figs. 4, 5). The western
facies, Middle Cambrian to Middle Ordovician
in age, occupies a trough informally known as
the shale basin (Figs. 4, 5). This facies consists
of shales, calcareous shales, and subordinate
amounts of limestone and dolomite deposited in
environments ranging from supratidal to middle
or outer neritic (Aitken, 1978; Mcllreath, 1974;
Cook, 1970). The boundary separating the two
facies is a narrow belt of algal complexes, the
Kicking Horse Rim (Aitken, 1971). Farther
west, in the Hughes Block, is a third facies,
which is in thrust contact with the shale basin
(Figs. 4, 5). Here, the lower Paleozoic sequence
is a thin, predominantly shallow-water carbon-
ate succession that was deposited on an up-
lifted block or arch of basement along the outer
part of the miogeocline. West of the Purcell An-
ticinorium, the lower Paleozoic strata consist of
multiply deformed metasedimentary and meta-
volcanic rocks that lie principally within the
Selkirk Allochthon in the Kootenay Arc and
along the east flank of the Monashee Complex
(Figs. 4, 5). The relation of the rocks in the
Kootenay Arc 1o the miogeoclinal facies to the
east is unclear. Although they have been re-
garded as a western facies of the miogeocline
(Ross, 1970; Read, 1973, 1975; Okulitch, 1974,
1975), the strata of the Lardean Group (Fig. 5)
are now included in a suspect terrane (Coney
and others, 1980).

SELECTION OF STRATIGRAPHIC
DATA AND RADIOMETRIC TIME
SCALE

The strata that are best suited for an analysis
of tectonic subsidence are in the carbonate bank
facies between the sub-Cambrian and sub-
Devonian unconformities (Fig. 5). In this facies, .
the lithologies, ages, and correlations are well
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established (Aitken, 1966, 1978; Aitken and
Greggs, 1967) and penetrative cleavages are
generally absent except near the major thrust
faults (Cook, 1975; Price and Mountjoy, 1970).
A minor development of stylolites occurs in
some of the carbonate rocks, especially dolo-

Figure 4. Map showing major late Mesozoic and early Tertiary structures and early Paleozoic depositional elements in the southern Canadise
Rockies. Solid dots that are labeled with slanted abbreviations (WiPt, and so forth) are locations of columnar sections used to construct the
tectonic subsidence curves. Thrusts are as follows: Bz, Brazeau; Mc, McConnell; Li, Livingstone; Ru, Rundle; Le, Lewis; Sm, Sulphts|
Mountain; Bo, Bourgeau; Sb, Sawback; Jo, Johnston Creek; Pi, Pipestone Pass; Si, Simpson Pass; Br, Bull River; Mo, Mons; Ca, Qhatlﬁ
Creek; Pu, Purcell; Stm, St. Mary; Moy, Moyie. AA’, BB’, and CC’ are locations of palinspastically restored sections of the carbonate bank
shown in Figure 6. Locations of mafic rocks in the Hamill Group indicated by open rectangles labeled L, II, IIl. RMT, Rocky Mountain Trench |
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‘mites, but they are not common enough to

suggest that solution has significantly reduced
the original stratigraphic thicknesses. An addi-
tional advantage of using this facies is that the
strata were deposited in middle- to inner-shelf
environments, probably in water depths less
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than 100 m (Aitken, 1966, 1978), and ,
depth corrections (Wd in equation 1 and Fig-
are not required in calculating the tectonic gpy
sidence. West of the carbonate bank in the ghyt.
basin and Hughes Block, the early Paleoz,'i

strata are unsuitable for analysis owing to fom ;

tion of widespread penetrative deformationg
uncertain stratigraphic ages in parts of the Sec.

tions. The late Precambrian strata below ﬂ* 3
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Figure 6. Palinspastic restorations of the carbonate bank facies, southern Canadian Rockies.
Section lines A’, B’, and C’ are located in Figure 4. Arrows give approximate positions of
columnar sections used for analysis (Fig. 4) after projection into the restored section. Bz, Mc,
Sm, and so forth are restored positions of intersections of thrusts in the upper plate and the
ground surface. Dash-dot lines are delithified thicknesses of (from bottom to top) Lower
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from Price and Mountjoy (1970); B’ constructed from map cross sections in Price and Olleren-
shaw (1971a, 1971b) and Ollerenshaw (1967); C’ from Price (1980).

basal quartz sandstones in the carbonate bank
also are unsuitable because of uncertain correla-
tions and lack of radiometric dates.
Stratigraphic columns that lie between major
thrust faults (Figs. 4, 6) were selected for analy-
sis in order to avoid errors due to thickness
changes and uncertain correlations across these
faults. An additional criterion in choice of
columns was their proximity to palinspastically
restored cross sections of the carbonate bank
(Figs. 4, 6). This allowed the distances between
the columns prior to deformation to be esti-
mated by projecting them along strike into the
nearest restored section (Fig. 6). Stratigraphic

thicknesses and percentages of lithologies in the
formations (Table 1) are from our field studies
and from published structural cross sections and
published measured sections in Aitken and
Greggs (1967), Aitken and Norford (1967),
Norford (1969), Aitken (1966), Price and
Mountjoy (1971, 1972a, 1972b, 1972¢, 1972d,
1978a, 1978b, 1978c, 1978d). The stratigraphic
ages (Fig. 7) for the sections are from Aitken
and Greggs (1967), Aitken and Norford (1967),
Norford (1969), Aitken (1968), and Aitken and
others (1972).

The correct time scale for the early Paleozoic
is uncertain (see Harland and Francis, 1971, and
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Figure 7. Stratigraphic columns giving
faunal and radiometric ages of lithologic units
used for construction of tectonic subsidence
curves. Vertical lines indicate unconformities.
The specific radiometric ages for stratigraphic
boundaries that were used to construct the
curves appear within the left-hand column
between the series names (Early Cambrian,
Middle Cambrian, and so forth).
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Fitch and others, 1976, for review). The radio-
metric ages for the stratigraphic boundaries in
the sections (Fig. 7) are from the time scale of
Ammstrong (1978), which is based on a large
and well-documented set of radiometric data.
Other time scales, which differ from that of
Armstrong, were proposed recently by Cowie
and Cribb (1978), McKerrow and others (1980),
Gale and others (1979, 1980), and Harland and
others (1982). However, we used each of these
ume scales 1o construct tectonic subsidence
curves for the miogeocline and found that the
differences in durations of the dated intervals are
not great enough to significantly change the
shapes of the curves obtained using the Arm-
strong scale. On the basis of discussions of inter-
provincial faunal correlations for the early

Paleozoic in Sweet and Bergstrom (1976),

Williams (1976), Robinson and others (1977),
Landing and others (1978), and Cowie and oth-
ers (1971), we assumed a *5-m.y. uncertainty in
the correlation of strata in the southern Canadian
Rockies with the biostratigraphic units, chiefly
in Britain, to which the radiometric ages on the
Armstrong time scale are assigned. We esti-
mated the length of time represented by the un-
conformities in the Ordovician (Figs. 7, 8) by
comparing the radiometric ages with sedimen-
tary thicknesses and the approximate sizes of the
faunal gaps reported by Norford (1969) and
Aitken and Norford (1967).

