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Abstract

The Dunvegan Formation is a mid-Cretaceous deltaic deposit exposed in 

the Rocky Mountain foothills of Alberta and British Columbia along the 

Peace River Valley. Intrinsic features of Dunvegan Formation paleosols 

understood through micromorphology, geochemical, and mineralogical 

analysis provide a paleoclimatic interpretation of warm to cool temperate. 

Micromorphological and geochemical analysis lead to reconstruction of the 

depositional and pedogenic histories of the five primary paleosols of this 

study. Preserved palynomorphs of the paleosols are primarily composed 

of fern spores with much less abundant conifer and cycad species. The 

paleoclimate based on the palynomorphs is humid and ranges from cool 

temperate to subtropical. The overall paleoenvironmental interpretation 

based on both paleosols and palynology is humid cool to warm temperate. 

Geochronology using the 40Ar/39Ar dating method was implemented in an 

effort to date pedogenesis. This technique needs further refinement in 

order to be successful in dating paleosols. The multi-proxy approach of 

this study lead to a more complete interpretation of the climatic, pedogenic 

and depositional history and should be used in the future.
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Chapter 1 Introduction

Paleosols represent important nonmarine deposits capable of 

recording complex processes including tectonics, sedimentation rates, and 

climate. Paleosols are capable of preserving a record of deposition, 

erosion and pedogenesis. Recognizing that paleosols are morphologically 

distinctive, geologists have used them extensively as Quaternary 

stratigraphic markers. In Quaternary studies paleosols are used for 

subdividing deposits for local and regional correlations. Until recently, the 

focus was on the stratigraphic significance of strongly developed 

paleosols that marked unconformities. More recent studies demonstrate 

the utility of paleosols for subdividing thick continental successions into 

genetic sequences and solving problems from local to global correlations 

(Kraus, 1999).

Marriot and Wright (1993) developed a model that predicts how the 

degree of pedogenic maturity and soil drainage of costal plain paleosols 

varies with changes in sea-level. Aitken and Flint (1996) found paleosols to 

be critical for identifying interfluve sequence boundaries. Leckie et al. 

(1989) described interfluve sequence boundaries in entirely fluvial 

successions, attributing channel incision to lowered baselevel. McCarthy 

and Plint (1998) found that details of the paleosols, particularly



micromorphologic attributes, along with field morphology and 

stratigraphic relationships, leads to more complete understanding of the 

sequence of events that produced paleosols at a sequence boundary.

In addition to their stratigraphic applications, paleosols can be used 

to interpret landscapes of the past by analyzing paleosol-landscape 

associations ranging from local to basin-wide scales (Kraus, 1999). At the 

local scale, lateral changes in paleosol properties are largely the result of 

variations in grain size and topography. At the basinal scale, paleosols in 

different locations differ because of basinal variations in grain size, 

climate, and subsidence rate. Additionally, paleosols can be used to 

reconstruct ancient climates. This is accomplished in a number of ways 

and, in this study, comparisons with modern soil analogs and identification 

of particular pedogenic properties that modern studies show to have 

climatic significance are used.

The discipline of palynology is also capable of resolving geologic 

questions including: correlation, biostratigraphy, geochronology, 

paleoecology, and paleoenvironmental reconstructions. Palynology is the 

study of microfossils composed of acid resistant organic molecules, 

typically sporopollenin, chitin or pseudochitin. Paleoecology and 

paleoenvironmental reconstructions are particularly well suited to 

palynology because the biogeographical ranges of plant taxa are strongly 

controlled by climatic factors such as temperature and precipitation 

(Traverse, 1988).



The main objective of this study is to reconstruct the 

paleoenvironment during the mid-Cretaceous (Cenomanian), based on 

paleosol and palynomorph analysis along a transect of the Dunvegan 

Formation, Alberta, Canada.

The goals of the paleosol analysis are threefold. First, 

paleopedological techniques are used to reconstruct the depositional 

history of the paleosols. The patterns seen in the transect are compared to 

local and basinal scale models. Second, these data sets will be used to 

interpret the paleoenvironmental conditions that formed these soils. Third, 

this project also uses the 40Ar/39Ar dating methods on clays in an attempt to 

date the formation of pedogenic and detrital clay.

The goals of the palynology analysis are twofold. First, 

palynomorphs were counted and identified in order to understand the 

vegetation communities present on the Dunvegan Formation. Second, the 

vegetation communities were used to interpret paleoenvironmental 

conditions.

Another objective is to combine the different disciplines in an 

attempt to produce more robust interpretations backed by distinctly 

different methodologies and data sets. By combining the environmental 

interpretations based on the palynology and paleosol data the overall 

interpretation can be better constrained than by one data set alone.
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Chapter 2 Geologic Setting

2.1 Study Area

The Dunvegan Formation is exposed along the Peace River Valley and in 

the Rocky Mountain Foothills of Alberta and British Columbia, Canada (fig. 2.1). 

This study focuses on five alluvial paleosols from the Dunvegan Fm. that 

developed along a composite transect from the shoreline of the Western Interior 

Seaway updip ~ 200 km. Individual profiles were sampled at: Grande Cache, 

Cotillion, and Pine River (fig. 2.1). This study also includes additional data from 

two other profiles located at Clayhurst II and Highland Park.

Stott (1982) mapped the Dunvegan Formation in outcrop from the Yukon 

Territory southward through northeastern British Columbia and northwestern 

Alberta. The Dunvegan Formation was mapped as a delta complex that was 

deposited over a period of approximately 2 m.y. (Obradovitch et al, 1993; 

Kauffman et al, 1993) in a foreland basin that formed part of the Western Interior 

Seaway.

During the mid-Cretaceous (Cenomanian) the Western Interior Seaway 

extended from the Arctic Ocean to the Gulf of Mexico. The seaway was bounded 

on the east by the low-lying cratonic interior of North America, which supplied 

little sediment to the basin. On the west, the seaway was bounded by the rising



Cordillera, which yielded large amounts of sediment. The majority of the 

sediment comprising the Dunvegan Formation was sourced from northeastern 

British Columbia and southern Yukon and transported to the southeast by rivers 

flowing parallel to the Cordillera (Stott, 1982).-

During the Cretaceous, convergence of the Farallon and North American 

plates led to crustal shortening and development of an extensive fold and thrust 

belt along the western edge of North America (Monger, 1993; Plint et al, 2001). 

The resultant foreland basin and cratonic interior was intermittently flooded by 

both Boreal and Tethyan oceans, forming the Western Interior Seaway 

(Kauffman and Caldwell, 1993).

During the Early Cretaceous the western margin of the North American 

plate was converging orthogonally with the Farallon plate. The Late Cretaceous 

was a time of oblique convergence between the North American plate and the 

northward moving Kula and Farallon plates (fig. 2.2). This convergence resulted 

in subduction of oceanic crust, accretion of material from the ocean basins and 

abundant calc-alkaline magmatism to the west. Ultimately, this convergence 

resulted in the imbrication and thickening of the North American plate, forming 

the Rocky Mountain Cordillera (Monger, 1993).

During the Late Jurassic to Paleocene, convergence was accompanied by 

west-directed thrust faulting in the western Cordillera and east-directed thrust 

faulting in the eastern Cordillera. Lateral translations northward along strike-slip

5



faults during the Cretaceous and Tertiary are responsible for N-S offsets of up to 

600 km in California and about 1000 km in the Yukon (Monger, 1993).

2.2 Stratigraphy

2.2.1 Previous Work

The Dunvegan Formation is a well-studied rock unit. Selwyn (1877) was 

the first to assign alluvial rocks in the Pine River valley of NE British Columbia to 

the Dunvegan Formation. Dawson (1881) defined the Dunvegan Group and 

designated a type section in the Peace River valley near Dunvegan, Alberta (fig.

2.1). The Dunvegan Group was subsequently assigned formation status by 

McLearn (1919). Stott (1967, 1982) was the first to map the regional distribution 

of the Dunvegan Fm. and document lateral facies changes northwestward into 

the Yukon Territory. Other workers documented the palynology (Thusu, 1967; 

Singh, 1983), macroflora and fauna (Bell, 1963) in the Dunvegan Formation to 

aid stratigraphic correlations. Stott’s (1982) initial regional geological maps 

formed the basis for subsequent detailed sedimentologic and stratigraphic 

investigations (e.g. Bhattacharya and Walker, 1991a, 1991b; Plint, 2000, 2001, 

2003; McCarthy and Plint 1998, 1999), including stable isotopic studies of clay 

minerals and siderite (Ufnar et al, 1999; Vitali et at, 2002) and numerous paleosol 

studies (McCarthy and Plint 1998, 2003; McCarthy 2002).

6



7

2.2.2 Lithostratiqraphy

The Dunvegan Formation contains both shallow marine and non-marine 

rocks. Stott (1982) was the first to establish the regional lithofacies and 

thickness (90-270 m) of the Dunvegan Formation throughout its extent. The 

Dunvegan Formation is mapped as a lithostratigraphic unit throughout the Rocky 

Mountain Foothills of Alberta and British Columbia (Stott, 1982). The base of the 

Dunvegan Fm. is placed at the first thick sandstone overlying marine mudstones 

of the Shaftesbury Formation (Fort St. John Group; Stott, 1982). The top of the 

Dunvegan is marked by an abrupt change from deltaic sandstone and siltstone to 

marine mudstones of the overlying Kaskapau Formation (Colorado Group; fig. 

2.3). South of the Athabasca River the Dunvegan Fm. grades laterally into 

mudstone and is mapped as part of the Blackstone Formation (Plint, 1996).

2.2.3 Allostratiqraphv

Allostratigraphic units are used to subdivide and map sedimentary rocks 

on the basis of bounding discontinuities (North American Commission on 

Stratigraphic Nomenclature, NACSN, 1983). A bounding discontinuity is a 

physically continuous surface that represents a hiatus or break in deposition 

(NACSN, 1983). Bounding discontinuities used to define allomembers in the 

Dunvegan Formation include major marine flooding surfaces, ravinement



surfaces, alluvial valleys, lacustrine flooding surfaces, coals, and paleosols 

(Bhattacharya and Walker, 1991a; Plint, 2000; Plint et al, 2001).

Bhattacharya (1989) and Bhattacharya and Walker (1991a, b) used Stott’s 

work as-a foundation for more detailed studies. Bhattacharya and Walker’s 

(1991a, b) study area covered about 30,000 km2 of the distal deltaic portion of 

the Dunvegan clastic wedge. Their allostratigraphic subdivision was based on 

500 well logs and 130 subsurface cores. Marine flooding surfaces were placed 

between bioturbated sandy facies and the overlying marine mudstones. These 

flooding surfaces were found to be easily recognizable and correlated across 

most of their study area. Each sandy unit was found to comprise several 

offlapping, or “shingling”, sand bodies. Shingles were found to be physically 

separated from the underlying major marine mudstones and were thus bundled 

into heterogeneous units termed allomembers (Bhattacharya and Walker, 1991a; 

fig. 2.4). Each of Bhattacharya and Walker’s (1991 a) allomembers consist of 3- 

10 shingles that are interpreted to represent primarily autogenic processes. 

