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Abstract

The present study was initiated to provide updated information on subsurface structures for the region of
the Clear Hills (Peace River) ironstone deposits in northwestern Alberta. The objectives were to

e develop an effective structure-mapping methodology for the Alberta Basin using large well-log
datasets and geostatistical analysis; and
e provide a refined structure framework for the region of the Clear Hills ironstone deposits.

The methodology developed is a refined approach to the mapping of subsurface structures that
incorporates trend-surface analysis and surface-fitting techniques into the conventional well-log
interpretation workflow. The trend-surface analysis is first used to separate formation picks into a
component of regional dip/trend and a residual component of local structures using polynomial
regression. Then, the residuals are fitted by a representative surface using kriging. In both steps, existing
geological knowledge about the regional and local structures is incorporated as constraints in both
modelling the trend and interpolation of the residual surface. Finally, the linear patterns of formation-top
offset are extracted from the residual surface using a moving window neighbourhood statistics method.
Lineaments are then interpreted and digitized from the resultant maps. The trend-surface analysis is also
applied to the isopach data calculated from two sets of formation-top picks, in order to differentiate
syndepositional faults from postdepositional faults.

The methodology developed has a higher resolution in detecting formation-top offsets and higher
accuracy in digitizing fault locations compared the conventional contour-map, seismic-section and
aeromagnetic-data interpretation techniques in structure mapping for the sedimentary cover. The result is
a significant update to the structure framework of the Peace River Arch region, which has been the focus
of structure study for decades. Lineaments, interpreted from the linear offset pattern of formation tops
extracted with the refined approach, have been identified from each of 14 formation tops (including the
Precambrian top) and traced through most of the sedimentary cover. Many of these lineaments were
found to be associated with known major faults that had been previously interpreted from well-log and
seismic interpretations. This suggests that the linear offset patterns extracted with the refined approach in
the study area are related mainly to faults rather than differential compactions. The effect of the possible
differential compaction has been mostly removed with the trend. The Dawson Creek Graben Complex
(DCGC) has been reinterpreted using this new approach. A different structure pattern was identified from
the Triassic and Lower Jurassic formation tops. Activation of the DCGC in the Late Cretaceous has been
identified with direct evidence. Some of the faults (e.g., Josephine Creek, Farmington, Gordondale,
Belloy (Dunvegan), Fairview, Bluesky, Berwyn, Normandville (Tangent), Whitemud, Hines Creek and
Beaton Creek faults) were identified as steep and/or listric faults and have offset formation tops from the
Upper Cretaceous through the Paleozoic and down to the top of Precambrian. They could be the possible
pathways/conduits for the hydrothermal venting hypothesis for the origin of the ooidal ironstone deposit.
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1 Introduction

In 2004, the Alberta Geological Survey (AGS) launched a grégestudy the geology, metallurgy and
economics of the Clear Hills (Peace River) ooidal ironstpesits within the Upper Cretaceous Bad
Heart Formation, which is the largest undeveloped iron resonwestern Canada. The Clear Hills
ironstone deposits overlap the well-known Peace River Arch YP&ton, which is characterized by a
long-lived zone of structural disturbance in the Western @aS&dimentary Basin (WCSB) that affected
sedimentation and the resulting subsurface stratigraphy Paugd et al., 2001). Previous study suggested
that basement faults have commonly influenced the distibofi hydrocarbon traps and mineralization
zones in the WCSB (Lyatsky et al., 1998, 1999; Edwards &t9#18), and that Precambrian faults may
have reactivated during the Cretaceous (O’'Connell et al., T@@@nnell, 1994; Eccles et al., 2002).
Reactivated Precambrian faults may have controlled thes@@n, geometry and grades of the Upper
Cretaceous Bad Heart Formation ooidal ironstones (@ogaldson et al., 1998, 1999; Clear Hills—Spirit
River—Smoky River, Bad Heart Formation Ooidal IronstonddHieip Guidebook, R.A. Olson et al.,
work in progress, 2005). It has also been postulated thatrdpnwovement of hypersaline brines and
related hydrothermal venting along reactivated Precamfaidis may have resulted in the local
deposition of the ferruginous ooidal facies (Olson et al., 1@88%om, 2001; Collom and Johnston,
2001). The present study was therefore initiated as a steuorponent of the AGS Clear Hills project
to provide information on subsurface structure that may beadrin characterization of the Clear Hills
iron deposits.

Basement structures of the WCSB, detected mainly throughsehef potential-field geophysical data,
were differentiated by Lyatsky et al. (1999) into
* Archean and Early Proterozoic ductile orogenic structanss,
* Middle Proterozoic to Recent brittle cratonic structures
Although the ancient ductile basement structures predomingtetential-field maps, it is the brittle,
high-angle and block-bounding faults that had the most imfleen the evolution of the WCSB. The
brittle faults partly follow the older ductile orogenic strucgjfeut also commonly cut across them. These
steep, brittle basement faults are much more subtle emsdeasily detectable in potential-field maps;
many of them are below the resolution of seismic-datatg¢kyaet al., 1999). Ross and Eaton (1999)
differentiated the basement faults based on differencéinrmagnetic and seismic expression into the
following two types:
* Precambrian faults that were reactivated during the Pbamierand are recognized by a close
correlation with basement magnetic and seismic dateetaeed to as “intrabasement” faults
* Phanerozoic faults that show no correlation with basemeghetias and seismic reflection data
are referred to as “suprabasement” faults
The ultimate test of the basement reactivation comes featogical evidence from the sedimentary
cover. It is necessary to trace extension or influen¢leeobasement faults in the sedimentary cover so as
to identify those that could be related to the deposiafdhe Bad Heart Formation ooidal ironstones. As a
result, the present study is focused on structure mappihg setimentary cover.
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Figure 1. Location of the study area. The image of Alberta is created by fusing a Landsat image with a sunshade relief
image of digital elevation model (DEM) from the Shuttle Radar Topography Mission (SRTM). Labelled structure elements
are from Wright et al. (1994) and O’Connell (1994). The Landsat image used was provided by PhotoSat Information Ltd.
and the SRTM data used were provided by the Earth Resources Observation and Science (EROS) Data Center, United
States Geological Survey.

The study area represents part of the Alberta BasiheinWCSB, which is almost entirely covered by
Pleistocene glacial drift and boreal forestry (Figure A9 a result, the understanding of the bedrock
geology of the Alberta Basin is based mainly on informatromfwell-logs and drillcores. Formation
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picks, interpreted from well-logs, are routinely used testact structure-top and isopach contour maps
for structure interpretation (e.g., Mossop and Shetsen, 198#) is often augmented with seismic data
when available. Although numerous subsurface faults weregosyi interpreted for the sedimentary
cover, they were interpreted from separated stratigrdpiricons, using different data spacings and by
different authors at different times. A compilation of faelts of northern Alberta (Paret al., 2001)
indicates that some of the faults interpreted from diffes&atigraphic horizons may represent the same
or reactivated faults. According to the compilation, naighe Phanerozoic faults were interpreted from
Palaeozoic strata, and only two of the faults were frioenltower Cretaceous and four were from the
Upper Cretaceous Bad Heart Formation, which is the ttafgde present study. It is not clear which of
these faults interpreted from the older strata were &tiive, and/or whether additional new faults
existed, around the time of deposition of the Bad Hearh&ton.

The AGS has access to the well-log database of thetalB@ergy and Utilities Board (EUB) for the
Alberta Basin, with numerous picks for geological foriomed that have been generated, refined and
accumulated by industry, university and government organizatiwiading the AGS itself, for decades.
One of the crucial signatures of or clues to faults irstidimentary cover is significant offsets in the
formation tops and the resulting changes in formation thgesknghich can be detected by conventional
well-log and seismic interpretation approach. The fdiongpicks, however, also contain a great deal of
information on minor and subtle offsets in formation pittlest are often caused by faults at different
scales but are beyond the resolution of conventional well-log@anhic interpretation technique. Much
of the information on faults associated with smaléef$ in formation tops remains buried in vast datasets
of well-log data. It is these faults, however, that@abably more closely related to the Clear Hill ooidal
ironstone deposits (e.g., Donaldson et al., 1999). Evenmiitbr offsets and subresolution seismically,
Precambrian brittle faults and block movements may exertdmable syn- and postdepositional
influence on the sedimentary cover. Basement control csettienentary cover might be episodic, locally
variable and commonly indirect, and even unreactivatetiiebfigiults with minor to zero offsets might
have affected fluid flow, salt dissolution and carbon#texation. Thus, identification of such local faults
in the sedimentary cover has mineral exploration signifeahbe present study attempts to apply
geostatistical analysis to resolve this information.ebDatnation of such information on offsets in
different formation tops throughout the sedimentary sectioniges a direct and effective means of
mapping and tracing faults throughout the sedimentary coves sty therefore has two objectives:

» Develop an effective structure-mapping methodology for the AdiRaisin, using large well-log
datasets and geostatistical analysis

* Provide a refined structure framework for characteritimgClear Hills iron deposit

2 Study Area

The study area (Figure 2) extends from 55.3°N to 58.1°N (ican the southern margin of Twp 74 north
to the northern margin of Twp 105) and from 116.5° W to 120.2°\ fiian the eastern margin of Rge.
16, W 8" Mer. west to the Alberta—British Columbia border, royghke western margin of Rge. 13,

W 6" Mer.). This area includes the Clear Hills and thevetslon Ridge as the core area, the Chinchaga
River valley to the northwest of the Halverson Ridge, andtae River valley to the east and south of
the Clear Hills. To the northwest of the Chinchaga Riadley is the Chinchaga Hills, which forms the
northwestern corner of the study area. To the south ¢féhee River are the Saddle Hills, forming the
southwestern corner of the study area, and the Smoky Rig¢harittle Smoky River, forming the
Southeastern corner. Except for the farmlands along the Ressrevalley, the study area is covered by
boreal forest.
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Figure 2. Satellite image of the study area created by fusing a Landsat image with a sunshade relief image from the
Shuttle Radar Topography Mission (SRTM). The Landsat image was provided by PhotoSat Information Ltd. and the
SRTM data were provided by the Earth Resources Observation and Science (EROS) Data Center, United States

Geological Survey.
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The Clear Hills and the Halverson Ridge originated as@ostaceous monadnocks, and the former
dissected upland is now mantled by Pleistocene unconsoliglaigd| and alluvial deposits (Hamilton,
1980). The glacial deposits range in thickness from zero to 20d consist largely of pebbly clay till in
ground moraine or hummocky disintegration moraine in tgblénd area, and glaciolacustrine clay with
sparse pebbles in the farmed lowland area (Green and M&868). The glaciolacustrine sediments were
deposited by glacial Lake Peace, which was formedage proglacial lake during deglaciation along
the retreating ice margin (Mathews, 1980; Lemmen et al.,; I9@, 2004).

Bedrock immediately underlying the glacial deposits isd@&eus marine and non-marine sandstone,
alternating with marine mudstone or shale. The formaaoesearly flat lying, with a gentle regional dip
to the southwest. Figure 3 shows the bedrock geology of the ateayand the adjacent portion of British
Columbia, which extends from 120°W to 122°W. The oldest niocltgs region are shale and sandstone
of the Lower Cretaceous Loon River Formation and Peace Biwrip in the northeast, and sandstone
and shale of the Upper Jurassic to Lower Cretaceous Méreeg and Lower Cretaceous Bullhead and
Fort St. John groups in the southwest. The Shaftesburyafiormrepresents the base of the Upper
Cretaceous and underlies the lowlands adjacent to Hay iRittee northwest, and Chinchaga River and
Peace River in the northeast and southwest, respectivebndists of dark grey marine shale with
laminated siltstone interbeds that increase near fheftthe sequence, and increases in thickness toward
the east in the Clear Hills area (Green and Mellon, 196R)1@erlying the Shaftesbury Formation is
the Dunvegan Formation, which consists of carbonaceous, mettiicoarse-grained, crossbedded
sandstone with interlayered siltstone and mudstone. It ueslénie lower slopes of the Chinchaga and
Milligan hills, and the lowlands adjacent to the Chinchadgtikewin and Peace rivers in Alberta.
Overlying the Dunvegan Formation. is the Smoky Group, comprésthgck sequence of predominantly
shale. It underlies the upper part of the Milligan and Gtage hills, the upper slope of the Halverson
Ridge and the Clear Hills, and Peace River and Smoky Rallays to the south of the Clear Hills. In the
Clear Hills and Halverson Ridge area, the Smoky Group stsrs, in ascending order, the Kaskapau
Formation (60-120 m of predominately marine mudstone), the-@adt Formation (5-9 m of
argillaceous quartzose sandstone and/or ferruginous ooidstian®) and the Puskwaskau Formation
(about 90-180 m of predominately marine dark grey mudstone)yduregest rocks in the region are
referred to as the Wapiti Formation, which consistsarfmarine sandstone and shale and forms the caps
of Halverson Ridge, Clear Hills and Saddle Hills.
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Figure 3. Bedrock geology of the study area and adjacent portion of British Columbia (west of 120°W) compiled from the
Geological Map of Alberta (Hamilton et al., 1999) and the Digital Geology Map of British Columbia (Massey et al., 2005);
(downloaded from http://www.em.gov.bc.ca/Mining/Geolsurv/Publications/catalog/bcgeolmap.htm).
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3 Previous Work

The ancestral western continental shelf of North Anaeiscseparated into at least six major blocks by
northeast-trending linear features, which are interpretegpt@sent ancestral strike-slip or transfer faults
(Cecile et al., 1997). Each of these blocks has an indepaedeonic history. Among them is the Alberta
block, which is bordered to the north by the Hay River—Gsémte Lake tectonic zone and to the south
by the Moyie and Dibble Creek faults near the Alberta-Mantaorder. The Alberta block is further
divided into the Peace River sub-block and the Southerndrainb-block along the Rimbey Magnetic
and Snowbird Tectonic zones (Cecile et al., 1997). The stugdylies within the Peace River sub-block.

The geological history of the Alberta Basin has been diviokedthree main tectonic phases (e.g., Price,
1994; Ross and Eaton, 1999). The first phase is Late Pzotetto early Paleozoic extension and
continental break-up, and is represented by passive margnitiep with periodic exposure up to the
Late Silurian. The second phase consists of several yoosestrained tectonic environments during the
Devonian to Early Jurassic, including the Devonian—Early Gefidoous development and collapse of the
Peace River Arch, which is contemporaneous with the A@titegeny in the Great Basin of the united
States. The third phase begins with deposition of Jar&ssnie Group turbidites, and is represented by
Jurassic to Eocene foreland-basin development during famatithe Cordilleran fold-and-thrust belt,
which is followed by isostatic recovery and erosion tghmut the Tertiary.

The Peace River Arch (PRA) region is a roughly east-nasth&riking zone cutting across the WCSB in
which a long history of tectonic activity in the WCSB hasrbeecorded. It was suggested that basement
faults were active over an extended period of time ottiveded episodically through time, and controlled
the Phanerozoic sedimentary patterns in this region (eagt, €988; Panet al., 2001). The tectonic
evolution of this region has been divided into three distinase$ (Cant, 1988; O’Connell et al., 1990):
pre-Late Devonian Peace River Arch (PRA, sensu stric@mhoniferous to Triassic Peace River
Embayment (PRE), and Jurassic and Cretaceous downwarping.

