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ABSTRACT: The Albian Stage of the mid-Cretaceous was a time of equable
climate conditions with high sea levels and broad shallow epeiric seas that
may have had a moderating affect on continental climates. A Late Albian
landscape surface that developed during a regression and subsequent sea-
level rise in the Western Canada Foreland Basin is reconstructed on the
basis of correlation of paleosols penetrated by cores through the Paddy
Member of the Peace River Formation. Reconstruction of this landscape
refines chronostratigraphic relationships and will benefit future paleoclima-
tological studies utilizing continental sphaerosiderite proxy records. The
paleosols developed in estuarine sandstones and mudstones, and they exhibit
evidence of a polygenetic history. Upon initial exposure and pedogenesis, the
Paddy Member developed deeply weathered, well-drained cumulative soil
profiles. Later stages of pedogenesis were characterized by hydromorphic
soil conditions. The stages of soil development interpreted for the Paddy
Member correlate with inferred stages of pedogenic development in time-
equivalent formations located both basinward and downslope (upper Viking
Formation), and landward and upslope (Boulder Creek Formation). On the
basis of the genetic similarity among paleosols in these three correlative
formations, the paleosols are interpreted as having formed along a single,
continuous landscape surface. Results of this study indicate that the catena
concept of pedogenesis along sloping landscapes is applicable to ancient
successions.

Sphaerosiderites in the Paddy Member paleosols are used to provide
proxy values for meteoric d18O values at 52u N paleolatitude in the
Cretaceous Western Interior Basin. The meteoric d18O values are used to
refine existing interpretations about the mid-Cretaceous paleolatitudinal
gradient in meteoric d18O values, and the mid-Cretaceous hydrologic cycle.

INTRODUCTION

The purpose of this study is twofold. First, we will show that the
paleosols developed in the Paddy Member of the Peace River Formation
near the town of Peace River in Western Alberta (Fig. 1) correlate with
paleosols developed in the upper Viking Formation farther eastward in
the basin and with the Walton Creek Member of the Boulder Creek
Formation approximately 100 kilometers to the west. Second, we will
show that sphaerosiderites observed in paleosols of the Paddy Member
have d18O values that help further constrain a paleolatitudinal gradient of
meteoric d18O values in the North American Cretaceous Western Interior
Basin (KWIB; Ufnar et al. 2002).

The Paddy and Cadotte members of the Peace River Formation in
western Alberta correlate with the Boulder Creek Formation to the west

and the Viking Formation to the east. These deposits all have similar
characteristics that may be attributed to Late Albian sea-level fluctua-
tions (Fig. 2; Leckie 1987). These formations were deposited at
approximately 52u N paleolatitude in the Rocky Mountain foothills in
one of several marine–nonmarine clastic wedges within the Cretaceous
Western Interior Basin (Gibson 1992). The chronostratigraphic and
paleogeographic relationship between paleosols of the Paddy Member,
the Walton Creek Member of the Boulder Creek Formation, and the
Upper Viking Formation permit the reconstruction of an ancient
landscape and provide an example of how modern analogue soils can
be used to assist in unraveling complex pedogenic histories from ancient
soil successions. These correlations will be important to future modeling
studies that will focus on reconstructing brief intervals of the Late Albian
greenhouse warming. Thus far, paleohydrologic modeling from sphaer-
osiderite proxy records (White et al. 2001; Ufnar et al. 2002) has
combined data from the Middle to Late Albian, a time range of
approximately 10 My. The correlation of sphaerosiderite-bearing units in
different locales such as that presented here may lead to paleoclimato-
logical reconstructions for shorter chronostratigraphic intervals (e.g., 2–3
Myr or less).

This study provides an empirical data set from a terrestrial proxy that is
used to constrain changes in precipitation isotopic values during the
Greenhouse world of the Late Albian. Geochemical and sedimentological
techniques are used to evaluate changes in alluvial and estuarine
architecture and to correlate regional paleosols and reconstruct an
ancient landscape on the orogenic margin of the Western Interior Seaway.
These data are valuable to climate modelers because they provide
a terrestrial proxy record for precipitation from a high paleolatitude and
they provide a means to tie the terrestrial paleoclimate records in the
Western Canadian Foreland Basin to the marine realm where chrono-
stratigraphic control is more refined.

Geologic Setting

The Peace River Formation consists of Lower Cretaceous sandstones
and shales of the Fort St. John Group, cropping out near the Smoky and
Peace rivers (McConnell 1893; Dawson 1881). The Peace River
Formation is subdivided into three members, the basal offshore-marine
Harmon Member, the middle shoreface-marine Cadotte Member, and the
upper estuarine Paddy Member (Alberta Study Group 1954; Stelck and
Leckie 1990a, 1990b). The early Late Albian Paddy Member of the Peace
River Formation correlates with the Walton Creek Member of the
Boulder Creek Formation in the foothills region and the upper Viking
Formation in central Alberta (Fig. 2; Stelck 1958; Stott 1982; Stelck and
Leckie 1990a, 1990b; Leckie and Singh 1991).