Bhattacharya and Walker (1991a) identified and mapped seven allomembers (A 

to G, from youngest to oldest). These allomembers downlap from northwest to 

southeast onto a prominent regional marker bed (Fish Scales Upper; FSU), that 

is recognizable in well logs, core, and outcrop across the Alberta basin.

Plint (1996) extended the original allostratigraphic scheme of 

Bhattacharya and Walker (1991a), tracing the Dunvegan Fm. north-westward 

where it crops out along the Rocky Mountain foothills and in bluffs along the

8



Peace and Beatton rivers. Plint (1996) identified three additional allomembers, 

labeled J-H, that downlap and disappear to the north of Bhattacharya’s (1989) 

study area. Plint (2000) found that unconformities and flooding surfaces that 

defined the allomembers downdip could be traced updip into outcrop.

Plint (2000) and Plint et al (2001) used subsurface well logs and core to 

correlate allomembers defined in subsurface with 63 outcrop sections. This 

allowed the thickness, facies, and paleogeography of the Dunvegan Fm. to be 

mapped over ~ 80,000 km2. Plint (2000) also generated nine paleogeographic 

maps illustrating the evolution of the Dunvegan alluvial/delta complex during the 

formation’s depositional history (figs. 2.5-2.7). Within the Dunvegan Fm., the ten 

allomembers identified and mapped by Plint (2000) downlap from NW to SE and 

record, collectively, at least 400 km of coastal progradation. Marine 

transgressions of 45-110 km interrupted phases of coastal plain progradation 

extending 80-190 km basinward (Plint, 1996, 2000). Incised valley systems 20- 

30 m deep, 0.5-4 km wide and as long as 250 km have also been mapped (Plint 

2000; Plint and Wadsworth, 2003). Valleys are separated by 10 to 30 km-wide 

interfluves defined by anomalously thick, well developed paleosols (McCarthy 

and Plint, 2003).

2.2.4 Sequence Stratigraphy

Sequence stratigraphy involves the analysis of cyclic sedimentation 

patterns that are present in stratigraphic successions, as they develop in
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response to variations in sediment supply and accommodation space 

(Posamentier and Allen, 1999). Accommodation space is defined by 

Posamentier and Allen (1999) as space available to be filled by sediment. 

Sequence boundaries, as originally defined, are regional surfaces created -by the 

relative fall of sea level (Wilgus et al, 1988). In actual practice this definition has 

been broadened to apply to unconformities whatever their origin (i.e. tectonics, 

eustasy, sediment supply, climate change, etc.).

Sequence stratigraphy was first used, and is easiest to apply, in shallow 

marine systems. Within a sequence there are a number of key stratal surfaces 

that form as a result of shoreline transgression and regression. Flooding 

surfaces (parasequences) are characterized by deeper water strata resting on 

shallower water strata. Unconformities that mark sequence boundaries are 

characterized by nonmarine strata eroding into, and overlying, marine strata.

The sediment deposited and preserved between sequence boundaries shows 

patterns of transgression, aggradation, and progradation reflecting the relative 

sea level change.

Three traditional systems tracts are recognized on the basis of stratal 

patterns, and they may be related to stages in the cycle of rise and fall in relative 

sea level (fig. 2.8). These three systems tracts include: the transgressive 

systems tract (TST), highstand systems tract (HST), and lowstand systems tract 

(LST). TSTs overlie a regional transgressive surface and are formed during the 

period of most rapid rise in sea level (fig 2.8). This is characterized by a general
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landward shift in facies belts. The HST is identified on the basis of 

progradational delta-front and prodelta deposits that form when the rate of sea 

level rise decreases and little accommodation space is created (fig. 2.8). The 

LST forms during sea level lowstand and its morphology depends on the 

presence or absence of a shelf break. In shallow marine settings where a 

discrete shelf break exists falling sea level results in erosion of the shelf and 

deposition of sediments in deeper water facies (Posamentier and Allen, 1999; fig. 

2 .8).

Plint and Nummedal (2000) suggested adding a fourth systems tract to 

clastic systems which they called the falling stage systems tract (FSST). The 

FSST is likely to form in basins with a ramp margin and is characterized by an 

offlapping stratal pattern in which marine strata lack equivalent coastal plain 

deposits. (Plint and Nummedal, 2000)

Plint and Nummedal (2000) and Plint et al (2001) identified depositional 

sequences in the Dunvegan Fm. comprising TST, HST, FSST, and LST systems 

tracts recognized on the basis of flooding surfaces, sequence boundaries, and by 

stratal stacking patterns.

Applying traditional sequence stratigraphy to nonmarine rocks is difficult 

because, in terrestrial settings, the sedimentological response to transgression 

and regression may be much more cryptic than that in shallow marine settings. 

This problem has been tackled by numerous investigators working in various 

formations and solutions follow at least four distinct lines of reasoning: 1) Use
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well exposed outcrops to physically trace marine rocks into nonmarine deposits 

(Shanleyand McCabe, 1991, 1993, 1994, 1995); 2) Interpret alluvial strata and 

key surfaces in terms of marine systems tracts (Aitken and Flint, 1995; Olsen et 

al, 1995); 3) Apply concepts of sequence stratigraphy to terrestrial strata with no 

attempt to correlate them to marine rocks (Martinsen et al, 1999); 4) Use 

paleosols and alluvial architecture to identify nonmarine sequence boundaries 

and stratigraphic patterns and correlate them with traditional sequences identified 

in subsurface shallow marine rocks (McCarthy 2002; McCarthy and Plint 1998,

1999, 2003; McCarthy and Plint 1999; Plint et al, 2001).

2.3 Sedimentology

2.3.1 Marine and Marginal Marine Facies

Bhattacharya (1989) and Bhattacharya and Walker (1991b) concentrated 

on the marine delta front, distributary and prodelta facies of the seaward portion 

of the Dunvegan alluvial/coastal plain complex. In order to understand the 

depositional history and evolution of the Dunvegan delta complex they defined 

six facies (Table 2.1), interpreted to represent marine to non-marine 

_ environments.
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2.3.2 Nonmarine Facies

Nine nonmarine facies were recognized in the Dunvegan Fm. by Plint et al 

(2001), and two additional facies were identified by Lumsdon-West (2000; Table

2.2). Two main types of fluvial channels were recognized (McCarthy et al, 1999; 

Lumsdon-West and Plint, 2005). The first consisted of small, single story, very 

fine to fine-grained sandstone ribbons with width to thickness ratios < 30. These 

channels are encased in fine-grained floodplain sediments and are interpreted as 

anastomosed channels that formed during periods of high floodplain 

accommodation (McCarthy et al, 1999). The second fluvial channel type is 

comprised of fine- to medium-grained, laterally accreted point bar deposits that 

form multistory sand bodies with individual width to thickness ratios >30. These 

sandstones are interpreted as the deposits of meandering rivers filling valleys 

during times of low to zero accommodation on the floodplains (McCarthy et al, 

1999).

Most of the floodplain sediments in the Dunvegan Fm. constitute 

successions of very fine-grained sandstones and dark gray to brown, laminated, 

carbonaceous mudstones interbedded with occasional thin coals. Rooted 

horizons are interpreted to represent lakes, marshes and poorly drained 

floodplain mudstones. Interstratified crevasse splay and thin lacustrine delta 

sandstones were likely deposited on a low lying coastal plain (Table 2.2; Plint, 

1996; McCarthy and Plint, 1999; Lumsdon-West and Plint, 2005)
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Accommodation in the Dunvegan Fm. greatly affects alluvial architecture 

and pedogenesis. Times of negative to low accommodation on the coastal plain 

are attributed to phases of incision leading to valley formation and initiation of 

sequence boundaries (McCarthy et al, 1999). During valley filling the interfluves 

represent a phase of zero accommodation and are isolated from sediment input, 

and periods of intense pedogenesis ensued. Variations in pedogenic intensity 

are attributed to local topography, hydrologic processes, and parent material 

(McCarthy and Plint, 2003). Plint et al (2001) grouped the nonmarine facies into 

three facies associations which were then assigned to three systems tracts on 

the basis of facies changes and relationships to subaerial unconformities. Facies 

changes were interpreted to reflect changes in accommodation and sediment 

supply ratio.

The first facies association and systems tract identified by Plint et al 

(2001) is the channel-dominated, low-accommodation systems tract. This facies 

association consists of multistory, laterally accreted, meandering channel 

sandstones that are typically 5-8 m thick. These were deposited only in valleys, 

with the basal sandstone forming the lower boundary of the systems tract. Within 

valley fills there is generally a lack of mud, whereas the uppermost complete 

story is sometimes mud-rich with heterolithic stratification suggesting tidally 

influenced conditions in places (Plint et al, 2001). The upper boundary of the 

systems tract is placed at the change to lacustrine-dominated facies that is 

thought to record a major change in the accommodation/sediment supply ratio.
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The second identified facies association and systems tract is the 

lacustrine-dominated, high-accommodation systems tract. The facies of this 

association are composed of well-laminated to poorly laminated and 

carbonaceous mudstone and coal facies representing lake and wetland 

environments. Ribbon channel sand bodies are found encasing and 

interstratified with the lake and wetland facies. Paleosols are generally poorly 

developed and hydromorphic in character. The prevalence of wet conditions is 

interpreted to indicate that accommodation space was generated faster than it 

could be filled, resulting in standing bodies of water (Plint et al, 2001).

Bioturbated lacustrine deposits are reliably observed for a few meters 

immediately above sequence-bounding paleosols.

The last association and systems tract is the paleosol-dominated, low- 

accommodation systems tract. This facies association consists of moderately 

developed to well-developed paleosols. These paleosols are commonly found 

interstratified with crevasse-splay sandstones and thin units of lacustrine and 

wetland facies. This systems tract is interpreted to represent a floodplain deposit 

in which autogenic processes continued to build and fill minor depositional 

topography with the overall rate of vertical aggradation gradually decreasing to 

zero. This allowed for progressively more time for pedogenesis (Plint et al,
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2.4 Paleosols of the Dunvegan

2.4.1 Previous Work

Previous work has detailed the usefulness of paleosols in the Dunvegan 

Formation for interpreting the paleoenvironment and correlation of terrestrial 

successions (McCarthy and Plint, 2003, 1999, 1998; McCarthy et al, 1999; 

McCarthy 2002). The first published work using paleosols in the Dunvegan Fm. 

extended classical sequence stratigraphy updip onto the costal plain and further 

onto alluvial interfluves. McCarthy and Plint (1998), and McCarthy et al (1999) 

stressed the need to use not just the field characteristics and context of paleosols 

but also micromorphological analysis. They used micromorphological analysis to 

identify extended pauses in sedimentation that typify sequence boundaries. 