The pre-Late Devonian PRA formed a topographic high throughewtarly Paleozoic and served as the
source of clastic sediments that were deposited witidraéong the Cordilleran miogeocline
(McMechan, 1990; Norford, 1990; Ross et al., 1993; Gehrals, &4995; Ross and Villeneuve, 1997;
Gehrels and Ross, 1998). The PRA reached a maximum witit@dkm at the sixth meridian (118°W)
and a maximum elevation of about 1000 m above the surrounding WCBB 1988; O’'Connell et al.,
1990). It was an asymmetrical structure with a steeply nigpporthern flank and a more gently dipping
southern slope (O’Connell et al., 1990). The total deposiimnediately north of the arch was several
hundred metres thicker than it was to the south.

The Peace River Embayment (PRE) was initiated duringdhlg Earboniferous when an elongated zone
of maximum subsidence formed along the northern margin ofékeriian PRA. It marked a stage
beginning with topographic reversal from a highland arch teralmayment, and experienced enhanced
subsidence relative to other parts of the WCSB that pedsidtleast through the Triassic (e.g., Beaumont
et al., 1993). The continued tectonic inversion during the Cat&oniferous resulted in localized
subsidence along the former axis of the Devonian PRA, formaiygtam of grabens referred to as the
Dawson Creek Graben Complex (DCGC) (Barclay et al., 1Rfafrards et al., 1994). The DCGC
consists of the Fort St. John Graben, the principal sebepening in the west, and the Hines Creek,
Whitelaw and Cindy satellite grabens in the east. The @debous DCGC was followed by more
widespread subsidence during the Permian and Triassic.

The PRE was followed by a downwarping phase during theslarasd Cretaceous that is coeval with
the initiation and evolution of thrust loading (Columbian aadamide orogenies) in the Cordilleran
Orogen (O’Connell et al., 1990). This phase is represented ballomehanced subsidence. It has been
suggested that many minor structural offsets within unitaigitiout the Cretaceous may have been
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caused by reactivation of the underlying PRA-DCGC stru¢tCiamt, 1988; Hart and Plint, 1990). It is
also noteworthy that evidence from thickness and facieati@rithroughout Jurassic and Cretaceous
strata indicates that the subsidence may be controlldeelynderlying DCGC structures. Poulton et al.
(1990) reported that minor thickness variation in Jurassitastoincides geographically with the axis of
the Fort St. John and Hines Creek grabens. A northeaslifigethickening within the Gething Formation
of the Lower Mannville Group coincides with the location andntation of the underlying DCGC (Stott,
1973; Smith et al., 1984; Gibson, 1992; Cant and Abrahamson, 19&8yeAnortheast-trending sand
body within the Bluesky Formation at the base of the UppemMt@ Group was found to be contained
within the structural boundaries of the DCGC, suggesting ém&twved subsidence of the DCGC resulted
in the preferential preservation of this sand unit (O’Cdretal., 1990; O’'Connell, 1992). Additional
post-Mannville-equivalent strata (Harmon and Cadotte peesof the Lower Cretaceous Peace River
Formation) are preserved beneath the post-Mannville unguoitjoin the area of the PRA-PRE, which
was attributed to a mild downwarping of the PRE subsequelgpasition of the Mannville Group
(Smith, 1994). The PRA-PRE area also served as a bousdgryduring the deposition of the Upper
Mannville Group and the Peace River Formation, with diffefacies to the north and south (e.g., Smith,
1994). During deposition of the Upper Mannville, an area cheodd subsidence developed parallel to
the trend of the DCGC and overlies its southern margithé\southern edge of the basin, a series of the
Upper Mannville Group shoreline units are stacked onepoftone another (Cant, 1984; Smith et al.,
1984), suggesting that rapid subsidence prohibited the northwardgatign of these shorelines (Cant,
1984, 1988; Leckie, 1986). Within the Cadotte Member, an abrugiticanfrom shoreline sandstone to
offshore shale was found to overlap with a hinge that exteonsthe axis of the Fort St. John graben to
the axis of Hines Creek graben (Leckie et al., 1990). Shuseline is also paralleled by an incised
fluvial-estuarine system at the base of the overlying Paddy Merldetailed lithostratigraphic study in
the Saddle Hills area suggests that the Gordondale, fRgoicb Dunvegan faults of the DCGC appear to
have been reactivated during deposition of the Lower Keak&ormation (Kiernan, 1996).

Numerous lineaments and/or faults have been interpretesdasng from the long-lived tectonic activity
in the PRA-PRE area. The term ‘lineaments’ is used méoailenote any linear feature interpreted from
structure-top contour, isopach contour and facies mapshandrm ‘faults’ is used herein to include the
lineaments that have been confirmed to have real strudfisat. The previously interpreted lineaments
have been compiled into GIS format by the AGS &Raral., 2001). Figure 4 shows lineaments that are
believed to be related to the Precambrian basement stutlg area. These lineaments include those
interpreted from structure contour maps of Devonian formatiBarss et al., 1970; Cant, 1988;
O’Connell, 1994), geophysical logs (Sikabonyi and Rodgers, 1959; I28&; Burwash et al., 1994),
aeromagnetic potential field data (Ross et al., 1994; GaigkeCook, 2001), magnetotelluric data
(Boerner et al., 1997) and oxygen isotope anomalies in ticarbeian basement (Burwash et al., 2000).
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Figure 4. Previously interpreted Precambrian lineaments (indicated by white lines; from Pana et al. (2001),
superimposed on the bedrock geology map.
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Figure 5 shows lineaments previously interpreted from the Dew@trata. These lineaments were
interpreted from facies changes (Sikabonyi and Rodgers, 198@hygacal logs and structure-contour
maps (Jones, 1980; O’'Connell, 1994).

Figure 5. Previously interpreted Devonian lineaments (indicated by white lines; from Pana et al. (2001), superimposed
on the bedrock geology map.
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Figure 6 shows lineaments previously interpreted from Cardyani$ and Permian strata. These
lineaments were interpreted from structure-contour mapal§8ik/i and Rodgers, 1959; Cant, 1988;
O’Connell, 1994), geophysical logs (Barclay et al., 1990; Rdshet al., 1994; Henderson et al., 1994)
and facies changes (Sikabonyi and Rodgers, 1959). Some ofdhmrrent the same faults interpreted by
different authors, at different times and with differohegrees of detail.

Figure 6. Previously interpreted Carboniferous and Permian lineaments (indicated by white lines; from Pana et al.
(2001), superimposed on the bedrock geology map.
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Figure 7 shows lineaments previously interpreted from the L@netaceous Upper Mannville Group
(O’Connell, 1994) and the Upper Cretaceous Bad Heart Fornm{@mmaldson et al., 1998). All the
lineaments are interpreted from thickness changes.

Figure 7. Previously interpreted Cretaceous lineaments (indicated by white lines; from Pana et al. (2001), superimposed
on the bedrock geology map.
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In summary, most of the lineaments previously interpritad the sedimentary cover are from the
Carboniferous and Permian, and related to the Dawsok Graden Complex (DCGC). It is noteworthy
that only a very few lineaments are interpreted from Diewvostrata and Cretaceous strata relative to
those from Carboniferous and Permian strata. It remaitisamwhich of the DCGC-related faults are
associated with the Precambrian lineaments and whittteof were still active or were reactivated
during the Cretaceous. It is also necessary to examinéevredditional new faults were formed during
the Columbian (Middle Jurassic—Early Cretaceous) and Largirade Cretaceous—Paleogene)
orogenies.

4 Methodology

In general, the conventional approach to structure studyposestial-field data, including aeromagnetic
and gravity data, for detecting the basement structanesgeophysical well-log data (combined with
seismic data when available) for interpreting the sediangcover structures. With respect to well-log
data, the main approach is to interpret faults fronpasb and structure-top contour maps. For example,
descriptions of structures related to the PRA-PRE, aepted by DeMille (1958), Lavoie (1958),
Williams (1958), Sikabonyi and Rodgers (1959), Jones (1980), Cant (1$88)Bet al. (1990), Dix
(1990), O'Connell et al. (1990) and O’'Connell (1994), are all barserse of well-log and
sedimentological data to identify fault locations and treadsvell as magnitudes and types of offset.

The conventional well-log and seismic interpretation tegues have achieved varying success in
detecting regional structure and major faults. Howeversttucture-top contour maps are usually
characterized by a regional trend for numerous exanmg#eshMossop and Shetsen, 1994), and this trend
can mask local structure and faults that cause only rofifget (e.g., a few metres). Variations at such a
metre-scale dimension on the structure-top contour map ushaly as subtle irregularities in contour
lines or subtle variations in the spacing of contour limesaae therefore difficult to interpret. In addition,
the location of faults can only be poorly defined on the cont@aps (e.g., cf. Barclay et al., 1990’s
Figure 6 with Figure 7). As a result, it is difficultitierpret faults with small offsets by using the
conventional structural-top contour approach. These fadtgsarally beneath the detection resolution of
seismic data. The present study attempts to develop ap@wach to detecting faults with small offsets
using formation picks data, based on trend-surface asallygoes one step beyond the conventional
approach by incorporating advanced geostatistics for moge#siduals and extracting, from residual
surfaces, information on formation-top offset patteras tlould be caused by faults.

Similarly, except in a few cases of extensive growthtifagisuch as the DCGC, the conventional isopach
map is usually controlled by a regional subsidence trend (foeraus examples, see Mossop and
Shetsen, 1994). The conventional isopach map is useful forfydegtiegional features such as
depositional centres and associated major growth faddtwever, most of the growth faults may cause
only subtle local subsidence compared to the regional basin subsideraeesult, the local subsidence
caused by local growth faults could be masked by the rdgabaidence trend on the conventional
isopach contour map. The approach developed in this studysapphel-surface analysis to formation-
thickness data to differentiate between a regional sulstddsomponent and a local subsidence
component. The local subsidence is then compared to thddotaition-top offset pattern to infer
whether the interpreted faults are syndepositional growtksféahd have influenced the formation
thickness) or postdepositional faults.

4.1 Refined Trend-surface Analysis

Trend-surface analysis has been used by geologists fortgesagarate an observed contour map into
two components: a regional trend and a local fluctuation comp@Davis, 1973, 1986, 2002). A vast
literature on the application of trend-surface analysis itogg@ppeared in the 1960s and 1970s (e.g.,
Krumbein, 1962; Forgotson, 1963; Merriam, 1964, Elliot, 1965; Meraad Lippert, 1966; Read and
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Merriam, 1966; Cook, 1969; Burk, 1970; Doveton, 1970; Stevenson, 1973, Dav¥3; O’'Connor and
Gretener, 1974), and several major oil fields relatededtevonian Leduc reefs were discovered in
Alberta using this exploration technique (Davis, 1986). Tdubnique appears, however, to have been
somehow underutilized in recent years (Evenick et al., 20083eRt-day observed elevations of
formation tops resulted from both regional and local mees In the Alberta Basin, the regional
processes are related to the Jurassic to Eocene fotsamddevelopment during formation of the
Cordilleran fold-and-thrust belt, and the local processedargely related to faults formed throughout the
geological history of Western Canada Sedimentary Basamdfsurface analysis has been successfully
applied in the Alberta Basin to isolate local drape stineston Cretaceous formation tops over the deeply
buried Devonian reefs by removal of regional trend (O’ConndrGretener, 1974; Davis, 1986). With
advances in geostatistical analysis and computation ¢gpéa old trend-surface analysis can be refined
for highlighting small offsets that could be related talescale faults. The present study uses ArcGIS
Geostatistical AnalySY' to achieve this goal.

It is necessary to point out that trend-surface analgsigractised by geologists, constitutes only a
segment of the larger statistical field of regressiaiyesis. It is often confused with the technique of
surface fitting or surface modelling. These two applicatafier in objectives and underlying
assumptions, but their common methodology has obscured thesendéer®n one hand, trend-surface
analysis is designed to separate observed data into regi@heesidual components: the regional
component expresses the large-scale effect or trend inflhgeti@ entire map area whereas the residual
component is the difference between the observed valugbatrend, and represents local effects or
anomalies that influence only parts of the map aredidrcase, it is assumed that the residual component
is largely due to the local structure. The focus ishendcal structure and the regional trend component is
only of incidental interest. On the other hand, the proskssrface fitting is to generate a mathematical
surface that fits the observed data as close as posHilglgoal is to generate a representative surface of
the data that was not obvious because of noise in thelddlés case, the resultant residual component is
assumed to represent error or noise, and the goafili®tat out.

The methodology developed in the present study combines the ugé tfend-surface analysis and
surface fitting. The trend-surface analysis is usetltbrseparate formation picks into a component of
regional dip/trend and a residual component of local strigtuseng polynomial regression. Then, the
residuals are fitted by a representative surface usigmg. In both steps, existing knowledge about the
regional and local structures is incorporated as contgriaa both modelling the trend and interpolation of
the residual surface. Finally, the local variation patiere extracted from the residual surface using a
moving-window neighbourhood statistics method. Lineaments arérteepreted from the resultant
maps with local variations in formation tops highlighted.

The steps in this refined trend-surface analysis ar@dgmated below using the Upper Cretaceous Basal
Fish Scale Zone (BFSZ) as an example. The Basal Fisk Zgaé is a basin-wide log marker that is
located near the boundary between the Lower and Uppexc@cets. It derives its name from the
abundant fish remains (scales and skeletal matdr@intains. The BFSC can be picked with exceptional
consistency on log traces because of the pronounced high gasmoase. Figure 8 shows the
distribution of about 7600 wells that penetrate the Basal iale Zone. The wells cover the entire study
area except the northeastern part. Figure 9 shows a convéeianaple of the structure-contour map for
the BFSZ, with an interpolated surface as the backgrduisddominated by a northeast to southwest
regional dip, and this regional feature masks local trans.

EUB/AGS Earth Sciences Report 2006-04 + 14



Figure 8. Wells (about 7600 wells in total) that penetrate the Basal Fish Scale Zone (BFSZ), superimposed on the
bedrock geology map.
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Figure 9. Structure-contour map on the Basal Fish Scale Zone (BFSZ), created using inverse distance weighting (IDW)
with a power parameter of 2. Note the dominant regional dip toward the southwest.
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4.1.1 Data Cleaning and/or Removal of Outliers

The first step is to prepare the data by dealing witheystliA global outlier is a measured sample point
that has a very high or very low value relative to allies in a dataset. A local outlier is a measured
sample point with a value that is within the normal rafiogeéhe entire dataset but unusually high or low
compared to the surrounding points. Outliers, if they are damserrors, can have several detrimental
effects on the interpolated surface and trend-surface riragellhey should either be corrected or
removed before creating a surface. A variety of methadkiding examining neighbourhood statistics,
histogram, semivariogram/covariance cloud and Voronoi mapsailable with ArcGIS for identifying
outliers. In addition, the inverse distance weighted (IM&rpolation method is found to be useful for
locating the outlier data points, which appear as bull's-epd$e interpolated map (e.g., Figure 9).
Outliers are repeatedly examined during the course ofrhotlelling the trend and fitting the residuals.
In the present study, it was found that the ArcGIS @issical Analyst extension could be used
effectively to locate outliers by examining the residu@lss tool allows the user to select those data
points with extremely high and low residual values.