The Paddy Member was deposited during an episode of overall long-
term global sea-level rise that extended from the Albian through the
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Santonian (Haq et al. 1987). The Paddy Member deposits formed during
a time of rapid flexural subsidence of the North American craton, the
initial phase of the Kiowa–Skull Creek cycle (Kaufmann and Caldwell
1993), global eustatic sea-level rise (Haq et al. 1987), and depositional
cycle 3 of Leckie and Smith (1992) in the Western Canada Foreland
Basin. The estuarine valley fill of the Paddy Member was deposited on
a regional unconformity (sequence boundary) that was incised into
the progradational shoreface deposits of the Cadotte Member (Taylor
et al. 2002; Leckie and Smith 1992; Stelck and Leckie 1990a). An
ooidal ironstone was deposited directly over the unconformity surface
and marks the boundary between the Paddy and Cadotte members
(Taylor et al. 2002). Sea-level rise during the transgressive phase of
the Kiowa–Skull Creek cycle (Kauffman and Caldwell 1993) provided
an increase in accommodation space for deposition of the Paddy

Member and ultimately led to total flooding of the area by the
Shaftsbury Sea (Leckie and Reinson 1993; Leckie et al. 1990a; Leckie
et al. 1990b).

The Paddy Member in the vicinity of the town of Peace River,
Alberta, can be subdivided into three units. The basal unit consists of
deposits formed in tidally influenced point bars and shoals in the middle
to upper reaches of a fluvial estuary. The middle unit is dominated by
tidal flat and bay-fill deposits that exhibit extensive pedogenic modifi-
cation. The upper unit of the Paddy Member consists of subtidal shoal
deposits that formed near the entrance of an estuary (Leckie and Singh
1991). The paleosols which occur in the middle unit of the Paddy Member
are the focus of this study, and they are correlated with paleosols which
occur in the Boulder Creek and Viking Formations in the locations
described below.

FIG. 1.— Map illustrating the Peace River
area and the location of the Paddy Member and
Boulder Creek Formation cores analyzed for
this study.

FIG. 2.— Stratigraphic correlation chart illus-
trating the age relationships established between
the Peace River, Boulder Creek, and Viking
Formations between the geographic locations
examined in the present study (modified from
Leckie and Smith 1992 and Gibson 1992).
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The Walton Creek Member of the Boulder Creek Formation described
in the MDD 80-08 core generally consists of approximately 90 meters of
nonmarine, alluvial-plain sandstones and mudstones which contain 15
closely spaced cumulative sphaerosiderite-bearing paleosols (Stott 1982;
Leckie et al. 1989; Gibson 1992; Ufnar et al. 2001). The nonmarine strata
of the Walton Creek Member correlates with the Paddy Member of the
Peace River Formation in the Alberta Plains near the town of Peace River
(Leckie et al. 1990b; Gibson 1992; Leckie and Smith 1992).

The Late Albian Viking Formation in the Caroline Field of south-
central Alberta (Davies and Walker 1993) generally consists of tidally
reworked transgressive conglomerates unconformably overlying progra-
dational shoreface–nearshore sandstones (Leckie 1987). A mottled
maroon and gray-green mudstone paleosol is recognized in the upward-
coarsening, progradational offshore–shoreface deposits near the top of
the Viking Formation in well 7-4-33-6 at 2733.8 m depth (Davies and
Walker 1993). The Paddy Member of the Peace River Formation is
a northern correlative of the Viking Formation of the Rocky Mountain
Foothills of west central Alberta and the central Alberta Plains (Leckie
et al 2000; Leckie and Reinson 1993; Leckie et al. 1990b).

Core Description Methods

Samples were collected from three cores through the Paddy Member of
the Peace River Formation from the following wells: (1) The Amoco (and
others) Wapiti well 10-32-69-8w6 (lat. 55.020593u long. 119.177604u); this
core will be referred to as PM 1; (2) The Amoco (and others) Wapiti well
10-11-69-9w6 (lat. 54.961994u long. 119.254323u); this core will be
referred to as PM 2; and (3) the Sulpetro (and others) Elm well 14-14-
69-9w6 (lat. 54.9777949u long. 119.263533u); this core will be referred to
as PM 3. The paleosols were described following the methods of the Soil
Survey Staff (1999), and 37 samples were collected for micromorpholog-
ical analyses following the methods of Bullock et al. (1985). The detailed
micromorphological descriptions can be found in Appendix 1, which is
held in the JSR Data Repository (see Acknowledgments section). The
samples are labeled according to the depth to the top of the extracted
specimen or core ‘‘plug.’’ Point counts of N 5 300 were performed to
determine the paleosol textures. Core descriptions of the MD 80-08 core
through the Boulder Creek Formation and isotopic analyses of the
sphaerosiderite-bearing horizons are in Leckie et al. (1989) and Ufnar et
al. (2001). Paleosol data from the Viking Formation in the Caroline Field
area of Alberta was obtained from R.G. Walker (personal communica-
tion) and Davies and Walker (1993).

In this paper we describe the morphological characteristics of the
Paddy Member paleosols and discuss the implications of these
characteristics for changes in alluvial architecture and relative sea level.
The Paddy Member paleosols are then correlated with contemporaneous
deposits to reconstruct an ancient landscape surface. Finally, the stable-
isotope values and geochemistry of sphaerosiderites in the Paddy Member
paleosols are described, and discussed regarding their importance to
paleoclimatological investigations of the Cretaceous Western Interior
Basin.

