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ABSTRACT

Rates of mass accumulation calculated for Cretaceous units in the
Cordilleran foreland basin can be categorized into three groups based
on their magnitude. These groups of low, moderate, and high rates of
accumulation can be related to deformation events in the Canadian
Cordillera. When the rates of accumulation are organized on an
absolute time scale, they show a distinct cyclic pattern.

From early Aptian to late Campanian time, there were two major
episodes of mountain building, each preceded by a period of relative
quiescence. The first episode lasted from 113 to 108 MaBP. It shows a
succession of rapid, moderate, and rapid deformational events, with
durations of approximately 1, 2, and 2 Ma, respectively. The second
episode of deformation lasted from 94 to 87 MaBP and is characterized
by three periods of rapid deformational events separated by short
intervals of quiescence. The rapid deformation events have durations
of 0.5, 4.5, and 1.0 Ma whereas the periods of quiescence lasted 0.5 Ma

each. This cyclic pattern may be related to fundamental convergent

tectonic processes.
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NTRODUCTION

The Canadian Cordillera developed as a result of a complex
history of terrane accretion and deformation along the western edge of
the North American craton. Since mid-Jurassic time, western North
America has been under the influence of a convergent tectonic regime
which has dominated geological processes (Monger, 1984). With the
onset of convergence, the passive margin, previously dominated by
carbonate deposition, changed to a site of active deformation which
initiated a foreland phase of basin development. As foreign terranes
impinged on the craton they exerted a downward force, causing crustal
flexure. Sediments were eroded from the new relief in the west and
shed eastward, filling the downflexed foreland basin. To date, much cf
the effort in trying to understand the history of Cordilleran
development has been concentrated on the study of the Cordillera
itself. This has provided explanations of the mechanisms and
structural styles of deformation, but has only broadly defined the
location and age of deformation events. The present study was
undertaken with the purpose of constraining deformation events in both
time and space, by attempting to quantify the sedimentary response in
the foreland basin.

The approach taken is to consider mass accumulation rates for a
selected number of geological units. This requires isopach, time
zonation, grain density, and porosity data. The Jistribution of
accumulation rate provides information on the provenance of sediment
and the general environment of deposition. From these distributions it

is apparent that the locus of deformation migrates along the Cordillera



over time, and can be very localized or very broad. When mass
accumulation rate is plotted against absolute time, a cyclic pattern of
deformation emerges.

As the initial unit thickness dominates mass accumulation rate,
the accuracy of the study results sre limited by the confidence placed
in the biostratigraphic delineation of the basin as defined by public
data. When a more accurate basin geometry is available, the error in
the study results may be reduced. A different approach, that of
defining the geological framework by sequence stratigraphy, may prove
to be beneficial in analyzing mass accumulation rates. To date, this
approach has been applied by other workers only on a few select
stratigraphic intervals such as within the Cardium and Viking
Formations. Within an individual stratigraphic horizon this approach
to characterizing the sediménts leads to quite different correlations
than determined by the lithostratigraphic approach. However, it is
unclear how significant these detailed internal discrepancies will be

when scaled up to the dimensions of the basin.



2. PREVIOUS WORK

Numerous researchers have described the structural and
stratigraphic framework of the Cordillera at different scales. In a
recent overview, Monger (1984) suggested that the tectonic development
of the Canadian Cordillera is the result of a series of terrane
accretion events. Radiometric dating of intrusives within the Omenica
Crystalline belt and Coast Plutonic Complex has led to estimates for
the time of accretion of two Cordilleran Superterranes (late Early to
Middle Jurassic and mid Cretaceous); however, the history of accretion
and subsequent deformation is still unclear, and there are only general
estimates for the timing and location of deformation events.

Geodynamic basin modelers such as Bird (1978), Beaumont (1981),
Jordan (1981), England (1982), and Stockmal (1984), have developed
models which predict the formation and filling of basins resulting from
the load exerted by terrane accretion and thrust-fold belt development.
As a deformation history incorporating the location and magnitude of
deformation events is not available, basin modelers have taken the
approach of backward modeling. This is where the existing geometry of
the foreland basin is examined, and an iterative series of loading
"ccenarios" are tested until the model reflects present-day geometry
(Beaumont, 1981). Because present day geometry can be obtained by
several different loading histories, this procedure sheds little new
light on the actual deformation history.

A foreland basin which forms adjacent to newly developing
convergent margins acts as a tape recorder of orogenic deformation. As

new relief is generated in the deformed belt, erosion supplies a pulse



of sediment to the downflexed foreland basin which, if preserved,
records that deformation interval. Puigdefabregas et al. (1986) noted
that sedimentation in the Southern Pyrenees Foreland basin could be
linked to three deformational events in the eastern Pyrenees. Johnson
et al. (1986) examined sediment accumulation in the northwestern
Himalayan foredeep in the Potwar region and were able to define the
onset, duration, and termination of two major deformation intervals.
Eisbacher et al. (1974) made one of the first attempts to associate the
history of sedimentation in the western Canadian foreland basin with
deformation in the Cordillera. Tankard (1986) related foreland basin
sedimentation to three stages of Cordilleran development. An initial
pulse of sediment was deposited during late Jurassic and early
Cretaceous time as terranes were accreted on the edge of the previously
passive margin. A period of tectonic quiescence accompanied the
mid-Cretaceous deposition of thick marine shales. Finally, upper
Cretaceous sands and coals were deposited as Laramide thrusting
emplaced loads on thermally mature continental crust causing the basin
to oscillate between overfilled and starved conditions. Cant and
Stockmal (1989) have related specific clastic wedges to individual
terrane accretion events in the Canadian Cordillera. Thus, most
attempts at linking sedimentation in the foreland basin to deformation
in the Canadian Cordillera have been based on the geometry of clastic
wedges and the lithology of the sediment.

Another, more quantitative approach to characterizing the
sediment in the foreland basin is to calculate sedimentation rates.
Turcotte (1980), Watts ez al. (.982), and Guidish et al. (1984) studied

the subsidence of a basin as a result of sediment deposition and sea



level change. Sedimentation rates can be used to estimate loads on the
lithosphere over time and to quantify the sedimentary response to
deformation in the adjacent Cordillera. The approach used is to first
define specific units and display them by means of isopach maps. The
units are then decompacted to their original depositional thickness,
and divided by the time interval they represent (Magara, 1978). The
resultant sedimentation rate can be related to deformation in the
Cordillera. However, lateral tectonic stresses, rebound from
unloading, local zones of overpressure, and changes in rock type are
uncontrolled variables that introduce a large uncertainty in the final
results (Pate, 1986), making it unreliable for interpreting Cordilleran
deformation. 1In the Western Canada Sedimentary Basin these problems
are compounded by the existence of several major unconformities, the
erosional magnitude of which is not precisely known. The decompaction
process is applied in one dimension, making it difficult to get a
basin-wide characterization of sedimentation rates. The sedimentation
rate method is required if the sediment load on the Yithosphere is to
be known, because the water-filled porosity contributes significantly
to the total load. For this study, the primary interest is in the
change of sedimentation with time; therefore, porosity can be
neglected, and decompaction difficulties avoided, by calculating mass
accumulation rates rather than sedimentation rates.

Mass accumulation rates reflect the provenance of the sediment,
the general environment of deposition, and the location and magnitude
of tectonic activity in the adjacent deformed belt. Maps of mass
accumulation rate are more reliable than those of sedimentation rate

because the former only require geological characterization and core



analysis data, which are directly measurable and readily available.
The use of mass accumulation rates eliminates the need to estimate
burial histories.

It is assumed that deformation in the Cordillera generates relief
which in turn increases the rate of erosion. If the material is being
removed from the Cordillera at an increased rate there will be a
corresponding increase in the rate of sediment accumulation in the
adjacent foreland basin. Between Aptian and Campanian times there are
no major unconformities within the study area which influence the
calculation of mass accumulation rates. Beaumont (1981), has shown
that eustatic sea level fluctuation has only second order effects on
basin geometry and these effects are observed on the eastern feather
edge of the basin where a sea level change can significantly move the
shoreline. These effects occur east of the study area and are not
considered in the calculation of mass accumulation rates. Therefore,
changes in the rate of accumulation of foreland basin sediment can be

related to equivalent changes in the rate of deformation in the

Cordillera.



3. STUDY AREA

In order to take advantage of work in progress characterizing the
subsurface geology, the study area selected is that of the Peace River
Arch Study Area described by the Basin Analysis and Petroleum Geology
Group of the Alberta Geological Survey. The study area, covering part
of northwest Alberta and northeast British Columbia, is from 54°to 58°N
and 114°to 124°W (Figure 1). It is extensive enough to permit
recognition of the migration of Cordilleran source regions.
Stratigraphically, the foreland basin is represented by post-Triassic
units of dominantly sand and shale, recording approximately 208 Ma of

the basin's history.
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In order to obtain a mass accumulation rate Rm for a specific
rock unit, its thickness (Q) is multiplied by one minus its porosity

(n) to give solid thickness Qs:

Qs = Q (1 - n)

The solid thickness is multiplied by its density (p) and divided by a
representative time interval (T), to give a mass accumulation rate with

units of mass/unit-area/Ma.