Specifically, detailed micromorphological, geochemical, and mineralogical 

analysis of paleosols, in addition to their regional distribution, should at least 

partially record the evolutionary history of the paleosols (McCarthy and Plint, 

1999).

Paleoenvironmental interpretations based on paleosols are increasingly 

employed because of their usefulness in solving geological problems (Kraus, 

1999). Because floodplains develop in aggrading environments, with high 

preservation potential, they preserve a detailed record of the local 

pedosedimentary history (McCarthy and Plint, 1999).

A paleoclimatic interpretation based on Dunvegan Fm. paleosols has been 

published (McCarthy and Plint 1999; McCarthy, 2002). They used
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micromorphology including structure and fabric, textural, and ferruginous 

features, geochemical signatures, and mineralogy in their study. The 

abundances and associations of these features were then related to modern soils 

and soil processes to interpret climatic significance. Ultimately they inferred that 

the Dunvegan paleosols developed in cool temperate soils with non-seasonal 

precipitation, providing evidence for cool Cretaceous paleoclimates at high 

latitudes.

2.4.2 Clay Mineral Investigations

Vitali et al (2002) used a well-developed paleosol in the Dunvegan 

Formation, Clayhurst II (also included in this study), to investigate clay 

mineralogy using X-ray diffraction (XRD), transmission electron microscopy 

(TEM), and stable isotopes of O and H. They found that the less than 2 pm size 

fraction contained detrital kaolinite and illite along with pedogenic dioctahedral 

mixed-layer clay minerals. Pedogenic clay in the less than 0.2 pm size fraction 

consists of illitic and dioctahedral hydroxy Al-interlayer vermiculitic layers. TEM 

analysis suggests that the < 0.2 pm size fraction consists almost entirely of clays 

formed during pedogenesis. Vitali et al (2002) base this interpretation on clay 

morphology (e.g. fine, thin lathes as opposed to large, broken flakes).

Stable isotopic compositions of the pedogenic clays were determined. «5D 

values range from -93 %o to -81 %0, while J180  values of -12.9 %0 to -11,6%o 

represent the ancient soil water. Since modern day meteoric water values are
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much higher, it seems that little isotopic exchange has occurred. Also, the 

micromorphological study of McCarthy and Plint (1998) finds little evidence of 

diagenesis. Therefore, the isotopic values determined by Vitalii et al (2002) 

originated as a result of soil water and can be used as a paleoprecipitation 

indicator. The isotopic values are higher than present, consistent with 180 - and 

D-rich moisture masses and suggestive of warmer (7-13° C) and more humid 

conditions than are present today. This finding is consistent with the studies of 

McCarthy and Plint (1999) based on paleosol micromorphology and Upchurch 

and Wolfe (1993) based on megaflora data.

2.4.3 Stable Isotopic Analyses of Siderite

Ufnar et al, (1999) measured the stable isotope 180  in spherosiderite 

preserved in Dunvegan Fm. paleosols and found values of -11.40 ± 0.43 %o.

This is consistent with a steeper Albian-Cenomanian paleolatitudinal <5180  

gradient, interpreted to result from increased rainout and greater precipitation 

during mid-Cretaceous time (Ufnar et al, 1999).

2.5 Palynology and Paleobotany

2.5.1 Introduction

Paleobotany and palynology are used extensively throughout the Western 

Interior Basin for correlation and to interpret paleoenvironments. During the
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Cenomanian, plant communities were undergoing extensive changes (Upchurch 

and Wolfe, 1993, Traverse, 1988). The rise of angiosperms, both in number and 

diversity, exhibit this phenomenon. Singh (1983) found more than 60 % of the 

angiosperm pollen in the Dunvegan Fm. to be first occurrences. The Albian- 

Cenomanian boundary in the Western Interior Basin is marked by the 

appearance of small triangular angiosperm pollen with three furrows or pleats 

with pores (colporate, termed tricolporate when three are present) and by small, 

obligate tetrads of angiosperm pollen. The Cretaceous is a well studied 

palynological period mostly due to the rise of the angiosperms. Owing to this 

detail, Cretaceous palynological provinces have been defined (fig. 2.9). The 

Dunvegan Formation falls within the Aquilapollenites province with a close 

proximity to the Normapolles province, which borders the eastern edge of the 

Interior Seaway. Aquilapollenites is distinctive due to its multipronged 

(triprojectate) appearance (Traverse, 1988). Aquilapollenites is suggested to be 

produced by extinct members of the Loranthaceae family (e.g. mistletoe) which is 

mostly a parasitic family today. Normapolles type pollen consists of three pores 

(triporate) with internally complex pore structure. Normapolles type pollen is 

thought to have affinity to the extant family Juglandaceae or walnut family 

(Traverse, 1988).
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2.5.2 Previous Work in Palynology

The first palynological study of the Dunvegan Fm. was by Thusu (1967). 

This work was conducted in the type area of the Dunvegan Fm. along the Peace 

River in Alberta. Thusu’s work found 18 species of microplankton, 94 species of 

spores and pollen, and 8 species of megaspores. These microfloras were 

subdivided into six assemblages: marine microplankton, angiosperms including 

monocotyledons and dicotyledons, cycads, conifers, ephedra, and ferns. 

Angiosperm pollen increased from the lower to the upper part of the formation. 

Also, these assemblages indicate a cool temperate to humid subtropical climate 

during Dunvegan deposition (Thusu, 1967).

Singh (1983) also conducted a palynological study in the same general 

area as Thusu (1967). Singh studied marine shales of the Shaftesbury and lower 

Kaskapau formations, and terrestrial rocks of the Dunvegan Formation, from four 

outcrop sections and three subsurface cores. Sampling locales were from the 

Alberta-British Columbia border to the confluence of the Peace and Smokey 

Rivers. The primary focus of the study was correlation. Singh (1983) found 416 

microfloral species and, of these, 191 appear for the first time. The assemblages 

include 86 microspores and gymnosperm pollen species, 43 angiosperm pollen 

species, 21 megaspore species, and 36 microplankton species.
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2.5.3 Previous Work in Paleobotany

Bell (1963) conducted a study of megafauna in the Dunvegan, Bad Heart, 

and Milk River formations throughout the Rocky Mountain foothills and adjacent 

plains of Alberta, Canada. His findings for the Dunvegan Fm. include 63 species 

of megafauna. Included in this are 9 species of ferns, 1 species of lycopod, 13 

genera of gymnosperms, and 43 distinct angiosperms. The observed species 

suggest a temperate, humid to sub-humid paleoclimate with a non-monsoonal 

distribution of precipitation (Upchurch and Wolfe, 1993).

Upchurch and Wolfe (1993) provide an evolutionary history of Cretaceous 

rocks of the Western Interior and nearby regions of North America. Their work 

documents evolutionary changes and evidence for gradients of temperature and 

precipitation for much of the Cretaceous. From Neocomian to earliest Albian the 

megaflora of Cretaceous rocks of the Western Interior and surrounding areas is 

characterized by the dominance of gymnosperms with ferns and other spore- 

bearing plants as the dominant non-woody groups. From early Albian to middle 

Cenomanian the dominant species are flowering plants, and there is a major 

increase in the diversity of flowering plants relative to other groups. Angiosperms 

migrated poleward during this time and by the middle Cenomanian this group 

forms an overwhelming majority of species in megafossil assemblages south of 

paleolatitude 40°N. Initially angiosperms were only dominant in near channel 

and crevasse splay facies. However, by the early Cenomanian they become 

abundant and diverse in other overbank facies (Upchurch and Wolfe 1993).
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Upchurch and Wolfe (1993) also suggest a mean annual temperature of 

~13° C at latitude 70° N with a 0.3° C increase in temperature per degree of 

latitude south. The Dunvegan Formation was deposited at ~ 65° N (Irving et al, 

1993) which translates to a mean annual temperature of about 14.5 °_C. Parrish 

and Spicer (1989) interpreted flora from the Dunvegan as mixed coniferous forest 

with a diverse angiosperm understory. Crane (1987) determined the 

percentages of megafloral diversity, with ferns comprising 16%, other seed plants 

3%, cycads 3%, conifers 12%, and angiosperms a dominant 66% of the 

Dunvegan Formation.

2.6 Tectonic Setting and Accommodation

Plint et al (2001) generated isopach maps for allomembers H-E in order to 

examine the influence of tectonic effects (figs. 2.10-2.13). Isopach maps for 

each allomember are essentially parallel and oriented in a southwest to northeast 

orientation. Allomembers H, G, and F show a progressive south eastward 

displacement of depocenters. Likewise, allomembers H, G, and F exhibit a 

strongly sigmoidal geometry, thinning updip onto the coastal plain and also 

seaward through downlap. Allomember E, and successive allomembers, exhibits 

this geometry but also shows a dramatic thickening in the northwest.

In allomembers l-F the basin floor is thought to experience negligible 

differential tilting and accommodation is generated primarily by bathymetric
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space generated during the previous phase of rapid flexural subsidence (Plint et 

al, 2001). Isopachs in allomembers H-F show no thickening toward the foothills 

deformed belt. This is interpreted by Plint et al (2001) to indicate that no 

differential tilting toward the orogen took place in these allomembers. Isopach 

patterns for E and successive allomembers show a pronounced updip thickening 

toward the northwest. The thickening of allomember E in the northwest is 

thought to record the onset of a new phase of flexural subsidence adjacent to the 

active margin (Plint et al, 2001).

2.7 Burial History

The maximum burial depth of the Dunvegan Fm., based on vitrinite 

reflectance, is ~ 1.5 km (Kalkreuth and McMechan, 1988). The maximum burial 

temperature of these paleosols was likely no higher than ~ 40 0 C based on a 

local geothermal gradient of 31 ° C/km (Kalkreuth and McMechan, 1988).
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Figure 2.1: Regional field area showing Dunvegan outcrops in red. 
Specific field sites studied in this thesis are shown in black. The type 
section of the Dunvegan Formation is near the town of Dunvegan, 
Alberta (modified from Plint, 2000).
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Figure 2.4: Summary northwest-southeast trending dip cross-section illustrating the broad facies 
distribution and stratal geometry of the Dunvegan Formation. Note the pronounced up-dip (northwest) 
thickening of Dunvegan allomembers E-A relative to older units (after Lumsdon and Plint, 2005).



Figure 2.5: Paleogeographic map of Allomember H. Red dot shows 
landscape position of PRH site with respect to incised valleys and the 
marine shoreline (modified from Plint and Wadsworth, 2003).
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Figure 2.6: Paleogeographic map of Allomember F. Red dot shows 
landscape position of PRF site with respect to incised valleys and the 
marine shoreline (modified from Plint and Wadsworth, 2003).
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Figure 2.7: Paleogeographic map of Allomember E. Red dots show 
landscape positions of CE, GO and GCE sites with respect to incised 
valleys and the marine shoreline (modified from Plint and Wadsworth 
2003).