PADDY MEMBER PALEOSOLS

Paleosol Morphology

The pedogenically modified deposits of the Paddy Member are
cumulative paleosols that range from 2.5 to 5 meters in thickness
(Fig. 3). The rock textures generally range from very fine-grained
sandstones to mudstones and silty claystones. The mudstones typically
display a blocky fracture pattern, and prominent clay coatings and
pedogenic slickensides were often observed on the faces of the broken
blocky units of the core. These blocky units may be representative of
‘‘peds,’’ however, compaction and lithification probably altered the

pedogenic structures. The paleosols are characterized by gleyed colors
with low to moderate values and very low chromas ranging from greenish
gray to dark greenish-gray and greenish-black colors. The values and
chromas were lowest (blackest) near the tops of the paleosols, and the
highest values were noted near the bases of the paleosols. Carbonaceous
material is abundant throughout the pedogenically altered deposits and
the highest concentrations typically occur in the uppermost paleosol
horizons. Some very well preserved plant fossils are contained within the
mudstones. Fine, branching, and bifurcating carbonaceous root traces are
observed. Sphaerosiderites are observed as dense patches or in smaller
clusters of individuals in thin stratigraphic intervals generally , 10 cm
thick. The overlying and underlying stratigraphic units generally exhibit
a dominance of primary physical sedimentary structures, and a lack of
pedogenic features.

It appears that there is nearly complete preservation of the soil profiles,
with minor truncation of the uppermost horizons. It is not possible to
determine how much of the profile is missing; however, there is extensive
preservation of organic rich horizons that may be remnant A horizons.
The uppermost horizons do, however, typically exhibit evidence of illuvial
silicate clays, which is a characteristic of B horizons (Birkeland 1999).
Therefore the upper portions of the paleosols are referred to as
transitional AB horizons, and they may reflect the cumulative nature of
these paleosols. The assigned master and subordinate horizon designa-
tions of the PM (Paddy Member) paleosols generally exhibit AB, Btg,
Btcg, and Cg horizonation. The AB horizons are mineral horizons that
contain an abundance of organic matter, and some illuvial clay
accumulations. The Btg horizons are weathered units that exhibit few if
any original depositional features and are characterized by illuvial
accumulations of silicate clay (t). The (g) designation indicates that the
horizon is predominantly gleyed, or characterized by bluish hues, very
low chromas, and a lack of red mottling. The (c) represents concretions or
nodules, and in this case the horizons with a ‘‘c’’ subordinate designation
are the sphaerosiderite-bearing units. The Cg horizons are the lowermost
weathered units where the only prominent pedogenic feature is gleying.

The pedogenically modified deposits all overlie very fine-grained to
fine-grained carbonaceous sandstones that exhibit horizontal lamina-
tions, small-scale ripple cross-stratification, and wavy-, lenticular-, and
flaser-bedded sandstones. Typically, the finer-grained material in the
wavy and flaser-bedded units is dominated by finely comminuted
carbonaceous debris.

Paleosol Micromorphology

The observed paleosols of the Paddy Member generally exhibit
speckled and striated birefringent fabrics where the silty or sandy clay
matrix contains numerous small patches of optically oriented clays or
elongated domains of oriented clays or argillans respectively (sepic
plasmic fabrics of Brewer 1964). Some of the more clay-rich units are
characterized by strial matrix fabrics where large domains of clay in the
matrix are in weak optical continuity. Texturally, the upper portions of
the paleosols are predominantly clays and silty clays, and the lower
portions are silt loams and silty clay loams. Compound, dense, complete
clay and silty clay infillings and typic clay coatings (argillans of Brewer
1964) with faint iron oxide hypocoatings (neo-cutans of Brewer 1964),
and faint to prominent organic hypocoatings are common in all three
paleosols (Fig. 4A, B). Commonly, the clay coatings are fragmented,
deformed, and degraded and often exhibit domains that have very diffuse
boundaries with the surrounding matrix (Fig. 4C). In some cases the typic
clay coatings exhibit very abrupt boundaries with the matrix, and exhibit
sharp, sweeping extinction patterns under cross-polarized light. Many
domains of oriented clays exhibit wavy, diffuse and grainy extinction
patterns, and the boundaries between the matrix and the coatings are
gradational. Many of the small patches of oriented clays appear to be
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fragments of once continuous coatings that were fragmented and
assimilated into the matrix. Clay and silty clay infillings are also
commonly deformed, and the laminae are sometimes splayed and
smeared along the margins of the infilling.

Very small, generally 10–50 mm diameter pyrite framboids are observed
throughout the paleosols, but they seldom exceed more than 1% of the
bulk composition of the sediment. The pyrite is observed as small clusters
of framboids disbursed throughout the matrix, as inclusions within
sphaerosiderite nodules, or as framboids closely associated with
carbonaceous fossil materials (Fig. 4D). In some cases, numerous very
small framboids (, 20 mm) are observed as pseudomorphs after organic
debris.

Organic debris is common, and occurs in the highest concentrations in
the upper few samples from each paleosol. Commonly, the organic debris
is finely comminuted carbonaceous fragments that are opaque, and
sometimes occur as dendritic filaments. Some of the organic material is
very dark brown to rust colored, and has a resinous or vitreous
appearance. Some organic material occurs as coatings that weakly to
moderately impregnate the matrix. Many of the larger organic fragments
exhibit excellent preservation of cellular structures (Fig. 4E, F).

The sphaerosiderites generally range from 0.25 to 0.75 mm in diameter,
and were observed in several distinct horizons within the three paleosols.