4.1.2 Modelling the Trend

The second step is to model the regional features or regiipnat basinal configuration. The objective of
modelling the trend is to closely simulate the regiondlfes of the structure-top map so that subtraction
of the trend will remove the regional component of structureffect, the modelled trend surface is used
as a high-pass filter that removes the large-scale stewcamiation from the map and leaves behind or
highlights the small-scale features. Modelling the trettdasmost crucial task, as it determines whether
the desired information will be best highlighted in treut@nt residual map. Separation of the data into
regional and local components is entirely subjective, aiscctallenging to find the optimal division.
Improper decomposition of trend and residual components wesildk in a residual map that is
dominated either by noisy signals (random errors) due torewsoval of trend or by a remaining trend
that still masks local features due to under-removalenidt The process to obtain the best trend surface
is the craft of the researcher, their knowledge of the phenombeing analyzed, and the reasons and
goals for the modelling. Modelling of the trend in the presamy is constrained by the following
considerations:

» Existing knowledge about the regional features: Although existing knowledge is limited, the
study area is known to be characterized by a northeasuthwest regional dip of the strata in
the WCSB, with the Peace River Arch (PRA) superimposeti®negional dip.

» Sizeof theregional feature: The Peace River Arch (PRA)-related feature is abdétheasize
of the study area. This feature can be accounted bydlmat compaction over the hard
metamorphic rock of PRA.

» Targeted feature and itssize: The goal is to extract information about local faults,citare
represented by offsets on the formation top (i.e., theZBR$his example). The fault itself is a
linear feature, but its impression on the formation top isllysan elongate zone that is about 1-2
Km wide and extends for up to dozens of kilometres.

» Scaleof theresidual to be modelled: The vertical offset of the formation top caused by faualts
the study area is on the order of several to dozens oésneepending on the stratigraphic
horizon, and mostly from a few metres to about 20 matr€setaceous formations.

» Smoothness of the trend surface: The vertical offset of the formation top caused by faults is
represented by relatively abrupt and localized undulatiortkeformation top. As a result, the

EUB/AGS Earth Sciences Report 2006-04 « 17



modelled trend surface should be a smooth surface, sihéhiaical nonsmooth undulations can
be highlighted.

Among a variety of available interpolation methods, polynongigiession and moving-average
techniques, including Kriging, can be used for modelling tredtr Conventionally, global polynomial
interpolation has been widely used for geological trend asatysrely as a matter of convenience,
because it is straightforward and easy to use, andthiegmial functions can be solved quickly by
computer. In addition, only one parameter needs to be decidednd modelling (i.e., the power value
of the polynomial regression). Global polynomial interpolation, éxaw, fits a smooth surface to the
entire dataset or study area. As a result, it is not gmoahodelling subregional trend features that are
larger than the local features of interest but smdiken the regional trend for the entire study area. To
overcome this limitation, the local polynomial interpolatioaltin ArcGIS Geostatistical Analyst fits
many polynomials to the data, each within specified overlappiggpibeurhoods. Thus, it produces trend
surfaces that account for more subregional variatiorteSime objective of this study was to extract local
offsets possibly caused by faults, local polynomial intermpiavas chosen for modelling and removing
both regional and subregional trend features. It is flexibtabse it allows the user to define the size and
shape of neighbourhoods, number of points to be included aoder parameter for polynomial
regression.

Based on the above-mentioned geological knowledge and constmameighbourhood with a search
distance of 76 km and a second-power polynomial were chosdrefBFSZ. A cross-validation of the
interpolation yielded a regression line of y = 1.00x — 0.094 aarmot-mean-square error (RMSE) of
12.79 m. The trend surface modelled for the BFSZ is showigure 10. The two major regional and
subregional features, the Western Canada SedimentaryrBgginal dip and the Peace River Arch-
related positive feature, are clearly representecadn the modelled surface gives a more realistic picture
of the regional features than previously obtained by showmgubtle undulations within the regional

and subregional features. The regression line indicateththatterpolation model is unbiased (i.e., it
does not underpredict large values or overpredict small vallies)RMSE defines roughly the order of
average offsets in formation tops that are subsequgaithg to be modelled. The interest in this
application is not statistical estimation, but ratheroseckimulation of the regional features. As a result, a
statistical test of significance on the trend surfaecetsapplicable.
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Figure 10. Trend surface modelled for the top of Basal Fish Scale Zone (BFSZ) using local polynomial regression with a
search distance of 76 km and a power of 2. Controlling wells are shown as dots.
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4.1.3 Fitting the Residual Surface

The third step is to fit the residual surface. The histogsathe residuals resulting from the trend
modelling is shown in Figure 11. Most of the values areredrdaround —3 m and range from —-50 m to
+45 m.
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Figure 11. Histogram of the residuals for the Basal Fish Scale Zone (BFSZ).

A few extremely low and high values (17 in total), markeaysn colour in Figure 11, needed to be
checked for outliers. Those outliers that were fourktdue to error were removed and the resultant
histogram is replotted in Figure 12. Most of the resglaaé centered around 1.9 m and range from —40
m to +30 m after removal of the outliers.
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Figure 12. Histogram of the residuals for the Basal Fish Scale Zone (BFSZ) after removal of erroneous outliers.

A variety of stochastic and deterministic interpolatio@thods is available for fitting the residuals.

Unlike trend modelling, the aim of this application is to fdurface to the residuals as closely as possible.
As a result, a statistical test of significance of itted surface is relevant. In the present study, difitere
spatial interpolation techniques, including inverse-distaneigitwed interpolation (IDW), spline
interpolation, local polynomial interpolation and kriging, wirgt compared on the basis of mean error
(ME), root mean squared error (RSME) and the regresdope of predicted versus measured values. As
the true surface was not known, the comparison statistiesafained using cross validation, where one
data point is withheld and the remaining data pointaised to predict at the withheld point. To obtain

the cross-validation statistics, the technique is tegea’ times, where ‘n’ represents the total sample
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number. Summary statistics were used to determine ifratliod was significantly better than the other
methods tested on the basis of ME, RMSE and the regnesisipe. These summary statistics were also
used to determine if any set of parameters chosen fuecais interpolation technique were better than
other sets of parameters. The value of ME is relat@chiether the estimation is globally unbiased, and a
value of zero indicates that the estimation is globatlgiased. The value of RMSE indicates how close
the prediction is to the measurement. The smaller the REM8EJoser the predictions are to the
measurements. The regression slope indicates whethestithateon is conditionally unbiased. It is
desirable to have the slope as close to 1 as possible Tahbws an example of the cross-validation
summary statistics from different interpolation technicygslied to the residuals of BFSZ. The
parameters for each technique were chosen in an attemghieve a good estimation. The example in
Table 1 shows that simple kriging is the best among the testldiques. The results cannot be
conclusively regarded with confidence, however, as the acgwf the method also depends on the data
and selection of parameters, which are subjective. @iyepeaking for the BFSZ dataset, IDW and
kriging are similar in RMSE and can reach a lower RShHn spline and local polynomial
interpolations. Ultimately, the surfaces from differenérpolation techniques will have to be evaluated
on the basis of geology (i.e., whether the desired localtiarsacan be extracted effectively from the
interpolated surfaces).

Table 1. Comparison of cross-validation summary statistics

Workflow Conventional approach Refined approach
Identify Isopach contour map (e.g., Barclay, |Residual Isopach (differential subsidence) surface
syndepositional faults 1990, Fig. 6) (e.g., this report, Fig. 42, 45 and 48)
Identify Structure-top contour map (e.g., Residual formation-top surface (e.g., this report, Fig.
postdepositional faults |Barclay, 1990, Fig. 7) 41, 44, 47 and 50)
Trace offset of a fault  |Cross-section, seismic-section (e.g., [Slices from multiple formation tops (e.g., this report,
vertically Richards et al., 1994, Fig. 14.6; Hope |Fig. 56)

et al., 1999, Fig. 8; Eaton et al., 1999,

Fig. 4)
Digitizing fault Faults drawn by hand from contour  |Linear offset pattern extracted statistically (e.g., this
locations maps report, Fig. 40, 43, 46 and 49)

The underlying interpolation algorithm for each technigas aiso examined in the context of geological
validation. Inverse-distance-weighted interpolation (ID®/& weighted-average interpolation technique
that assumes that values closer to the predicteddocate more representative of the value to be
estimated than values of the samples farther awaywelghts decrease with distance and the spatial
arrangement of the samples does not affect the weights. érg@asameter controls how fast the weight
decreases with distance. Natural-neighbours interpal&ianother weighted-average interpolation that
uses only the closest samples around the interpolation poththe weight of each neighbour is
determined by the proportionate area of its Thiessen/Vopmiggon that overlaps with the
Thiessen/Voronoi polygon of the newly added location to beagtd. Spline interpolation is a
deterministic technique to estimate values using a matieitnction that minimizes overall surface
curvature. Local polynomial uses a least-squares regrdgsiwhich results in a surface that minimizes
the variance of the surface in relation to the input \wlieiging is also a weighted-average interpolation
with an assumption that the distance and direction betaa@ple points reflects a spatial correlation that
can be used to explain variation in the surface. The veeagktbased on spatial correlation and
arrangement of the samples.

Among these techniques, IDW, local polynomial and kriging allmwricorporating existing knowledge
about directional influence within the data, to various rsteby defining the shape of the search
neighbourhood. Among these three techniques, kriging is théobegiantifying spatial continuity of
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data through semivariogram modelling. Semivariogram miodeljives more flexibility for incorporating
existing knowledge into the model. Kriging is also the mostpiimated of these techniques, however,
and requires a thorough comprehension of geostatistigsdierstand the underlying interpolation
algorithm and select optimal parameters. The natural-naigbliaerpolation is the simplest technique in
that only one parameter (i.e., cell size) needs to beetkcif the data are accurate, unevenly distributed
and without distinct anisotropy, it can achieve comparagdelts. It has the advantage of capturing local

variation, which is desired by the present study, throughghef a least number of neighbourhood
points. In the present study, simple kriging was chosefitfing the residual surface and natural
neighbour interpolation was sometimes used for general ekploeand comparisorsg¢e below).

For simple kriging, the parameters that need to be defirdude log size, nugget effect, sill, range,
semivariogram model function and anisotropy for the semaigeam modelling, and shape, geometry and
minimum and maximum number of points to use for the seaegyhbourhood strategy. Selection of
these parameters is flexible and subjective, and theretoyechallenging. It relies heavily on the
available knowledge of the phenomenon being analyzed and sampltheatgperience of the operator
and the objective of the modelling. The selection of thesenmiens was repeatedly checked with the
resultant summary statistics of cross validationsstodind the optimal set of parameters. Semivariogram
modelling for the BFSZ residuals is shown in Figure 13. Adistance of 1 km was chosen and spatial
continuity was modelled within a distance of 20 km. Thes@meters were based on the low range of
sample separation and an estimate of the dimension ef ptsterns to be modelled. Anisotropy was
modelled as an ellipse with a semi-major axis of 25 kagrai-minor axis of 10 km and a direction of
113.2°. This was based on the goal to focus on modelling thalsmattinuity within about 10 km. The
selected direction can be validated by the fact thadttdy area is dominated by northwest-trending
features, including faults. It should be pointed out thatiom&tion with the application of kriging in the
current version of ArcGIS Geostatistical Analyst is tialy one dominant anisotropy direction can be
specified for semivariogram modelling. In the study areadver, there are two dominant trends of
faults, northeast and northwest. As a result, naturghbeur interpolation is sometimes used for

comparison.
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Figure 13. Parameters used for semivariogram modelling of Basal Fish Scale Zone (BFSZ) residuals.
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The ellipse of anisotropy used for semivariogram mouglvas also used for defining the shape of the
search neighbourhood. The search neighbourhood was dividedunteectors and, for each sector, the
number of data points used was confined to a minimumv@aind a maximum of 5 (Figure 14). The

division of the search neighbourhood avoids bias in a partiditiation. The selection of the maximum
number of data points helps to control the extent to wihielmesultant surface captures local variations.
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Figure 14. Parameters of the search neighbourhood for interpolation of the Basal Fish Scale Zone (BFSZ) residual
surface.

The resultant summary statistics of cross validadi@nshown in Figure 15. It is desirable that the plot of
predicted versus measured values scatters around theel(thk dashed line), although the regression
slope is usually less than one (in this case, 0.864).g hiproperty of kriging that tends to underpredict
large values and overpredict small values, which is also kre@xconditional bias. Globally, the

prediction is nearly unbiased, as the mean prediction @:@2773) is close to zero. The prediction error
can be standardized by dividing it by the estimated krigiagdard error, and the mean standardized
error (0.0007946) further suggests the global unbiasedness. Thcstatso suggest that the assessment
of uncertainty, or the estimated prediction standamf gis valid, as the average kriging standard error
(5.34) is close to the root-mean-squared prediction errd54}. A root-mean-squared standard error
close to 1 also indicates that the estimation of vaeiam¢he prediction is valid.
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Figure 15. Summary statistics of cross validation for fitting the residual surface for the Basal Fish Scale Zone (BFSZ).
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The resulting fitted residual surface for BFSZ is shawfigure 16. Residuals within two standard
deviation units range roughly from —15 m to +15 m. Local fearesnuch better highlighted in the
modelled residual surface than on the conventional strutdpreontour map of the of BESZ (Figure 9).

Figure 16. Residual surface fitted for the Basal Fish Scale Zone (BFSZ) using simple kriging. Controlling wells are
shown as dots.
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For comparison, Figure 17 shows the fitted residual surfang natural-neighbours interpolation. It is
noteworthy that the residual map from kriging emphasiza® of the northwest-trending features than
that from natural-neighbours interpolation due to thetgtwh the former technique to model anisotropy.