Figure 2.8: Facies shifts and stratal patterns expected near a shallow marine shoreline 
in response to changes in relative sea level (from Shanley and McCabe, 1994).



Figure 2.9 Cretaceous palynological provinces (Modified from Traverse, 1988).
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Figure 2.10: Isopach map of Allomember H showing positions of marine shoreline and incised valleys. Note
the northeast-southwest orientation of the deepest fill (modified from Lumsdon-West and Plint,2005). CO
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Figure 2.11: Isopach map of Allomember G showing positions of marine shoreline and incised valleys. Note
the northeast-southwest orientation of the deepest fill (modified from Lumsdon-West and Plint, 2005).



Figure 2.12: Isopach map of Allomember F showing positions of marine shoreline and
incised valleys. Note the northeast-southwest orientation of the deepest fill (modified
from Lumsdon-Westand Plint,2005).



Figure 2.13: Isopach map of Allomember E showing positions of marine shoreline and incised valleys.
Note significant thickening in the northwest which is thought to record the onset of a new phase of
flexural subsidence adjacent to the active margin (modified from Lumsdon-West and Plint, 2005).
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Table 2.1 The facies and interpretations of Battacharya (1989).

Facies Description Interpretation

1. Unstratified shaly mudstone deep marine, below storm wave-base

2. a) Stratified silty mudstone below fairweahter wave-base
b) Rippled sideritic mudstone shalow agitated water, transitional marine to nonmarine
c) Rippled sandy mudstone shallow subtidal, lagoonal
d) Massive deformed sandstone and mudstone prodelta, bay

3. a) Pervasively bioturbated silty to sandy mudstone marine shelf, commonly transgressive marine
b) Burrowed, poorly stratified mudstone and sandstone restricted to brackish marine

4. a) Hummucky to swaley cross-stratified sandstone lower shoreface, shallow shelf, above storm wave-base
b) Parallel-laminated to current rippled sandstone various, unidirectional currents
c) Crossbedded sandstone various (shallow water, high energy, fluvial to marine
d) Crossbedded to rippled sandstone with mud 

couplets tidal crossbedding
e) Flat laminated sandstone beach/foreshore
f) Structureless sandstone various
g) Deformed sandstone delta front
h) Pervasively bioturbated muddy sandstone marine (commonly transgressive)

5. Intraformational lag erosional

6. a) Coal and coaly mudstone nonmarine, subaqueous
b) Paleosol nonmarine, exposed
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Table 2.2 Facies and interpretations of Lumsdon (2000).

Facies Descriptions Interpretations

1. Platy Mudstone lacustrine

2. Sandier upward succession crevasse delta

3. Tabular or lenticular sharp based sandstone crevasse splay

4. Coarsening upward rooted silty-sandstone and sandstone levee

5. Paleosols Paleosols
a) Coal organic soil (histosol)

b) Pale gray to gray sideritic mudstone poorly drained soil
c) Dark gray to greenish gray mottled blocky mudstone intermediate redox soil

d) Orange to greenish gray blocky mudstone better drained soil

6. Channel fills Channels
a) Lenticular crossbedded sandstone Non-migrating sand filled channel

b) Inclined heterolithic stratification Laterally migrating channel
c) Lenticular mudstone Non-migrating mud filled channel
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Chapter 3 Paleosols of the Dunvegan Formation 

3.1 Introduction

The main goal of this chapter is to reconstruct paleoenvironmental 

conditions during the mid-Cretaceous (Cenomanian,) Dunvegan Formation using 

the results of a paleopedological study along a composite alluvial/coastal plain 

transect. In particular, this chapter presents details of paleosols that developed 

along the coastal plain including: 1) field characteristics of the paleosols; 2) 

micromorphological features in thin section; 3) bulk geochemistry (major and 

selected trace elements); and 4) clay mineralogy. The paleosol information will 

be used to reconstruct the local paleoenvironmental conditions and to unravel the 

history of deposition and pedogenesis.

3.2 Soil Science Terminology

Soil science and geology are specialized disciplines with complex, yet 

separate, terminologies. This thesis uses aspects of both disciplines in the study 

of paleosols. This dual approach permits a greater depth of investigation into 

paleosols than the use of one discipline alone. However, confusion may arise



due to the use of terminology unique to each discipline. In order to limit this, an 

overview of some of the key elements is required.

Soils are a function of five factors (Jenny, 1941, 1980). These factors 

include: climate,^organisms, relief, parent material, and time. Soils are often 

defined as dynamic natural bodies having properties derived from the combined 

effects of climate and biotic activities, as modified by topography, acting on 

parent materials over periods of time (Brady and Weil, 1999). In certain soils one 

of these factors may have had a dominant influence in determining soil 

properties. These soils form lithosequences, climosequences, biosequences, 

toposequences, or chronosequences.

As soils develop, soil horizons begin to form. Soil horizons are layers that 

differ in properties and characteristics from adjacent layers below or above (Soil 

Survey Staff, 1998). Horizons may develop certain characteristics with sufficient 

intensity that they fit the criteria for a particular diagnostic horizon (i.e. argillic, 

kandic, etc.; Soil Survey Staff, 1998)

Soil micromorphology is the petrographic study of soil thin sections. 

Micromorphological study characterizes features observed in thin section 

according to several descriptive groups, including: grain size, microfacies, 

microstructure, birefringence fabric (b-fabric), clay concentration features, 

ferruginous features, and mineralogical components (Bullock etal, 1985; Stoops, 

2003). Soil facies can also be defined on the basis of pedogenic features 

present in thin section, hand sample or outcrop in a manner analogous to facies
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descriptions in sedimentary geology. Techniques for determining grain size are 

comparable within both soil science and geologic disciplines, although the size 

scale used is slightly different. The geological grain size scale has been utilized 

for this study.

Microstructure is the study and classification of a soil based on the shape 

of individual soil aggregates (peds; Bullock etal, 1985). Peds occur in a variety 

of shapes but typically they occur as crumbs, granules, subangular blocky peds, 

angular blocky peds, plates, and prisms (Bullock etal, 1985). Microstructures 

can be further classified on the basis of their degree of development (e.g. 

strongly, moderately, weakly developed, and massive).

Birefringence fabric (b-fabric) pertains to the fabric of the groundmass between 

crossed polarizers under a petrographic microscope (Bullock et al, 1985). The 

basic types are undifferentiated, crystallitic, striated, speckled and strial.

However, more specific delineations are possible (e.g. monostriated, parallel 

striated, reticulate striated, etc.).

Clay concentration features include void coatings, grain coatings and 

papules. Void coatings occur as microlaminated and cresentic-shaped clay 

features filling pores (Bullock et al, 1985). Void coatings develop as a result of 

the mobilization of clay and physical translocation due to water washing down the 

profile (Bullock et al, 1985). The clay is deposited in voids as the soil periodically 

dries out. Grain coatings are similar features that occur around skeletal grains, 

and they are thought to form as a result of several mechanisms including: stress
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argillans (argillans are synonymous with clay skins) resulting from shrink swell; 

clay coatings that collect and develop preferred orientation during transport; or 

coatings that were former free grain argillans that are rounded and intermixed 

with other material during transport (McCarthy and Plint, 1999).

Ferruginous features form coatings, including hypo- and quasi-coatings, 

and nodules (Bullock et al, 1985). Coatings are linear iron concentrations 

forming on the edge of the ped in the void space. Hypo-coatings form at the 

margins of peds within the ped matrix. Quasi-coatings form adjacent to voids 

and ped margins within the matrix. Both signify alternating reduction 

(mobilization of Fe) and oxidation (precipitation) of iron. Nodules are typically 

accumulations of Fe and/or Mn that occur as amorphous, diffuse to distinct 

spherical concentrations.

Another soil property commonly used in soil science is base saturation. 

Base saturation is the ratio of exchangeable bases to the cation exchange 

capacity (CEC). CEC is defined as the sum of exchangeable bases as a 

specific pH value (because CEC is strongly influenced by pH). Base saturation is 

a measure of soil fertility as high base saturation is capable of providing nutrients 

for plant growth. Unfortunately, base saturation is not directly preserved in 

paleosols, but is used extensively in modern classification systems.
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3.3 Soil Classification

Modern soils are classified on the basis of their chemical, physical, and 

biological properties. One of the more widely used classification schemes for 

modern soils is the United States Soil Taxonomy (Soil Survey Staff, 1998). 

Unfortunately many of the classification criteria in this system are based on 

features and properties that are not preserved in paleosols. However, many 

paleopedologists use the classification system as a means of communicating and 

classifying ancient soils. Because many features necessary for classification are 

not preserved in paleosols it is inappropriate to use the USDA classification per 

se. However, reasonable analogies with modern soils can often be made, and 

this technique is a reasonable one for use in interpreting ancient rocks. Soil 

classification beyond the Order level (i.e. largest grouping of soils) becomes 

increasingly difficult when examining paleosols and, consequently, no attempt is 

made in this thesis to classify at the group, subgroup, family, or series level. Soil 

Orders relevant to this thesis include Entisols, Inceptisols, Alfisols, and Ultisols. 

These four groups are briefly described below.

Entisols are weakly developed mineral soils without a well-developed 

diagnostic horizon that can be used for classification. These soils are either 

young in age or their parent material has not been modified by soil forming



factors (i.e. too arid, too wet, etc.; Soil Survey Staff, 1998). Entisols are not 

categorized as forming in a particular climate.

Inceptisols are more developed than Entisols and are characterized by 

few diagnostic features and none of their features are sufficiently well developed 

to classify them in any of the other soil orders. These soils typically have weakly 

developed B horizons (i.e. the “inception” of a B horizon). When pedogenesis is 

evident in soils and paleosols, yet no diagnostic horizons are expressed, these 

soils are usually placed into the Inceptisol Order, and therefore Inceptisols 

become a “catch-all" category.

Alfisols are strongly developed soils and their identification is based on the 

accumulation of translocated clays in the B horizon (argillic or Bt horizon) and 

high base saturation. The original base saturation of a soil is not preserved in 

ancient rocks and many paleosols are, therefore, identified on the basis of the 

argillic horizon. Modern Alfisols are found in tropical to cool temperate regions 

(Bullock and Thompson, 1985).

Ultisols are strongly developed soils with argillic horizons and low base 

saturation due to longer and more intense periods of weathering. Ultisols 

typically form on old land surfaces, usually under forest vegetation with moist 

conditions in warm to tropical climates (Brady and Weil, 1999; Fedoroff and 

Eswaran, 1985).