The sphaerosiderites are all observed within horizons that are clays
(claystones) in the middle portions of the paleosol profile. Typically, the
sphaerosiderites at the micro-scale occur as individuals, as small clusters,
or in linear arrays (Fig. 5A). In the case of the PM 1, 1653.2 m sample,
however, the sphaerosiderites occur as a densely packed cluster of nodules
that displaced most of the surrounding matrix (Fig. 5B). Generally, the
sphaerosiderites are characterized by a central core that has a micrite-like,
microcrystalline texture. The outer rims of the nodules are generally
characterized by radial concentric crystalline microstructures that exhibit
the characteristic pseudo-uniaxial cross extinction patterns under cross-
polarized light (Fig. 5C). Commonly, 10–15 mm pyrite framboids are
observed as inclusions within the sphaerosiderite nodules. It is
noteworthy that with few exceptions the pyrite framboids are found
only within or rimming the micrite-textured core of the sphaerosiderites
(Fig. 5D). The radial-concentric crystalline outer margins of the nodules
are generally devoid of pyrite inclusions.

Implications of the Paleosol Morphology

The morphology and micromorphology of the Paddy Member
paleosols is consistent with mid-Cretaceous sphaerosiderite-bearing
paleosols elsewhere in the KWIB (e.g. McCarthy and Plint 1998; Ufnar
et al. 2001). These paleosols exhibit evidence of significant changes in

FIG. 3.—Lithologic and pedologic descriptions illustrated for each of the Paddy Member cores analyzed. The lithologic log illustrates the general morphologic features
observed in the cores, and a brief description of the prominent features is provided. The diagonal numbers adjacent to the core log indicate the depths from which ‘‘core
plugs’’ were obtained for thin sections. The texture graphics illustrate the percentage of sand, silt, clay, organic matter, and siderite quantified from the thin-section point
counts. On the basis of the relative percentages of sand, silt, and clay, the horizons have been labeled with the corresponding pedogenic textures (e.g., SiCL silty clay
loam). The Munsell colors, horizon designations, and morphological structures are also noted.
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FIG. 4.— Photomicrographs illustrating some of the prominent pedogenic features observed at micro-scale in the PM paleosols. A) The plane-polarized-light image
from PM 1 (15652.65 m) shows a compound coating of opaque organic material and silicate clays which runs diagonally through the photomicrograph from the top left
to the bottom right. The upper arrow points to the well oriented, thick clay coating and the lower arrow points to the thinner, organic coating that is in sharp contact with
the surrounding matrix. B) The orange areas are degraded clay coatings in cross-polarized light from the 1786.12 interval of PM 2. C) The arrow indicates a portion
of some degraded and deformed clay coatings and infillings which are overprinted by sphaerosiderites (PM 3, 1753.5 m). D) The arrow points to a cluster of pyrite
framboids observed in close association with carbonaceous organic debris in PM 1 (1652.65 m). E) A fractured piece of carbonaceous material in the center of the photo
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drainage conditions during a polygenetic pedogenic history. The
thickness and textural variations through the paleosols suggest that the
profiles were cumulative, and pedogenesis continued through periodic
depositional events (Kraus 1999). The abundance of clay coatings and
infillings is evidence for illuviation of fine-grained sediments through the
soil profile, and illuviation occurred when the soils were well drained
(FitzPatrick 1984; McCarthy and Plint 1998; McCarthy et al. 1998). The
thickness and abundance of clay coatings indicate that the soil was well
drained for a long period of time (McCarthy et al. 1999b). The
deformation and reworking of clay coatings into the matrix suggests
prolonged landscape stability. It is interpreted that most of the clay
observed in the paleosols resulted from translocation processes, and very
little was inherited from the parent material, which is predominantly very

fine-grained, carbonaceous sandstones. The prevalent birefringent fabrics
and assimilation of the clay coatings into the matrix may have resulted
from shrink–swell reorganization of the soil materials during wetting–
drying cycles (FitzPatrick 1984; McCarthy et al. 1998, 1999a; McCarthy
and Plint 1998). The compound clay coatings with ferruginous
hypocoatings may also reflect cyclic wetting and drying, and some
fluctuations in redoximorphic conditions (McCarthy et al. 1998). This
well-drained phase of paleosol development represents the early phases of
pedogenesis in the Paddy Member.

The drainage conditions appear to have degraded, and the latter stages
of pedogenesis were dominated by hydromorphic soil conditions. The
prominent gleying, abundance of sphaerosiderite, and well preserved
organic debris is indicative of poorly drained, saturated, reducing

FIG. 5.—Photomicrographs illustrating pedogenic features. A) Sphaerosiderites of PM 3 (1754.35 m) are large and well developed. The arrow indicates an area of the
clay-dominated matrix that is weakly impregnated with organic matter and is deformed around the siderite nodule. B) The sphaerosiderite-bearing paleosol horizon of
PM 1 (1653.2 m) is characterized by densely-packed siderite nodules that stand out in high relief compared to the kaolinitic background matrix. C) Examples of the
sphaerosiderites of PM 3 (1754.35 m) viewed under cross-polarized light and exhibiting the characteristic pseudo-uniaxial cross extinction pattern (arrow). D) The
sphaerosiderites of PM 2 (1785.21 m) are very well developed, and commonly exhibit pyrite inclusions that surround the microcrystalline textured inner core of the
nodules (arrow).

r

exhibits very well-preserved cellular structures, and it is contained within a clay-dominated strial matrix fabric of the 1752.1 m interval of PM 3. F) Close-up view of
a carbonaceous organic fragment with well-preserved cellular structure. The arrow indicates a particle of finely comminuted carbonaceous debris in the AB horizon of
PM 2 (1784.22 m).