This is a measure of how quickly a particular unit accumulated in the
basin.

For the Western Canada Sedimentary Basin, isopach, porosity, and
solid rock density data are available from the Alberta Energy Resources
Conservation Board (ERCB) well data base. Therefore, all parameters
used to calculate the mass accumulation rates are easily accessible and
directly measurable.

The following sections describe the data, processing, and methods

used in mapping various parameters in the Peace River Arch study area.



A. DATA

Three data sets are required: 1) The geological data set
(Figure 2) contains the location of wells and the elevations of the
geolegical picks made from geophysical logs; the isopachs of each of
the geological units are derived from this data set (see Appendix A);
2) The porosity data can be obtained either from standard core
analysis or calculated from drill stem tests; core analysis data were
used in this study due to their large number and accessibility (see
appendix B); 3) The solid grain density data were obtained from
standard core analysis reports (Appendix B). Figure 3 shows an example

of the core analysis data distribution for the Bluesky Formation.

Geological Data

Nineteen units were defined, using two separate data bases. The
Alberta Geological Survey Well Data Base (AGSWDB) is derived from
ERCB-picks, and contains stratigraphic information for wells drilled
within Alberta. The Peace River Arch Well Data Base (PRAWDB) contains
stratigraphic picks specific to the project study area, at a density of
at least one well per township where data is available. The PRAWDB was
derived by the Petroleum Geology and Basin Analysis group of the
Alberta Research Council from manual log analysis. The AGSWDB is
generally of poorer quality than the PRAWDB due to lack of consistency
in the picking procedure; however, it has much higher data density, and
for specific horizons the quality is comparable to that of the PRAWDB.

The ERCB tends to accumulate stratigraphic data over time, all of which

10
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is stored in the general well data base. The sources of contributions
to this data base have varied over time, with several ERCB employees
picking stratigraphic tops for any particular horizon. This method of
data collection has inherent inconsistencies in interpretations of
geophysical logs by various workers. The inconsistencies vary in their
magnitude depending on the complexity of the stratigraphic correlation
in question. For example, the Nordegg Formation has a distinctive
signature on geophysical logs because it is the first regional
carbonate unit at the base of a clastic sequence of sand and shale. In
contrast, the Muskiki Formation is a shale-dominated unit bounded by
both shale and sand-dominated units. Its signature is not as distinct
as that of the Nordegg Formation because the contrast in rock type from
adjacent units is not as strong, and different observers may use
different log responses to define it. The PRAWDB contains information
gathered by individuals dedicated to specific stratigraphic horizons,
thus ensuring correlations within the study area to be consistent.

On the basis of data consistency and complexity of correlation,
horizons were selected for which data in both data bases were of
comparable quality; these are the top of the Nordegg Formation and the
present day ground surfaces. Because the Nordegg Formation subcrops at
the pre-Cretaceous unconformity, it was combined with the pick for the
top of the unconformity and mapped as a single lower bounding surface.
Present ground level and the top of the Nordegg Formation form the
upper and lower bounding surfaces, and being defined by both data sets,
they are constrained by a large number of control points (ground
surface (21,841) and Nordegg (12,396)). The units between the ground

and Nordegg surfaces are defined by data from the PRAWDB only; the

13



AGSWDB was not used because of the inconsistency of the ERCB data.
Structure surfaces for each of the units were constructed using

the stratigraphic picks data. Isopachs were generated by subtracting

the structure surface at the base of a unit from the structure surface

defining the top of the unit.

Core Data

The core data consist of a series of core analyses at various
elevations for each land location. The parameters used are solid grain
density and porosity, which are recorded routinely during standard core
analysis. These data are part of the ERCB data base and are included
in the core analysis section of the AGSWDB. For the Alberta portion of
the Peace River Arch area, all the core analyses were extracted and
allocated to the geological units defined for the foreland basin.

There were no data available in electronic form from the British
Columbia portion of the study area, and entering the hard copy data
would have been too time consuming for the purposes of this project.
For this reason, no core analysis data from British Columbia were used.

Both solid grain density and porosity measurements were made for
each plug within cored intervals, and thus represent a point value in
three-dimensional space. As a result, there are commonly several
measurements recorded within a unit at the same land location. In
order to get a map of the solid grain density or porosity for each
unit, vertical averaging was used. The data were separated into files
for each unit and then all values within each unit which had the same

land Tocation were arithmetically averaged. As a core analysis is

14



representative for a specific section of the total cored interval, and
as the data are scalar (i.e., not spatially dependent), a weighted
arithmetic average was selected over other averaging procedures. This
ensured that the final data set contained only a single value for each
land location in each geologic unit. These data are amenable to
mapping. Core data was chosen over log analysis techniques in order to

avoid biases introduced by individual interpretations of log data.

B. MAPPING PROCEDURES AND TECHNIQUES

The process of producing a map can be divided into two stages.
The first stage, gridding, is the transformation of an irreqular data
distribution into a regular distribution of grid nodes. The second
stage is contouring the grid. A1l grids and maps were produced using
the SURFACE II software (Sampson 1978) implemented on the Alberta
Research Council computer system. The selected gridding algorithm
calculates a first-order trend surface at each of the data points,
which is fitted to the nearby data points found within a specified
search radius. The trend surface is made to pass through the data
point, thus becoming a least-squares estimate of the dip of the surface
at that data point. The dips from all the data points within the
search radius are then projected onto the grid node in question, using
a distance weighted average, and a value is calculated. The approach
used is described by Bachu et al. (1987) and is similar for all data
types. A minimum of 3 and a maximum of 6 data points were required
within a 10 node search radius in order to assign a value to a grid

node.



The geological maps must be compatible (i.e. may not intersect)
in three dimensions. To ensure compatibility, the ground and Nordegg
surfaces (defined by the greatest number of points, and considered most
reliable) are designated as "control surfaces". These surfaces are
taken to be correct even where unconstrained. A1l surfaces which fall
between the control surfaces are checked against one another to ensure
that they do not intersect. In the event of an intersection,
individual grid nodes for that surface are modified to fit between
neighboring surfaces using grid manipulation software. The control
surfaces remain unaltered. Isopach grids are generated by subtracting

the structure grid of a unit's base from the structure grid of the

unit's top.
Porosity Maps

Porosity maps such as that for the Upper Spirit River Group
(Figure 4a) were created from vertically averaged core data for all 19
units listed in Table 1 with the exception of the Puskawaskau,
Shaftesbury, Lower Peace River and Lower Spirit River units, which did
not contain sufficient data to be gridded. In the absence of measured
data an assumed trend surface was used as a default. The assumed
porosity trend was calculated by averaging porosity trends from other
shale-dominated units. The resultant surface permits an estimate of

mass accumulation rates based on inferred porosity.
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Solid Thickness Maps

A solid thickness contour is the equivalent of an isopach with
the porosity contribution removed. A computer program was used which
takes the isopach and porosity grids for each unit and muitiplies the
jsopach value by one minus the porosity value at each node in the grid.
The result is a grid of the solid thickness (Fiaure 4b). In the case
of the Puskawaskau, Shaftesbury, Lower Peace River, and Lower Spirit

River units, the default porosity trend surface was used.

Grain Density Maps

The grain density data were mapped (Figure 5a) in a similar
fashion to the porosity data. There are no grain density data for the
Puskawaskau, Shaftesbury, Lower Peace River, and Lower Spirit River
units. Because none of the grain density maps showed a distinctive
trend (based on a Piersons correlation coefficient between density and
land location), a default density value of 2664 kg/m3 was used,
obtained by averaging densities of other shale units. This value was

used to estimate mass accumulation rates for the units lacking density

data.
Mass Accumulation Rate Maps
The mass accumulation rate maps were produced using the solid

thickness grids, the estimate of absolute age, and the density grids or

default values. A computer program was used which reads the solid
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thickness grid, the density grid or default value, and the time

interval. For each node, it multiplies the solid thickness value by
the density value, and divides by the specified time interval. It
stores the result 1n a mass accumulation rate grid which is then

contoured (Figure 5b).



5. ABSOLUTE AGE AND STRATIGRAPHIC CORRELATION

An absolute age was assigned to the top and base of each of the
nineteen units shown in Table 1. The absolute time scale of Kent and
Gradstein (1985) was combined with the stratigraphic correlation charts
of D. Stott (personal communication 1989) and Davies (1986) in order to
estimate appropriate absolute ages for the units within the study area.
The Kent and Gradstein time scale (1985) was selected as it is the most
recent published update of Palmer's (1983) time scale. The
stratigraphic correlation chart (Table 2) from Stott shows a selected
number of areas of post-Triassic strata which are pertinent to the
Peace River Arch study area. This compilation was selected in order to
take advantage of the most recent correlation updates and
biostratigraphic zonation. The correlations in Table 2 were
supplemented by correlations of Davies (1986) then distilled into a
single chronostratigraphic nomenclature for the entire study area
(Table 1).