Figure 17. Residual surface of BFSZ fitted with natural-neighbours interpolation. Controlling wells are shown as dots.
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4.1.4 Trend-Surface Analysis Applied to Formation Thickness

Trend-surface analysis can also be applied to formatickrtess data to decompose the associated
subsidence into regional and local components. Figure 18 showsplaeh map of the interval from the
BFSZ to the top of the Peace River Formation. It waateteusing inverse-distance-weighting
interpolation, and serves as an example of a conventiapaldh-contour maysée also Leckie et al.,
1990, Figure 10 for comparison). Figure 19 shows the associatedaksubsidence trend and Figure 20
shows the relative local subsidence after the removal oéghenal subsidence trend. Comparing Figures
18 with 20, it can be seen that Figure 20 clearly highligigddcal relative subsidence associated with
the deposition from the top of the Peace River Formatitmet8FSZ. A northeast trending zone of high
relative subsidence is clearly highlighted near the middle ahtig as is its southeastern bank of low
subsidence. The boundary between the two coincides with ttleernrodepositional limit of the
underlying Paddy and Cadotte members as defined by Ldckie(£990).
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Figure 18. An example of the conventional isopach contour map of the interval from the top of the Peace River
Formation to the Basal Fish Scale Zone (BFSZ) created using inverse distance weighting (IDW). Contour interval is 10 m
and controlling wells are displayed as black points.
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Figure 19. Modelled regional subsidence trend in response to the deposition of the interval from the top of the Peace
River formation to the Basal Fish Scale Zone (BFSZ). Contour interval is 10 m and controlling wells are displayed as
black points.
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Figure 20. Differential subsidence map during deposition of the interval from the top of the Peace River Formation to
the Basal Fish Scale Zone (BFSZ). Controlling wells are displayed as black points.
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4.2 Extracting Linear Patterns of Formation-Top Offset from the Residual Surface

Conventionally, faults and other structures are visualbrjpmeted and digitized directly from the contour
maps. In the present study, a geostatistical method walsysd to quantitatively extract the offset
information from the modelled residual surface. The teofisét’ or ‘offset pattern’ are used hereafter to
refer to the systematic change in the elevation of foomaop along a linear pattern. It could be caused
by a fault, a change in slope or a drape structurerigtyaf image-processing techniques, including
sunshade relief, slope analysis, neighbourhood statisticdeda fusion, were examined for their potential
to extract local variation and assist visual interpi@teof structural lineaments from the modelled
residual surface. Neighbourhood statistics, including ramgedard deviation, variance and image
texture indices (including contrast, entropy and corigyt were tested for capturing the local variation
on the residual-surface image. For the present study, thleboeirhood statistic of range was found to be
sufficient for capturing the local offset patterns plolyscaused by faults. The residual surface previously
modelled was interpolated based on a 250 m by 250 m celldireh was chosen based on the low
range of data separation distance and the desired resolthi®@meighbourhood statistic of range was
applied using a 3 pixel by 3 pixel window, which is a squaresar@ay 0.75 km on each side and having
a diagonal distance of 1.06 km. The window contains 9 pixelshenalgorithm calculated the range of
the 9 values held by the 9 pixels. The new range valuehgasassigned to the pixel at the middle of the
window. After the window moved across the entire residuaésarimage, a new image was created with
the range values. This image captured local variatiordyrding the total offset of formation picks
within a square measuring 0.75 km on each side or, in ottrel, weer a distance of about 1 km (i.e.,
close to the length of the diagonal of the square). Figurb@assthe local variation map created by
applying the neighbourhood statistic of range to the residuabifrte BFSZ (Figure 16). The colour in
the local offset map is related to the maximum vertidgérence in the formation top over distances of
up to one km. Large vertical differences over per unitdis (i.e.>5 m/km) are displayed as red, the
intermediate differences as yellow and the small to déferences as blue. Some linear offset patterns of
formation top are clearly manifested on the local offsgp (Figure 21). These linear patterns indicate
where faults are likely present.
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Figure 21. Local offset map created from the residual surface of the Basal Fish Scale Zone (BFSZ; Figure 16), using the

range within a 750 m by 750 m neighbourhood.
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To expl
of the li
integer

ain the linear offset pattern on the local offsgpnm more detail, Figure 22 shows a close-up look
near pattern located near the middle of Figure 2h, faimation picks of BFSZ included as
for each well for simplicity and explanatiomeTinear offset pattern is marked by a dashed line.

A close examination of the formation picks yields the foilayobservations:

In general, the formation pick values increase sysieaitfrom southwest to northeast. This is
also true if the picks on each side of the linear offagtiern are examined separately. This can be
explained by the regional dip of the WCSB.

Across the dashed line, the formation picks exhibit a syaie difference or offset across the
linear pattern. The offset varies from about 19 to 40 m aleeglashed lines, but the formation
pick values on the southeast side of the linear pattesyarematically smaller than those on the
northwest side if examined in the direction perpendiculdnaalashed line.

The offset along the linear pattern ranges from about 19 no @er a distance of about 3.5 km
across the dashed line, as indicated by the mostly yatload colour. This amount of offset is
larger than that in areas either north or south of #shell line, as indicated by mostly blue
colour.

The area away from the linear pattern is generally mam@beneous in light of offset pattern.

In summary, the local offset map obtained from the developethodology is effective for capturing the

linear p

attern of formation-top offset. These patterns &tdithe locations of potential faults. Compared

to the residual map (Figures 16 and 17), the local offsetatt@aps interpretation of lineaments/faults
with a higher degree of accuracy and greater ease. tNeless, there are a few cases where the residual
map also needs to be examined for those linear offgerpathat may not be clear on the local offset

map du

Figure 22
location).

e to wide data spacing (see below).

. Close-up of the linear pattern of formation-top offset near the middle of the local offset map (see Figure 21 for
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Lineaments are interpreted from both the local offsgb,ras described previously, and the residual map.
Figure 23 shows the lineaments interpreted from the BFSZ sypesed on the local offset map, and
Figure 24 shows these same lineaments superimposed orith@lenap. Although a majority of faults
can be more accurately located from the local offset s@pe of the lineaments can be more easily
inferred from the residual map.

Figure 23. Lineaments interpreted from the Basal Fish Scale Zone (BFSZ), superimposed on the local offset map.
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Figure 24. Lineaments interpreted from the Basal Fish Scale Zone (BFSZ), superimposed on the residual surface.
Controlling wells are shown as black dots.
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4.3 Comparison of Local Offset Patterns with Local Subsidence Patterns

Isopach maps have been routinely used to approximate basidesdespatternsge Mossop and

Shetsen, 1994), assuming that the changes in thickness tatlhaeusnider consideration are due to lateral
variations in subsidence rate during deposition. Isopach mawgyver, do not usually record exactly the
structural deformation of a basin between the time pbsiéon of the lowermost and uppermost strata of
the interval examined because secondary factors, incladimgaction of the interval of interest,
syndepositional compaction of the underlying units and the paleobatinyahébth included and

bounding strata, are also involved (Calvert, 1974). When treffidesuainalysis is applied to formation
thickness data to decompose it into regional and ledzdidence components, the effects of these
secondary factors can be mainly removed with the trendarglied out in the resultant residual map,
which represents differential local subsidence. The diftetlelocal subsidence can be associated mainly
with growth faults, as in the case of the DCGC. As altesomparison of the local subsidence pattern to
the local formation-top offset pattern helps to identifyether the interpreted faults are syndepositional
growth faults or postdepositional faults. Figure 25 showsitleaments, interpreted from the local offset
map, superimposed on the differential subsidence map. Exceptde lineaments that coincide with
parts of the northern depositional limits of the undegyPaddy and Cadotte members (as defined by
Leckie et al., 1990), it appears that most of the lineasremet postdepositional and not associated with
syndepositional subsidence.
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Figure 25. Interpreted lineaments superimposed on differential subsidence map during deposition of the interval from
the top of the Peace River Formation to the Basal Fish Scale Zone (BFSZ). Controlling wells are shown as black points.
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4.4 Tracing Linear Patterns of Formation-Top Offset Throughout the Sedimentary Section

The refined trend-surface analysis and extraction ofrliafaet patterns from the residual surface, as
described above, were applied to multiple selected favmédps throughout the sedimentary section.
Applying the analysis on multiple formation tops allows tiace of a linear pattern vertically throughout
the sedimentary cover down to the top of the PrecambriaviobBsty, faults were interpreted from offset
stratigraphic intervals in the sedimentary section. ificplinear offset patterns throughout the
sedimentary sections allows clarification of the relatips among faults previously interpreted from
different stratigraphic intervals in the sedimentaigtis@, which, in turn, helps to identify reactivation of
basement faults. This also allows description of faultbriee dimensions, as opposed to treating a fault
as a linear feature on a two-dimensional map.

The formation tops used in this study were selectedtbathihe penetrating wells have a good coverage
and density; the top can be easily picked on the welldnd;the formation top represents more or less a
synchronous surface. This ensures that the data hawvey@ded quality. Nevertheless, the availability

of formation tops for analysis is constrained by the tia&t the deeper a formation top, the smaller the
number of penetrating wells available. Figure 26 showsdleeted formation tops for the study area.

Figure 26. Stratigraphic column of the study area (from Alberta Energy and Utilities Board, 2002), selected formation
tops and associated penetrating wells.
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Figures 27 to 29 show lineaments interpreted from the tdped?&ddy Member, Peace River Formation
superimposed, respectively, on the local offset map dbghef the Paddy Member, Peace River
Formation, the residual map of the top of the Paddy Menftearce River Formation and the differential
subsidence map of deposition from the top of the Notikewin béenSpirit River Formation to the top of
the Paddy Member, Peace River Formation. Figures 30 too82Isteaments interpreted from the top of
the Notikewin Member, Spirit River Formation superimposesipectively, on the local offset map of the
top of the Notikewin Member, Spirit River Formation, tesidual map of the top of the Notikewin
Member, Spirit River Formation and the differential substgemap of deposition from the top of the
Bluesky Formation to the top of the Notikewin Member, &River Formation. Figures 33 and 34 show
lineaments interpreted from the top of the Bluesky Formasiperimposed, respectively, on the local
offset and residual maps of that top. They represent thawlarping stage of the Peace River Arch
region. The two previously interpreted northeast-trendingaCeeus lineamentseg Figure 7), shown by
O’Connell (1994, Figure 28.19) as the north and south boundaties axkis of the Upper Mannville
Group depositional basin, roughly overlap with the boundhtlyeolocal subsidence centre (see Figure
32).
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Figure 27. Lineaments interpreted from the top of the Paddy Member, Peace River Formation superimposed on the local
offset map of the top of the Paddy Member, Peace River Formation.
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Figure 28. Lineaments interpreted from the top of the Paddy Member, Peace River Formation superimposed on the
residual map of the top of the Paddy Member, Peace River Formation. Controlling wells are shown as black dots.
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Figure 29. Lineaments interpreted from the top of the Paddy Member, Peace River Formation superimposed on the
differential subsidence map of deposition from the top of the Notikewin Member, Spirit River Formation to the top of the
Paddy Member, Peace River Formation. Controlling wells are displayed as black points.
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Figure 30. Lineaments interpreted from the top of the Notikewin Member, Spirit River Formation superimposed on the
local offset map of the top of the Notikewin Member, Spirit River Formation. Controlling wells are displayed as black
points.

EUB/AGS Earth Sciences Report 2006-04 « 42



Figure 31. Lineaments interpreted from the top of the Notikewin Member, Spirit River Formation superimposed on the
residual map of the top of the Notikewin Member, Spirit River Formation. Controlling wells are shown as black dots.
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Figure 32. Lineaments interpreted from the top of the Notikewin Member, Spirit River Formation superimposed on the
differential subsidence map of deposition from the top of the Bluesky Formation to the top of the Notikewin Member,
Spirit River Formation. Controlling wells are displayed as black points.
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Figure 33. Lineaments interpreted from the top of the Bluesky Formation superimposed on the local offset map of the
top of the Bluesky Formation.
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Figure 34. Lineaments interpreted from the top of the Bluesky Formation superimposed on the residual map of the top
of the Bluesky Formation. Controlling wells are shown as black dots.

Figures 35 and 36 show lineaments interpreted from the titye durassic Nordegg Formation
superimposed, respectively, on local offset and residugs$ m&that top. Figures 37 to 39 show
lineaments interpreted from the top of the Triassic MonE@ynation superimposed, respectively, on
local offset and residual maps of that top and the eéffitétl subsidence map of deposition from the top of
the Belloy Formation to the top of the Montney Formation. Nlbedegg and Montney formations occur
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mainly in the southwestern half of the study area. Thew weposited during the late stage of
development of the Peace River Embayment.

Figure 35. Lineaments interpreted from the top of the Jurassic Nordegg Formation superimposed on the local offset
map of the top of the Nordegg Formation.
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Figure 36. Lineaments interpreted from the top of the Jurassic Nordegg Formation superimposed on the residual map
of the top of the Nordegg Formation. Controlling wells are shown as black dots.
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Figure 37. Lineaments interpreted from the top of the Triassic Montney Formation superimposed on the local offset map
of the top of the Montney Formation.
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Figure 38. Lineaments interpreted from the top of the Triassic Montney Formation superimposed on the residual map of
the top of the Montney Formation. Controlling wells are shown as black dots.
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Figure 39. Lineaments interpreted from the top of the Triassic Montney Formation superimposed on the differential
subsidence map of deposition from the top of the Belloy Formation to the top of the Montney Formation. Controlling
wells are displayed as black points.

Figures 40 to 42 show lineaments interpreted from the tdpedPérmian Belloy Formation
superimposed, respectively, on the local offset and rdsiaaas of that top and the differential
subsidence map of deposition from the top of the Mississifipaolt Formation to the top of the Belloy
Formation. Figures 43 to 45 show lineaments interpretedtiertop of the Debolt Formation
superimposed, respectively, on local offset and residups$ wigthat top and the differential subsidence
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map of deposition from the top of the Banff Formation to tpeofahe Debolt Formation (i.e., the
Rundle Group). These strata represent the tectonic stégenation of the Dawson Creek Graben
Complex (DCGC). Many of the faults are characterizedybgepositional growth faults, as indicated by
the thickness/subsidence changes across the fsadtSigures 42, 45).

Figure 40. Lineaments interpreted from the top of the Permian Belloy Formation superimposed on the local offset map
of the top of the Belloy Formation. Controlling wells are shown as black dots.
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Figure 41. Lineaments interpreted from the top of the Permian Belloy Formation superimposed on the residual map of
the top of the Belloy Formation. Controlling wells are shown as black dots.
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Figure 42. Lineaments interpreted from the top of the Permian Belloy Formation superimposed on the differential
subsidence map of deposition from the top of the Belloy Formation to the top of the Debolt Formation. Controlling wells
are displayed as black points.
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Figure 43. Lineaments interpreted from the top of the Mississippian Debolt Formation superimposed on the local offset
map of the top of the Debolt Formation.
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Figure 44. Lineaments interpreted from the top of the Mississippian Debolt Formation superimposed on the local offset
map of the top of the Debolt Formation.
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Figure 45. Lineaments interpreted from the top of the Mississippian Debolt Formation superimposed on the differential
subsidence map of deposition from the top of the Banff Formation to the top of the Debolt Formation (i.e., the Rundle
Group). Controlling wells are displayed as black points.

Figures 46 to 48 show lineaments interpreted from the tdpeaCarboniferous Banff Formation
superimposed, respectively, on the local offset and rdsiaaas of that top and the differential
subsidence map of deposition from the top of the Wabamun Fomtatthe top of the Banff Formation.
The faults interpreted from the top of the Banff Forma#iomtypical postdepositional faults, as the
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thickness/subsidence across them does not chasggéigure 48). The vertical offsets associated with
these faults are greater than those interpreted from yoforgeations and are mainly confined to the
area of the Dawson Creek Graben Complex. The residya(fgure 47) also reveals a ridge-like
structure that stands out in the northeast.

Figure 46. Lineaments interpreted from the top of the Carboniferous Banff Formation superimposed on the local offset
map of the top of the Banff Formation. Controlling wells are shown as black dots.
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Figure 47. Lineaments interpreted from the top of the Carboniferous Banff Formation superimposed on the residual
map of the top of the Banff Formation. Controlling wells are shown as black dots.
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Figure 48. Lineaments interpreted from the top of the Carboniferous Banff Formation superimposed on the differential
subsidence map of deposition from the top of the Wabamun Formation to the top of the Banff Formation. Controlling
wells are displayed as black points.
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Figures 49 and 50 show lineaments interpreted from the tibye &/abamun Formation superimposed,
respectively, on the local offset and residual maps ofttipatlT ogether with the Banff Formation, it
represents the latest stage of the Peace River Archstiitlitures were enhanced by post-arch faulting.

Figure 49. Lineaments interpreted from the top of the Wabamun Formation superimposed on the local offset map of the
top of the Wabamun Formation. Controlling wells are shown as black dots.
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Figure 50. Lineaments interpreted from the top of the Wabamun Formation superimposed on the residual map of the top
of the Wabamun Formation. Controlling wells are shown as black dots.
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Figures 51 and 52 show, respectively, lineaments interpnetedthe top of the Ireton/Fort Simpson
Formation and the Slave Point Formation superimposed auagsnaps of those tops. These two
formations are not present over the Peace River Arch.

Figure 51. Lineaments interpreted from the top of the Ireton / Fort Simpson Formation superimposed on the residual
map of the top of the Ireton / Fort Simpson Formation. Controlling wells are shown as black dots.
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Figure 52. Lineaments interpreted from the top of the Slave Point Formation superimposed on the residual map of the
top of the Slave Point Formation. Controlling wells are shown as black dots.