MID-CRETACEOUS LANDSCAPE RECONSTRUCTION 989J S R



conditions in the soils (McCarthy and Plint 1999). These paleosols
developed in estuarine deposits that were exposed for a prolonged period
of time and then subsequently drowned (Leckie and Reinson 1993). The
hydromorphic phase of pedogenesis probably began with base-level rise
followed by passive drowning during the early stages of the Kiowa–Skull
Creek transgression (Kauffman and Caldwell 1993). Following the
paleosol classification scheme of Mack et al. (1993), the PM paleosols
are cumulative argillisols that progressed to gleysols during the latter
stages of pedogenesis.

Stratigraphic Framework and Paleo-Landscape Development

Numerous investigators have analyzed the depositional history of Late
Albian rocks of the Western Canadian Foreland Basin (e.g., Pattison and
Walker 1992, 1994; Leckie and Reinson 1993; Walker and Wiseman 1995;
Leckie et al. 1989; Leckie and Singh 1991; MacEachern et al. 1999; Taylor
et al. 2002). However, fewer attempts have been made to reconstruct the
landscape conditions from Late Albian paleosols in western Canada
(Leckie and Reinson 1993). A stratigraphic model with interpreted
correlations is presented here to show how changes in relative sea level
affected the Late Albian stratigraphic architecture of the Peace River
area, and to show how these sea-level changes affected weathering and
soil development on the exposed coastal plain. The stratigraphic model is
presented to help explain how the paleosols of the Paddy Member of the
Peace River Formation might fit into the more regional sequence
stratigraphic framework, and correlates with paleosols at a broader scale
(e.g., White et al. 2005) to warrant future higher-resolution paleoclima-
tological reconstructions.

The Paddy Member of the Peace River Formation correlates with the
Viking Formation of the Central Alberta Plains (Bloch et al. 1993; Leckie
and Smith 1992). The Viking Formation generally consists of siliciclastic
sediments that were deposited in a progradational set of cyclic upward-
coarsening shelf to lower-shoreface siltstones and sandstones (Pattison
and Walker 1998; MacEachern et al. 1999). A pedogenically modified
exposure surface has been described in the Viking Formation south of the
Caroline oil field of Alberta (Davies and Walker 1993). The lithostrati-
graphic and chronostratigraphic correlations strongly suggest that the
Viking paleosol described near Caroline correlates with the Paddy
Member paleosols near the town of Peace River (Fig. 6). The Viking
Formation paleosol is developed at the top of an upward-coarsening shelf
to shoreface succession that was deposited over an unconformity surface,
labeled the VE3 surface in the central plains of Alberta (Davies and
Walker 1993). The VE3 surface correlates with the unconformity between
the Paddy and the Cadotte members of the Peace River Formation near
the town of Peace River. The VE3 surface also correlates with the
sequence boundary denoted by Leckie et al. (1989) in the Boulder Creek
Formation MD 80-08 core (Fig. 6).

Transgression of the VE3 surface resulted in shallow-marine shelf
deposition of the Viking Formation to the east (basinward), estuarine
deposition of the Paddy Member (coast), and alluvial deposition of the
Boulder Creek Formation to the west (landward). During a subsequent fall
in relative sea level, portions of the Viking Formation were exposed in the
seaward direction, and fluvial incision and soil development occurred on
the exposed landscape near the town of Peace River and 100 km farther
west in the Monkman Pass (Boulder Creek Formation) area (MDD 80-08
core location Fig. 1). The differences in pedogenic development at each
location (described below) are related to differences in position along an
ancient sloping exposure surface, and represent a paleo-catena relation-
ship. The coarse-dashed line illustrated in Figure 6 delineates the ancient
landscape relationship on the coastal plain between soils that were
developing in the PM 1–3 areas, exposed marine deposits of the Viking
Formation farther eastward in the basin, and the Boulder Creek Formation
alluvial deposits approximately 100 km to the west of the PM cores. The

correlated landscape surface (coarse dashed line in Fig. 6) represents the
landscape during the maximum drop in sea-level and maximum exposure
of the coastal plain prior to the initial transgression of the Kiowa–Skull
Creek sea-level cycle (Kauffman and Caldwell 1993).

Subaerial exposure and pedogenic modification of the Viking
Formation correlates with a relative sea-level fall following deposition
of the marine deposits upon the VE3 surface (Davies and Walker 1993).
To the west and upslope on the coastal plain, the correlative soils forming
in the PM area were likely very well drained on the interfluves, and fluvial
incision was occurring in the valleys during this stage in landscape
development. Farther west and upslope, in the Monkman Pass area,
fluvial incision likely dominated during this exposure period. Sea level,
and consequently base level began to rise in the basin during the early
transgressive phase of the Kiowa–Skull Creek cycle. The well-drained
paleosols previously developed in the Viking Formation may have
become progressively waterlogged, and began a poorly drained (hydro-
morphic) phase of pedogenesis (Fig. 7A). Landward, the soils developing
on interfluves in the PM area may not have been affected much initially,
but with base level rising, incision by fluvial channels may have ceased,
and the fluvial depositional systems may have begun to aggrade and fill in
the valleys. During this stage of pedogenesis the soils were cumulative,
and pedogenic development progressed with the aggrading floodplains.
With progressive relative sea-level rise, the soils that developed in the
basin were eventually flooded, and the soils developing in the PM1–3
areas eventually became wetland paleosols, and began a poorly drained
phase of pedogenic development (Fig. 7B). To the west, in the Boulder
Creek Formation, the interfluve soils were likely still well drained, but the
incised valleys were gradually filling, and the drainage conditions were
degrading (Ufnar et al. 2001). With continued transgression, fully marine
conditions existed to the east in the basin, the paleosols developed in the
Paddy Member were passively drowned and estuarine conditions ensued,
while the soils in the upper Boulder Creek Formation to the west
eventually became wetland soils (Fig. 7C). Finally, with continued
transgression, the PM area was fully marine, while farther west low-lying
wetland paleosols continued to develop (Fig. 7D). Eventually, the
westernmost positions were transgressed and covered with the marine
Shaftsbury Formation.