The Kent and Gradstein (1985) time scale has stage boundary dates
based on a variety of dating methods. From Kimmeridgian to Barremian,
and from Campanian to Maastrichtian stages, the absolute age estimates
are based on an age-calibrated sea-floor spreading model. Kent and
Gradstein (1985) used published isotopic age determinations for Aptian
to Santonian stage boundaries; Hettangian to Oxfordian stage boundaries
were estimated assuming equal duration of biozones. Based on this
assumption, the absolute age of each biomarker is calculated from the
nearest absolute age date determined by a method such as isotopic

analysis.
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Table 1. Generalized chronostratigraphic nomenclature. Distilled from
D. Stott (personal communication 1989) and Davies (1986).

The Upper Puskwaskau Formation in Table 1 is that portion on the
Puskwaskau Formation which overlies the Chinook Formation. The Chinook
Formation does not appear in the Stott correlation; however, Davies
(1986) shows the Chinook Formation in a chronostratigraphic interval
equivalent to the Chungo Formation which Stott positions within, and
near the top of the Puskwaskau Formation. The Lower Puskwaskau
Formation of Table 1 is that portion of the Puskwaskau Formation which
occurs between the base of the Chinook Formation and the top of the
Badheart Formation. From Stott's correlation (Table 2) the Puskwaskau
Formation in the Foothills belt is equivalent to the Upper Smokey Group
in the Swan Hills region. Similarly, the Muskiki and Kaskapau
Formations in the foothills are equivalent to the Middle and Lower
Smokey Groups respectively. The Upper Kaskapau Formation on Table 1
refers to the portion of the Kaskapau which overlies the Doe Creek
Formation. The Doe Creek Formation was positioned within the Kaskapau
Formation following Davies (1986). The Lower Kaskapau Formation, which
is not labeled due to space constraints on Table 1, is that portion of
the Kaskapau which lies between the base of the Doe Creek Formation and
the top of the Dunvegan Formation. The Upper Peace River Group on
Table 1 is equivalent to the Cadotte and Boulder Creek formations of
Stott (Table 2) and the Paddy and Cadotte formations of Davies (1986).
The Lower Peace River Group from Table 1 is equivalent to the Harmon
and Hulcross formations of Stott (Table 2). Similarly the Upper Spirit
River is equivalent to the Notikewin/Falher and Gates formations from
Table 2, and the Lower Spirit River Group is equivalent to the Wilrich
and Moosebar formations. The Bullhead Group of Table 1 is the
equivalent of the Gething and Cadomin formations of Stott (Table 2).
The Nordegg which Stott only recognizes in the eastern Alberta
foothills column of his correlation, was mapped regionally across the
study area and is therefore considered to represent the Sinemurian for

the Peace River Arch study area.
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The Stratigraphic Correlation chart of D. Stott (personal
communication 1989) is the most recent update of stratigraphic
correlation for the Western Canada Sedimentary Basin. The position of
stratigraphic intervals within the stage boundary framework is based on
biozone indicators. When the stratigraphic correlation chart is
matched with the absolute time scale, the absolute age and severity of
diachroneity can be estimated for each unit. For units that have
boundaries other than stage boundaries, the absolute age was estimated
by assuming equal intervals for substages, as described by Kauffman
(1977) and Harland (1982). The equal intervals for substages are in
turn based on equal intervals for biozones, as described above.

There are two sources of error when assigning absolute ages to
unit boundaries. The first is the error associated with the age
itself. For Cretaceous units, accuracy is variable depending on the
method used for determination; it ranges from nearly zero to 2.5 Ma.
The maximum error associated with Cretaceous stage boundaries is +/-
2.5 Ma for the Berriasian-Tithonian boundary (Palmer 1983). The error
is likely enhanced when calculating formation boundary ages based on
equal Tength biozones.

The error in absolute time introduces error in the accumulation
rate which decreases with an increase in the time-span of the unit.
For the units with durations greater than 1.1 Ma, error associated with
the absolute age is comparably small and will not significantly affect
the calculated accumulation rate. For the six units with durations of
1.1 Ma or less (Bluesky, Lower Kaskapau, Doe Creek, Cardium, Muskiki,
and Badheart), error would not change the results of the study even if

it is large, as these units occur in groups, and in times preceding or
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following periods of rapid deformation. Based on the observed range in

accumulation rates for other units (2000 - 224,000 kg/mZ/Ma) there is a
limit to the possible error associated with a unit's duration. The
unit exists, and it is unreasonable to suggest that it was deposited in
.1 Ma because the accumulation rate would be too high (order of
magnitude) for a foreland basin setting. If the time duration of the
unit can only have significant error in the positive direction, it must
affect its neighbor in the negative direction, making the latter's
sedimentation rate too high. In addition, the dimension of interest is
the length of time represented by the deposition of a unit, obtained by
subtracting the age of the unit's top from the age of the unit's base.
This eliminates much of the error in the resultant time interval
because a similar error is commonly associated with both the top and
base. For example, if the age for the top and base of the Muskiki
Formation are incorrect by +1.0 Ma each, the time interval for the unit
remains constant and correct.

The second source of error is that associated with diachronous
units, whose boundaries represent different ages in different portions
of the study area. The only unit for which stratigraphic correlation
shows noticeable discrepancies is the Fernie Group, within the Jurassic
portion of the column. In the study area, the Fernie is not
diachronous according to Stott's correlation (Table 2). However, in
the Foothills near Brule, the Fernie Group represents about 8 Ma less
than within the study area. This discrepancy is 13.7 % of the unit's
maximum duration. Other units do not show significant diachroneity at
the scale of the study. On this basis the mass accumulation rates are

assumed to be unaffected by errors resulting from diachroneity.



The value assigned to a unit's duration is thus the best 2

available estimate given the present state of knowledge of regional
stratigraphic correlations and biostratigraphy in the basin. Error
associated with the time duration of a unit translates into only minor
error in the accumulation rate. The general trend in the magnitude of
accumulation rates would not be significantly altered by error
associated with absolute ages. The average accumulation rates fall
into three distinct groups separated by large margins, and it would
take an unusually large error in absolute age to move an accumulation
rate from one group to another. In addition, the units which have
short duration and could be most affected by dating errors occur on the
flanks of major deformation intervals, where a shift between high and
low accumulation rates would not seriously alter the overall pattern of
deformation. For example, the Cardium has been assigned a duration of
0.6 Ma (Table 1). It has been estimated to be up to 2.8 Ma in duration
based on other geological evidence, making a maximum possible error in
duration of 2.2 Ma. As the neighboring Muskiki Formation is Coniacian,
and the error on the Coniacian-Turonian boundary is only +/- 1.25 Ma,
at least 1.0 Ma would have to be removed from the Upper Kaskapau
Formation. The remaining 1.2 Ma can not be subtracted from the Muskiki
or the Badheart, because they only represent 1.0 and 1.1 Ma each, and
it would have to be removed from the Lower Puskwaskau Formation. The
result of increasing the Cardium to 2.8 Ma would be to increase the
accumulation rate of the Upper Kaskapau Formation, which is already in
the high category, decrease the accumulation rate of the Cardium which
already defines a period of quiescence, and increase the accumulation

rate of the Lower Puskwaskau Formation from the base to the middle of



the moderate category. Thus, making this major alteration would only

enhance the pattern already observed.
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6. MASS ACCUMULATION RATES

The mass accumulation rate maps represent the rate of solid
accumulation per unit area within a particular period of the basin's
history. The averaged accumulation rates fall into three categories.
The first is greater than 148,000 kg/mlea, the second is between
73,000 and 115,000 kg/mz/Ma, and the third is less than 35,000
kg/mlea, referred to as high, medium, and low categories,
respectively. Two main features can be read from mass accumulation
rate maps which track activity in the basin and adjacent deformed belt
at the time of deposition.

The first is the trend of contours, which reflects the provenance
of sediment. The provenance, in turn, indicates the areas of the
Cordillera which were actively deforming and eroding though time. The
contours also depict the style of deposition, as being either from a
point source such as a river, or a widespread shedding of sheets of
sediment into the basin.

The second feature is the magnitude of the accumulation rate.
The most likely cause of an increased sedimentation rate in the
foreland basin, when a westerly source is indicated, is the generation
of new relief in the deformed belt. High accumulation rate is taken to
indicate rapid deformation in the deformed belt, and low accumulation
rates to indicate periods of quiescence.