COMPARISON OF TECTONIC
SUBSIDENCE IN THE CARBONATE
BANK FACIES WITH THE POST-RIFT
SUBSIDENCE IN PASSIVE MARGINS

Subsidence in Modern Passive Margins

In terms of the passive margin model for
the Cordilleran miogeocline, the carbonate

bank, with its widespread shallow-marine facies,
wedge shape, and tectonically stable deposi-
tional environments, is regarded as part of the
sedimentary prism deposited during the drift
or post-rift stage of the proto-Pacific margin
(Stewart, 1972; Burchfiel and Davis, 1975;
Monger and Price, 1979). The tectonic subsi-
dence in the carbonate bank, therefore, should
be comparable with post-rift tectonic subsidence
in modern passive margins.

Subsidence curves have been constructed for
the sedimentary wedges in the modern Atlantic
margins of northeast Canada (Keen, 1979); the
northeastern United States (Watts and Ryan,
1976, Watis and Steckler, 1979); western Spain,
France, and Britain (de Charpal and others,
1978); and northwest Africa (Hardenbol and
others, 1981). The post-rift subsidence curves in
these margins have been found to closely resem-
ble the age-depth curves for oceanic crust. This
result is considered to be strong evidence that
thermal cooling of the lithosphere is the primary
cause of subsidence in passive margins following
the onset of sea-floor spreading (Watts, 1981;
Keen, 1982).

Different models have been proposed recently
to explain both the observed subsidence and
thermal histories of modern passive margins on
the basis of differing assumptions regarding the
behavior of the lithosphere during the rifting
stage (McKenzie, 1978; Royden and Keen,
1980; Beaumont and others, 1982; Jarvis and
McKenzie, 1980; Cochran, 1981; Royden and
others, 1980). There are relatively large differ-
ences in the heat flow and subsidence calculated
from these models in the first 10 to 20 m.y. after
onset of drift because of the different initial
temperature conditions required by each model
for the time at which rifting ends. After the first
10 to 20 m.y., however, the subsidence curves
for the models are similar and have the same

TECTONIC SUBSIDENCE CURVES, CANADIAN ROCKY MOUNTAINS 163

form as the age-depth curves for ocean floor.
This form consists of a segment that is linear
with respect to the \/time for several tens of
millions of years followed by a segment that
decays exponentially approaching an asymptotic
value (for example, see Fig. 9). Consequently,
beginning about 10 to 20 m.y. after rifting, sub-
sidence curves calculated from any of the

thermal-mechanical models of passive margins
should be suitable for comparison with the tec-
tonic subsidence curves from the carbonate
bank.

Comparison with Post-Rift Subsidence
Calculated from the McKenzie Stretching
Model

The simplest model for passive margins is the
one-dimensional stretching model of McK enzie
(1978). This model is based on the assumption
that the lithosphere is stretched uniformly and
instantaneously by horizontal extension during
rifting. The stretching thins the lithosphere, caus-
ing passive upwelling of the asthenosphere and
passive heating by reduction of the distance be-
tween isotherms. At the onset of drift, the litho-
sphere cools, contracts, and subsides at a rate
that is proportional to the amount of extension
(B) or thinning (1/8) that has occurred. In ‘the
limit, if the lithosphere were thinned to zero
thickness, the subsidence and heat flow would
be identical to those of oceanic crust,

In Figure 8, the tectonic subsidence we have
calculated for the sections in the carbonate bank
is compared with the post-rift tectonic subsidence
curves calculated from the stretching model of
McKenzie for different amounts of stretching
(B). The stretching model was calibrated for 5
km of oceanic crust following Steckier (1981)
and Cochran (1981) and the asymptotic values
for the final depths of the curves were calculated
for an equilibrium thermal thickness of 125 km
for the lithosphere (Parsons and Sclater, 1977).
Other parameters used in the model are from
McKenzie (1978). The amount of subsidence
that would occur during extension (the initial
subsidence in the McKenzie model) is not in-
cluded in the model curves in Figure 8, and so
the initial depth of the curves is zero at the time
at which extension ends and thermal contraction
begins. In each model curve, the segment that is
a linear functior of the +/time extends from
about 16 to 70 m.y. after subsidence begins, and
the exponential segment, which begins at 70
m.y., has a decay constant of 62.8 m.y. The
tectonic subsidence curves calculated from the
sections in the carbonate bank facies are fit by
eye to the subsidence curves constructed from
the extension model (Fig. 8). The fit is made

w
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Figure 8. Results of analyses of subsidence in the stratigraphic columns from the carbonate bank facies. Locations of columns are given in
Figure 4, and their relative positions in restored cross sections are given in Figure 6. Solid lines are post-rift subsidence curves calculated from
the McKenzie (1978) stretching model. Dashed line (0) is cumulative thickness curve for observed or present-day stratigraphic thicknesses. For
the cumulative thickness curves, the vertical axis should be read as stratigraphic thickness in kilometres. Vertical bars (DL) are ranges between
maximum and minimum delithified thicknesses. The ranges are shown only for stratigraphic boundaries that have radiometric ages assigned to
them by Armstrong (1978). Heavy solid lines are tectonic subsidence curves (TS) for the maximum (lower) and minimum (upper) limits of
delithification. Points that the solid lines connect correspond to tops of formations given in Table 1. Dots give the tectonic subsidence for the
mid-points between the two limits. Large dots are the formation boundaries to which radiometric ages are assigned on the Armstrong time scale.
Small dots are formation boundaries that do not have radiometric ages and are positioned by interpolation between the large dots. Note the
good fit between the curves calculated from the model for post-rift thermal contraction and the upper, lower, and middle points of the tectonic
subsidence for the carbonate bank. The 8 values to which the tectonic subsidence data correspond should not, however, be interpreted as a
measure of the amount of crustal thinning.
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Figure 8. (Continued).

using the mid-points of the ranges for delithifica-
tion and ages. In that the age of the base of the
Gog Group (that is. the base of the sections) is
not known, the points are fit to the curves
beginning at the base of the Middle Cambrian,
which is the oldest stratigraphic boundary with
a radiometric age (545 Ma).