Paleosols in alluvial systems are complex due to the recurring processes 

of erosion and deposition that take place (Marriot and Wright, 1993). Due to the
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complicated nature of deposition, residence time of the sediments, erosion, and 

pedogenesis, classifying alluvial soils using the USDA taxonomy becomes 

problematic. No formal classification exists specifically for alluvial soils; 

therefore, descriptive terms are used to aid in communicating the relationship 

between deposition, pedogenesis, and erosion.

The simplest case involving aliuvial soils occurs where sedimentation is 

followed by a significant hiatus where soils become increasingly mature on a 

stable land surface (fig 3.1; Marriot and Wright, 1993). In contrast, cumulate 

soils occur where a soil profile is progressively buried by small increments of 

sediment such that the whole profile aggrades episodically, but more or less 

continuously (fig 3.1). In this case the sedimentation rate is low. If the 

sedimentation rate increases and overwhelms the rate of pedogenesis the soil 

profile will be buried and a new soil will develop stratigraphically higher when the 

sedimentation rate decreases again. If the lower and upper profiles are 

separated by unmodified alluvium, a compound soil develops (fig. 3.1). If rapid 

sedimentation is short-lived, the older and younger profiles may not be separated 

completely and the overlying soil may superimpose new features on the 

underlying one to produce a composite or welded soil (fig. 3.1).
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3.4 Methods

3.4.1 Field Methods

This project focuses on five paleosols along a transect from the shoreline, 

of the Western Interior seaway updip ~ 180 km. Work was conducted in, and 

around, the Rocky Mountain foothills and Peace River valley of Alberta and 

British Columbia. Using paleogeographic maps from previous work (Plint, 2000), 

5 sites were identified, described in the field and sampled for later laboratory 

analyses. Field sites are named on the basis of geographical location and the 

allomember that the paleosol occurs in: CE is Cotillion - E allomember (fig. 2.5); 

GCE is Grande Cache - E allomember, GC is also Grande Cache - E 

allomember (fig 2.5), PRF is Pine River - F allomember (fig. 2.6), and PRH is 

Pine River - H allomember (fig. 2.8). New palynoiogical data for two additional 

paleosols is included in this thesis, the CH II (Clayhurst II on the G allomember) 

of McCarthy and Plint (1998), and HPDC (Highland Park Doe Creek) from the 

Doe Creek Member of the Kaskapau Fm (fig. 2.3).

Bulk samples were taken every 10 cm through each profile for later 

geochemical, mineralogical, palynoiogical, and geochronologic analyses. 

Coherent, oriented, in-situ samples were taken from all paleosols in 10 cm 

increments throughout the profiles with sample boxes, and commercially thin 

sectioned at Spectrum Petrographies in Oregon.



3.4.2 Lab Methods

Large format thin sections (7.5 x 5 cm) were manufactured commercially 

using standard techniques (Nentwich and Yole, 1991). Thin sections were 

examined under plane- and cross-polarized light using a Zeiss petrographic 

microscope (5-500x magnification), and described using the terminology of 

Bullock et al, (1985). Selected features were identified with an ISI-40 scanning 

electron microscope (SEM) under 500-10,000x magnification with a beam current 

of 3-10 mA. Geochemical analyses were determined by x-ray fluorescence 

spectroscopy (XRF) on bulk samples for major elements, and selected trace 

elements (e.g. Ba, Sr, Y, and Zr). Major element analyses were commercially 

run at ALS Chemex and trace elements were determined at University of Alaska 

(UAF) using a Rigaku machine operating at 55 kV and 35 mA).

For the clay mineralogical studies clay was separated using the 

established techniques of Jackson (1979). Bulk samples were crushed using a 

mortar and pestle until the largest aggregates were less than 5 mm in diameter. 

Samples were sonicated with a sonic probe in de-ionized water for approximately 

two minutes. This slurry was then transferred to a 1 L settling column filled to 

volume with de-ionized water and allowed to settle for 23 hours and 16 minutes 

based on Stokes’ Law at a temperature of 20° C. Stokes’ Law is applicable to 

spherical bodies less than 20 pm diameter, however, the use of equivalent 

spherical diameter (e.s.d.) can be used when dealing with platy clay minerals 

(Gee and Bauder, 1986). Stokes Law is defined as:
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t = ( l S n h )  + [ g ( s p - s l ) D 2] (Eq. 3.1)

D = particle diameter (in cm) 

g = gravitational constant 

h = settling depth

si = specific gravity of the liquid (temperature dependent) 

sp = specific gravity of the particle (2.65) 

n = viscosity 

t = time

When particles larger than 2 pm e.s.d. had settled out of suspension the settling 

column was siphoned off. At this point the clay mixture was centrifuged for 35.4 

minutes at 2400 rpm on an IEC model K centrifuge to separate the fine clay (<0.2 

pm) from the coarse clay (<2 pm). The sample was then frozen and put in a 

freeze dryer until the ice sublimated out of the sample. These clay separates 

were then studied by X-ray diffraction (XRD) on a Rigaku Cu K a analytical 

machine. Coarse and fine clay sample sizes of ~ 0.1 g were saturated with 20mL 

of 1M KCI and 2mL of 0.1 M MgCI2. Samples were then washed onto a 0.1 pm 

Pall Supor-100 membrane filter, and rinsed with deionized water to remove 

excess salt. Preferred-oriented samples were prepared by placing the clay 

solution on the membrane filter under vacuum until all the liquid was removed. 

Damp clays were rolled from the filters onto a petrographic microscope slide and 

allowed to air dry. The KCI treated samples were X-rayed air dried, heated to



300° C, and heated to 550°C. MgCI2 samples were X-rayed air dried, then 

allowed to sit in an evacuated desiccator with glycerol for at least 8 hours before 

being X-rayed again (Wilson, 1987).

Bulk density was determined using thejclod method (Blake, 1965). Bulk 

density is determined by taking the mass of a dry clod and then coating a clod 

with paraffin and taking the mass of the clod while suspended in water.

3.5 Outcrop Observations

3.5.1 Updip sites

The bottom 37 cm of the PRF measured section contains a fine- to 

medium-grained, rooted sandstone. The interval sampled for thin sections 

contains blocky to platy peds with abundant roots with vertical burrows. The 

bottom half of the profile contains ripple cross-laminations in beds 2 -  7 cm thick 

along with an in situ tree trunk 5 -  10 cm in diameter. The top half of the 

paleosol does not contain primary depositional structures. The PRF profile is 

~0.75 m thick and is topped by an organic-rich lacustrine shale.

The bottom of the PRH section is a fine grained rooted sandstone. The 

interval sampled for thin sections contains blocky to platy peds with organic 

matter along bedding planes. Dark orange to pale orange mottles with large 

coaly roots (0.5 -  1 mm diameter, > 2 mm long) and smaller carbonaceous roots
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are abundant. PRH is ~ 0.90 m thick and is topped by a coarse sandstone 

deposit.

3.5.2 Intermediate sites

The CE profile is bounded by fine-grained rooted sandstone at the bottom. 

The studied interval contains well developed blocky peds with abundant orange 

mottles. Roots are abundant, although few are present in the bottom ~ 20 cm. 

The CE profile is ~1.5 m thick with the top of the section capped by a coarse 

grained sandstone.

The CH II profile was described by McCarthy and Plint (1998) and is 

summarized here because new palynological data for this profile is presented in 

Chapter 4. The CH II profile is bounded by fine grained rooted sandstone at the 

bottom of the interval. The studied interval contains a 2 m thick, pale gray, 

blocky textured and rooted claystone paleosol (McCarthy and Plint, 1998). The 

top of the section contains a thin coal.

3.5.3 Down-dip sites

GCE is bounded by fine grained rooted sandstone at the bottom. The 

bottom ~ 30 cm of the section is primarily composed of coaly shale. The upper 

half of the studied interval contains pale gray blocky mudstone with prominent 

yellow and orange mottles. The top of the section is a rooted fine to very fine 

grained sandstone. The studied interval is ~ 0.80 m thick.



The GC site is bounded by fine grained sideritic sandstone with roots at 

the bottom. Large coalified root traces up to 25 cm long and ~ 1 cm in diameter 

associated with jarosite are seen throughout the bottom half. The soil is weakly 

blocky at the base becoming laminated toward the top and is bounded by a 

marine shale with an oyster bed. The studied section is ~ 0.60 m thick.

3.5.4 HPDC Paleosol

The HPDC profile is from the Doe Creek Member of the Kaskapau Fm. 

and is included here because the paleosol is used in the palynology study. The 

HPDC profile is 2.4 meters thick with a very fine-grained sandstone at its base. 

The paleosol is primarily composed of blocky structure and is gray green with 

orange mottles. The top of the section is sharp based with a very fine-grained 

sandstone capping the top of the studied interval.

3.6 Micromorphology

3.6.1 Biological Features 

Root traces and Channels

Roots extensively penetrate the Dunvegan Formation paleosols 

(McCarthy, 2002). Root traces are preserved in several ways: 1) Typically, root 

traces are present as thin carbon films or carbonaceous and/or coalified material;



and 2) very rarely, silica replacement of the roots may preserve cellular structure 

(fig. 3.2).

Burrows and Bioturbation

Burrows typically appear as 0.5-2 mm diameter tubules with smooth to 

slightly irregular boundaries that are filled with material similar to the surrounding 

matrix (fig. 3.2). Rarely the burrows are lined with thin coatings of oriented clay. 

Commonly, burrows exhibit a crescentic to vermiform internal fabric that can be 

seen in plane-polarized light by a reorganization of the b-fabric.

Organic matter

Thick coal seams have not been found in the Dunvegan Formation (Stott, 

1982). Coals are absent from paleosols in this study, but thin layers of coaly 

shale or isolated coalified plant remains are present, usually at the top of some 

paleosols. Organic matter occurs as: 1) small (0.5-4 mm) opaque fragments 

occasionally containing very fine-sand to silt-sized quartz particles; and 2) as fine 

opaque particles dispersed throughout the matrix typically in areas with high 

bioturbation (fig 3.2).

Interpretation of Biological Features

The abundance of root traces and organic material and the presence of 

_ thin coals and coaly shales suggest that these coastal plains were vegetated and 

poorly drained. Crescentic and vermiform structures resemble features produced 

in modern soils by the action of burrowing insects and earthworms suggesting 

that the floodplains were not saturated (Fitzpatrick, 1993, Aslan et al, 1995).
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Intensely bioturbated zones suggest that some surfaces were stable for 

prolonged periods of time (McCarthy and Plint, 1999).

3.6.2 Textural Features 

Clay coatings and Infillings

These features are predominately composed of microlaminated clay 

coatings with yellowish orange, laminated, continuous void coatings. Cresentic 

clay coatings are also present that partially or completely fill pores (fig 3.2).

Grain Coatings

Grain coatings are clay coatings impregnated with iron oxides that 

surround skeleton grains within the groundmass. Grain coatings are present in 

interfluve paleosols and are uncommon in sandstone and sandy siltstone 

floodplain paleosols (McCarthy and Plint 1999; fig. 3.2).