There may be a lag time between deformation and the resultant
sedimentation. It is assumed that the lag is constant throughout
deformation; therefore, accumulation rate mirrors the episodes of

deformation in the adjoining Cordillera. The duration of deformation
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events, or their magnitude as indicated by accumulation rate, is not
affected by the lag time. As knowledge of the lag time for the Western
Canadian foreland basin is not required, the accumulation rate history
recorded in the foreland basin is simply correlated directly with
deformation history in the Cordillera. In reality the deformation
history must be shifted backwards on the absolute time scale by an
undefined finite amount. Intuitively, the finite lag time is expected
to be less than 0.5 Ma, as the accumulation rates have a resolution of
that order. Deformation and erosion processes occur contemporaneously,
supporting the notion of a short lag time. The influence of climate on

erosion is assumed to remain constant during foreland basin

development.

A. COMPARISON WITH ISOPACHS

Isopachs confirm the trends shown by mass accumulation rates and
provide an independent estimate of the approximate source areas of
sediment. The mass accumulation rate gives a more precise measure of
the rate of accumulation, and of the location of source areas, because
the effects of differential compaction are removed. More importantly,
the mass accumulation rate reflects the intensity of deformation in the
adjacent Cordillera because it includes a time component. Figures 6a
and 6b show the differences between the isopach and the mass
accumulation rate of the Harmon Formation. The fan of high
accumulation, which indicates an easterly source region, is not as
distinct from the isopach. If only the isopach was considered, the

source may be interpreted as Cordilleran. Also, the magnitude of
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Figure 6. Lower Peace River Group. (a) Isopach (m);
(b) Mass accumulation rate (kg/mz/Ma X 103).
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accumulation is low when compared to other foreland basin units.

information is not conveyed by isopachs alone.

This
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7. INTERPRETATIONS

Mass accumulation rate maps have two attributes related to
conditions of the basin and adjacent deformed belt at the time of
deposition. Firstly, the distribution of accumulation rates for any
particular unit indicates both the broad environment of deposition and
the provenance of the sediment. Secondly, the magnitude of the mass
accumulation rate indicates the severity of the deformation giving rise

to the unit's deposition.
A. FERNIE GROUP

The Fernie Group has a low average mass accumulation rate
(2X103 kg/mz/Ma). This low rate is an artifact of extensive erosion.
Deposition of the Fernie Group marks the beginning of foreland basin
development. For the Fernie Group to represent rapid accumulation with
rates in the order of 200X103 kg/mZ/Ma, the isopach would have to be
two orders of magnitude thicker than observed. This would suggest an
original thickness of the order of 20 km rather then the observed
200 m. As such a thickness is unlikely, and as high elevation is not
expected in the initial stages of deformation (cf. Stockmal and
Beaumont, 1987), it is assumed that the Fernie Group likely records
moderate to low mass accumulation. Hall (1984) suggested that the
Fernie Group may not be extensively eroded. This supports the
accommodation of initial deformation largely below sea level, resulting
in low rates of sediment accumulation.

The Fernie is regionally diachronous, representing a shorter

33



34
time interval to the south of the study area but diachroneity is not a

serious problem at the scale of the study area, especially when
compared to the large time interval the unit represents (see above). A
single value of 58.4 Ma was used as the duration of the Fernie within
the study area.

Mass accumulation rate contours for the Fernie Group are parallel
to the strike of the deformed belt, showing that initial deformation
occurred across the study area, with a concentration between 54° and
57°N (Figure 7a). Deformation resuited in sediment being shed
northeastward into the basin, accumulating in a southwesterly
thickening wedge. The stringer of higher accumulation rates parallel
to the deformed belt farther to the northeast indicates that longshore
drift contributed to the redistribution of sediment. The northwest end
of the stringer is connected to the zone of higher accumulation along

the thrust-fold belt, suggesting that current flowed to the southeast.

B. BULLHEAD GROUP

The Bullhead Group was deposited over 6 Ma, with a low average
mass accumulation rate (24X103 kg/mlea. At this early stage of
orogenesis, most of the deformation was still being accommodated on the
edge of the craton below sea level, producing little relief to induce
higher erosion. The distribution of contours has a pattern similar to
the Fernie Group. The source region was between 54° and 57°N, and
sediments were shed in sheets to the northeast (Figure 7b), and
collected in a narrow trough running parallel to the Cordillera. Most

of the region to the northeast received very little sediment and was
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likely dominated by easterly sources.

C. BLUESKY FORMATION

The Bluesky Formation spans 0.8 Ma, and marks the first ma jor
pulse of rapid sediment accumulation (185X103 kg/mlea). The
distribution of contours describes a broader basin than for the
Bullhead, with the source remaining in a similar location, between 54°
and 57°N. Sediments were shed northeast in sheets across the basin

into a southwesterly thickening wedge (Figure 8a).
D. LOWER SPIRIT RIVER GROUP

The Lower Spirit River Group represents deposition during a
1.8 Ma interval and records a lower average rate of accumulation
(98X103 kg/mZ/Ma) than the Bluesky unit. Lower Spirit River time was a
period of quiescence in the Cordillera. The pattern of accumulation
rate contours is generally indistinct; however, there is a clear
northwesterly shift in the zone of highest accumulation to a localized
source near 56°N (Figure 8b) when compared to the Bluesky Formation.
There is no longer parallelism with the deformed belt, but rather an

arcuate pattern around the northwest area of maximum accumulation.

E. UPPER SPIRIT RIVER GROUP

The Upper Spirit River Group spans 2.3 Ma, and marks a second

pulse of rapid deformation resulting in a high average accumulation
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rate (224X103 kg/mZ/Ma) in the basin. The source was localized
between 54° and 56°N, with accumulation contours fanning around the
source region (Figure 9a). This unit shows characteristics similar to
the Lower Spirit River, but with the source region being larger, more

southerly located, and with a higher intensity of deposition.

F. LOWER PEACE RIVER GROUP

The Lower Peace River Group represents a 1.7 Ma interval and
marks a return to quiescence, with a low average rate of accumulation
in the basin (24X103 kg/mZ/Ma). There is a weak localized Cordilleran
source at 56°N (Figure 9b). This source region had a limited influence
on the accumulation rate distribution. Easterly derived sediment
dominates the accumulation rate distribution, with a source between 56°
and 57°N in the east. A fan of higher accumulation rate contours

spread out westward across the basin.

G. UPPER PEACE RIVER GROUP

The Upper Peace River Group spans 1.7 Ma and represents continued
quiescence in the deformed belt, with an average accumulation rate
(34X103 kg/mZ/Ma) only slightly higher than the underlying Lower Peace
River Group. The local Cordilleran source is beginning to overprint
the contour pattern associated with the easterly source outlined by the
Lower Peace River unit. Also, the Cordilleran source region moved
s1ightly south to a location between 55° and 56°N (Figure 10a). The

easterly source is still distinguishable, as it supplied most of the
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sediment for at least the eastern half of the unit. This agrees with

existing interpretations that much of the Upper Peace River unit is
continentally derived, based on other geological data (D. Leckie

personal communication 1989).
H. SHAFTESBURY FORMATION

The Shaftesbury Formation represents a 7.8 Ma interval and marks
an increase to a moderate rate of accumulation (106X103 kg/mlea).
When compared to the Upper Peace River unit, it shows a dramatic
northward shift in the Cordilleran source region to a position north of
57°N (Figure 10b). This northerly source significantly changes the
pattern of the accumulation contours to a northeast-southwest
orientation. Sediment from the deformed belt are shed in sheets
accumulating in a southeasterly tapering wedge, nearly normal to

previous trends.
1. DUNVEGAN FORMATION

The Dunvegan Formation spans 2.5 Ma, and represents continued
moderate average accumulation (89X103 kg/mlea), indicating only
moderate deformation. The main source area migrated southward and
became more localized. The source area was situated between 55° and
56°N, with additional minor sources farther north (Figure 11a). The
contour distribution is mostly indistinct, with a rough arc about the

west central source area.
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J. LOWER KASKAPAU FORMATION

The Lower Kaskapau Formation spans 0.5 Ma and records a pulse of
rapid deformation. The high rate of mass accumulation
(186X103 kg/mz/Ma) indicates that rapid deformation was initiated
during this time. The contours suggest that several localized areas
gave rise to the high accumulation rates in the basin (Figure 1ib).
The main source {s located between 55° and 56°N, with additional
sources at 54° and 57°N. Each source has a fan of sediment centered on

it.
K. DOE CREEK FORMATION

The Doe Creek Formation covers 0.4 Ma, and represents a pause in
deformation, with a moderate accumulation rate (94X103 kg/mz/Ma). and
no obvious Cordilleran source (Figure 12a). A deltaic fluvial system
extended from the craton to the east between 55° and 56°N. The
Cordillera continued to shed minor volumes of sediment into the basin

from the west, but sedimentation from the east was dominant.
L. UPPER KASKAPAU FORMATION

The Upper Kaskapau Formation spans 4.4 Ma, and represents another
pulse of rapid accumulation (210X103 kg/mlea). Deformation had spread
out to encompass the entire western edge of the units extent, with a
strong accumulation contour pattern parallel to the strike of the

thrust-fold belt (Figure 12b). Sediments from the deformed belt were
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shed in sheets eastward into a westerly thickening wedge.