It is clear in Figure 8 that a good fit can be
found between the form of the curves from the
model of post-rift thermal contraction and the
form of the tectonic subsidence curves from the
carbonate bank at the mid-points between the
limits of delithification. It is also evident that the

curves given by the maximum and minimum
limits fit the model curves. In all cases, the best
fit appears to occur in the segments of the model
curves that are linear with respect to the v/ time ,
or between about 545 Ma and 485 Ma.

Although the ranges between the limits for
the tectonic subsidence curves are not small,
those ranges cannot be treated strictly as error
bars. If delithification factors were specified for
each of the units in a section, the form of the
tectonic subsidence curve for that section could
fluctuate by about 40%, at most, of the distance
between the limits, and this amount of variation
cannot occur between any two successive units
but only over the full length of the curve. The
maximum variation in the curve that can occur
between any two successive points is about 15%
of the distance between the limits. This is the
case because once the delithification factors are
specified for a certain unit in a section, lithifica-
tion of the Strata in that unit no longer contrib-
utes to the calculation of the range between
maximum and minimum limits at the time of
deposition of the higher units in the section. In
other words, the tectonic subsidence curve for a
section can lie along the minimum limit, along
the maximum limit, or somewhere between the
two limits and nearly parallel to them. Regard-
less, then, of which delithification factors are
applied to the units in the sections in the carbon-
ate bank, the form of the tectonic subsidence
curves will correspond closely to the form of the
post-rift subsidence curves calculated from the
McKenzie model.

Before the results in Figure 8 can be inter-
preted in terms of subsidence mechanisms, the
effects of two simplifying assumptions involved
in constructing and comparing the model curves
and the tectonic subsidence curves must be con-
sidered. First, the model curves were calculated
from a one-dimensional passive-margin model,
but two-dimensional processes, such as flexure
and lateral heat flow, are known to have an
important effect on the subsidence in modern
margins (Steckler and Watts, 1982; Karner and
Watts, 1982; Beaumont and others, 1982).
Steckler and Watts (1982) and Beaumont and
others (1982) have shown, however, that the
form of the subsidence curves calculated from a
one-dimensional extension model is not changed
by adding the effects of flexure and lateral heat
flow; that is, the post-rift subsidence curves for

two-dimensional models with flexure and lateral.

heat flow included have an initial complex form
followed by a segment that is linear with respect
to the v/ time and an exponential segment that
approaches an asymptotic value (see Fig. 9). Ad-
dition of flexure and lateral heat flow, however,
does change the slope of the \/time segment
and the asymptotic depth that the curves ap-
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proach relative to the one-dimensional models.
This means that the 8 values corresponding to
the tectonic subsidence curves in Figure 8 can-
not be used to calculate the amount of extension
or heating during rifting.

Second, the effects of lateral heat flow and
flexure, which must have been active during
subsidence in the miogeocline, were ignored in
calculating tectonic subsidence from equation 1.
The basement response function (&) in equation
I was set equal 1o one, and the subsidence caused
by the weight of sediment in each unit was re-
moved using a simple Airy type of isostatic
model. This is equivalent to assuming that the
lithosphere has no lateral strength with respect
to the size of the sedimentary load in the mio-
geocline. It can be inferred from two-dimen-
sional extension models of passive margins,
however, that this simplification should not be a
serious difficulty as long as only the form of the
subsidence curves is of interest (Steckler and
Watts, 1982; Steckler, 1981). To demonstrate
this point, we used a two-dimensiona) extension
model (Steckler, - 1981; Steckler and Watts,
1982) to construct two hypothetical passive
margins in which flexure and lateral heat
flow are active (Fig. 9). One of these is a
simple margin constructed by assuming uniform
stretching of the lithosphere, proposed by Mc-
Kenzie (1978). The other is a complex margin
with an unconformity and an outer ridge that
were constructed using the depth-dependent ex-
tensional (or thinning) mechanism proposed by
Royden and Keen (1980). The depth-dependent
mechanism was developed to explain the anom-
alously thin syn-rift deposits and formation of
unconformities at the time of breakup in some
margins. It differs from the McKenzie model in
that the upper part of the lithosphere (taken to
be crust in the model in Fig. 9) is stretched by a
factor of 6, and the remainder is stretched by a
factor B that is larger than & by a specified
amount (see Royden and Keen, 1980; and
Beaumont and others, 1982, for discussion of
this model and its application to margins). The
fine-line curves in Figure 9 show the post-rift
tectonic subsidence calculated from each model
as a function of time. Using the two-dimensional
model of Steckler (1981), both margins were
progressively infilled with compacting sedimen-
tary layers, so that the sediment-water interface
remained at sea level. In both models, the flex-
ural rigidity was estimated from the depth to the
450 °C isotherm, so that the rigidity of the mar-
gins would increase through time as the margin
cooled and sediments were added (Watts, 1981;
Steckier and Watts, 1982). Tectonic subsidence
curves then were calculated for both of the
sediment-filled margins, using an Airy type of
isostatic model to remove the sediment Ioa‘d‘s
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model implies that using an Airy type of sediment-unloading model in a basin where flexure and lateral heat flow were active during subsidence
does not introduce a serious error in recovering the form of tectonic subsidence.

and making no correction for lateral heat flow.
The two sets of curves (flexural and Airy) have
nearly the same form (Fig. 9). The difference,
moreover, in depth between the Airy and flexu-
ral subsidence curves is smaller than the ranges
between the limits that we assume for delithi-
fication. It would appear that for margins
that have at least moderate widths (greater
than about 100 km) and are filled with
shallow-marine sediments, the largest errors
in calculating the form and magnitude of

tectonic subsidence are from uncertainties in
delithification of the sedimentary units.