Figure 53 and 54 show lineaments interpreted from the tdped?itecambrian superimposed,
respectively, on the local offset and residual maps ofttipatAlthough the penetrating wells have a
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greater spacing, they are available over the Peace Righr Bhis makes it possible to compare the
structures from the Precambrian top surface to those frersddimentary cover.

Figure 53. Lineaments interpreted from the top of the Precambrian superimposed on the local offset map of the top of
the Precambrian. Controlling wells are shown as black dots.
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Figure 54. Lineaments interpreted from the top of the Precambrian superimposed on the residual map of the top of the
Precambrian. Controlling wells are shown as black dots.
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4.5 Compilation of Interpreted Lineaments/Faults

A fault has been routinely presented as a single linetao-a@imensional map, regardless of the fact that
it is actually a three-dimensional surface. As indicgexviously, the linear offset patterns of a specific
formation top are digitized on screen as individual liné®se lines are initially termed lineaments.
When a lineament is proven to be an expression of a faaltspecific formation top, then it represents a
fault. The most convincing evidence to link a lineamentfeud is that the same or a similar offset
pattern is repeatedly observed from several successivatiomtops, as this indicates that the same fault
has offset these formation tops. When a fault is ne@rtycal, the linear offset patterns it caused on
several formation tops more or less overlap on a twosthiaeal map, and it is therefore straightforward
to present it as a single line on a two-dimensional mamalmy cases, however, faults are not vertical,
which causes problems when trying to present them as singgedn a single two-dimensional map.
When a fault with a consistent angle of dip offsets s#gvfermation tops, the linear offset patterns on the
younger formation tops will shift toward the upthrown blocld #re linear offset patterns on the older
formation tops will shift toward the downthrown block. igtiic fault will add more complexity.

In previous publications on structure in the Peace River relgi@aments/faults were interpreted from
separate intervals, by different authors, at diffetemes, from different maps (facies versus structure and
isopach contour maps) and using different densities afptaibts and techniques (e.g., Sikabonyi and
Rodgers, 1959; Jones, 1980; Cant, 1988; Barclay et al., 1990; Dix, 1€2®@ll et al., 1990; Richards

et al., 1994; Henderson et al., 1994; O’Connell, 1994). As & resuhe of the faults are represented by
multiple lineamentssge Figure 6) in the compilation of lineaments by #athal. (2001). The difference

in location of the lineaments representing the sameifatite compilation is the collective result of the
digitizing error, the fact that they are not vertiaa the fact that they were interpreted from different
formation tops, by different authors and with differdata spacing and associated accuracy in both
location and direction.

As demonstrated previously, lineaments are first interprfedbed the residual and local offset maps
created for each selected formation top. These lineenaee then compared across formation tops to
identify the common linear patterns. Figure 55 shows alitkeaments interpreted from the selected
formation tops and the Precambrian top. The linear pattan this map are interpreted to be expressions
of a fault on different formation tops. Most of the mdpults in the study area are steep to nearly
vertical, which makes the comparison task less difficule @ktent of overlap of the lineaments that
represent the same fault on different formation tops isfested by the darkness and width of the linear
patterns (Figure 55). Generally speaking, the dark andvndirrear patterns represent steep to nearly
vertical faults, and the wide linear patterns indicatet$awith less steep dips. The locational differences
of interpreted lineaments within a linear pattern armip@aused by the dipping surface of the fault and
some uncertainty in the position and direction of the fauind the on-screen digitizing. The isolated,
light-colour and single-line patterns represent offsetiswiieae identified only from a single formation top
and therefore may not necessarily indicate faults, perieppssenting only local formation-top
undulations.
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Figure 55. Linear patterns of formation-top offsets manifested by lineaments interpreted from all the selected formation
tops and the Precambrian top.
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A more detailed comparison of the overall structure pattlentifies three groups of similar patterns
(Figure 56):

» Cretaceous formation tops, including the Basal Fish Jaaie, the Peace River Formation, the
Spirit River Formation and the Bluesky Formation

» the Lower Jurassic Nordegg Formation, the Triassic Montoeyp&tion and the Permian Belloy
Formation

« the Carboniferous Debolt and Banff formations, the Devowabamun Formation and the
Precambrian top

These groups represent different stages of tectonic emolaid will be discussed in more detall in the
following section. Figure 57 shows the lineaments compileédoh of these three groups. During the
compilation, the middle line of the linear pattern represby similar and common lineaments from
different formation tops within each group was digitizeidny of the interpreted lineaments are
associated with the known faults of the DCG& pelow) and offset multiple formation tops. Figures 56
and 57 show that some of the faults offset the entire setfilparover sequence, whereas others are
confined to only Permian and/or Mesozoic formations.
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Figure 56. Summary of selected residual maps showing three groups of structure patterns.
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Figure 57. Lineaments compiled from Cretaceous, Permian to the Lower Jurassic, and Devonian to Carboniferous
formations. Most of the lineaments can be associated with the known steep faults of the DCGC.
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5 Discussion and Conclusion

The results presented above indicate that the structuttes thie sedimentary cover in the study area are
concentrated in the area of the Peace River Arch (Figfrés 57). The structures associated with the
Peace River Arch have been the focus of numerous studiesi¥eMille, 1958; Lavoie, 1958; Williams,
1958; Sikabonyi and Rodgers, 1959; Jones, 1980; Cant, 1988; BarclayL 89@].Dix, 1990; O'Connell

et al., 1990; Richards et al., 1994; Henderson et al., 19@hrdell, 1994) and constitute the majority of
faults in the sedimentary cover sequence of northern AlbEhe refined approach to structure mapping
developed during the present study results in a higheut&soln capturing the linear offset patterns and
higher accuracy in positioning the faults. It therefosailts in refinements and updates of previously
interpreted faults, as well as identification of pokesitew faults, especially from formations of Triassic
to Cretaceous age. It is necessary to point out thaetimed approach was applied to the existing AGS
well database with only minimal control of data qualityformation-top picks, since more control was
beyond the scope of this study. Nevertheless, the overallsesalimore accurate and have a higher
resolution than previous interpretations (see below foerdetails).

Like any of the previous studies, the formation-top offsetalet with the refined approach represents
the final and total offset up to the present. A structwersion has been detected around the mid-
Cretaceous unconformity (compare Figures 25 and 29). It invaltasge line that extends from the axis
of the Hines Creek graben to roughly the north boundatyeofFort St. John graben (Figures 25 and 29).
During deposition of the Peace River Formation, more subsdmaurred to the south of the hinge line
(Figure 29), whereas, during deposition of the interval fitoertop of Peace River Formation to the
BFSZ, more subsidence occurred to the north of the hinge lignar §25). It is expected that similar
structure inversion may have occurred for some of the fedipreted from formation-top offset
patterns ¢ee below). Detailed treatment of the inversion, however, is biylom scope of the present
study.

5.1 Refinements and Updates to the Dawson Creek Graben Complex

The Dawson Creek Graben Complex (DCGC), as defined byageaetal. (1990), forms the core of the
structures in the Peace River Arch region. The intergfetdts related to the DCGC were presented by
Richards et al. (1994) and Henderson et al. (1994); howeverfeveryetails were provided on how these
faults were defined except to state that they were cechfribom unpublished seismic and
lithostratigraphic data. Barclay et al. (1990) definedD@5C as including a large central Fort St. John
Graben (FSJG) and three small satellite grabens, IpdneeHines Creek, Whitelaw and Cindy grabens.
Richards et al. (1994) and Henderson et al. (1994) recogniz€&#t& and Hines Creek Graben on their
maps, but the Whitelaw and Cindy satellite grabens wereombirmed by them. The present results
agree with this latter interpretation.

The Fort St. John Graben (FSJG) was originally naloyeSlikabonyi and Rodgers (1959). Barclay et al.
(1990, p. 123) adopted this name and defined it as enclosifgatiéart Group and the thickest part of
the Belloy Formation. Barclay et al. (1990, p. 123) believetithiear FSJG included the FSJG and the
Belloy Graben originally named by Sikobonyi and Rodgers (1959Y ifldécated that the FSJG and the
Belloy Graben named by Sikobonyi and Rodgers (1959) are pdhis ame graben, implying that the
Belloy graben is the southeastern extension of the 833 Barclay et al. (1990). Richards et al. (1994)
and Henderson et al. (1994) adopted the definition of FSJG mapgBarclay et al. (1990), and both
displayed the southeastern extension of F&#8u Barclay et al. (1990) as bounded by the Rycroft Fault
on the southwestern side and the Dunvegan Fault on the ncetheside. They also showed the
extension as a half graben, and the downthrown sides omheoRycroft and Dunvegan faults as being
toward the north.
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The results of the present study provide a much more elkimild accurate picture of the DCGC on the
Alberta side (e.gsee Figures 42, 44, 45, 47, 50, 54 and 56). In addition to confirsamge of the major
structures and faults, a close comparison of the pressuits with those presented by Barclay et al.
(1990), Richards et al. (1994) and Henderson et al. (1994) sea@ak discrepancies. One of the major
discrepancies is that the present results clearly shuwsa to the south of the Dunvegan fault, not a
graben or half graben as presented by Richards (@984) and Henderson et al. (1994). This led to a
detailed examination of the literature related to the Ebrfohn Graben. A close comparison of the maps
created in the present study with those published by SikabodyRadgers (1959), Barclay et al. (1990),
Richards et al. (1994) and Henderson et al. (1994) resulis fioltowing findings:

1) The Fort St. John Graben and the Belloy Graben wegmally named by Sikabonyi and Rodgers
(1959) for two structures recognized from a pre-Middle Devoniatoaomap gee Sikabonyi and
Rodgers, 1959, Figures 3 and 4); the Fort St. John Graberdextertheast from the town of Fort St.
John. Barclay et al. (1990), however, used the name FodstGraben (FSJG) for the graben
interpreted from the isopach and structure contour maje @toddart Group and the Belloy Formation
(Barclay et al., 1990, Figures 6 and 7), which extends sasttfrem the town of Fort St. John. Barclay et
al. (1990) redefined the Fort St. John Graben to include betRdrt St. John Graben and the Belloy
Grabensensu Sikabonyi and Rodgers (1959). The present study found thatultuses of the Fort St.
John Graben and the Belloy Graben interpreted by Sikabonyi@igeRs (1959) are different from the
structures of the Fort St. John Graben as redefined tyageet al. (1990), and they do not overlap in
space on the Alberta sidee¢ below for more details).

2) Sikabonyi and Rodgers (1959) recognized an unnamed, southeast-tgFadmg structure at about
56°N, 120°W (Sikabonyi and Rodgers, 1959, Figures 14, 15 and 20).r&bhengstructure overlaps in
space with the one interpreted from the isopach and struogs of the Stoddart Group and the Belloy
Formation and named as the Fort St. John Graben byaBatcal. (1990, Figures 6 and 7). The same
graben structure has also been clearly identified bpitbgent studysée Figures 42, 44, 45, 47, 50, 54
and 56). Comparison of Figures 4, 14, 15 and 20 in Sikabonyi and R{d§880) clearly shows that the
unnamed, southeast-trending graben structure at 56°N, 120°Vgune$-i4, 15 and 20 is not the same
feature as the Fort St. John Graben displayed on Figur8ikatonyi and Rodgers (1959). For purposes
of clarification and communication, this southeast-trendnadpgn structure at 56°N, 120°W is renamed
as the Fort St. John — Blueberry Graben.

3) Comparison of Figures 4, 14 and 15 in Sikabonyi and Rodgers (196%)edrly shows that the

Belloy Graben is not connected to the Fort St. John Grsdoen Sikabonyi and Rodgers (1959), or to the
graben interpreted from the isopach and structure contows afidpe Stoddart Group and the Belloy
Formation by Barclay et al. (1990, Figures 6 and 7). Thim3@8raben has been clearly identified, from
the residual maps of Devonian to Cretaceous formations présent study, as lying north of the
Dunvegan Fault of Richards et al. (1994). It is not the sagtken extension of the Fort St. John Graben
as redefined by Barclay et al. (1990).

4) The positions of the north flank of the FSJG shown ourEgy6 and 7 of Barclay et al. (1990) are not
consistent, partly due to limitations in data spaeind contouring technology used at that time.
Specifically, the positions shift around the location ofRlyeroft Fault, as displayed on Figure 14.5 of
Richards et al. (1994). This position has been consisteletiyified by the present study (e.g., Figures
42, 44, 45, 47, 50, 54 and 56), clearly indicating that the flartk of the southeastern extension of the
Fort St. John Grabesensu Barclay et al. (1990) is located around the Rycroft Fauk. results of both
Barclay et al. (1990) and the present study demonstratththabutheastern extension of the Fort St.
John Grabesensu Barclay et al. (1990) is located mainly to the southweste@Rycroft Fault. Its south
flank is located where Sikabonyi and Rodgers (1959, Figure 20)fiddritie Saddle Hill Fault. This
means that Richards et al. (1994, Figure 14.5) misintetpagig mislabelled the southeastern extension
of the Fort St. John Grabsensu Barclay et al. (1990).
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5) The present study demonstrates that the downthrown sitie &ycroft Fault is to the south, which
agrees with the interpretation of Barclay et al. (1998 present study also demonstrates that a horst
lies between the Rycroft and Dunvegan faults, not agnalien as interpreted by Richards et al. (1994,
Figure 14.5). This can also be confirmed from the seisettions presented by Hope et al. (1999, Figure
8) and Eaton et al. (1999, Figure 4), regardless of theHatthe Rycroft Fault was interpreted as a
faulted zone in both papers.

6) The Hines Creek graben of Barclay et al. (1990) anldaRils et al. (1994) overlaps with the North
Peace River Graben of Sikabonyi and Rodgers (1959, Figure 4)uthee@an Fault of Richards et al.
(1994) was originally named the Belloy Fault by Sikabonyi and Redd859, Figures 15 and 16).

Figure 58 shows a refined version of the DCGC structuresCldas River High and Pouce Coupe High
could at times be parts/extensions of the Beaton Highten8ukunka Uplift, respectively, of Henderson
et al. (1994, Figure 15.1). Further investigation may be nagetsconfirm this.
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Figure 58 Refined interpretation of the Dawson Creek graben complex (DCGC), superimposed on the residual map for
the top of the Debolt Formation. Major faults: 1, Bear Canyon; 2, Josephine Creek; 3, Farmington; 4, Gordondale; 5,
Saddle Hills; 6, Rycroft; 7, George; 8, Belloy (Dunvegan); 9, Fairview; 10, Whitemud; 11, Bluesky; 12, Berwyn; 13,
Normandbville (Tangent); 14, Hines Creek; 15, Peace River.

Table 2 provides a comparison of different names used by diffeu¢ghors for structures of the DCGC.
‘North Peace River Graben,” ‘Belloy Fault’ and ‘NormarigvFault’ have historical precedence over
‘Hines Creek Graben,” ‘Dunvegan Fault’ and ‘Tangent faréspectively. In the present paper, ‘Hines
Creek Graben’ is used because it was more clearly defaverlaps with the location of Hines Creek and
has been well accepted by the industry; ‘Belloy (DunveganjtFand ‘Normandville (Tangent) Fault’

are used because ‘Belloy Fault’ and ‘Normandville faulvehthe precedence in history and the town of
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Dunvegan and the town of Tangent are father away fromatimed faults, but ‘Dunvegan fault’ and
‘Tangent fault’ are more popular with industry.