Papules and Pedorelicts

Papules are small, subangularto subrounded, dominantly clay pellets with 

different fabrics and colors from the surrounding matrix. Papules have distinct 

boundaries and are not associated with voids. Pedorelicts are subrounded 

nodules containing matrix fabrics different from the surrounding paleosol 

groundmass (fig. 3.2).

Interpretation of Textural Features

Well oriented laminated clay coatings in soils suggest illuvial translocation 

of clay (Fanning and Fanning, 1989). Clay illuviation requires water percolating



through the soil to eluviate the clay. Illuviation also requires that the soil must 

have dried out periodically so that the translocated clay was retained. The multi

layered nature of many of the coatings suggests that this process was active 

over multiple events (McKeague, 1983).

Papules and pedorelicts formed elsewhere and were transported and 

redeposited in their present position. Due to their fragile nature these features 

probably resulted from either intense biological reworking or from low energy 

erosion and short distance transport by colluvial processes (Brewer, 1976).

3.6.3 Ferruginous Features 

Quasicoatings and Hypocoatings

Hypocoatings are iron coatings immediately adjoining a surface, while 

quasicoatings do not immediately adjoin the surface (Bullock et al, 1985). These 

coatings occur as thin 0.5-1.5 mm, yellowish brown to dark reddish brown 

features adjacent to, and along, void walls. Typically quasicoatings occur within 

~ 1 mm of a void margin (fig. 3.2)

Impregnative Coatings

Impregnative coatings are pedofeatures formed by amorphous or 

cryptocrystalline material impregnating soil material (Bullock et al, 1985). 

Impregnative coatings range from thin and weak coatings evidenced by yellowish 

to light red matrix colors to thick, nearly opaque, red brown to black colors. The
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paleosols in this study exhibit a wide range of im pregna te  coatings from thin to 

nearly opaque (fig. 3.2).

Nodules

Ferruginous nodules (0.5 - ~1 cm diameter) are present as strongly 

impregnated discrete concentrations with amorphous to well rounded shapes and 

sharp to distinct boundaries within the groundmass. Nodules may include silt 

and sand-sized mineral grains. Orthic nodules, which are developed in material 

identical to that of the host sediment, nucleic (foreign cored nodules), geodic 

(hollow interior nodules) and aggregate nodules (those with several nodules 

forming a much larger nodule) are observed (Bullock et al, 1985; fig. 3.2). 

Interpretation of Ferruginous Features

Ferruginous nodules and void coatings are interpreted to have formed by 

segregation of Fe oxides as a result of wetting and drying over several redox 

cycles. The morphology of some of the nodules suggests that they may have 

formed as oxidation products of earlier formed siderite (McCarthy and Plint,

1999; Driese et al, 1995). Fluctuating drainage conditions typically result in 

spatial variations in redox conditions within clay-rich horizons and the 

development of ferruginous segregations as mottles. The occurrence of 

ferruginous coatings along the surfaces of large voids suggests that the 

paleosols were saturated for at least part of the time (McCarthy and Plint, 1999; 

Bouma et al, 1990). Iron-rich coatings would have precipitated as the soils were 

drying out.

55



56

3.6.4 Other Features 

Siderite

-Siderite is present in some samples and is almost always covered with a 

thick Fe-oxide coating and is sometimes found within laminated clay void 

coatings. Siderite is identified on the basis of its coarsely crystalline nature and 

because of its radial extinction pattern. In many places almost total replacement 

has taken place leaving a minute amount of siderite in an Fe-oxide nodule (fig. 

3.2).

Barite

Barite, although rare, occurs as very fine euhedral laths in association with 

organic matter (fig. 3.2).

Interpretation of other features

Siderite forms in wetland soils (bog-ore) and is commonly associated with 

organic matter under reducing conditions (Landuydt, 1990). Spherosiderite 

precipitates from sulphate poor, iron rich, reducing pore fluids (Ludvigson et al, 

1998). Siderite superimposed on illuviated clay suggests that drainage 

conditions in the paleosols deteriorated. The occurrence of Fe-oxide coatings 

covering many spherules also suggests periods of oxidation, most likely during 

fluctuations in local water table levels. Authigenic barite occurs in hydromorphic 

soils associated with saline ground-water conditions (Lynn et al, 1971; Stoops 

and Zavaleta, 1978; McCarthy and Plint, 1999).
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3.7 Microfacies

Micromorphological and lithological-features define seven microfacies 

(Fig. 3.3, Table 3.1). The trends of these features can be plotted vertically (Fig.

3.4-3.8) and this permits the reconstruction of alluvial paleosol development at 

these five sites in the Dunvegan Formation.

3.7.1 Microfacies 1: Lithic sandstone

Microfacies 1 is comprised of very fine- to fine-grained, rounded to well 

rounded, poorly sorted sandstone. The mineralogy is dominantly quartz, with 

subordinate amounts of feldspar, mica, and chert. Cements consist primarily of 

quartz. Iron oxide coatings, nodules, papules, and clay grain coatings may also 

be present.

3.7.2 Microfacies 2: Organic rich mudstone

Microfacies 2 is a gray mudstone containing >5% (area of thin section) 

dispersed organic fragments. Organic fragments may occur as stringers, ped 

sized fragments, and/or small (-60 //m diameter), spherical organic matter 

dispersed throughout the matrix. In rare cases, organic structures are seen with 

silica replacement, and even less commonly euhedral lathes of barite are 

present.



3.7.3 Microfacies 3: Mudstone with peds

Microfacies 3 consists of mudstones containing moderately to well 

developed peds. Variable amounts of sand (-10 - 60 %) are present, but this 

facies is dominantly fine-grained. Few bioturbation features and iron oxide 

segregations are present.

3.7.4 Microfacies 4: Massive to microlaminated mudstone

Microfacies 4 is a gray, massive to thinly laminated mudstone. Laminae 

alternate from light gray to dark gray. Iron oxide coatings and nodules, organic 

fragments, along with bioturbation may also occur.

3.7.5 Microfacies 5: Mudstone with illuvial clay coatings

Microfacies 5 is a gray mudstone with pale yellow to reddish brown clay 

coatings. Clay coatings are pedofeatures coating voids, grains or soil 

aggregates. Two subfacies are distinguished. Microfacies 5a consists of void 

coatings that are typically microlaminated and iron oxide stained. Microfacies 5b 

consists of grain coatings that occur around skeletal grains in the groundmass 

and are typically composed of clay impregnated with or coated by Fe-oxides.

3.7.6 Microfacies 6: Bioturbated mudstone

Microfacies 6 is an intensely bioturbated mudstone. These mudstones are 

typified by their disrupted fabrics, cresentic laminae of the groundmass, elliptical
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burrows, and rarely oriented clay-lined burrows. These disrupted mudstones 

commonly contain dispersed small organic fragments.

3.7.7 Microfacies 7: Mudstone with Fe-oxide segregations

Microfacies 7 contains Fe-oxide nodules, quasi- and hypo-coatings, grain 

coatings, and impregnative coatings. Void coatings, hypocoatings and 

quasicoatings consist of thin to thick, Fe-oxide concentrations impregnating the 

groundmass adjacent to voids. Impregnative coatings occur as thin to thick Fe- 

oxide coatings of the groundmass. Depletion hypocoatings are not as common 

but occur as gray to bleached zones devoid of Fe-oxides.

3.8 Geochemistry

3.8.1 Introduction

The soil chemistry represents a combination of diverse processes that 

have acted on the soil, including chemical, physical, hydrological, and biological 

processes. Investigating soil geochemistry allows parts of the soil’s complex 

history to be deciphered (Mora et al, 1993). The approaches used in this study 

involve molecular ratios, concentration ratios, mass balance computations, 

transport functions, and climofunctions.

Molecular ratios are calculated by dividing the weight percent of an oxide 

by its molecular weight. This number is than divided by another oxide that has
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also been calculated by this method. Variations in the molecular ratios are 

interpreted to result from specific chemical processes. For example, decreasing 

Si0 2/AI20 3  has been attributed to an increase in clay content and loss of silica in 

paleosols (Feakes and Retallack, 1988). The disadvantage of molecular ratio 

diagrams is that the results are qualitative. In the preceding ratio loss of silica 

occurred but the actual quantity is unknown.

Concentration ratios (CR) are calculated from the equation:

CR = ( M J M „ ) ( T i 0 2 J T i 0 2 p ) (£q 3 2 )

where M= concentration of the oxide of interest in the parent material (p), and 

overlying material in the paleosol (w).

This ratio is based on the assumption that T i0 2 is inert. Concentration 

ratios greater than one indicate a gain in the oxide relative to an inert oxide and 

ratios less than one indicate a relative loss. A disadvantage to this method is 

that the composition of the unaltered parent material must be known in order to 

quantify the trends that may appear in such diagrams. This may become 

problematic in alluvial systems such as the Dunvegan Fm. where increments of 

sediment of varying composition are deposited through time. Nevertheless, 

relative shifts in element concentrations can be observed even though the 

absolute values may not be possible to elucidate (Feakes and Retallack, 1988).

The mass balance approach is based on the conservation of mass to 

quantitatively link the chemical, physical, and mechanical properties of soils 

(Brimhall and Dietrich, 1987; Brimhall et al, 1991a, b). This approach allows
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quantification of chemical enrichments due to residual enrichment (removal of 

mobile species relative to immobile elements), volumetric changes (or strain), 

and open system transport. The equation governing conservation of mass is:

m v_pP pS ±
100 100 , (Eq. 3.3)

where V = volume 

p = bulk density

C = concentration of an element in the parent (p) and weathered material 

(w)

m = mass flux into or out of the soil 

Volumetric changes in a rock define the strain, C:

, = ^ - i
V

P (Eq. 3.4)

Similarly, volumetric strain (C) can be determined without a direct volume 

measurement provided bulk density values are available by the following 

equation:

P c• p  p  1£ = -■ ~ 1

PwCw '  (Eq. 3.5)

Once the strain and flux have been determined a transport function (r) can be 

calculated:



*■ = — § L («» + D - l
Pp p (Eq. 3.6)

If the transport function gives positive values the element of interest has been 

added to the system. A calculated value of +1 corresponds to a 100% increase, 

+2 is a 200% increase and so forth. If the rvalue is less than zero then the 

element has left the system. For example, a value of -0.5 indicates a loss of 50% 

of the original element present and a value of -1 represents a complete loss 

(100%) of the element in question from the soil system.

The degree of chemical weathering in soils increases with mean annual 

precipitation and mean annual temperature (Sheldon et al, 2002). Sheldon et al, 

(2002) quantified these relationships using an analysis of 126 North American 

soils. The geochemistry of these soils was first published in a national survey of 

North American soils (Marbut, 1935). These soils vary tremendously in terms of 

time of formation, parent material, vegetation and climate.