We conclude that the close similarity between
the form of tectonic subsidence in the carbonate
bank and the form of post-rift subsidence calcu-
lated from the simple extension model is not
likely to be a coincidence resulting from the as-
sumptions and simplifications involved in con-
structing the curves. The good fit with the
segments of the model curves that are a linear
function of the \/time is especially significant

because that form of the post-rift subsidence de-
pends only on cooling by diffusion of heat from
the lithosphere and is independent of assump-
tions about rifting mechanisms and the equilib-
rium thermal thickness of the lithosphere
(McKenzie, 1978). The similarity between the
subsidence curves from the carbonate bank and
the stretching model, therefore, is persuasive
evidence that tectonic subsidence in the car-
bonate bank was controlled mainly by thermal

contraction of heated lithosphere. -
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SVIDENCE FROM SUBSIDENCE
" CURVES FOR THE AGE OF
BREAKUP AND FORMATION OF
E EARLY PALEOZOIC PROTO-
PACIFIC MARGIN IN THE
SOUTHERN CANADIAN ROCKIES

The thermal form of the subsidence curves
the carbonate bank places fairly narrow
Emits on the age for the end of rifting and the
Deginning of thermal contraction of the heated
githosphere. This age is significant because the
end of rifting &nd the beginning of thermal con-
graction in a passive margin coincide with the
of breakup and onset of sea-floor spreading
een, 1979; de Charpal and others, 1978). The
eelatively high slopes in the early parts of the
subsidence curves from the carbonate bank indi-
eate relatively high rates of heat loss, implying
st post-rift thermal contraction could not have
peen in progress for very long prior to about 545
Ma or Middle Cambrian time (Fig. 6). One
method of estimating when thermal contraction
began is simply to trace each tectonic sub-
sdence curve back to zero water depth along
the corresponding thermal subsidence curve that
was calculated from the model. This yields a
remarkably consistent age for the beginning of
thermal contraction of 555 Ma, or mid-Early
Cambrian, in all sections (Fig. 8), even though
the sections have different thicknesses and are
from both the inner and outer parts of the car-
bonate bank (Figs. 4, 6). The tectonic subsidence
curves cannot be shifted horizontally to the right
eand fit to any of the model! thermal curves,
which suggests that 555 Ma is a probable min-
amum age for the beginning of thermal contrac-
tion. Essentially the same minimum age is
wdicated by the presence of widespread, tecton-
xally stable marine deposits of late Early Cam-
brian and younger age in the miogeocline (Fig.
$) (Aitken, 1966, 1978). Each tectonic subsi-
dence curve can be shifted down and to the
right, however, and fit to a model curve with a
higher S value, although the match is not as
good as the preferred one shown in Figure 6.
Fitting the curves to higher B values yields older
ages for the beginning of thermal contraction
#ad places some of the strata beneath the Gog
Group within the post-rifi phase of the margin.
As rates of subsidence or heat loss in a passive
|argin cannot exceed the rate of subsidence or
eooling of ocean floor, an upper limit for the
Bme when thermal contraction began is given by
fiding the subsidence curves to the thermal curve
for oceanic crust. This yields an upper limit for
the initiation of thermal contraction of about
800 Ma. On the basis of the form of the subsi-
dence curves from the carbonate bank, there-
breakup and onset of spreading in the

TECTONIC SUBSIDENCE CURVES, CANADIAN ROCKY MOUNTAINS

proto-Pacific Ocean that was adjacent to the
early Paleozoic margin in the southern Canadian
Rockies occurred at some time between 555 Ma
and 600 Ma or between latest Precambrian and
earliest Cambrian time. It is interesting to note
that a comparable age (about 675 Ma) for be-
ginning of thermal contraction in the miogeo-
cline in Nevada and southern California was
suggested by Stewart and Suczek (1977) after
fitting an exponential curve to the cumulative
thickness curve for the strata of late Precambrian
to Ordovician age.

The age for breakup inferred from the form of
the subsidence curves is supported by limited but
significant petrologic and stratigraphic data in
the Hamill Group, a succession of latest Pre-
cambrian to Early Cambrian strata from 1 km
to 3 km thick in the southern Canadian Rockies
(Figs. 4, 5) (Simony and Wind, 1970) that has
received relatively little attention in the pub-
lished literature. In the northern Selkirk Moun-
tains (locality I in Fig. 4), parts of the Hamill
Group consist of pillowed mafic lavas, tuffs,
and breccias as much as a few hundred metres
thick interlayered with alternating shales and
coarse-grained arkosic sandstones, some of
which are graded and presumably were depos-
ited in relatively deep water (Wheeler, 1963;
Héy, 1979). In the Dogtooth Ranges (locality 11
in Fig. 4), the lower few hundred metres of the
Hamill Group contains coarse-grained arkosic
sandstones and conglomerates (Ellison, 1967),
and the upper part contains pillowed mafic lava
and breccia about 30 m thick (Simony and
Wind, 1970). In the Purcell Anticlinorium be-
tween localities I and III (Fig. 4), the Hamill
Group has been studied only in reconnaissance,
but it appears to contain a vertical change from
feldspathic conglomerates at the base to quartz-
ose sandstones at the top (Reesor, 1973). In the
Riondell area northwest of Cranbrook (locality
I in Fig. 4), the Hamill Group consists of
coarse-grained feldspathic sandstones overlain
by quartz sandstones, phyllites, and schists, with
a layer of amphibolite about 200 m thick in the
lower or middle part of the section (Hoy, 1977).
Within a relatively large area of the miogeo-
cline, then, strata correlative with the age we
infer for breakup consist of coarse-grained
arkosic sediments and scattered mafic lavas, an
assoctation that is suggestive of a continental
terrane undergoing rifting.

In discussing the problem of late Precambrian
rifting in the southern Canadian Cordillera,
Monger and Price (1979) noted that all known
high-angle faults are transverse, not parallel, to
the trend of the miogeocline. These faults are
inferred from large vertical stratigraphic separa-
tions in upper Precambrian strata in the east-
trending St. Mary fault zone at the south end of
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the shale basin (Fig. 4) (Lis and Price, 1976;
Benvenuto and Price, 1979). Transverse struc-
tures are not uncommon in modern rift zones
and margins, however (Dewey and Burke,
1974; Burke, 1976). A speculative explanation
for the development of the east-trending struc-
tures in the St. Mary fault zone is suggested by
the presence of a large east-trending aulacogen,
the Southern Alberta Aulacogen, which lies in the
craton to the east on strike with the St. Mary
fault zone (Fig. 10) (Kanasewich and others,
1969). Distinctive gravity and magnetic anoma-
lies that are associated with the aulacogen have
been traced southeastward beneath the thrust
and fold belt into the St Mary fault zone
(Kanasewich and others, 1969). If the Southern
Alberta Aulacogen is viewed as the failed arm
of a triple junction, the east-trending high-angle
faults along the St. Mary fault zone could be
analogous to deep transverse fractures such
as those within the Afar triple Jjunction that
lie on strike with the East African Rift System
(Fig. 10). Although the Southern Alberta Au-
lacogen probably was formed in middle Pre-
cambrian time (Stewart, 1972, 1976; Sears and
Price, 1978), late Precambrian and Early Cam-
brian(?) movement along the St. Mary fault
zone could have been a result of reactivation of
the east-trending structures at the time of rifting
that initiated the early Paleozoic margin.