Table 2. Comparison of names for structures of the Dawson Creek Graben Complex (DCGC).

Structures  |Sikabonyi and Rodgers (1959) (Barclay et al. (1990) |Richards et al. (1994) |Present paper
Fort St. John |Originally named on p. 197, No equivalent No equivalent No equivalent
Graben sensu|Figure 4
Sikabonyi and
Rodgers
(1959)
Fort St. John |Unnamed graben, recognized on |Fort St. John Graben  |Fort St. John Graben, |Fort St. John-Blueberry
Graben sensu|Figs. 14, 15 and 20 but misplaced Graben
Barclay et al.
(1990)
Saddle Hills |Originally named on p. 197, Equivalent to Not recognized Saddle Hills Fault
Fault Figure 4 southwestern flank of
Fort St. John Graben
sensu Barclay et al.
(1990)
Rycroft Fault |Not recognized Equivalent to Misinterpreted as the  |Rycroft Fault
southeastern flank of  |southwestern flank of
the Fort St. John the Fort St. John
Graben sensu Barclay |Graben sensu Barclay
et al. (1990) et al. (1990)
Dunvegan  |Not recognized Not recognized Mislabelled as graben |Dunvegan Horst
Horst
Belloy Fault  |Originally named on p. 207, Not recognized Dunvegan Fault Belloy (Dunvegan)
Figure 16 Fault
Bluesky Fault {Unnamed fault, recognized on | Not recognized Unnamed fault, Bluesky Fault
Fig. 15 recognized on p. 223,
Fig. 14.5
Berwyn Fault |Not recognized Not recognized Originally named on p. |Berwyn Fault
223, Fig. 14.5
Normandville |Plan view location first displayed |Not recognized Tangent (Normandville) [Normandville (Tangent)
Fault on Figs. 4, 10, 13-16; originally Fault Fault
named by Lavoie (1958)
North Peace |Originally named on p. 197, Fig. |Hines Creek Graben  |Hines Creek Graben  |Hines Creek Graben
River Graben |4

5.2 Clear River Graben

As demonstrated previously, the DCGC was formed mainly dtinmdiate Carboniferous and offset the
underlying formation tops from the Early Carboniferous tatpeof the Precambrian. It was followed by
a stage of infilling of the grabens and tectonic stalitityard the end of Permian (Barclay et al., 1990).

The tops of the Lower Triassic Montney Formation and thedraurassic Nordegg Formation are offset
by a structure pattern that is different from thathef DCGC. Unlike the DCGC faults, which are mostly
syndepositional, a comparison with the local subsidence magatasithat the faults offsetting the tops of
the Montney and Nordegg formations are mostly postdepoditiemaddition to those features
associated with the DCGC below and those identified fleCretaceous formation tops above, a new
graben structure has been identified around the Clear igerre 59). This graben, which appears
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confined to the Triassic and Lower Jurassic formatioaads northeast and is herein named the ‘Clear
River Graben.’ It connects to the southeast-trending FodoBh—Blueberry Graben. The Fort St. John—
Blueberry graben is separated from the Hines Creek Giabamew structure herein named the ‘Forth
Creek High.” The northeast-trending Hines Creek Grabearisected to the southeast-trending Belloy
Graben. As a result, the formation-top offset patterneeMontney and Nordegg formations
demonstrate a fishbone-like structure pattern (Figure 59).

Figure 59. Clear River Graben and other structures, including those related to the Dawson Creek Graben Complex
(DCGC), superimposed on the residual map for the top of the Montney Formation. Major faults: 1, Bear Canyon; 2,
Josephine Creek; 4, Gordondale; 5, Saddle Hills; 6, Rycroft; 8, Belloy (Dunvegan); 9, Fairview; 11, Bluesky; 13,
Normandville (Tangent); 14, Hines Creek; 16, Teepee; 17, fault on the eastern flank of the Clear River graben; 18, Pouce
Coupe; 19, Smoky River; 20, Beaton Creek.
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Previously, the tectonic evolution of this region was dividedtimtee distinct phases (Cant, 1988;
O’Connell et al., 1990; Eaton et al., 1999): the Peace Ringdr ®®RA,sensu stricto) during pre-Late
Devonian, the Peace River Embayment (PRE) during the Carlmrsfey Triassic, and a downwarping
phase during the Jurassic and Cretaceous. The fishbantistrpattern recognized from the Montney
and Nordegg formation tops in the present study, includieg_lear River Graben and the Forth Creek
High, clearly identifies an independent stage of tectoniauéeal for this region probably related to some
form of intraplate stress. However, a detailed study ofdireation of the structures related to the Clear
River graben is beyond the scope of this study.

5.3 Tectonic Reactivation during the Late Cretaceous

It has been suggested that the basement faults have comnitu@gced the distribution of hydrocarbon
traps and mineralization zones in the WCSB (Edwards,et@35, 1998; Leblanc and Morris, 1999;
Lyatsky et al., 1998, 1999), and these faults may have vatadiduring the Cretaceous (O’Connell et al.,
1990; O’Connell, 1994; Donaldson et al., 1998; Eccles et al., 28@@mparison of the offset patterns

of Cretaceous formation tops (Figure 60) with the refin€6 (Figure 58) reveals that part of the Fort
St. John Graben between the Josephine Creek Fault aGdrthendale Fault, the Hines Creek Graben,
the Belloy Graben and the Grimshaw Graben can also bgmeed from the Cretaceous formation tops.
The associated faults also offset these formation tagsyith a lower average amount of offset. These
can be regarded as direct evidence that the DCGC sesceactivated at least after the deposition of the
BFSZ. Additional faults associated with the reactivati@ne also identified, of which the most

prominent feature is the Pouce Coupe Fault. This fault ihekBouce Coupe High into a graben to the
north. It also offset the underlying Nordegg and Montney faondbps, although it did not offset the
Paleozoic formation tops. It is noteworthy that the BortJohn—Blueberry graben remains separated from
the Hines Creek graben, based on the Cretaceous forngign t

Edwards and Brown (1994) and Burwash et al. (2000) suggestdteHhatv-angle shear zones and/ or
faults recognized in the Precambrian basement indicate @mséxtal sense of movement and exerted a
fundamental control on block faulting in the overlying Paleozowver rocks. Burwash et al. (2000)
concluded that these low-angle faults have undergone hydrothetenatiah and are longstanding zones
of weakness. They remain susceptible to reactivation wkereustal extension or compression occurs.
This model of basement-controlled faulting proposed by Edvanrd®8rown (1994) and Burwash et al.
(2000) could be used to explain the tectonic reactivatiomer.ate Cretaceous, as suggested by
Donaldson et al. (1998). Donaldson et al. (1998) interpreteddalts based on the distribution of the
Upper Cretaceous Coniacian Bad Heart Formation on theesoulank of the Peace River Arch (Figure
60): the southwestern limit to the Bad Heart sandstonét (f® the abrupt thinning of the Bad Heart
Formation (fault 2), and two erosional edges of the Badtideadstone (faults 3 and 4). These faults
were interpreted as a series of drape faults, formi2@ 5n of topography that controlled the preservation
and facies of the Bad Heart sandstone (Donaldson é98i8, Figure 11). They were attributed to the
reactivation of the Paleozoic faults that occurred spoase to subtle extension on the low-angle shear
zones in the Proterozoic basement. These faults, iderbifi€bnaldson et al. (1998), are roughly linear
extensions of the Pouce Coupe Fault, the Wenham Fault reeddnjiBurwash et al. (2000), the Belloy
(Dunvegan) Fault and the Normandville (Tangent) Fault (Fi§Qyeldentification of the DCGC related
faults in the upper Cretaceous formations in this study prddadect evidence for the tectonic
reactivation in this region during the Late Cretaceous.
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Figure 60. Formation-top offset pattern and interpreted faults of Cretaceous formations, superimposed on the residual
map for the Basal Fish Scale Zone (BFSZ). Major faults: 1, Bear Canyon; 2, Josephine Creek; 3, Farmington; 4,
Gordondale; 7, George; 8, Belloy (Dunvegan); 9, Fairview; 10, Whitemud; 11, Bluesky; 12, Berwyn; 13, Normandbville
(Tangent); 14, Hines Creek; 16, Teepee; 18, Pouce Coupe; 19, Smoky River; 20, Beaton Creek; 21, Blueberry. D1-D4, the
four faults interpreted by Donaldson et al. (1998).

5.4 Possible Conduits/Pathways for the Hydrothermal Fluid Venting Hypothesis

As mentioned previously, it has been suggested that theiteppgeometry and grades of the Upper
Cretaceous Bad Heart Formation ooidal ironstones mayldemrecontrolled by reactivation of the
Precambrian faults (e.g., Donaldson et al., 1998, 1999; Rsan@t al., work in progress, 2005). It has
also been postulated that upward movement of hypersalmestand related hydrothermal venting along
the reactivated Precambrian faults may have resultéaitocal deposition of the ferruginous ooidal
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facies (Olson et al., 1999; Collom, 2001; Collom and Johnston, 2B@ilence for this hypothesis could
be the faults that extend from the basement throughout theesgdny cover, as they could serve as the
conduits for venting hydrothermal fluid. Identification ofch faults was one of the goals in the present
study.

As demonstrated previously, faults can be traced from ther{ine¢éaceous all the way down to the top
of the Precambrian by examining slices of local offsetepatinaps generated from multiple formation
tops (e.g., Figure 56). Figure 61 shows the lineaments iatetpirom Cretaceous, Permian to Lower
Jurassic, Devonian and Carboniferous formations, as wiieasutline of the Bad Heart Formation,
superimposed on the satellite image of the study area. ajoeity of the interpreted lineaments can be
associated with the known faults of the Dawson Creek Gr@bemplex, including the Josephine Creek,
Farmington, Gordondale, Belloy (Dunvegan), Fairview, BlueBleywyn, Normandville (Tangent),
Whitemud, Hines Creek and Blueberry faults, all of wlzioh steep faults and offset formation tops from
the Upper Cretaceous through the Paleozoic down to the @mcimbrian (also compare Figure 54 with
Figure 55, or with Figures 58—60). Figure 61 also indicatesstiet of these faults shifts slightly in
location on different formation tops, which can be attedub the fact that each of them is probably a
steep listric fault as illustrated by Hope et al. (1998sE faults could all be possible conduits or
pathways for the hydrothermal venting hypothesis regardigaf the ooidal ironstone deposit of the
Bad Heart Formation. Among them, the Hines Creek Faattdhen found to be associated with
magnetization by vertical fluid flow and exotic geochemigtgirce et al., 1998b).

If the hydrothermal venting hypothesis can be proven, themtbara and grade of ooidal ironstone
within the Bad Heart Formation should be theoreticaligte to the location of the possible
pathways/conduits. Unfortunately, most of the faults roeett above underlie the core area of Peace
River Arch, where the Bad Heart Formation has been er@dgdre 61). Previously, four separate ‘ore
reserve’ blocks, named ‘Rambling River,” ‘North Whitenfaigter,” ‘South Whitemud River’ and
‘Worsley’ (Figure 61), were identified in the early 1960sr{Ben and Mellon, 1975). It was estimated
that these four blocks together contain net recoverablerires of 206 million tonnes proven and 814
million tonnes probable and possible combined (Hamilton, 19803y a&rfe located along the eastern and
southern slopes of the Clear Hills, which representsuatarally stable area according to the present
study (Figure 61). Comparison of the grade and volume of oowtestone in these blocks with those
overlying the structurally active core area of the PRA tgossible because of the erosion. As a result, it
is not clear whether the grade and volume of ooidal ironst@anéde related to proximity to the possible
pathways/conduits, due to very limited information on tis&ridution of grade and geometry of the
ooidal ironstone deposits in this region (R.A. Olson eiark in progress, 2005).

In addition, the faults mentioned above formed mainly dutiegdarboniferous and Permian (Barclay et
al., 1990; Richards et al., 1994; Henderson et al., 1994). Althbiggblear that they offset the top of the
Precambrian and were reactivated in the late Cratigcéas difficult to trace them in the basement due
to limited seismic resolution. Burwash et al. (2000, Figureinferred that the Belloy Fault (Dunvegan
fault of Richards et al., 1994) extends into the basementépth of about 14 km. They identified a zone
of the™®O depletion, named the ‘Kimiwan isotope anomaly’ (KIB&@neath and parallel to the
Normandville Fault. The KIA was interpreted to have origgdahrough high-temperature interaction
with surface-derived fluids in an extensional tectonitrggeta. 1800 Ma. Two low-angle basement
faults, the Fahler and Kimiwan faults, were identif@dintersecting the Phanerozoic-Precambrian
unconformity at the location of the KIA from the seismeflection profiles acquired during the
LITHOPROBE Alberta Basement Transect (Burwash e280D0, Figure 10). It was suggested that
periodic reactivation of these basement structures duringtmeeRozoic played an important role in the
development of faults (e.g., the Normandville (Tangent)tfFauthe overlying sedimentary basin.
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Figure 61. Interpreted lineaments/faults superimposed on the image of study area (Figure 2). Major faults: 1, Bear
Canyon; 2, Josephine Creek; 3, Farmington; 4, Gordondale; 5, Saddle Hills; 6, Rycroft; 7, George; 8, Belloy; 9, Fairview;
10, Whitemud; 11, Bluesky; 12, Berwyn; 13, Normandville; 14, Hines Creek; 16, Teepee; 17, fault on the east flank of the
Clear River graben; 18, Pouce Coupe; 19, Smoky River; 20, Beaton Creek; 21, Blueberry. Ironstone resource blocks
identified by Bertram and Mellon (1975): A, Worsley; B, Rambling River; C, North Whitemud River; D, South Whitemud

River.
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5.5 Comparison of the Refined Approach to Subsurface Structure Mapping with Seismic sections
and Aeromagnetic Data

The refined approach to structure mapping follows the samidlow as the conventional approach that
uses formation picks and seismic sections. The differiertbat the refined approach is developed by
incorporating the trend-surface analysis and geostatistiodelling into the workflow of the
conventional approach. Table 3 gives a brief comparison of tinedeind conventional approaches.

Table 3. Comparison of the refined approach with the conventional approach.

Workflow Conventional approach Refined approach
Identify Isopach contour map (e.g., Barclay, |Residual Isopach (differential subsidence) surface
syndepositional faults 1990, Fig. 6) (e.g., this report, Fig. 42, 45 and 48)
Identify Structure-top contour map (e.g., Residual formation-top surface (e.g., this report, Fig.
postdepositional faults |Barclay, 1990, Fig. 7) 41, 44, 47 and 50)
Trace offset of a fault  |Cross-section, seismic-section (e.g., [Slices from multiple formation tops (e.g., this report,
vertically Richards et al., 1994, Fig. 14.6; Hope |Fig. 56)

et al., 1999, Fig. 8; Eaton et al., 1999,

Fig. 4)
Digitizing fault Faults drawn by hand from contour  |Linear offset pattern extracted statistically (e.g., this
locations maps report, Fig. 40, 43, 46 and 49)

Comparison of the maps generated by the refined approach vathahthe conventional approach
indicates that the refined approach has higher resolutioa@utacy than the conventional contour-map
approach. It also has a higher resolution in tracing tlselfy faults throughout the sedimentary cover.
This leads to identification of numerous new faults wildtre-scale offsets in the Triassic to Upper
Cretaceous, as demonstrated previously. The refined appsaaisb able to trace the major faults (e.g.,
Josephine Creek, Farmington, Gordondale, Belloy, FainBéwesky, Berwyn, Normandville,

Whitemud, Hines Creek and Beaton Creek faults) all thefweny the Precambrian top to the Upper
Cretaceous. However, it is difficult to trace these &aintthe stratigraphic interval above the Permian on
the seismic sectionsee Richards et al., 1994, Figure 14.6; Hope et al., 1999, &sgdiand 9; Eaton et

al., 1999, Figure 4) due to limited seismic resolution. Bsedual maps created during the present study
indicate that the offset detected increases from comniesgythan 30 m in the BFSZ (Figure 16) to as
much as 300 m at the top of Precambrian (Figure 54). Thiaiegpkhy formation top offset can be
recognized on seismic sections only from the stratigraptecval below the Permian when the offset is
great enough to be detected by available seismic resuluti the Permian, the offset is commonly less
than 70 m (Figure 41).