M. CA<. 'tiM FORMATION

The Cardium Formation represents a 0.6 Ma interval and records an
average accumulation rate of moderate magnitude (93X103 kg/mlea)‘
marking a lull in the rapid deformation. The pattern of accumulation
contours is similar to that of the Upper Kaskapau, only more subdued.
The source area in the Cordillera is more pronounced in the southwest;
however, sediment continued to be shed from the Cordillera along the

length of the unit (Figure 13a).
N. MUSKIKI FORMATION

The Muskiki Formation spans 1.0 Ma and was the result of a pulse
of rapid accumulation (149X103 kg/mZ/Ma) during rapid deformation. A
source region predominantly in the south caused contours to trend
northwest-so:theast (Figure 13b). Sediments from the deformed belt

were shed as sheets in a northeasterly tapering wedge.
0. BADHEART FORMATION

The Badheart Formation represents a 1.1 Ma interval and marks a
return to low average accumulation (27X103 kg/mZ/Ma) and a period of
qui. cence in the Cordillera after major deformation. The Badheart
Formation is characterized by low rates of accumulation and the

distribution of accumulation contours indicates a localized Cordilleran
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source between 54° and 55°N with sediment fanning out into the basin

from the source (Figure 14a).
P. LOWER PUSKWASKAU FORMATION

The Lower Paskawaskau Formation represents a 5.1 Ma interval and
is characterized by a moderate average accumulation rate
(74X103 kg/mz/Ma). The source region was in the south with a pattern
similar to the Muskiki Formation. Sediments from the deformed belt
were shed northeastward in a southwesterly thickening wedge

(Figure 14b).
Q. CHINOOK FORMATION

The Chinook Formation spans 1.3 Ma, and shows a low average
accumulation rate (15X103 kg/mlea) with a northward shift in the
source region compared to the Lower Puskwaskau Formation. The
accumulation contours indicate a localized source at 55°N, and another
minor source in the southwest which is likely a remnant of the source
region of the Lower Puskawaskau Formation. Sediment accumuiated in an
easterly tapering wedge, with accumulation contours trending north

south (Figure 15a).
R. UPP:R PUSKWASKAU FORMATION

The Upper Puskwaskau Formation spans 1.3 Ma and is the uppermost

unit which can be quantified confidently in terms of accumulation
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rates. It shows a moderate average accumulation rate

(116X103 kg/mz/Ma), with a localized point source between 54° and 55°N

(Figure 15b).
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8. DISCUSSION

During foreland basin development, the Canadian Cordillera
deformed through the docking and accretion of foreign terranes at the
outboard edge of the continental margin (Monger 1984). This convergent
deformation loaded the craton, causing a downward flexure, and provided
a western sedimentary source to fill the foreland basin. The
distribution and magnitude of mass accumulation rates for specific
units can be linked to deformation within the Cordillera. Both the
location and magnitude of deformation can be estimated through time by
examining the average rate of accumulation and the provenance of

sediment for specific units within the foreland basin.

A. CYCLIC NATURE OF DEFORMATION

If the average accumulation rates for each unit are plotted
against time, a cyclic pattern of accumulation emerges. Figure 16
shows two groups of rapid accumulation, each defining a rapid
deformation episode in the Cordillera; the first lasts from 108 to 113
MaBP and the second lasts from 87 to 94 MaBP. Prior to early Aptian
and after late Campanian time the stratigraphic column contains ma jor
unconformities, making the mass accumulation rate difficult to
quantify, and outside the range under consideration.

There are two-and-a-half deformation cycles defined in Figure 16.
The first cycie begins in the Aptian with the deposition of the

Bullhead Group resulting from low deformation. Rapid deformation then
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Avoutalation (kg/m/1a x 1Q00)

UNIT

U Puskwaskau
Chinook

L Puskwaskau
Badheart
Muskiki
Cardium

U Kaskapau

Doe Creek Top
L Kaskapau
Dunvegan
Shaftesbury

U Peace River
L Peace River
U Spirit River
L Spirit River
8'luesky
Bullhead
Fernie

77.5 - 78.8 1.3 2 - 408 116
78.8 - 81.3 2.5 0 - 52 15
81.) - 86.4 5.1 0- 128 74
86.4 - 87.5 1.1 2 - 142 27
87.5 - 88.5 1.0 2 - 459 149
88.5 - 89.1 0.6 4 - 587 93
89.1 - 93.5 4.4 92 - 352 210
93.6 - 93.9 0.4 4 - 776 94
93.9 - 94.4 0.5 4 - 341 186
94.4 - 96.9 2.5 1 - 320 89
9.9 - 104.7 1.8 11 - 394 106
104.7 - 106.4 1.7 4 - 152 34
106.4 - 108.1 1.7 7 - 116 24
108.1 - 110.4 2.3 0 - 440 224
110.4 - 112.2 1.8 0 - 321 98
112.2 - 113.0 0.8 4 - 1,570 185
113.0 - 119.0 0.0 0 - 27 24
141.6 - 200.0 58.4 0 - 9 2

Table 3. Absolute age and mass accumulation rate data for all units.

Accumulation 'Rate versus Time

N

. Mogerate

High

J1ud0raté

100
Time (MaBP)

Figure 16. Plot of accumulation rate versus time.

52



induced rapid sedimentation (Bluesky Formation and Upper Spirit River
Group). The rapid deformation was interrupted by a short period of
relative quiescence (Lower Spirit River Group). The first cycle
terminated in the iower Albian with a return to quiescence in the
Cordillera, and the deposition of the Peace River Group. The
Shaftesbury and Dunvegan Formations were deposited during the moderate
deformation of the second cycle. Then, a series of three pulses of
rapid deformation corresponding to the Lower Kaskapau, Upper Kaskapau,
and Muskiki Formationc occurred. The pulses were separated by short
intervals of relative quiescence (Doe Creek and Cardium Formations).
The second cycle lasted until the end of the Coniacian, when the
Cordillera returned to a period of quiescence.

Each cycle consists of a period of low to moderate deformation
followed by rapid deformation. In each cycle the rapid deformation
episode has a duration approximately half of that of the preceding
phase of low to moderate deformation. The first cycle has a rapid
deformation episode representing 3.1 Ma and is preceded by 6.0 Ma of
relative quiescence. The second rycle has a rapid deformation episode
lasting 6.1 Ma and is preceded by quiescence lasting 13.7 Ma. The
third cycle shows only the initial period of quiescence, as most of the
strata representing the final episode of rapid deformation were eroded.
The magnitude of this erosion has been estimated to be on the order of
2 km (Magara 1978) which suggests that the Paskapoo Formation
represents the rapid deposition associated with the culmination of
deformation during the third cycle.

Each epispde of rapid deformation is interrupted by short

intervals of quiescence, shorter than the bounding periods of active
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deformation. The two major episodes of deformation, on a finer scale,
consist of a series of pulses ranging from 0.5 to 4.4 Ma. This range
is similar to that of two pulses of deformation (1.0 and 0.5 Ma
duration) observed in the Potwar region of the Himalayas (Johnson et
al. 1986). This suggests, both in the Canadian Cordillera and the
Himalaya, that intense deformation can only be sustained for short

periods of time.

Individual pulses witks- - - “--mation episode start in localized
areas and expand to encomprs: « €3s of the Cordillera. The
final pulses of deformatii:: ™., .-n to more localized source regions

before giving way to relative qu.escence. T:is pattern is the result
of tectonism being initiated locally, building to a culmination
involving a large area with severe deformation, and waning to less
intense deformation in lotalized areas. For example, the Lower
Kaskapau Formation represents the first pulse of deformation in the
second episode, and the source area is restricted to a narrow zone
between 55° and 55°N (Figure 11b). The second pulse in this episode is
represented by the Upper Kaskapau Formation which shows a continuous
source region along its western margin (Figure 12b). The accumulation
rate for the Upper Kaskapau Formation (210X103 kg/m2/Ma) is greater
than that for the Lower Kaskapau Formation (186X103 kg/mZ/Ma). The
final pulse in the second episode is represented by the Muskiki
Formation which has only a Tocalized source region in the south, and an
accumulation rate of 149X103 kg/mZ/Ma, as deformation wanes.