An age of 555 to 600 Ma for breakup and ini-
tiation of drift along the early Paleozoic passive
margin raises an important question about the
origin of an older episode of block faulting and
mafic volcanism that initiated deposition of the
Windermere Supergroup and has been regarded
as part of a widespread rifting event (Stewart,
1972, 1976; Burchfiel and Davis, 1975; Dickin-
son, 1977). The age of this episode is thought to
be 827 to 918 Ma, on the basis of limited K-Ar
dating of mafic lavas near the base of the Winder-
mere Supergroup in northeastern Washington
(Miller and others, 1973). If this age is correct, a
rifting event appears to have occurred more than
200 m.y. before the time we infer for rifting and
breakup in the southern Canadian Rockies.

We can suggest two hypotheses that could
account for the apparently long span of time
between the older rifting event and the breakup
inferred from the subsidence curves. First, the
older rifting could have been part of an episodic
process that spanned a considerable length of
time before continental separation was accom-
plished, as, for example, in the Atlantic margins
of northwestern Europe (Burke, 1976; Birke-
lund and others, 1974) and along the Indian
Ocean margin of western Australia (Veevers
and Cotterill, 1978). The extrusion of mafic vol-
canics at the base of the Windermere Super-
group could represent only an early phase of the
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Figure 10. Comparison of the Afar region, East Africa, shown by heavy lines, with the
Southern Alberta Aulacogen, the Late Cretaceous to early Tertiary deformation front, and the
east-trending faults at the south end of the shale basin, all shown by light lines. Scale is the
same for both regions. The Afar region has been positioned such that the East African Rift
coincides with the Southern Alberta Aulacogen. Data for the Afar region are from Christi-
ansen and others, 1975. Nofe that east-trending structures (A, B) in the northerly trending
miogeocline are analogous to a major set of fractures in the triple junction that are paraliel to
the East African Rift. A passive margin formed by continued opening of the Gulf of Aden and
the Red Sea would trend at a high angle to these fractures.

prolonged rifting. In this view, continental sepa-
ration and formation of a proto-Pacific margin
did not occur until a last phase of rifting was
completed shortly before or during earliest
Cambrian time.

A second hypothesis is that a complete
sequence of rifting, continental separation, and
growth of a proto-Pacific margin occurred en-
tirely within the late Precambrian. In this view,
the early Paleozoic miogeocline is a second con-
tinental margin wedge deposited after a second
major rifting event in latest Precambrian or
earliest Cambrian time that only modified the
existing proto-Pacific margin. If this 1s correct,
the Windermere Supergroup should consist of
an extensive syn-rift complex passing upward
into a widespread post-rift deposit (except where
removed by erosion along the sub-Cambrian
unconformity), and a second syn-rift complex
should lie between the Windermere Supergroup
and the early Paleozoic miogeoclinal wedge.

It is important, however, to stress the addi-
tional possibility that the older ages proposed for

the late Precambrian extensional event are in-
correct and that deposition of the Windermere
Supergroup occurred much closer to the end of
late Precambrian time than has been assumed.
The older ages are based on analyses of samples
from a single small outcrop of greenstone near
the base of the Windermere Supergroup in
northeastern Washington (Miller and others.
1973). The analytical results yielded a wide scat-
ter of K-Ar whole-rock ages (233 to 918 Ma),
probably because all samples suffered albitiza-
tion and chloritization during metamorphism
subsequent to crystallization. Even the preferred
age (827 to 918 Ma) is not tightly constrained.
A few other ages that are slightly younger and of
uncertain significance have been reported from
the southern part of the fold and thrust belt.
K-Ar and Rb-Sr ages of 740 to 780 Ma, respec-
tively, were obtained from illite of shales in the
Belt-Purcell strata (Goldich and others, 1969),
and K-Ar ages of 740 Ma were obtained from
muscovite in Belt-Purcell quartzites (Leech,
1962). These data from metasedimentary rocks

give only the minimum metamorphic ages ang
are suspect because the Belt-Purcell deposiyy
were buried deeply beneath the miogeoclingy -
wedge. Near Cranbrook (Fig. 4), K-Ar ages of

675 and 745 Ma (Leech, 1962) and 675 to 769

Ma (Hunt, 1962) were obtained from a stock

and associated intrusions with a Rb-Sr isochrop

age of 1,260 + 50 Ma (Ryan and BlenkinSOp‘

1971). These K-Ar ages also indicate only.

minimum ages of metamorphism. In the Mag.

kenzie Mountains, Yukon, mafic sills intrusjye

into strata beneath the Windermere Supergroup

have Rb-Sr isochron ages of 769 Ma and 766

Ma, but there is no direct evidence that they are.

contemporaneous with Windermere depositiop

(Armstrong and others, 1982).

It should be feasible to distinguish betweep
the possibilities with additional work on the
sedimentology and petrology of the Windermere
Supergroup and the Hamill Group, and with
careful radiometric dating of mafic rocks that
occur within these stratigraphic units. Some of
the published data about the western part of the
southern Canadian Rockies already suggest that
a complete passive-margin sequence within the
Windermere Supergroup is unlikely. In the
Dogtooth Ranges (area 1l in Fig. 4) and adja-
cent northern Selkirk Mountains (area I in Fig.
4), rocks assigned to the Windermere Super-
group contain coarse arkosic sediments and
mafic volcanics in both the lower and 'upper
parts, suggesting that extensional tectonism
occurred through most of the time represented
by these strata (Poulton and Simony, 1980;
Wheeler, 1963: Brown and others, 1978). In the
belt of Windermere strata southwest of the shale
basin (Fig. 4). Glover and Price (1977) con-
cluded that the entire upper Precambrian succes-
sion is a syntectonic marine-fluvial complex
formed by persistent uplift and erosion of a
block of the Belt-Purcell Supergroup imme-
diately to the south.