Sheldon et al (2002) found a relationship between mean annual precipitation 

(MAP, P in equation) and the chemical index of alteration without potassium 

(CIA-K) given by:

P = 1 4 .2 6 5 (C IA -K )- 37.632 (Eq 3

with an R2 value of 0.73. The mean annual temperature (MAT)'function was 

found to give R2 values of 0.37 with a useful range of this relationship between ~ 

2-20°C. The equation is expressed as:

T  = -18.516(5’) + 17.298 /c=
'  (Eq. 3.8)

62



63

where T is mean annual temperature and S is equal to (Na20  + K20 ) / Al20 3.

3.8.2 Geochemistry of Dunvegan Paleosols

Geochemical ratios calculated for paleosols developed in alluvial strata 

can be problematic because within one paleosol parent materials may change, 

ultimately changing the geochemical signature with no pedogenic cause. This 

necessitates a cautious approach to interpreting overall trends in the 

geochemical signature. Geochemistry also makes possible the confirmation of 

depositional events that have been picked based on grain size changes. In 

profiles with no apparent shift in grain size, or other means of identifying 

depositional events, interpreting the geochemistry may provide additional 

information on the depositional history.

PRF Profile

Molecular ratios in the PRF profile are characterized by subtle shifts. The 

CIA shows a trend toward more leaching with depth while many of the other 

ratios show no general trend (fig. 3.9). Concentration ratios show a loss of Na,

P, Mn, and Fe with gains of K, Al, Sr, Mg, and Ca. Transport ratios show a 

substantial loss of Na and P, with loss of Si also apparent. Al, Ca, and Sr are 

gained throughout the profile. The strain plot shows an increase toward the top 

of the profile indicating an addition of material.



PRH Profile

The PRH molecular ratios reflect subtle shifts with consistent patterns 

within certain intervals (e.g. Ba/Srfrom 50 to 70 cm depth; fig. 3.10). Many of the 

concentration ratios show a spike at 20 cm depth and more subtle changes at 50 

cm, 70 cm, and 80 cm (fig 3.10). Strain in the profile shows a significant positive 

excursion at 20 cm depth. The transport functions for elements Fe, Mn, and Ca 

show significant positive departures at 20 cm. Al, Na, Sr, and P also show more 

subtle positive changes at 20 cm depth. Subtle changes are seen at 80 cm with 

K, Na, Si, and Al.

CE Profile

The CE profile shows no consistent trend with depth (i.e. less leached with 

depth) in any of the geochemical functions (fig. 3.11). Patterns do exist and 

show consistent results within certain intervals (e.g. Ba/Sr from 50 to 90 cm 

depth; fig. 3.11). Changes at 130 and 80 cm are particularly apparent with more 

subtle shifts at 110, 60, 30, and 20 cm of depth in many of the geochemical 

functions (fig. 3.11).

GCE Profile

The* molecular ratios for the GCE profile are highly variable (fig. 3.12).

The general trend is that the top 20 cm are fairly similar along with the bottom 20 

cm. Many of the ratios in-between are highly variable. The concentration ratios



show the same general trends. Interestingly many of the elements show a 

reversing trend at every interval (i.e. excursion, regression, and excursion). This 

same theme is also present in the transport functions.

GC Profile

The molecular ratios for the GC profile are variable (fig. 3.13). The 

general trend is that there are excursions at 50 and 30 cm of depth, with a minor 

excursion occurring at 40 cm of depth. This trend is also seen in the molecular 

ratios, strain plot and transport functions.

3.9 Mineralogical Composition

The major minerals present in the bulk fraction are predominantly quartz 

with minor amounts of feldspar, and mica. Barite was detected in the GCE 

profile and confirmed through X-ray spectra analysis using a scanning electron 

microscope. The clay size fraction is composed of illite, vermiculite, kaolinite, and 

chlorite.

Vitali et al (2002) investigated more comprehensively the clay mineralogy 

of one paleosol profile from the Dunvegan Fm. In the detrital <2 pm size fraction, 

kaolinite and illite are abundant with interstratifications of some of the illite. The 

remaining clay is comprised of ‘intergrade’ clay ranging from swelling chlorite to 

hydroxy-interlayer vermiculite (Vitali et al, 2002). The <0.2 pm size fraction of all
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the samples consists almost entirely of ‘intergrade’ clay minerals with minor (<5 

%) kaolinite. The ‘intergrade’ clay consists of principally randomly interstratified 

illitic and hydroxy-interlayered vermiculitic layers, with rare amounts of ‘swelling’ 

chlorite also present.

3.10 Pedosedimentary Reconstruction

3.10.1 Introduction

A reconstruction of the depositional and pedogenic history is now possible 

using the micromorphologic and geochemical data (figs. 3.14-3.18). The 

patterns and associations of these features along with the interpretations from 

the geochemical analysis make a reconstruction of the depositional and 

pedogenic history possible. Although the identified stages are unlikely to be 

discrete events with clearly defined boundaries, their identification allows for a 

clearer history.

In many cases the relative history of pedogenesis can be determined on 

the basis of cross-cutting relationships and superposition of features (Zarate et 

al, 2000). This is particularly the case with the better developed paleosol profile 

found at CE and less so at the PRF, PRF and GCE, GC sites. The profiles are 

presented in order along the transect starting with the farthest updip sites and 

working progressively closer to the paleo-shoreline.
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3.10.2 PRF Profile

The geochemistry of the PRF profile is more likely a reflection of parent 

material changes than pedogenesis. The Ba/Sr ratio is an index of leaching 

which shows no clear overall trend. Changes occur in many of the molecular 

ratios at 50 cm, 40 cm, and at 20 cm depths (fig. 3.9). These changes are 

interpreted to reflect changes in parent material. The clearest indicators of 

parent material changes are Ti/Zr and this trend shows changes between each 

sample point (fig 3.9, Feakes and Retallack, 1988).

The PRF profile is a moderately developed paleosol with three cycles of 

deposition and one significant soil forming event (fig. 3.4, 3.14). The sequence 

of events started with floodplain deposited sediments up to 50 cm followed by a 

significant period of pedogenesis (fig. 3.4, 40-70 cm depth, microfacies 7, 1, 4). 

The pedogenesis is characterized by grain coatings concurrently forming with Fe 

and Mn oxide concentration features (microfacies 7). This sequence is identified 

based on the presence of diffuse Fe and Mn coatings throughout the matrix with 

different intensities than later events. The final pedogenic event is characterized 

by superimposed Fe and Mn coatings and nodules. This phase of pedogenesis 

is characterized by hypo- and quasicoatings cutting across all other features. 

Pedogenesis was halted by burial of the paleosol by 10 cm of sediment followed 

by weak pedogenesis. The next phase of aggradation occurs from 40 cm to 20 

cm with little evidence of pedogenic features. The last phase is deposition from



20 cm to the top of the studied interval followed by weak pedogenesis evidenced 

by few pedogenic features.

3.10.3 PRH Profile

Based on geochemical data, changes in parent material are present at 80 

cm and then a subtle change occurs at 70 cm (i.e. ~10 cm of deposition). The 

next 20 cm moving up the profile are relatively similar until 50 cm of depth. The 

next 30 cm up to 20 cm of depth are relatively similar. There also appears to be 

a depositional event forming the top 20 cm.

The PRH profile is a weakly developed paleosol that may be sitting on a 

deeper weathered surface because the last thin section of the profile shows more 

abundant features typical of a more developed soil (fig. 3.5). The PRH profile 

contains evidence for four distinct phases of sedimentation (fig. 3.15). The 

profile starts out with sediments at 90 cm with evidence for soil forming 

conditions (fig. 3.5, 90 cm depth, microfacies 7). The first depositional event 

occurs between 90 and 80 cm of depth. This deposition may have been followed 

by some pedogenic modification to the sediments (microfacies 3 and 2). The 

next depositional event aggrades up to 60 cm of depth and is followed by a 

hiatus to form some soil features (microfacies 3 and 2). The next sedimentation 

occurs between 60 cm and 30 cm ceasing the underlying pedogenesis and is 

characterized by little pedogenic modification (microfacies 3 and 2). The last
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event is the input of more sediment from 30 cm to the top of the studied section 

(microfacies 3, 2, and 4).

The interval at the bottom of the section, characterized by more abundant 

micromorphological features, contains a few distinct phases of pedogenesis.

First, distinct sharp bounded nodules which are likely inherited from before 

significant pedogenesis took place. Since these nodules have no diffusion 

gradients or other mechanisms in place to warrant concentration of Fe and Mn it 

is not likely that they formed during pedogenesis. The occurrence of these 

nodules could also be due to in-situ formation prior to pedogenesis and could 

represent spherosiderite that has since been oxidized potentially during soil 

formation or during exhumation. The next phase of pedogenesis is characterized 

by the formation of hypo- and quasicoatings and some nodules that show cross 

cutting and superimposed relationships to the soil matrix.

3.10.4 CE Profile

Depositional events found on the basis of geochemistry alone are evident. 

Influx of sediment occurred up to 150 cm, between 150 and 130 cm, 130 and 110 

cm. The intervals between 110 - -80 cm and -80  - -60 cm and then again from 

-60 - -40  cm, and -40 - 20 cm and the last from 20 cm to above the studied 

interval. These are chosen on the basis of subtle changes in molecular ratios 

(particularly Ba/Sr, and Al/K), concentration ratios (particularly Al, K, Na, Fe, Mn 

and Si), strain, and transport ratios (particularly Sr, Ca, P, Fe, and Mn; fig 3.11).
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These intervals will be covered more in depth in the next section where 

micromorphology and geochemistry data are discussed.

The CE profile is the most developed paleosol in this study (fig. 3.6). 

Starting at 150 cm and moving up the profile, sedimentation of the CE-profile 

happened in seven events (fig. 3.16). The first event is 20 cm thick and occurs 

between 150 and 130 cm of depth. The next phase of sedimentation occurs at 

130 cm and ends at 110 cm of depth. Based on the micromorphology the 

interval from 110 to 30 appears to be one event followed by strong pedogenesis 

(fig. 3.6, microfacies 1, 3, 4, 5, and 7). However, using geochemical data, there 

appear to be additional depositional events between 110 and -80  cm, then from 

-80 to -60  cm, then from -60 to -40 cm, and from -40 to 20 cm. The last 

depositional event took place from 20 cm to above the studied section. Based on 

micromorphology there appears to be subtle changes in the pedogenesis around 

60 cm of depth (fig 3.6, 70-50 cm depth). The plot of micromorphological data 

shows abundant features from 40 cm to 60 cm a slight decrease in features at 

60cm and then abundant features from 70 to about 100 cm of depth (microfacies 

1, 3, 5, and 7). The interval between 105 and 25 cm depth is interpreted to be a 

welded paleosol (i.e. two soils with the top most soil “overprinting” the lower; 

Marriot and Wright, 1993). The top of the lower interval probably was located 

around 60 cm of depth based on large excursions in the geochemical data 

(particularly Fe, and Mn concentration and transport ratios).
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During this phase of pedogenesis some processes are happening 

concurrently while others are discrete events. Analyzing the events of 

pedogenesis starts with the nature of the deposited sediments because some 

features appear to be inherited. Nodules that are sharply bounded are likely 

inherited from the floodplain sediments and possible eroded soils up stream 

(McCarthy and Plint, 1998, 2003). This is likely because nodules are 

concentration features and are typically characterized by gradients of increasing 

Fe and Mn leading to the nodule (Bullock et al, 1985). Also, these are likely 

inherited nodules because of the relationships of these nodules to the 

surrounding matrix. Clay appears to be washed around these features 

suggesting the nodules were already present. Another possibility is that these 

nodules were spherosiderite that formed in place when the floodplain was 

waterlogged and before significant pedogenesis initiated. During pedogenesis, 

or exhumation, the siderite was oxidized forming the opaque nodules seen in thin 

section. This is plausible because the rare siderite that is seen in this profile 

always occurs as an altered fragment within a sharply bounded nodule.