The timing of soil phase development in the PM area compared to
more basinward paleosols would not have been synchronous because of
the difference in landscape position. While the soils developed near the
Caroline Field area were being drowned, the soils landward in the PM
area would have still been well drained. Maximum soil development
occurred in the westernmost positions in what is now the Walton Creek
Member of the Boulder Creek Formation. Making correlations here is
most difficult, because the entire assemblage is characterized by alluvial
deposits with amalgamated and welded, cumulative paleosols developed
in aggrading floodplain sediments.

The alluvial architecture and amalgamated paleosols in the Walton
Creek Member most likely developed in response to the step-like
progradational and retrogradational lithofacies assemblage that char-
acterizes the Viking Formation farther eastward in the basin (Pattison
and Walker 1998; Davies and Walker 1993). Episodes of fluvial
downcutting and development of well-drained soils on interfluves in the
Boulder Creek Formation may correlate with parasequence-scale phases
of progradation in the basin. Development of wetland soils in the Boulder
Creek Formation may correlate with minor marine flooding surfaces and
transgression in the basin (Ufnar et al. 2001).

The pattern of paleosol development in the Boulder Creek Formation
is contrary to many studies where the lower parts of paleosol sequences
are drab in color and characterized by siderite and pyrite (Cecil et al.
1985; Cecil 1990; Bown and Kraus 1993). Furthermore, the amalgamated
Boulder Creek alluvial paleosols do not follow a general trend of aging,
draining, and drying upwards (Retallack 1998). The Walton Creek
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Member alluvial section is analogous to Retallack’s (1998) sequence
stratigraphic model of weakly developed, carbonaceous, non-calcareous,
drab hue paleosols (cumulative) formed in a transgressive systems
tract.

Thick conglomeratic sandstones occur between 53 and 58.5 meters depth
(Fig. 8) in the MDD 80-08 core (coarse dashed line; Fig. 6). The scoured
surface that marks the basal contact of the conglomerate may have been
incised during the regressive pulse that exposed the marine Viking
Formation in the Caroline Field area, and the estuarine Paddy Member
near the town of Peace River (Fig. 6). Backfilling of the incised valleys and
accumulation of the conglomeratic sandstones in the Boulder Creek
Formation may have occurred in response to rising base level associated
with rising relative sea level (transgression of the Kiowa–Skull Creek cycle).
The accumulation of the conglomeratic sandstones between 53 and 58.5
meters depth in the Boulder Creek Formation observed in the MD 80-08

core is correlated with the poorly drained phase of pedogenic development
downslope, and to the east in the PM area. The development of the wetland,
sphaerosiderite-bearing paleosols in the Walton Creek Member deposits
observed between 38 and 53 meters overlying the conglomeratic sandstones
correlates with the bay-fill and estuarine deposits which accumulated in the
upper Paddy Member.

ISOTOPIC ANALYSES

Stable-Isotope Methods

The sphaerosiderite-bearing intervals were evaluated using trans-
mitted-light, cathodoluminescence, and epifluorescence microscopy.
Polished slabs of sphaerosiderite-bearing horizons were microsampled
using a microscope-mounted drill assembly with a 0.5 mm drill bit.
Powdered siderite samples extracted for mass spectrometry were

FIG. 6.—A paleo-landscape has been reconstructed from the morphological characteristics and paleogeographic positions of paleosols observed in the Walton Creek
Member of the Boulder Creek Formation, the Paddy Member of the Peace River Formation, and the Viking Formation near the Caroline Oil Field in western Alberta.
The paleosols in the Paddy Member and the Viking Formation developed during a regressive phase of sea-level during the overall transgression of depositional cycle 3 in
the Western Canadian Foreland Basin (Leckie and Smith 1992). The coarse dashed line depicts an ancient, sloping landscape relationship that likely developed during the
peak of the regressive phase. While soils which developed in the most basinward positions were poorly drained wetlands that were progressively drowning, the soils that
developed in the Paddy Member upslope were well drained on the interfluves. Further west and upslope, in the Boulder Creek Formation, the soils on the interfluves were
very well-drained, and the fluvial channels were incising.
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analyzed at the University of Iowa Paul H. Nelson Stable Isotope
Laboratory.

Powdered samples were vacuum-roasted at 380uC then reacted
with anhydrous phosphoric acid at 72uC in an on-line automated Kiel III
carbonate reaction device coupled to the inlet of a Finnegan MAT
252 isotope-ratio mass spectrometer. All isotopic values were reported
relative to the PeeDee Belemnite (PDB) standard, with analytical precision
of better than 6 0.05% for carbon and oxygen. Siderite data were corrected
with the experimentally determined temperature-dependent isotope frac-
tionation factor of Carothers et al. (1988).