EVIDENCE FOR CRUSTAL THINNING
BENEATH THE CARBONATE BANK

In modern passive margins, the continental
crust has been significantly modified by crustal
thinning over distances of 100 km or more
(Keen, 1982; Scrutton. 1982; Grow and Shen-
dan, 1981), and the thinned crust is separated
from normal crust by a zone of variable width,
the hinge zone, in which the crustal thickness
changes relatively abruptly (Watts, 1981). The
thinned crust in modern margins typically is
overlain by post-rift sedimentary sequences that
are more than about 2 or 3 km thick (Grow and
Sheridan, 1981; Keen, 1982), and, by analogy.
thinned continental crust could have lain be-
neath the thick post-rift strata in the outer p‘a';l

TESETRER

inc
tra
fun
(W
the
Cai
anc
def
eas’
tect
sult
the
spo
nat
(or
ben
of |
the



) angd ‘
posits
ling] u
ges of
0769
stock
Chr()n
:nSOp,
only ;
Mag. -
rusive
group
1766
Y are
Sitiop

‘Wween
N the
rmere |
with
5 that
me of
of the 1
it that
in the
n the
adja-
n Fig,
uper-
. and
upper
onism
ented
1980,
In the
shale
con- |
1cces
npley
of a
mme-

of the carbonate bank (Fig. 6). It is impossible to
address this question directly, however, because
the miogeoclinal strata have been detached from
the basement on which they were deposited and
transported more than 100 km eastward onto
the craton by the latc Mesozoic and early Ter-
tiary thrust faulting (Price, 1980). The entire
carbonate-bank  facies now lies structurally
sbove Precambrian continental crust that is
more than 40 km thick (Price, 1980; Cumming
and others, 1979).

The fit between the subsidence curves from
the carbonate bank and the model curves with 8
values greater than one in Figure 8 is not neces-
sarily evidence that the carbonate bank facies
was deposited above thinned continental crust.
This is the case because the subsidence curves
for the various values of 8 were calculated from
2 one-dimensional model that assumes a simple
Airy type of response of the basement (o sedi-
ment and water loads. In a simple Airy type of
isostatic model, only those points directly be-
neath the basement loads subside, whereas in a
more realistic loading mode! with flexural compen-
sation, subsidence or flexure of the basement
occurs beyond the edges of the load (Watts and
others. n press; Watts, 1981). Assuming that
the flexural response of basement to loads is
similar to loading a thin elastic plate overlying a
weak fluid, the basement response function, ¢
(equation 1), is (Hetenyi, 1974):

® = e M (CosAX + sinAx) 2)
here .
wher A= [(pm‘ps)g _/]. D= ET(% 3)
4D ’ 12(1-02)

A = flexural parameter, D = flexural
rigidity, T, = elastic thickness, E =
Young's modulus. ¢ = Poisson’s ratio,
and g = average gravity.

In passive margins, the flexural rigidity, D,
increases as heated lthosphere cools and con-
tracts, so that the width of flexural bending, a
function of A in equation 2. increases with time
(Watts, 1981; Beaumont and others, 1982). In
the context of the passive margin in the southern
Canadian Rockies, this means that the sediment
and water loads in the shale basin must have
deflected or pulled down the basement to the
east (Fig. 5) and that a certain amount of the
tectonic subsidence in the carbonate bank re-
sulted from the flexural response to loading in
the shale basin. Consequently, the 8 values corre-
sponding to the subsidence curves for the carbo-
nate bank overestimate the amount of stretching
(or thinning) of the continental crust that lay
beneath the carbonate bank, and the magnitude
of the overestimate increases somewhat along
the subsidence curves as a function of time.

In modern passive margins, corrections for

TECTONIC SUBSIDENCE CURVES, CANADIAN ROCKY MOUNTAINS

the effects of flexure are made using two-
dimensional thermal and mechanical models of
passive margins (Watts, 1981; Beaumont and
others, 1982; Steckler and Watts, 1982). This is
difficult to attempt in the southern Canadian
Rockies, however, because of uncertainties in
the original dimensions of the margin and in the
thermal and rheological properties of geologi-
cally old lithosphere. We have obtained an ap-
proximation of upper limit on the magnitude of
flexure-controlled subsidence in the carbonate
bank, however, by comparing the restored shape
of the carbonate bank facies with a hypothetical
passive margin in which flexure and lateral heat
flow are active. The hypothetical margin was
constructed from the two-dimensional extension
model of Steckler (1981) that employs finite-
element solutions for vertical and lateral. heat
flow and for flexure caused by both sediment-
waler loads and the increase in rigidity as heated
lithosphere cools and contracts.

In applying this model to the miogeocline, we
deliberately overestimated the effect of flexure
due to loading in the shale basin by assuming
that prior 10 late Mesozoic-early Tertiary de-
formation, the shale basin was 240 km wide and
the central 80 km was underlain by oceanic
crust. The palinspastic increase in width implies
a large amount of tectonic shortening in the
shale basin, at least by a factor of 3.6, whereas
tectonic shortening in the carbonate bank was
by a factor of only 2.3 (Price, 1980). It is prob-
able, moreover, that the shale basin was under-
lain by thinned continental crust rather than
oceanic crust (Price, 1980). We also assumed
that Te (equation 3), which is the depth to the
base of the rheological lithosphere (lithosphere
with strength), is at the 550 °C isotherm. an
upper value for the observed range of rigidities
in oceanic lithosphere (Watts and others, 1980).

The formation of a shale basin, with the
dimensions we have assumed, is modeled as a
consequence of uniform stretching, with 8 equal
to 1 both at the western edge of the carbonate
bank and at the opposite edge of the basin
240 km farther west. The values for B at 40 km
and 80 km from the basin edges are equal to 2
and 4, respectively. In the central 80 km of the
basin, stretching factors in the crust and mantle
are set equal 10 6.24 and 9,999, respectively. as
required for formation of oceanic lithosphere
(Cochran, 1981; Steckler, 1981). The hinge
zone is placed at the outer edge of the carbonate
bank, so that the tectonic subsidence within the
bank will be modeled as due to flexure only.