A comparison of the refined approach with that of aeromagdata interpretation indicates that the
refined approach is superior in identifying faults of thdireentary cover. Aeromagnetic maps are
dominated by Precambrian ductile orogenic structures. TRresambrian structures contrast with brittle
basement faults that could offset the Phanerozoic sestiagding the basement-cover contact. The
ductile structures include faults and shear zones that dodoneng the collisional assembly of the
basement in the Precambrian and can be mapped witmdgptimal aeromagnetic anomaly data and
crustal reflection profiles. However, these structuresanady reactivated in the Phanerozoic Alberta
Basin (Ross and Eaton, 1999). The brittle basement fasgltsften steep and, if ever detectable in
potential-field maps, usually extremely subtle (Lyatskslgt1999). Ross and Eaton (1999) concluded
that the Phanerozoic faults exhibit little spatial co-lmeatvith antecedent fabrics within the basement
and are associated only locally with an offset of trseb@ent-cover contact. This can be confirmed with
Figure 62, which shows all the lineaments interpreted froragtianentary cover superimposed on the
map of the first vertical derivative of the residual tdieeld aeromagnetics. In this figure, except that a
few lineaments overlie and/or parallel parts of the Ksit€Chinchaga and Chinchaga-Buffalo Head
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terrane boundaries, the orientations of interpretedsfauthe sedimentary section do not appear to
coincide with the underlying basement structures.

Figure 62. Interpreted lineaments superimposed on the first vertical derivative of the residual total field aeromagnetics.
The Ksituan-Chinchaga and Chinchaga-Buffalo Head terrane boundaries are indicated as the left and right thin white
lines, respectively. The aeromagnetic data were obtained from the Geoscience Data Repository (GDR) for Geophysical
and Geochemical Data, Geological Survey of Canada (http://gdr.nrcan.gc.calindex_e.php).
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Various filtering techniques, including band-pass filtexgehbeen applied to total field aeromagnetic data
to accentuate the internal structure and edges of magnatices. Depending on the wavelength of the
filter used, some of the distracting effects of depthextdnt of a magnetic source can be reduced and the
contributions of the interval of interest enhanced. Combivisdmodern acquisition method, these
technologies result in high-resolution aeromagnetic surveys HR%&irce et al., 1998a; Leblanc and
Morris, 1999). It was suggested that HRAM data can bespssd to resolve magnetic anomalies
originating in the sedimentary cover. Except in cases agsdonith hydrothermal precipitation (e.g.,
Peirce et al., 1998b), however, the HRAM approach is indegd detecting 1) basement faults on the
basis of displacement at the basement-sediment intediade) the offset by faults in the sedimentary
cover as well.

In conclusion, the refined subsurface-structure-mapping approaeloged in the present study has a
higher resolution in detecting formation-top offsets calmef@ults and higher accuracy in digitizing

fault locations compared to the conventional contour-map, gegeuation and aeromagnetic-data
interpretation techniques in structure mapping for the sadny cover. Furthermore, it can be applied to
the entire Western Canada Sedimentary Basin.

6 References

Alberta Energy and Utilities Board (2002): Table of Foromadi Alberta.

Barclay, J.E., Krause, F.F., Campbell, R.l. andngdttl. (1990): Dynamic casting of a graben complex:
basin infill and differential subsidence during the Permob@aferous, Peace River Embayment,
western Canada; Bulletin of Canadian Petroleum Geolo@8A, p. 115-145.

Barss, D.L., Copland, A.B. and Ritchie, W.D. (1970): GeoloigpMiddle Devonian reefs, Rainbow area,
Alberta, Canadan Geology of Giant Petroleum Fields, Symposium, Amerigssociation of
Petroleum Geologists Memoir, v. 14, p. 19-49.

Beaumont, C., Quinlan, G. and Stockmal, G.S. (1993): Theitolof the western interior basin:
causes, consequences and unsolved problar@eodynamic Evolution of the Western Interior
Basin, W.G.E. Caldwell and E.G. Kauffman (ed.), Geoldgkszociation of Canada, Special Paper
39, p. 97-117.

Bertram, E.F. and Mellon, G.B. (1975): Peace River iron siegAlberta Research Council, Alberta
Geological Survey, Information Series 075, 53 p.

Boerner, D.E., Kurtz, R.D., Craven, J.A. and Jones, [F1907): Towards a synthesis of electromagnetic
results from the Alberta Basement LITHOPROBE TrandddtdiOPROBE Report No. 59, p. 55—
67.

Burk, C.F. (1970): Devonian reefs in west-central Albegaevealed by structural analysis of shallow
Cretaceous horizons (abstract); Bulletin of the Amer&ssociation of Petroleum Geologists v.
54(5), p. 839.

Burwash, R.A., Chacko, T., Muehlenbachs, K. and BouXid{2000): Oxygen isotope systematics of the
Precambrian basement of Alberta: implications for &alaterozoic and Phanerozoic tectonics in
northwestern Alberta; Canadian Journal of Earth Scjenc&¥, no. 11, p. 1611-1628.

Burwash, R.A., McGregor, C.R. and Wilson, J.A. (1994g&cBmbrian basement beneath the Western
Canada Sedimentary Basin;Geological Atlas of the Western Canada SedimentarinBasD.
Mossop and |. Shetsen (comp.), Canadian Society ofl@@tndSeologists and Alberta Research
Council, Special Report 4, p. 49-56.

EUB/AGS Earth Sciences Report 2006-04 + 84



Calvert, W. L. (1974): Sub-Trenton structure of Ohio, wittwag on isopach maps and stratigraphic
sections as basis for structural myths in Ohio, lllindiew York, Pennsylvania, West Virginia, and
Michigan; American Association of Petroleum Geologistfieé®in, v. 58, p. 957-972.

Cant, D. J. (1984): Development of shoreline-shelf sand bodeg£retaceous epeiric sea deposit;
Journal of Sedimentary Petrology, v. 54, p. 541-556.

Cant, D.J. (1988): Regional structure and development étehee River Arch, Alberta: a Paleozoic
failed-rift system?; Bulletin of Canadian Petroleunoiegy, v. 36, p. 284—295.

Cant, D.J. and Abrahamson, B. (1996): Regional distributionraehal stratigraphy of the Lower
Mannville; Bulletin of Canadian Petroleum Geology, v. g4508-529.

Cecile, M.P., Morrow, D.W. and Williams, G.K. (199Barly Paleozoic (Cambrian to Early Devonian)
tectonic framework, Canadian Cordillera; Bulletin @r@dian Petroleum Geology, v. 45, p. 54-74.

Collom, C.J. (2001): Systematic palaeontology, biostratigrapiypaleoenvironmental analysis of the
Upper Cretaceous Wapiabi Formation and equivalentsytaliaed British Columbia, western
Canada; Ph.D. thesis, University of Calgary, 817 p.

Collom, C.J. and Johnston, P.A. (2001): Ooidal ironstonedupts of exhalative paleoenvironments in
shallow epeiric seas (abstradt);Earth Systems Processes — Abstracts with Prograawogcal
Society of America and Geological Society of London, p. 104.

Cook, A.C. (1969): Trend-surface analysis of structure laic#triess of the Bulli seam, Sydney Basin,
N.S.W; Journal of the International Association fortMamatical Geology, v.1(1), p. 53-78.

Davis, J.C. (1973): Statistical and Data Analysis inlGgy; John Wiley and Sons, New York, 550 p.

Davis, J.C. (1986): Statistical and Data Analysis i0légy (2 edition); John Wiley and Sons, New
York, 646 p.

Davis, J. C. (2002): Statistical and Data Analysis @ol8gy (3 edition); John Wiley and Sons, New
York, 638 p.

DeMille, G. (1958): Pre-Mississippian history of the Peaer Arch; Journal of the Alberta Society of
Petroleum Geologists, v. 6, p. 61-68.

Dix, G.R. (1990): Stages of platform development in the Up@stonian (Frasnian) Leduc Formation,
Peace River Arch, Alberta; Bulletin of Canadian Fetrm Geology, v. 38A, p. 66-92.

Doveton, J.H. (1970): Trend analysis of a thin sedimentapyesee within the Upper Carboniferous of
Ayrshire, Scotland; Journal of the International Assiomiefor Mathematical Geology, v.2(1), p. 47-
62.

Donaldson, W.S., Plint, A.G. and Longstaffe, F.J. (19B8sement tectonic control on distribution of
the shallow marine Bad Heart Formation, Peace River Areh, northwest Alberta; Bulletin of
Canadian Petroleum Geology, v. 46, no. 4, p. 576-598.

Donaldson, W.S., Plint, A.G. and Longstaffe, F.J. (1998ftonic and eustatic control on ore deposition
and preservation of Upper Cretaceous ooidal ironstone andiated facies: Peace River Arch area,
NW Alberta, Canada; Sedimentology, v. 46, p. 1159-1182.

Dyke, A.S. (2004): An outline of North American deglaciatiathvemphasis on central and northern
Canadajn Quaternary Glaciations — Extent and Chronology, PartdittNAmerica, J. Ehlers and
P.L. Gibbard (ed.), Elsevier, Developments in QuaterB8argnce, p. 373—424.

Eaton, D.W., Ross, G.M. and Hope, J. (1999): The nsiall of a cratonic arch: a regional perspective
on the Peace River Arch, Alberta; Bulletin of CanadiatndR=im Geology, v. 47, no. 4, p. 346-361.

EUB/AGS Earth Sciences Report 2006-04 « 85



Eccles, D.R., Grunsky, E.C., Grobe, M. and Weis&QD2): Structural emplacement model for
kimberlitic diatremes in northern Alberta; Alberta Eneegy Utilities Board, EUB/AGS Earth
Sciences Report 2000-01, 106 p.

Edwards, D.J. and Brown, R.J. (1994): Tectonic heredity 8t eentral Alberta: recognition and
significancejn Alberta Basement Transects, G.M. Ross (ed.), LitttlmpReport 37, p. 164-194.

Edwards, D.J., Lyatsky, H.V. and Brown, R.J. (1995). Bes# fault control on Phanerozoic stratigraphy
of the Western Canada Sedimentary Province: integrafipntential field and lithostratigraphic
data;in Alberta Basement Transects, G.M. Ross (ed.), LititopiReport 47, p. 181-224.

Edwards, D.J., Lyatsky, H.V. and Brown, R.J. (1998): Regjiotterpretation of steep faults in the
Alberta Basin from public-domain gravity and magnetic dataupdate; Canadian Society of
Exploration Geophysicists, Recorder, v. 23, no. 1, p. 15-24.

Elliot, D. (1965): The quantitative mapping of directional mistuctures; Journal of Geology, v. 73, p.
865-880.

Evenick, J.C., Jacobi, R.D., Baker, G.S. and Mitcli2E. (2005): Subsurface evidence for faults in the
Appalachian basin, western New York State; Northeass&ology and Environmental Sciences,
v. 2791, p. 1-17.

Forgotson, J.M. (1963): How computers help find oil; Oil ard Gournal, v. 61(11), p. 100-109.

Gehrels, G.E., Dickinson, W.R., Ross, G.M., StewhH, and Howell, D.G. (1995): Detrital zircon
reference for Cambrian to Triassic miogeoclinal stohtaestern North America; Geology
(Boulder), v. 23, no. 9, p. 831-834.

Gehrels, G.E. and Ross, G.M. (1998): Detrital zircon gewaiogy of Neoproterozoic to Permian
miogeoclinal strata in British Columbia and Albertan@dian Journal of Earth Sciences, v. 35,
no. 12, p. 1380-1401.

Geiger, D. and Cook F.A. (2001): Analyses of crustal stradtom bandpass and directionally filtered
potential-field data: an example from Western Canadaa@ian Journal of Earth Sciences, v. 38,
no. 6, p. 953-961.

Gibson, D.W. (1992): Stratigraphy, sedimentology, coal geologylapdsitional environments of the
Lower Cretaceous Gething Formation, northeastern Britidhirfibia and west-central Alberta;
Geological Survey of Canada, Bulletin 431, 127 p.

Green, R. and Mellon, G.B. (1962): Geology of the Chinclitigar and Clear Hills (north half) map-
areas, Alberta; Alberta Research Council, Alberta &Ggohl Survey, Preliminary Report 62-8, 18 p.

Green, R. and Mellon, G.B. (1970): Bedrock geology of nortAésarta; Alberta Research Council,
Alberta Geological Survey, Map 24, scale 1:50 000.

Hamilton, W.N. (1980): Clear Hills iron deposit geology, mihagg and ore reserves; Alberta Research
Council, Alberta Geological Survey, Open File Report 1982-13, 43 p

Hamilton, W.H., Langenberg, W., Price, M.C. and CHadx., comp. (1999): Geological map of Alberta;
Alberta Energy and Utilities Board, EUB/AGS Map 23@lscl:1 000 000.

Hart, B. S. and Plint, A.G. (1990): Upper Cretaceous wagrand fault movement on the southern flank
of the Peace River Arch, Alberta; Bulletin of Canadtatroleum Geology, v. 38A, p. 190-195.

Henderson, C.M., Richards, B.C. and Barclay, J.E. (1%=)mian strata of the Western Canada
Sedimentary Basinn Geological Atlas of the Western Canada SedimentarinB&asD. Mossop
and I. Shetsen (comp.), Canadian Society of PetroleeotoGists and Alberta Research Council,
Special Report 4, p. 251-258.

EUB/AGS Earth Sciences Report 2006-04 + 86



Hope, J., Eaton, D.W. and Ross, G.M. (1999): Lithoprokssrse transect of the Alberta Basin:
compilation and overview; Bulletin of Canadian Petroléaeology, v. 47, no. 4, p. 331-345.

Jones, R.M.P. (1980): Basinal isostatic adjustment fanttgleeir petroleum significance; Bulletin of
Canadian Petroleum Geology, v. 28, p. 211-251.

Kiernan, J.P. (1996): Tectonic controls on sedimentation iasibe in the Upper Cretaceous Lower
Kaskapau Formation, Peace River region, Alberta; Blsig, University of Western Ontario, 77 p.

Krumbein, W.C. (1962): Computer analysis of stratigraphipsi{abstract); Bulletin of the American
Association for Petroleum Geology, v. 46(2), p. 270-271.

Lavoie, D.H. (1958): The Peace River Arch during Mississipg@ind Permo—Pennsylvanian time; Journal
of the Alberta Society of Petroleum Geologists, v. ®933-74.

Leblanc, G. and Morris, W.A. (1999): Aeromagnetics of soutidiberta within areas of hydrocarbon
accumulation; Bulletin of Canadian Petroleum Geology, vnd74, p. 439-454.