Electron microprobe analyses were conducted on sphaerosiderites from
the 1754.35 m depth interval of the PM 3 core using a JEOL JXA-8900R

electron microprobe at the University of Minnesota. Siderite analyses
were performed using wavelength-dispersive spectrometry at an acceler-
ating voltage of 15 kV, a beam current of 10 nA, and with a beam
diameter of 5 mm. The following X-ray lines and standards were used:
CaKa1 (Calcite), MgKa1 (dolomite), MnKa1 (rhodonite), FeKa1 (siderite),
and SrKa1 (strontianite).

Stable Isotopes of Oxygen and Carbon and Minor Elements

Meteoric-Water Compositions.—The average sphaerosiderite d18O and
d13C values for each paleosol horizon are summarized in Table 1 and
Figure 9. The meteoric sphaerosiderite lines (MSLs; Ludvigson et al.

FIG. 7.—The cartoons illustrate a generalized sequence of events that occurred during sea-level rise and transgression over the ancient landscape correlated in Figure
10. The reconstruction is based upon the present geographic location of the cores compared in this study (latitude–longitude on the axis of the diagrams). On the basis of
paleogeographic reconstructions the shoreline would be rotated counterclockwise and would have a more northwest–southeast orientation (Leckie and Smith 1992;
Scotese 1991). Block A represents the period of maximum regression, exposure, and weathering of the paleo-landscape. The most basinward positions (V 5 Viking
paleosol near the Caroline Oil Field) were characterized by low-lying wetland soils; upslope and to the west, the interfluves were characterized by deeply weathered, well-
drained soil profiles and the fluvial channels were incising in the Paddy Member and Boulder Creek Formation (PM and BC). Block B depicts the early phases of
transgression. The basinward positions are transgressed and become fully marine, while upslope the PM paleosols became waterlogged and hydromorphic and the BC
fluvial systems began to aggrade and the drainage conditions degraded. Block C illustrates how continued transgression produced estuarine conditions in the PM while
upslope the BC fluvial systems continued to aggrade, and the soils were becoming poorly drained. Block D depicts continued transgression, open estuary-mouth
conditions in the PR area and poorly drained, hydromorphic soil development in the BC area.
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1998) obtained from the mean d18O values of each sphaerosiderite-
bearing horizon were used to estimate meteoric-water d18O values for the
Peace River area. The PM1–3 paleosols developed at approximately 52u
N paleolatitude according to the paleogeographic reconstructions of
Scotese (1991). The groundwater d18O values were modeled using the
empirically determined zonal mean annual temperatures of Wolfe and
Upchurch (1987) for 52u N paleolatitude, and the 18O fractionation
equation of Carothers et al. (1988). Barron (1983) estimated a range of
paleotemperatures from 15u to 25uC for 52u N, and these values aid in
predicting the potential variability in meteoric d18O values. The

groundwater d18O values estimated from the isotopic values of the Paddy
Member sphaerosiderites ranged between 213.5% and 212.0%
(VSMOW) on the basis of the MAT estimates of Wolfe and Upchurch
(1987). The meteoric-water values may have varied between 214.2% and
210.2% (VSMOW) on the basis of the paleotemperature range estimated
by Barron (1983).

Minor Elements.—The sphaerosiderites analyzed from the 1754.35 m
sample of PM 3 were greater than 95 mol % FeCO3, and show only
minor enrichments in Ca, Mg, Mn, and Sr. Calcium substitutions ranged
from , 1 mol % up to 2.9 mol %, and Mg substitutions ranged from

TABLE 1.— Oxygen and carbon stable-isotope values of paleosol sphaerosiderite.

Sample Interval
1653.2m
(PM 1)

1785.52m
(PM 2)

1785.47m
(PM 2)

1785.21m
(PM 2)

1754.35m
(PM 3)

1754.05m
(PM 3)

1753.9m
(PM 3)

Avg. d18O VPDB, % 210.36 29.58 29.07 210.27 28.96 29.54 29.34
d18O std. dev., % 0.33 0.53 0.41 0.26 0.30 — 0.45
Avg. d13C VPDB, % 3.64 24.41 26.12 24.68 25.90 25.83 27.65
d13C std. dev., % 0.37 0.43 0.91 0.96 0.76 — 0.36
No. of analyses (N) 10 8 8 10 19 1 8

FIG. 8.— Stratigraphic log of the Boulder
Creek Formation MD 80-08 core, graphically
illustrating the details of the lithofacies archi-
tecture. The chert-pebble conglomeratic sand-
stone that occurs between 52 and 58 meters
depth in the core is interpreted to have been
deposited during the aggradation phase which
drowned the PM paleosols.
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, 1 mol % to 1.7 mol %. The Mn and Sr concentrations were all less
than 1 mol %.