The results of modeling indicate that the
purely flexural response to an overestimate for
the magnitude of sediment loading in the shale
basin produces a sedimentary wedge that is
about 200 km wide with a maximum thickness
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of 3.2 km at its seaward or western edge (upper
partof Fig. 11). This limit is reached after about
100 m.y., approximately the length of time rep-
resented by the Lower Cambrian 1o Middle
Ordovician strata that constitute the most com-
plete sections in the carbonate bank. Compari-
son of the dimensions of this flexural wedge with
delithified thicknesses of the Lower Cambrian 10
Middle Ordovician sedimentary wedge in the
northern part of the carbonate bank along A’
(Fig. 1) indicates that there is a significantly
greater thickness of strata in the carbonate bank

than could have been produced by the overesti-

mate of flexure alone (lower part of Fig. 11).

Thermal contraction therefore must have been

an important component of the subsidence, at

least along the outer edge of the carbonate bank

along line A”. The continental crust beneath that

part of the carbonate bank must have been

thinned during rifting. Because we have over-

estimated the effect of flexure, it is unlikely that

the hinge zone lay farther west than the place at

which the maximum thickness of the flexural

wedge (3.2 km) matches the restored thicknesses

of the Cambrian and Ordovician strata in the
carbonate bank. This occurs at approximately

the eastward termination of the Lower Cam-

brian Gog Group (Fig. 6) and, on a nonrestored

base. near the Sulphur Mountain Thrust (Fig. 4).

By the same reasoning. a probable western limit

for the hinge zone farther south is close to

columnar section HL7a along B’ and west of

ME4b along C’ (Figs. 4, 6).

The inferred westernmost limits for the posi-
tion of the hinge zone bear an interesting rela-
tion to the boundary between the carbonate
bank facies and the shale basin. In the north,
from A’ to at least as far south as B’, the edge of
the carbonate bank lies west of the westernmost
limit for the hinge zone, even on a nonrestored
base (Fig. 4), and the abrupt transition to the
shale facies must be unrelated to mechanisms
that operated along the hinge zone. In contrast, a
restoration by Price (1980) at the southern end
of the shale basin east of Cranbrook (Fig. 4)
shows an abrupt increase in thickness of Cam-
brian and Ordovician strata from 1 km at the
western edge of the carbonate bank to more
than 4 km in the shale basin a few kilometres to
the west. A thickness change of this magnitude
clearly is evidence for a rapid transition from
craton to a region of tectonic subsidence. The
abrupt transition from carbonate to shale facies
could have been produced, as Price (1980) sug-
gested, by a rapid increase in subsidence due to
abrupt crustal thinning across a hinge zone. The
carbonate to shale facies transition, a major
lithologic boundary extending for a great
distance through the eastern part of the miogeo-
cline, thus appears to have had a complex origim®
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Figure 11. Comparison of a restored cross section of Cambro-Ordovician strata along A’ (in Figs. 4, 6) from the western edge of the carbonats
bank to the erosional limit on the craton to the east (lower diagram) with a hypothetical passive margin constructed from a two-dimensional
uniform-stretching model and an overestimate of loading in the shale basin (upper diagram). Inverted Vs indicate locations of wells. Note the}
much greater thickness of strata in the carbonate bank facies and the greater extent of the Cambrian transgression onto the craton than i

predicted by the model for purely flexure-controlied subsidence.

A full understanding of the mechanisms respon-
sible for it remains an important unresolved
problem.

Comparison of the hypothetical passive mar-
gin with the restores cross section of the inner
miogeocline in Figure 11 underscores another
problem which concerns the origin of the thin
platform sequence that extends eastward onto
the craton. This thin sequence extends well
beyond the hinge zone of the early Paleozoic
margin. Thermal-mechanical modeling of mod-
ern passive margins has shown that a significant
amount of flexure-controlled subsidence can
occur landward of the hinge zone owing to the
accumulation of sediment within the margin and

" the increase in flexural rigidity as the heated

lithosphere cools (Keern and others, 1981;
Watts, 1981; Steckler and Watts, 1982; Watts,
1982). For a mature margin, the models predict

that the sedimentary wedge, or coastal-plain
deposit, in the area of subsidence between the
hinge zone and the landward limit of deflection
can reach a maximum thickness of almost 3.5
km and a width of as much as 200 km (Steckler,
1981; Keen and others, 1981). As the magnitude
of the sedimentary load and the rigidity both
increase with time, the coastal-plain deposit is a

'strongly diachronous transgressive wedge that

becomes progressively thinner and younger
toward the craton. The sedimentary prism
produced by flexure in the upper part of Figure
11 is a good example of the wedge shape and

diachroneity of a typical coastal-plain deposit,

and its dimensions are only slightly smaller than
those of the coastal-plain deposit predicted for a
mature passive margin.

It is likely that a coastal-plain deposit, possi-
bly of significant size, was present landward of

the Cambro-Ordovician hinge zone. In faq
Aitken (1968) showed that the passive—margin
wedge in the easternmost part of the thrust and ¥
fold belt is diachronous and that Middle toJl
Upper Cambrian formations become younger;
toward the craton (Fig. 5). Formation of a}
coastal-plain wedge of any reasonable size and
location along the inner edge of the miogeocline, §
however, clearly could not account for the thin:
Middle to Upper Cambrian strata that extend g
for a great distance onto the craton. These strata
make up a transgressive deposit that extends o}
an erosional limit in central Saskatchewan, ak-}
most 600 km from the deformation front and;
more than 800 km from the nonrestored wesl-§
ern edge of the carbonate bank (compare upper]
and lower parts of Fig. 11). There appears to be
no obvious tectonic mechanism associated with 2
formation of passive margins that can accoust

-
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position of a transgressive sheet of such

de
:::cni- We have suggested previously (Bond and

ominz. 1982) that a eustatic rise of sea level in
Middic Cambrian to Early Ordovician time is

consistent with the subsidence curves from the
arbonate bank and explains the timing and ex-
1 of transgression well beyond the limits of
’aure.controlled subsidence in the early Paleo-
sive margin. A full discussion of the

tion of Cambrian and Ordovician eustacy
pased on our subsidence data and modeling is
e subject of a separate paper (Bond and others,
in press). It is noteworthy, however, that Vail
sod others (1977) and Matthews and Cowie
(1979) argued that eustacy is the most likely
gechanism 0 explain the apparent synchroneity
of Cambrian transgressive deposits on different

gontinents.

sUMMARY AND CONCLUSIONS

A cogent analysis of tectonic subsidence in the
miogeocline of the southern Canadian Rocky
Mountains is feasible, even though the se-
quences are deformed and contain diverse, fully
uthified strata. Tectonic subsidence curves con-
qructed from stratigraphic columns within the
arbonate bank, a linear element along the east-
e or inner edge of the miogeocline, have the
smple form predicted by models of post-rift
thermal contraction in modern passive margins.
This result is consistent with the widely held
view that the miogeocline is an ancient passive
margin and clearly places the Cambrian and
Ordovician strata of the carbonate bank in the
post-rift or drift phase of the margin. By compar-
ing a restored cross section of the carbonate
bank with a hypothetical passive margin con-
structed from a two-dimensional stretching
model, it can be inferred that a hinge zone
and thinned continental crust lay beneath the
middle to outer part of the carbonate bank.
The comparison also implies that the extensive
transgressive sheet extending eastward from the
miogeocline could not have been deposited in
response to processes associated with formation
of the early Paleozoic margin. and the transgres-
son could be evidence for a eustatic rise of sea
kevel during Cambrian time.