Leckie, D. (1986): Rates, controls and sand-body geometriesnsigressive-regressive cycles:
Cretaceous Moosebar and Gates formations, British CadyAmerican Association of Petroleum
Geologists Bulletin, v. 70, p. 516-535.

Leckie, D., Staniland, M.R. and Hayes, B.J. (1990): Redimaps of the Albian Peace River and lower
Shaftsbury formations on the Peace River Arch, northwesgtberta and northeastern British
Columbia; Bulletin of Canadian Petroleum Geology, v. 38A,46—189.

Lemmen, D.S., Duk-Rodkin, A. and Bednarski, J. (1994): g&teial drainage systems along the
northwestern margin of the Laurentide ice sheet; QuateBa@ence Reviews, v. 13, p. 805-828.

Lyatsky, H.V., Dietrich, J.R. and Edwards, D.J. (19%98jalysis of gravity and magnetic horizontal-
gradient vector data over the buried Trans-Hudson Oroge@laumathill-Superior boundary zone in
southern Saskatchewan and Manitoba; Geological SurveynafdaaOpen File 3614, 34 p.

Lyatsky, H.V., Friedman, G.M. and Lyatsky, V.B. (1999)nEiples of Practical Tectonic Analysis of
Cratonic Regions; lecture Notes in Earth Science®4 vSpringer-Verlag, 369 p.

Massey, N.W.D., Macintyre, D.G., Desjardins, P.dl @ooney, R.T. (2005): Digital geology map of
British Columbia; British Columbia Ministry of Energy,iies and Petroleum Resources, GeoFile
2005-1, scale 1:250 000, URL
<http://www.em.gov.bc.ca/Mining/Geolsurv/Publications/catalogéotmap.htm> [Apr 2005].

Mathews, W.H. (1980): Retreat of the last ice sheatwitheastern British Columbia and adjacent
Alberta; Geological Survey of Canada, Bulletin 331, 22 p.

McMechan, M.E. (1990): Upper Proterozoic to Middle Cambriatohy of the Peace River Arch:
evidence from the Rocky Mountains; Bulletin of Canadiatiddeum Geology, v. 38A, p. 36—44.

Merriam, D.F. (1964): Use of trend-surface residuals erpreting geological structure; Stanford
Publications in Geological Science, v. 9, p. 686-692.

Merriam, D.F. and Lippert, R.H. (1966) Geologic model studgsg trend-surface analysis; Journal of
Geology, v. 74, p. 334-357.

Mossop, G.D. and Shetsen, I., comp. (1994): Geological dtthe Western Canadian Sedimentary
Basin; Canadian Society of Petroleum Geologists andrftResearch Council, Special Report 4,
510 p.

Norford, B.S. (1990): Ordovician and Silurian stratigrapg¥glaeogeography and depositional history of
the Peace River Arch area, Alberta and British ColagriBulletin of Canadian Petroleum Geology,
v. 38A, p. 45-54.

EUB/AGS Earth Sciences Report 2006-04 « 87



O'Connor, M. J. and Gretener, P. E. (1974): Differentialpation within the Woodbend Group of
central Alberta; Bulletin of Canadian Petroleum Geojagy?2, p. 269-304.

O’Connell, S.C. (1992): Parasequence development in a Lowe&aicous transgressive systems tract:
the Gething and Bluesky formations of northwestern Alb&#aadain Mesozoic of the Western
Interior, Society of Economic Paleontologists and Minerategrheme Meeting, Ft. Collins,
Colorado, Abstracts, p. 51.

O’Connell, S.C. (1994): Geological history of the Peace RivehAn Geological Atlas of the Western
Canada Sedimentary Basin, G.D. Mossop and I. Shéteep.), Canadian Society of Petroleum
Geologists and Alberta Research Council, Special Rép@rt431-438.

O’Connell, S.C., Dix, G.R. and Barclay, J.E. (1990): Thgiorihistory and regional structural
development of the Peace River Arch, Western CanadatBullf Canadian Petroleum Geology,
v. 38A, p. 4-24.

Olson, R.A., Eccles, D.R. and Collom, C.J. (1999): Afoighotential co-product trace elements within
the Clear Hills iron deposits, northwestern, Albertliefta Energy and Utilities Board, EUB/AGS
Special Report 8, 190 p.

Para, D., Waters, E.J. and Grobe, M. (2001): GIS compilatiostrofctural elements in northern Alberta,
release 1.0; Alberta Energy and Utilities Board, EUBSAEarth Sciences Report 2001-01, 60 p.

Peirce, J.W., Ebner, E. and Marchand, N. (1998a): Higblution aeromagnetic interpretation over
Sierra and Yoyo reefs, northeastern British Columiigeologic Applications of Gravity and
Magnetics: Case Histories, R.l. Gibson and P.S. Milliggd.)., American Association of Petroleum
Geologists, Studies in Geology, no. 43, p. 93-101.

Peirce, J.W., Abercrombie, H.J., Depaoli, G.R., GoysSeA. and Charters, R.A. (1998b):
Intrasedimentary magnetization by vertical fluid flow ardte geochemistry; The Leading Edge,
v. 17, p. 89-92.

Poulton, T.P., Tittemore, J. and Dolby, G. (1990): Jurassatigraphy, northwestern Alberta and
northeastern British Columbia; Bulletin of Canadianmr&letum Geology, v. 38A, p. 159-175.

Price, R.A. (1994): Cordilleran tectonics and the evolutidh@Western Canada Sedimentary Basin;
Geological Atlas of the Western Canada Sedimentary B&sil Mossop and I. Shetsen (comp.),
Canadian Society of Petroleum Geologists and Albertad®els Council, Special Report 4, p. 13—
24.

Read, W.A. and Merriam, D.F. (1966): Trend-surface aralyisstratigraphic thickness data from some
Namurian rocks east of Stirling, Scotland; Scottislvrdal of Geology, v. 2(1), p. 96-100.

Richards, B.C., Barclay, J.E., Bryan, D., HartliAg, Henderson, C.M. and Hinds, R.C. (1994):
Carboniferous strata of the Western Canada Sedimengasiy;B1 Geological Atlas of the Western
Canada Sedimentary Basin, G.D. Mossop and I. Shéteep.), Canadian Society of Petroleum
Geologists and Alberta Research Council, Special Rdp@rt221—-250.

Ross, G.M., Broome, J. and Miles, W. (1994): Potentdd$ and basement structure — Western Canada
Sedimentary Basinn Geological Atlas of the Western Canada SedimentarinB&asD. Mossop
and I. Shetsen (comp.), Canadian Society of PetroleeotoGists and Alberta Research Councll,
Special Report 4, p. 41-47.

Ross, G.M. and Eaton, R.J. (1999): Basement reactiviatiie Alberta Basin: observational constraints
and mechanical rationale; Bulletin of Canadian Petrol&awmlogy, v. 47, no. 4, p. 391-411.

EUB/AGS Earth Sciences Report 2006-04 + 88



Ross, G.M., McNicoll, V.J., Geldsetzer, H.J., PdrrR.R., Carr, S.D. and Kinsman, A. (1993): Detrital
zircon geochronology of Siluro—Devonian sandstones, Rocky Miogntzortheastern British
Columbia; Bulletin of Canadian Petroleum Geology, v. 413n@. 349-357.

Ross, G.M. and Villeneuve, M.E. (1997): U-Pb geochronologyrahger stones in Neoproterozoic
diamictites, Canadian Cordillera: implications for preece and ages of depositiomCurrent
Research, 1997-F, Geological Survey of Canada, p. 141-155.

Sikabonyi, L.A. and Rodgers, W.J. (1959): Paleozoic tecton@dsesimentation in the northern half of
the west Canadian basin; Journal of the Alberta Soofd®etroleum Geologists, v. 7, p. 193-216.

Smith D.G. (1994). Paleogeographic evolution of the Westeradaaioreland basinn Geological Atlas
of the Western Canada Sedimentary Basin, G.D. Mossbp &hetsen (comp.), Canadian Society
of Petroleum Geologists and Alberta Research Counciti&pgeeport 4, p. 277-296.

Smith, D.G., Zorn, C.E. and Sneider, R.M. (1984): Thegg#ography of the Lower Cretaceous of
western Alberta and northeastern British Columbianith adjacent to the Deep Basin of the
Elmworth areaijn EImworth — Case Study of a Deep Basin Gas Field,MaSters (ed.), American
Association of Petroleum Geologists, Memoir 38, p. 153-172.

Stevenson, D.L. (1970): Trend-surface analysis of the stauiofuhe Ste. Genevieve Limestone in the
Effingham, lllinois, area; Illinois Geological Survey, Ciraub4, 12 p.

Stott, D.E. (1973): Lower Cretaceous Bullhead Group betBedimoose Mountain and Tetsa River,
Rocky Mountain Foothills, northeastern British Columigizological Survey of Canada, Bulletin
219, 228 p.

Williams, G.K. (1958): Influence of the Peace River ArchMesozoic strata; Journal of the Alberta
Society of Petroleum Geologists, v. 6, p. 74-81.

Wright, G.N., McMechan, M.E. and Potter D.E.G. (19%tjucture and architecture of the Western
Canada Sedimentary Basin;Geological Atlas of the Western Canada SedimentarinBasD.
Mossop and |. Shetsen (comp.), Canadian Society ofl@@tndSeologists and Alberta Research
Council, Special Report 4, p. 25-40.

EUB/AGS Earth Sciences Report 2006-04 + 89



	Contents
	Acknowledgments
	1 Introduction
	2 Study Area
	3 Previous Work
	4 Methodology
	4.1 Refined Trend-surface Analysis
	4.1.1 Data Cleaning and/or Removal of Outliers
	4.1.2 Modelling the Trend
	4.1.3 Fitting the Residual Surface
	4.1.4 Trend-Surface Analysis Applied to Formation Thickness

	4.2 Extracting Linear Patterns of Formation-Top Offset from the Residual Surface
	4.3 Comparison of Local Offset Patterns with Local Subsidence Patterns
	4.4 Tracing Linear Patterns of Formation-Top Offset Throughout the Sedimentary Section
	4.5 Compilation of Interpreted Lineaments/Faults

	5 Discussion and Conclusion
	5.1 Refinements and Updates to the Dawson Creek Graben Complex
	5.2 Clear River Graben
	5.3 Tectonic Reactivation during the Late Cretaceous
	5.4 Possible Conduits/Pathways for the Hydrothermal Fluid Venting Hypothesis
	5.5 Comparison of the Refined Approach to Subsurface Structure Mapping with Seismic sections and Aeromagnetic Data

	6 References
	Tables
	Table 1. Comparison of cross-validation summary statistics
	Table 2. Comparison of names for structures of the Dawson Creek Graben Complex (DCGC).
	Table 3. Comparison of the refined approach with the conventional approach.

	Figures
	Figure 1. Location of the study area. 
	Figure 2. Satellite image of the study area 
	Figure 3. Bedrock geology of the study area and adjacent portion of British Columbia
	Figure 4. Previously interpreted Precambrian lineaments 
	Figure 5. Previously interpreted Devonian lineaments
	Figure 6. Previously interpreted Carboniferous and Permian lineaments

	Figure 7. Previously interpreted Cretaceous lineaments
	Figure 8. Wells 
	Figure 9. Structure-contour map on the Basal Fish Scale Zone
	Figure 10. Trend surface modelled for the top of Basal Fish Scale Zone 
	Figure 11. Histogram of the residuals for the Basal Fish Scale Zone
	Figure 12. Histogram of the residuals for the Basal Fish Scale Zone (BFSZ) after removal of erroneous outliers.
	Figure 13. Parameters used for semivariogram modelling of Basal Fish Scale Zone residuals.
	Figure 14. Parameters of the search neighbourhood for interpolation of the Basal Fish Scale Zone
	Figure 15. Summary statistics of cross validation for fitting the residual surface for the Basal Fish Scale Zone
	Figure 16. Residual surface fitted for the Basal Fish Scale Zone using simple kriging. 
	Figure 17. Residual surface of BFSZ fitted with natural-neighbours interpolation.
	Figure 18. An example of the conventional isopach contour map
	Figure 19. Modelled regional subsidence trend
	Figure 20. Differential subsidence map
	Figure 21. Local offset map created from the residual surface of the Basal Fish Scale Zone
	Figure 22. Close-up of the linear pattern of formation-top offset near the middle of the local offset map
	Figure 23. Lineaments interpreted from the Basal Fish Scale Zone (BFSZ), superimposed on the local offset map.
	Figure 24. Lineaments interpreted from the Basal Fish Scale Zone
	Figure 25. Interpreted lineaments
	Figure 26. Stratigraphic column of the study area 
	Figure 27. Lineaments interpreted from the top of the Paddy Member, Peace River Formation
	Figure 28. Lineaments interpreted from the top of the Paddy Member, Peace River Formation 
	Figure 29. Lineaments interpreted from the top of the Paddy Member
	Figure 30. Lineaments interpreted from the top of the Notikewin Member, Spirit River Formation
	Figure 31. Lineaments interpreted from the top of the Notikewin Member, Spirit River Formation
	Figure 32. Lineaments interpreted from the top of the Notikewin Member, Spirit River Formation
	Figure 33. Lineaments interpreted from the top of the Bluesky Formation 
	Figure 34. Lineaments interpreted from the top of the Bluesky Formation
	Figure 35. Lineaments interpreted from the top of the Jurassic Nordegg Formation
	Figure 36. Lineaments interpreted from the top of the Jurassic Nordegg Formation
	Figure 37. Lineaments interpreted from the top of the Triassic Montney Formation
	Figure 38. Lineaments interpreted from the top of the Triassic Montney Formation
	Figure 39. Lineaments interpreted from the top of the Triassic Montney Formation
	Figure 40. Lineaments interpreted from the top of the Permian Belloy Formation
	Figure 41. Lineaments interpreted from the top of the Permian Belloy Formation
	Figure 42. Lineaments interpreted from the top of the Permian Belloy Formation
	Figure 43. Lineaments interpreted from the top of the Mississippian Debolt Formation
	Figure 44. Lineaments interpreted from the top of the Mississippian Debolt Formation
	Figure 45. Lineaments interpreted from the top of the Mississippian Debolt Formation
	Figure 46. Lineaments interpreted from the top of the Carboniferous Banff Formation
	Figure 47. Lineaments interpreted from the top of the Carboniferous Banff Formation
	Figure 48. Lineaments interpreted from the top of the Carboniferous Banff Formation
	Figure 49. Lineaments interpreted from the top of the Wabamun Formation
	Figure 50. Lineaments interpreted from the top of the Wabamun Formation
	Figure 51. Lineaments interpreted from the top of the Ireton / Fort Simpson Formation
	Figure 52. Lineaments interpreted from the top of the Slave Point Formation
	Figure 53. Lineaments interpreted from the top of the Precambrian
	Figure 54. Lineaments interpreted from the top of the Precambrian
	Figure 55. Linear patterns of formation-top offsets 
	Figure 56. Summary of selected residual maps showing three groups of structure patterns.
	Figure 57. Lineaments compiled from Cretaceous
	Figure 58 Refined interpretation of the Dawson Creek graben complex
	Figure 59. Clear River Graben and other structures, including those related to the Dawson Creek Graben Complex
	Figure 60. Formation-top offset pattern and interpreted faults of Cretaceous formations
	Figure 61. Interpreted lineaments/faults superimposed on the image of study area
	Figure 62. Interpreted lineaments 