Diagenesis

The siderite nodules exhibit no evidence of dissolution, or replacement
fabrics, and the textures and morphologies suggest that they were early

diagenetic precipitates that developed during pedogenesis (Stoops 1983;
Ludvigson et al. 1998). The d18O values of the sphaerosiderites are
depleted, generally exhibit low variance, and the d18O vs. d13C trends
from a given horizon yield values consistent with a meteoric source
(Lohmann 1988; Ludvigson et al. 1998). There is no evidence to suggest
that the sphaerosiderites formed under high temperatures or from marine
fluids, and the d18O values are consistent with siderite d18O values
elsewhere in the area (Ufnar et al. 2001; Taylor et al. 2002). The
groundwater d18O values obtained from the sphaerosiderites are
interpreted to reflect the isotopic values of local precipitation that
recharged the surficial groundwater flow systems of the low-lying coastal
wetlands (Ludvigson et al. 1998). The Paddy Member sphaerosiderites
help constrain a Late Albian paleolatitudinal trend in meteoric d18O
values within the Western Interior Basin (White et al. 2001; Ufnar et al.
2002).

The d13C values are variable, but they are generally within the range of
organic-matter degradation (Pye et al. 1990). One exception is the
1653.2 m sample from PM 1. The d13C values of this unit are all positive
and likely indicate incorporation of 13C-rich dissolved inorganic carbon
(DIC). Much of the bicarbonate present in the soil water may have been
enriched in 13C via CO2 reduction methanogenesis (Whiticar et al. 1986).

The pyrite present in the matrix and many of the sphaerosiderite
nodules probably formed in situ (FitzPatrick 1984), and may indicate the
production of H2S by sulfate-reducing bacteria in the soil water. Iron and
organic matter were abundant, thus the supply of sulfate in the soil water
was likely the limiting factor on the formation of pyrite over siderite
(Berner 1981). The occurrence of pyrite in the cores of the sphaerosiderite
nodules suggests that there was an episode where an abundance of
dissolved sulfate was introduced into the groundwater system. Pyrite
began to precipitate with earlier-formed siderite acting as a favorable
nucleation site, and then, after the available sulfate was consumed,
conditions conducive to siderite precipitation ensued (Berner 1981; Pye et
al. 1990). The presence of pyrite appears to be linked with late-stage
hydromorphism in the paleosol, as discussed above. Marine fluids would
be a likely source for dissolved sulfate, and perhaps marine fluids
episodically infiltrated and mixed with meteoric phreatic fluids of the
paleosols (Wright 1986). As the paleosols became very poorly drained,
and passively drowned, marine fluids may have been introduced via storm
surges or perhaps through tidal pumping (Ludvigson et al. 1996).

The ooidal ironstone that marks the boundary between the Paddy
and Cadotte members contains early-diagenetic siderite cements with
isotopic values that are very consistent with the isotopic values obtained
from the PM sphaerosiderites (Fig. 3; Taylor et al. 2002). Taylor et al.
(2002) suggested that the ooidal ironstones were deposited under
estuarine conditions, and that the pore waters were likely fresh-water
influenced.

CONCLUSIONS

(1) The reconstructed landscape between the Viking Formation, Paddy
Member, and Walton Creek Member is a time line; but it is not an
isochronous time line. These paleosols all began to form in different
paleogeographic and paleoslope positions as sea level fell. The paleosol
development changed at different rates and at different times as the
seaway transgressed. Thus, the paleosols are genetically linked by the
base-level (sea-level) changes, but each paleosol developed at different
rates and times along the ancient landscape surface. This surface is
significant because it is correlated into the marine realm, where
chronostratigraphic relationships are better constrained, and it assists
with age differentiation of sphaerosiderites which occur above or below
this surface. The types of correlations produced here are critical for
refining the time resolution of paleoclimatological reconstructions using
the sphaerosiderite proxy.

FIG. 9.— Carbon and oxygen isotope plot for all of the sphaerosiderites
analyzed in the PM cores. The depth intervals or horizons are labeled with
different symbols and the superscripts 1, 2, or 3 indicate the cores PM1, 2, or 3.
The isotopic values reported by Taylor et al. (2002) from the ooidal ironstone unit
of the Paddy Member are also included in the plot.
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(2) The Paddy Member paleosols exhibit a polygenetic history of
pedogenic development characterized by an earlier well-drained history of
pedogenesis followed by late-stage hydromorphism. The changes in
drainage conditions may be related to base-level changes associated with
parasequence-scale relative sea-level changes that occurred during the
early transgressive stages (transgressive systems tract) of the Kiowa–Skull
Creek marine cycle.

(3) The soil development in each location is related to paleo-slope
position (landward 5 Boulder Creek, basinward 5 Paddy Member;
coastline 5 upper Viking), and the passive drowning of the coast under
conditions of rising sea level. Hydromorphism in the soils which
developed in the upper Viking Formation correlated with deeply
weathered, well-drained soils in the PM core area, and fluvial incision
within the Boulder Creek. As base level rose, eventually the upper Viking
area became fully marine, the PM soils began a hydromorphic phase of
pedogenesis, and fluvial incision transitioned to valley filling and well-
drained soil development on the interfluves in the Boulder Creek. With
continued drowning, the PM area became estuarine, and the interfluve
soils in the Boulder Creek became hydromorphic. Eventually the entire
region was transgressed and covered by shales of the Shaftsbury
Formation.

(4) The sphaerosiderite d18O values of the Late Albian Paddy Member
paleosols yield meteoric d18O values that help constrain paleolatitudinal
trends in meteoric isotopic values and contribute to our understanding of
mid-Cretaceous greenhouse hydrologic processes. Data described in this
paper have been archived and are available in digital format from the JSR
data repository, http://www.sepm.org/archive/index.html.
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