Johnson et al. (1986) have dated two deformation intervals in the
Potwar region of the Himalayas to last from 4.5 to 3.5 MaBP and 2.1 to

1.6 MaBP respectively. The second deformation interval has a duration
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of 0.5 Ma and is preceded by 1.4 Ma of relative quiescence. This
closely follows the 2:1 ratio of quiescence to deformation formulated
from the Canadian Cordillera, on a smaller scale. The deformation
intervals of Johnson et al. (1986) resemble pulses of deformation
within a single deformation episode, as seen in the Canadian
Cordillera. If this interpretation is valid, a 4 to 6 Ma period of
relative quiescence should be present prior to the rapid deformation.
Further investigations are required in order to confirm the existence
of the preceding period of low to moderate deformation.

In the Peace River Arch area, the period of quiescence prior to
the first deformation cycle is somewhat longer than expected, due to
the establishment of a convergent tectonic regime. The Fernie Group
represents the extended period of low to moderate sedimentation during
which deformation takes place on attenuated continental crust and is
accommodated mostly below sea level (Stockmal and Beaumont, 1987). The
cyclic nature of Cordilleran deformation and the quantification of
active and passive phases can be used to interpolate deformation for

time periods where data is missing.
B. PREDICTIONS ARISING FROM THE OBSERVED CYCLES

The foreland basin began during the early to mid-Jurassic as the
result of deformation along the newly-formed convergent plate boundary.
The Jurassic portion of the sedimentary record may contain extensive
unconformities, which would result in lower-than-expected calculated
mass accumulation rates. In order to attain accumulation rates in the

order of 200X103 Kg/mlea (expected for rapid deformation) the Jurassic
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isopach would have to be two orders of magnitude thicker than observed

(200 m). An isopach of 20 km is unlikely when compared to maximum
burial depths indicating only 2 km of erosion since maximum burial
(Magara, 1978). The Jurassic is therefore characterized by at most
moderate, and more likely low, sediment accumulation. This supports
Stockmal and Beaumont's (1987) suggestion that initial deformation
adjacent to a foreland basin is accommodated mostly below sea level.
Similarly, erosion has removed much of the sedimentary record
since the late Campanian. The moderate deformation calculated up to
the Upper Puskwaskau time is assumed to have prevailed until
approximately 70 MaBP, when the Pacific Plate changed direction
(Kononov, 1984) and the western margin of North America was placed in a
transpressive tectonic regime (Monger, 1984). The period from the
start of Badheart time to 70 MaBP is approximately 20 Ma, of both
moderate deformation and relative quiescence. Based on the observed
2:1 ratio of duration for quiescence versus rapid deformation, the
following 10 - 12 Ma represented the final major period of deformation
(Laramide Orogeny). This deformation resulted in the rapid deposition
of the thick Paleocene Paskapoo Formation. The estimate of 70 to 58
MaBP for rapid deformation from this study is in good agreement with
Monger's (1984) estimate for the timing of the Laramide Orogeny and the

development of the thrust-fold belt (late-Cretaceous to early

Tertiary).

C. DEFORMATION AND LITHOLOGY

Porter et al. (1981) inferred that coarse-grained sediment such



as sand and gravel within the foreland basin can normally be associated

with periods of deformation in the adjacent Cordillera, while fine

grained mud and silt are associated with periods of quiescence. Graham

et al. (1986) observed that the lithology of foreland basin sediment in
southwestern Montana is controlled by source rock lithology rather than
the intensity of deformation in the adjacent thrust-fold belt. The
mass accumulation rates calculated in the Peace River Arch area support
this assumption. The first episode of rapid accumulation is marked by
the deposition of the Bluesky and Upper Spirit River sands. However,
the second episode of rapid accumulation coincides with the deposition
of the Lower Kaskapau, Upper Kaskapau, and Muskiki shale units, for
which the volume ¢ sediment and the time span of each unit
necessitates rapid deposition.

Middle to late Cordilleran deformation involves the uplift of
basinal sediment. If a mudstone or shale unit is uplifted and exposed
to erosion, the resulting clastic sediment will be a shale. In
addition, as mudstone and shale are less resistant, they are more
susceptible to rapid erosion: it is reasonable to expect that material
eroded rapidly from the deformed belt will accumulate rapidly in the
adjacent basin. Therefore, shale units can represent intervals of
rapid accumulation throughout the rock record, and may be associated
with periods of deformation in an adjacent orogen. Shale deposition
associated with deformation suggests that other palecenvironmental

interpretations based strictly on rock type need to be reexamined.
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D. MODEL OF TECTONIC DEVELOPMENT

A model of tectonic development can be formulated from the mass
accumulation rate patterns and magnitudes.

From Cambrian to middle Jurassic, the western North American
craton was a passive margin dominated by carbonate deposition
(Figure 17a). From middle Jurassic to early Albian, foreign terranes,
including the composite Intermontane Superterrane (Monger, 1984), pegan
to accrete loosely along the western margin of the Canadian craton
(Figure 17b). This resulted in moderate to low topographic relief, and
the shedding of Fernie and Bullhead Group sediment eastward along the
entire length of the study area. Within the study area, the initial
stage of deformation represented by the Fernie Group was not associated
with moderate to high accumulation rates, as most of the deformation
was accommodated below sea level on the outboard edge of the
continental lithosphere (Stockmal and Beaumont, 1987). From early to
mid-Albian, an outboard shift in the subduction zone (Figure 17c) gave
rise to an initial pulse of deformation along the length of the study
area, followed by a short period of quiescence, ard a second pulse of
rapid deformation in the southwest part of the study area. The first
pulse of deformation resulted in the deposition of the Bluesky
Fermation. The period of quiescence is indicated by the lower
accusulation rate of the Lower Spirit River Group. The second pulse of
daformation renewed rapid sediment accumulation with the Upper Spirit
River Group. For the next 4.5 Ma deformetion all but ceased, leaving
minor sedimentation mostly from easterly sources. The accumulation

rate natterns for the Lower and Upper Peace River Groups show probable
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easterly source regions dominating (Figure 9b and 10a). Until

mid-Cenomanian, only moderate deformation occurred as more foreign
terranes, including the composite Insular Superterrane (Monger 1984),
docked at the western continental margin (Figure 17d). During this
period, initial topographic relief in the north gave rise to moderate
accumulat .un (Shaftesbury Formation, f ¢ @ 8b); deformation then
migrated to a west-central position as indicated by the accumulation
pattern of the Dunvegan Formation (Figure 1la). From mid-Cenomaniar to
late Coniacian, an outboard shift of the subduction zone, resulted 1in
rapid deformation (Figure 17e). Deformation occurred in three pulses
separated by short periods of quiescence. The first pulse was located
in the west-central part of the study area (Lower Kaskapau Formation,
Figure 11b). The second pulse was both more intense and more
widespread (Upper Kaskapau Formation, Figure 12b). The third pulse was
less intense and more localized, confined to the southwest part of the
study area (Muskiki Formation, Figure 13b). Low to moderate
deformation continued in localized areas of the Cordillera until late
Maastrichtian. At 70 MaBP, the Pacific Plate changed t. a northerly
direction of movement (Kononov, 1984). The new transpressive regime in
the Cordillera shuffled the newly accreted terranes northward, along
and further onto the edge of the continental margin (Monger, 1984).
The transpression and impingement of terranes lead to the development
of the thrust-fold belt (Figure 17f). The final period of rapid
deformation (Laramide Orogeny), which lasted throughout the Paleocene,
resulted in deposition of the Paskapoo Formation.

Cant and Stockmal (1989) have linked six discrete clastic wedges

in the Alberta Foreland Basin to the accretion of two large composite
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terranes and four smaller discrete terranes in the Cordillera. Their

interpretation is qualitative in the sense that the sedimentary
response to deformation is not quantified, and only the geometry and
lithology of each clastic wedge is considered in conjunction with
estimates for the timing of terrane accretion. The accumulation rate
maps developed here complement the results of Cant and Stockmal.
Following the accretion of the Intermontane Superterrane during the
mid-Jurassic, Cant and Stockmal (1989) inferred the Bridge River
terrane docked between Aptian and mid Albiar, and the Cascadia terrane
during the Cenomanian. Cant and Stockmal (1983) proposed that the
accretion of the Insular Superterrane took place during the
mid-Campanian, followed by the Pacific Rim-Chugach terrane. The
accumulation rate patterns suggest that even though the Intermontane
Superterrane docked initially in the Jurassic, a significant
sedimentary response in the foreland basin within the study area was
not seen until late Albian; this could coincide with Cant and
Stockmal's (1989) interpretation of the accretion of the Bridge River
terrane, which provides the mechanism of outboard shifting of the
subduction zone resulting in rapid deformation as described in this
thesis. The accumulation rates indicate that major deformation
resulting from the accretion of the Insular Superterrane occurred
during the Turonian, somewhat earlier than proposed by Cant and
Stockmal (1989). Monger et al. (1982) support a mid-Cretaceous

accretion time based on geological evidence within the Cordillera.