The tectonic subsidence data from the present
studies place much narrower limits on the age at
which rifiing ended and early Paleozoic thermal
subsidence began than has been possible with
conventional geologic data. That age, between
555 and 600 Ma. is much younger than pre-
viously assumed, and it has significant implica-
uons for the history of late Precambrian rifting

as well as for the time of breakup and onset of
sea-floor spreading. At present, it is not possible
to determine whether the age we infer for
breakup is the time at which the proto-Pacific
ocean began to open or only the time at which a
continental fragment broke away from a pre-
existing proto-Pacific margin. In either case, a
latest Precambrian to earliest Cambrian age for
continental separation implies a significantly
smaller amount of spreading in an ocean basin
seaward of the margin than would be implied for
breakup closer to the time classically assigned to
rifting at 800 to 900 Ma. Moreover, if the con-
tinent or continental fragment that was rifted
away subsequently collided with another mar-
gin, that collision could not have taken place
before Early Cambrian time. The young age in-
dicated for breakup also underscores the need
for additional field work on two stratigraphic
successions in the southern Canadian Rockies:
the Windermere Supergroup, which has been
regarded as the syn-rift complex, and the overly-
ing Hamill Group, which may contain the evi-
dence for the phase of rifting that led to breakup
and the beginning of thermal contraction in the
miogeocline.

Detailed studies of well-exposed passive mar-
gins, such as in the southern Canadian Rockies,
could provide useful data for the ongoing geo-
dynamic studies of passive margins that so far
have been focused mainly on modern examples.
Because of the large amount of uplift and deep
erosion during and following the late Mesozoic
and early Tertiary deformation in the Cordilleran
miogeocline, complete stratigraphic sequences
from the syn-rift through the post-rift stages
of the early Paleozoic margin are well exposed
throughout the Cordillera. This allows direct ob-
servation of stratigraphic intervals the counter-
parts of which in modern passive margins are
poorly known owing to deep burial. For exam-
ple, the transition from the rifting to drift stage,
which typically lies at depths of a few kilometres
in modern margins, is poorly understood; yet,
large hydrocarbon reserves, such as in the
Hibernia area (Arthur and others, 1982}, have
been discovered within the sequences deposited
near the transition. Limited data from some
modern margins suggest that the transition does
not develop as predicted by the simple stretching
model of McKenzie (1978), especially where
an unconformity (the breakup unconformity})
separates the syn-rift and post-rift strata (Royden
and Keen, 1980). In the southern Canadian
Rockies, and probably elsewhere in the Cor-
dillera, the strata deposited during the rift-
drift transition are well exposed and, in the
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southern Canadian Rockics, the widespread
sub-Cambrian unconformity (Fig. 5) could be
analogous to the breakup unconformity of mod-
ern margins. Detailed studies of strata spanning
the rift-drift transition in the miogeocline could
be undertaken for comparison with various pas-
sive margin models and to develop depositional
models for this important phase in passive mar-
gin evolution.
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APPENDIX 1: CALCULATION OF
TECTONIC SUBSIDENCE

To calculate the tectonic subsidence, Y, of
equation 1, we replaced S* with D, the thick-
ness of the entire sediment column at the time of
deposition of the n'™ lithologic unit, and we
replaced p, (equation 1) with pq,, the bulk den-
sity of the sediment column at the time of deposi-
tion of the n'® lithologic unit:

D, +D D,,-D
D, = mn2 ., mn2 cn (A-1)
and
+ _
Pen = Pmn 5 Pen + Pmn 5 Pecn , (A-2)

where m designates porosity loss due only to
compaction and ¢ designates porosity loss due to
precipitation of cement in all lithologies except
shale. The derivation of D, Dy 0mo. 20d pgp
has the form of:

1)

DXI’] = z
J=1

OK

Ty (A'3)

and

e



ALY

o

AN N I

172

where x is either the m or ¢ option for porosity
loss, p; = bulk density of sediment in jib litho-
logic unit, O; = observed, fully compacted sedi-
ment thickness in jth lithologic unit, and K,j=
thickness correction for the jth lithologic unit.
The bulk density of each lithologic unit j is cal-
culated from:

6
p; =% Fj ipgi (1-¢;) + Pwtbgz» (A-5)

where i = ith lithology, of which there are six in
the Canadian miogeocline; pgi = the grain den-
sity of the ith lithology; p,, = the density of sea
water; F;; = the proportion of lithology i in the
Jjthlithologic unit; and ¢;; = the average porosity
of the ith lithology in the jth lithologic unit from
equation A-8. The thickness correction, K,, for
mechanical compaction is:

6

_ 1
ij_]+i=zl F,-j W -1 (A-ﬁ)

and for cementation is:
1
Kg=1+Fg ]_—‘EU -1, (A7)

where F;; = the proportion of the ith lithology in
the jth unit, Fgp; = the proportion of shale in the
J unit, and the mean porosity of the ith lithol-
ogy in the j unit is defined by:

1

bjj = oo [Z Pai exp (~zk,;)dz +

fz “dpiexp (-zkg) | ,  (A-8)

and ¢;, the porosity of lithology i, is defined over
two intervals as:

da;j exp (—zkgy;) s (Zy<z<=)
i = , (A9)
d)Bl' €xp (_ZkBi) s (Zai> 7> 0)

where i = one of six specified lithologies
(shale—sh in equation A-7, micrite, quartz
sandstone, calcarenite, siltstone, and calcisilt-
stone), @a; and ¢g; are porosities at 0 depth for
the ith lithology, ka; and kg; are exponential
decay constants for ith lithology, z = depth at
which @; is calculated from Figure 2, and z,; =
depth at change of slope for porosity versus
depth in Figure 2.
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