9. CONCLUSIONS

Foreland basin deposits in the Peace River Arch area can be
classified into three groups based on the magnitude of their rate of
mass accumulation. The first have magnitudes greater than
1&‘.8X103 kg/mZ/Ma. the second have magnitudes between 73X103 and
115X10° kg/m?/Ma, and the third have magnitudes less than
35X103 kg/mZ/Ma. when the mass accumulation rates are arranged on an
absolute time scale, a cyclic pattern of defr-mation can be observed.

A single cycle lasts on the order of 25 Ma, and consists of a period of
quiescence, a period of moderate deformation, and & period of rapid
deformation. The period of rapid deformation is approximately half the
duration of the preceding periods of guiescence and moderate
deformation combined. The rapid deformation occurs as a series of
pulses ranging from 0.5 to 4.4 Ma in duration, which are separated by
typically shorter periods of quiescence.

Two complete cycles of deformation and part of a third are
preserved for the Cordillera of northern Alberta and adjacent British
Columbia. The first cycle begins in the Aptian with the deposition of
the Bullhead Group. Rapid deformation results in the deposition of the
Bluesky Fermation and Upper Spirit River Group. Lower and Upper Peace
River Group sedimentation is dominated by easterly source regions
during quiescence at the beginning of the second deformation cycle.

The second cyc'v shows moderate deformation until mid-Cenomanian, when
rapid deformation ended the cyule with the deposition of the Lower
Kaskapau, Upper Kaskapau and Muskiki Formatiens.

During an episode of rapid deformation, pulses of rapid
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deformation tend to initiate locally and expand in both area and
intensity to involve larger portions of the deformed belt. Finally,
deformation wanes to localized areas, before giving way to a period of
quiescence. The Lower Kaskapau. Upper Kaskapau, and Muskiki units
collectively show the building and waning trends during a rapid
deformation period.

The Fernie Group represents a period of low sediment accumulation
rate (<35X103 kg/mlea) even though it marks the start of Cordilleran
deformation. This confirms the observation of Stockmal and Beaumont
(1987) that initial stages of deformation result in only low rates of
sedimentation because most of the deformation is accommodated below sea
level on attenuated continental lithosphere.

During the first deformation cycle, the culmination of
deformation led to the rapid deposition of the Bluesky and Upper Spirit
River sand dominated units. However, rapid deformation in the deformed
belt was not always associated with the depositior of a sand unit. The
second cycle shows rapid deformation which resulted in the accumulation
of the Lower Kaskapau, Upper Kaskapau, and Muskiki shale-dominated
units. The source rock controis the lithology of sedimentation in the
adjacent basin. The assumption that sand units are deposited during
periods of deformation and shale units are deposited during periods of
quiescence is thus invalid in the Peace River Arch study area. Graham
et al. (1986) observed source rock control on sediment lithology in
southwestern Montana, which is in agreement with the relationships
between deformation and sedimentation described in this study.

The cyclic nature of continental scale convergent tectonism and

the relationship between periods of low to moderate deformation and



rapid deformation in the northern Canadian Cordillera can be compared
to the Himalayas. Johnson et al. (1986) described periods of low
deformation followed by major deformation in the Potwar region. The
major deformation periods, of 1.0 and 0.5 Ma durations separated by 1.4
Ma of relative quiescence, are analogous to pulses of deformation

within a single deformation episode described for the northern Canadian

Cordillera.
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11. APPENDIX A

This appendix contains an example of the stratigraphic picks data
derived from geophysical logs for the Upper Puskwaskau Formation.
Regional geologic data are to be published in an Alberta Research

Council open file report (1990).

The land location is organized as: Township three spaces
Meridian one space
Range two spaces
Section two spaces

Legal sub division two spaces,

for the Dominion Land Survey System in Alberta.

The land location is organized as: Grid Area one space
Block three spaces
Unit one space
Primary quadrant three spaces

Secondary quadrant one space
Tertiary quadrant two spaces,

for the National Topographic System in British Columbia.
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Stratigraphic Picks for the Upper Puskwaskau Formation

Land Location

0585011607000
0585022206000
0585031814000
0585042507000
0585051606000
0585061711000
0585072710000
0585081802000
0585092006000
0585101811000
0585113211000
0585131416000
0585142611000
0585151606000
0585161706000
0585172506000
0585181011000
0585192606000
0585203311000
0585212206000
0585222711000
0585231510000
0585241011000
0585251313000
0586013408000
0586042011000
0586051115000
0595010806000
0595052311000
0595061909000
0595072305000
0595082906000
0595113210000
0595121811000
0595133610000
0595141806000
0595151611000
0595163104000
0595173407000
0595180906000
0525192906000
0595212016000
0595220613000
0595241907000
0595252010000
0595272306000
0596012906000
0596052206000
0596063412000
0605013310000
0605022307000
0605040606000

KB

703.
665.
659.
670.
669.
666.
677.
738.
731.
845.
833.
781,
946.
1006.
1039.
1189,
1122.
1090.
977.
988.
998.
1019.
1074.
1047.
1273.
1479.
1592.
721.
663.
682.
700.
820.
690.
715.
780.
974.
988.
975.

1074.
991.
107e.
1182.
1189.
1078.
1196.
1277.
1436.
1368.
623.
641.
668.

OGN NO L WO WMN N E2BNWO R OOTWNNENWERONOUOIN@NWEITYON = NWUITO A 0N WOWMN — oo

4

Elevation

298.
231.
214.
207.
164.
124.

-136.

-212.
-2173.
-337.
-419.
-495.
-581.
-794.
-658.
-699.
-800.
-721.
373.
332.
223.4

'
~4
~3
F -9
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0605093005000
0605100310000
0605112811000
0605122106000
0606133310000
0605143507000
0605160511000
0605173604000
0605182006000
0605202511000
0605211110000
0605220706000
0605233306000
0605241106000
0605250412000
0605270313000
0606010311000
0606021111000
0606052212000
0615012111800
0615051210000
0615062411000
0615072906000
0615081008000
0615092906000
0615100111000
0618713611000
061%.°7010000
0615151115000
0615143007000
0615152310000
0615160707000
0615172310000
0615183607000
0615192212000
0615203210000
0615210916000
0615222807000
0615231411000
0615251607000
0615262806000
0615272211000
0616011103000
0616022813000
0616030306000
0616043307000
0616051306000
0616062706000
0616093608000
0625022807000
0625042607000
0625051711000
0625061604000
0625072202000
0625082906000
0625091411000
0625101806000
0625122808000

748.6
667.0
818.4
792.8
878.7
787.0
905.9
840.0
927.5
922.9
995.8

1107.0

1072.3

1046.3

1144.7

1272.7

1301.7

1308.4

1282.3
627.0
685.2
659.3
726.6
703.2
766.9
758.5
840.6
844.9
770.7
877.6
880.6
869.9
945.5
880.6
920.2
860.6
963.7
930.2

1063.4

1140.9

1157.6

1200.0

1243.4

1144.6

1193.6

1102.5

1041.4

1092.8

1177.7
643.6
692.8
651.2
644.3
716.9
791.6
797.7
907.7

953.7

88.7
71.0
40.2
-41.7

-639.
-617.
-533.
372.
345,
252.
246.
243.
212.
169.
126.2
93.6
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0625163006000
0625172610000
0625182110000
0625191812000
9625203204000
(625211011000
0625220710000
(525231107000
0625242011000
0625252110000
0625263115000
0625272507000
0626013411000
0626023214000
0626032902000
0626042211000
0626052406000
0626062307000
0626071807000
0626072507000
0626080907000
0626092806000
0635021816000
0635041610000
0635081512000
0635092716000
0635112616000

235120402000
0635133006000
0635143506000
0635151309000
0635160313000
0635173110000
0635180115000
0635191014000
0635200813000
0635210111000
0635223203000
0635232906000
0635242207606
0635253408000
0635260114000
0635271202000
0635271407000
0636012013000
0636021312000
0636032009000
0636053006000
0636060403000
0636072510000
0636080207000
0636091807000
0636101906000
0645021310000
0645032505000
0645041006000
0645061211000
0645072611000

1005.
1009.

1054.
1068.
1052.

952.
1071.

929.
1101.
1270.
1183.
1379.
1448.

318.
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064.,:11912000
0645123104000
0645133614000
0645141109000
0645152306000
0645166110000
0645182802000
0645192207000
0645202006000
0645213611000
0645220807000
0645231610000
0645241710000
0646012210000
0646022406000
0646033510000
0646041506000
0646050810000
0546061010000
0646082506000
0646102908000
0646111603000
0655042706000
0655053306000
0655063311000
0655072914000
0655093603000
0655103504000
0655112803600
0655132910000
0655141404000
0655152909000
0655161113000
0955173610000
0655182911000
0655192106000
0655203310000
0655211406000
0655220107000
0655232010000
0655242113000
0655252704000
0655272510000
0656010611000
0656033407000
0656041603000
0656050406000
0656063410000
0656073206000
0656082515000
065€10271000C
0665060406000
0665070106000
0665111408000
0665130413000
0665141112000
0665150616000
0665163304000

1039.
1070.
1092.
1102.
1021.
921.
768.
746,
823.
718.
823.
806.
881.
915.
857.
860.
887.
985.
960.
1046.
1403.
1499.
667.
137.
785.

788.
111e.
1164.
1163.

919.

852.

1
3
3
2
3
l
9
5
3
8
4
8
3
8
3
8
7
.2
.2
8
2
8
3
i
0
0
6
9
4
1
1
1
0
2
0
7
6

7
5

5
2
9
4
7
5
0
!
2
8
8
3
9

6
4
5
7
6
5

-247.
-313.
-250.
-24¢.
-268.
~i79.
183.
353.
281.
219.
160.
133.
186.
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0665201815000
0665213508000
0665222004000
0665233207000
0665241110000
0665252910000
0665261801000
0666011014000
0666026, 49000
0666032203060
0666042807000
0666050906000
0666062910005
066¢573011005
0666083007€00
0666091910000
066610181130
0666112610000
0675082910000
n675093410000
0675111910000
0675151712000
0675161712000
0675173507000
0675192414000
0675200604000
0675213516000
0674220816000
0675232706000
0675243116000
0675261116000
0€75273606000
0676031814000
1676043108000
0676052010000
0676063211000
06766 /3310000
0676080706000
0676191410000
0675112510000
0676121407000
0685061307000
0685111710000
0685120802000
0685122907000
0685161310000
0685180907000
0685192811000
0685203605000
0685213606000
0685223207000
0685232511000
0685240903000
0685252014000
0685262901000
0686011712000
0686022606000
0686030706000

757.
868.

8(5.
1230.
1236.
1054.

961.

811.

795,

754 .

707.

700.

725.

756.

686.

670.

733.

674.

718.

48.
19.
36.
37.
-15.
-14.
-89.
-121.
-151.
-148.
-152.
-222.
-172.
-169.
-150.
-169.
-174.
-186.
420.
§02.
332.
213.
214,
238.
173.

148.

92.
136.

17.

18,

18.
-76.
-30.
-78.
-78.
-84.
-87.
-£3.
-€7.
-49.
463.
364.
339.
359.
220.
206.
222.

208.
199.
168.
121.
187.
142.

59.
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0686072408000
0686090110000
0686102206000
0686111606000
0686120711000
0686131615000
0695051207000
0695073007000
0695131711000
0695143010000
0695153010000
0695160610000
0695182901000
0695191509000
0695211409000
0695222607000
0695232709000
0695242607000
0695251907000
0696042510000
0696053506000
0696061614000
0696072806000
0696080311000
0696093111000
0696101010000
069611300790¢
0696123207000
0696132307600
0705051311000
0705090206010
0705160602000
0705112312000
0705122304000
0705132604000
0705182210000
0705193104000
0705202116000
0705220811000
0705230815000
0705240710000
0705261801000
0706011411000
0706020904000
0706033409000
0706051306000
0706061006000
0706072304000
0706081106000
0706092206000
0706100106000
0706111511000
0706123311000
0706133410000
0706141207000
0715103111000
0716133004000
0715141411000

708.
833.
737,
766.
858.
324,
782.
1078.
821,
801.
e41.
851.
939.
784.
708.
649.
740.
746.
72
544,
687,
8k,
683
735.
645.
723.
753.
i1,
834.
183.
788.
880.
894.
802.
763.
§07.
767.
687.
718.
715.
751,
654.
553.
640.
631.
639.
673.
662.
683.
709.
697.
717.
768.
860.
876.
794.
844.
738.
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0715250906000
(1716012508000
0716032906000
0716043114000
0716051706000
0716060302000
0716072808000
0716082506000
0716692806000
0716110311000
0716123606000
0716133510000
0725143607000
0725171811000
0725182306000
0725252011000
0726010607000
0726032704000
0726051708000
0726061016000
0726073106000
0726083406000
0726090214000
0726100710000
0726113006000
0726123606000
0726130807000
0735260719000
1736011007000
0736040604000
¥756050110000
0736061103000
0736070311000
0736081811600
0736100414000
074501291000
0746061306000
0755042810000
0755050713000
0756050408000
0756130505000
0765022510000
0765043610000
0785161001000
A003B093P0104498
A010A093P1003231
A0231093P0105425
A043B8093P0808315
B002H093P0106361
B046H093P0805330
B066L093P0106600
8071J093P0806170
C012A093P0805388
0015D093P0806394
D015H0S3P0705494
D035E093P0805307
D051J093P0103698
D0536093P0805534

701.
632.
636.
679.
653.
664.
780.
729.
756.
128.
824.
828.
13¢.
116.
715.
813.
633.
668.
683.
681.
680.
705.
933.
748.
JEXR
16, .
861.
728.
678.
703.
685.
715.
680.
740.
788,
699.
178.
947.
877.
861.
819.
805.
778.
673.
-1000.
-1000.
-1000.
-1000.
-1000.
-1000.
-1000.
-1000.
-1000.
-1000.
-1000.
-1000.
-1000.
-1000.
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-=1355.

295.
3l2.
264.
299.
242.
192.
282.
293.
285.
240.
347.
392.
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-1639.
-2021.
-1477.

-1540.
-1235.
-1357.
-1052.
-1378.
-1319.
-1241.
-1205.
-1477.
-1210.0
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0068K093P0105408

-1000.0 -1387.0
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This appendix contains an example of core analysis data. The
data are arranged per formation and have been vertically averaged. The
data includes an arithmetic average ind a weighted arithmetic average
for both porosity and density. The entire data set is available
through the Alberta Geological Survey, a department of the Alberta
Research Council, PO Box 8330, Postal Station F, Edmonton Alberta

Canada, T6H 5X2.

The land jocation is orgarized as: Township three spaces
lHeridian one space
Range two spaces
Section Lwo spaces

Legal sub division two spaces,

for the Dominion Land Survey System in Alberta.

The column headings are as follows:

Por. Ave. Vertically averaged porosity.

Por. Wgt. Ave. Vertically averaged weighted porosity.

Cen. Ave. Vertically averaged grain density.

Den. Wgt. Ave. Vertically averaged weighted grain density.
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Upper Puskwaskau Formation

Land Location

0585142906
0586021610
0595012106
0595013511
0605011110
0615020407
0616072810
06250326
0625041206
0625042506
0625043606
0626073205
0635010410
0635041007
0635041610
3 P
.10

. .812
11102
45121408
0645121411
0645122210
0645122310
0645122908
0645132310
0645133407
0645133414
0645133510
0645133608
0645133610
0746121814

X

.3730
.0942
1055
.4057
.4230
.0697
.1701
.2129
.4950
4637
.4534
.9277
.9009
.1208
.9448
6355
5531
.9839
3062
4396 1
.3573
2272
3900
.9363
.4134
.2381
.1944
.3989
.6036
5616
.7707

WWWDWWOWINADONO &

Y Fm Unit Por

#

.6918 4500
.0317 4500
.2132 4500
.5989 4500
.9246 4500
.6024 4590
.2402 4500
.1708
.6322
.1178
.2780
L3315
.6462
.5811
L7733
.0645
.0604
.0327
1327
.2904
. 3268
.4817
4853
.5909
.4445
.7203
. 7988
.7677
1367
.7750

4500
4500
4500
4500
4500
4500
4800
4500
4500
4500
4500
4500
4500
4500
4500
4500
4500
4500
4500
4500
4500
4500
4500

#

93

19.6076 4500 93

Por
Ave gt

Ave
0.105 0.107
0.050 0.052
0.171 0.170
0.155 0.155
0.215 0.223
0.125 6.125
0.078 C.084
0.158 0.158
0.162 0.162
0.130 0.141
0.163 0.168
0.122 0.139
0.134 0.228
0.107 0.108
0.145 0.12%
0.196 0.201
f.173 ¢.179
0.127 0.126
0.173 0.190
0.099 0.104
0.170 0.170
0.170 0.181
0.149 0.166
0.130 0.135
0.119 0.123
0.146 0.144
0.123 0.124
G.115 0.114
0.076 0.0620
0.099 0.099
0.132 0.132

Den
Ave

2571.
2831.
2718.
1651.
2640.
2540.
2704.
2668.
2693.
2652.
2292.
2732.
1067.
2530.
2670.
2608.
2336.
2437.
2213.
2649.
2388.
1736.
2454.
2720.
2653.
2680.
2657.
2674.
2634.
2641.
2680.

Den
Wgt
Ave

Hhm-mmommvoomb\n\aomua\omwm\nwomwbmm

2668.
2842.
2714.
2622.
2639.
2652.
2733.
2670.
2700.
2661.
2734.
2739.
2601.
2628.
2673.
2789.
2765.
2660.
2746.
2653.
2666 .
2715.
2699.
2731.
2657,
2682.
2660.
2678.
2640,
2641.
0 2680.
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