As significant pedogenesis preceded illuvial clay and Fe and Mn 

concentration features formed. These features are likely concurrent because 

laminated clay in grain and void coatings is seen with varying degrees of Fe and 

Mn stained lamina.

Late in pedogenesis, superimposed Fe and Mn coatings are shown 

crosscutting features and matrix. In addition, irregular diffuse nodules are seen
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that include pieces of matrix in the core region. This is suggestive of Fe and Mn 

concentration features being active after the majority of other features are 

formed.

3.10.5 GCE Profile

Episodic variability is observed through geochemical analysis. This is most 

likely due to changes in parent material as opposed to trends in pedogenesis. 

Based on this premise sedimentation likely occurred approximately every 10 cm 

after 70 cm of depth. This trend holds true until about 20 cm where the 

deposition was -20 cm thick.

The GCE profile is weakly developed and is thought to be a floodplain with 

little pedogenesis (fig. 3.7). Micromorphologic data extends down to 60 cm while 

geochemical data extends down to 80 cm. Sedimentation of the GCE profile 

happened in at least seven events (fig. 3.17). Starting at 70 cm of depth the 

flood plain aggraded approximately every ten centimeters (accompanied with 

minor pedogenesis?) until 20 cm of depth at which time 20 cm of deposition took 

place (microfacies 2, 3, 6, and 7). The upper 20 cm are accompanied with 

abundant ferruginous features (microfacies 7) although pedogenesis is lacking 

throughout the section.
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3.10.6 GC Profile

Using the geochemistry, deposition most likely occurs at between 50 and 

60 cm of depth, 40 and 50 cm of depth, and then again between 40 and 30 cm. 

The last change in parent material occurs from 30 cm of depth to the top of the 

profile.

The GC profile is a weakly developed profile with no evidence of 

significant pedogenesis (fig. 3.8). Starting at the bottom of the profile there is 

evidence of deposition up to 50 cm (fig. 3.18). The next two depositional events 

are ten cm thick with the last deposition taking place from 30 cm to the top of the 

studied section (microfacies 4, 5, 6, and 7). Barite is present in this profile.

Barite is seen throughout the 10-20 cm thin section and is confirmed through X- 

ray spectra analysis on a scanning electron microscope (fig. 3.19).

3.11 Discussion

3.11.1 Diaqenesis

Floodplains are unique environments in which sedimentary and pedogenic 

processes are preserved (McCarthy and Plint, 1999). An important consideration 

for the Dunvegan paleosols, and in fact all paleosols, is to determine if observed 

characteristics were generated by pedogenic processes or by sedimentation 

and/or burial and diagenesis (Mausbach eta l, 1982, Retallack, 2001).

The maximum burial depth of the Dunvegan Formation is approximately

1.5 km (Kalkreuth and McMechan,1988) with maximum temperatures no higher
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than ~ 40° C based on a local geothermal gradient of 31 C/km and an average 

annual surface temperature of -10  C (Vitali et al, 2002). These depths and 

temperatures are not high enough to alter pedogenic features and this is further 

substantiated by the quality of micromorphological features that are seen in thin 

section.

The recognition of biogenic features, color (horizons and mottles), loss of 

primary depositional structures, degree of horizonation, evidence for 

translocations of soil material, mineralogy and geochemistry, macro-structure 

features (e.g. pseudo-anticlines, columnar and prismatic structure etc.), and soil 

microstructures are all criteria used to recognize paleosols (Wright, 1986). The 

features that have proven most useful in this study are biogenic features, 

translocation features, and soil microstructures.

Biogenic features, particularly root traces and burrows, are abundant 

throughout the Dunvegan Formation paleosols. In some instances tree stumps 

have been found in situ (McCarthy and Plint, 1998). The presence of these 

biogenic features supports the evidence of paleosol development.

In addition, soil microstructures are present that are not formed due to 

burial and diagenesis. These structures include birefringence fabrics (b-fabrics) 

that have no known sedimentological ordiagenetic analogues (Wright, 1986). 

Translocations of clay are evident particularly in the CE profile. Microlaminated 

clay accumulations on the void walls are particularly convincing evidence of 

active pedogenesis with little to no clay alteration to alter the delicate morphology
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of the void coatings. This is also supported by the clay mineralogy work of Vitali 

et al (2002) that found pedogenic clay to be unaltered from its formation in the 

soil.

Another convincing argument is that the soils in this study vary 

considerably in the amount and diversity of features present in a vertical profile 

and between field sites (figs. 3.4-3.8; particularly clay concentration and 

ferruginous features). These soils were all regionally buried and due to their 

close spatial proximity diagenetic features would also likely be regional.

However, this relationship is not seen in the soil profiles.

3.11.2 Paleosol Classification

The updip sites, PRH and PRF, generally show moderate to weak 

pedogenesis. The intervals with more abundant features are analogous to 

Inceptisols of the USDA classification scheme (Soil Survey Staff, 1998). 

Inceptisols are weakly developed with no evidence for a diagnostic soil horizon 

although the beginnings of horizons are present. The PRF site (40 to 70 cm 

depth; fig 3.4) is likely a cumulative paleosol, where sedimentation rates were 

less than pedogenesis until the paleosol became buried above 40 cm.

The CE site has a complex history and is interpreted as a welded soil.

The soil has abundant evidence for translocation of clay and abundant pedogenic 

features. Current classification systems are not designed to classify complex 

soils, because of this shortfall in taxonomy the CE profile is not easily placed into
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a category. The CE profile shows more signs of pedogenesis than an Inceptisol 

based on its abundant translocation of clay and ferruginous features. The profile 

is similar to a modern Alfisol because of clay accumulations in one horizon (Bt 

horizon of the USDA classification system).

The farthest downdip sites of GC and GCE show the weakest soil 

development of the soils in this study. The GC profile is typified by periodic 

sedimentation followed by weak pedogenesis and is likely a compound soil (fig. 

3.8; Marriott and Wright, 1993). The GCE profile has more evidence for 

pedogenesis but is still not a well developed paleosol. The same classification 

problem of multiple phases of sedimentation and pedogenesis applies to these 

paleosols. These soils are similar to modern Inceptisols and Entisols (Soil 

Survey Staff, 1998).

3.11.3 Paleoenvironmental Implications

The major pedogenic processes operating in floodplain paleosols of the 

Dunvegan Formation were clay illuviation, redoxymorphic processes, and 

pedoturbation. Poorly drained conditions are suggested by the overall dull gray 

color, and abundant organic matter. However, the key factor in forming illuvial 

clay coatings is the presence of alternating wet and dry conditions. The 

microlaminated nature of the illuviated clay indicates evaporation of capillary 

water (Fedoroff et al, 1990; Federoff, 1997; McCarthy and Plint, 1998). The 

presence of oriented clay coatings and linear concentrations within the matrix



suggests that some horizons were saturated for at least part of the time. 

Fragmented clay coatings within the groundmass are ascribed to ageing of 

illuvial clay coatings and their subsequent incorporation into the groundmass 

through bioturbation and possibly-physical shrink-swell processes (McCarthy and 

Plint, 1999; Fitzpatrick, 1993).

Evidence of fluctuating redox conditions can be attributed to variations in 

ground-water levels and are detected by analyzing assemblages of 

micromorphological features. The presence of void coatings, mottles, and 

nodules of Fe-oxides indicates that ferruginous compounds were redistributed 

within the paleosols (McCarthy and Plint, 1999; Driese et al, 1995). Iron oxide 

coatings in association with voids indicates that the surrounding groundmass was 

at least partially saturated and that the soil also periodically dried out allowing the 

dissolved Fe2+ to migrate towards the more oxidizing larger pores where it was 

precipitated as Fe3+ as the soil dried out (Vepraskas et al, 1994; McCarthy and 

Plint, 1999). Driese et al {1995) suggested that redoxymorphic features in 

paleosols are characteristic of warm to cool temperate paleoclimates with mean 

annual temperatures in the range of 5-20 °C with seasonal saturation.

These features are all consistent with the findings of McCarthy and Plint 

(1998, 1999) in their work on Dunvegan Formation paleosols. However, 

McCarthy and Plint (1999) found evidence of Fe-depletion zones, and abundant 

siderite that was not found in this study. As noted before a few nodules have 

relict siderite and it is likely that many of the distinct nodules were once
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spherosiderite that had since been oxidized. Possibly the soils in this study were 

more oxidizing in the later stages of development/burial and did not have time to 

form depletion zones or reprecipitate siderite.

Using the climofunctions of Sheldon et al, (2002) analysis of whole rock 

geochemistry yielded MAT values between 12.82 and 14.06 °C (table 3.2). 

Likewise, MAP varies between 1223 and 1334 mm a'1 (table 3.2).

McCarthy and Plint (1999) estimated MATs of 7-13 °C and precipitation values of 

approximately 375 to >1250 mm a '1 by analogy with modern soils. Using an 

estimated Cretaceous gradient of temperature, formulated by Upchurch and 

Wolfe (1993) on the basis of paleobotanical data, I calculated a 

paleotemperature of the Dunvegan Fm to be approximately 14.5 °C. Therefore 

it seems reasonable that MATs between 12.0 and 14.0 °C are appropriate.

The paleoenvironmental interpretations made on the basis of the 

climofunctions calculated by Sheldon et al, (2002) are higher than published 

MAP (table 3.2). The MAP appears to be high, with values between 1223 and 

1334 mm a '1. In general the climofunctions of Sheldon et al (2002) overestimate 

MAP and this is likely due to the nature of the parent material. Dunvegan Fm. 

paleosols are alluvial and Cretaceous Western Interior clay is in general detrital 

(De Caritat et al, 1994). The majority of fine-grained parent material is likely 

detrital and formed under different conditions than the paleosols of this study.

78



3.11.4 Paleosol Landscape Reconstruction

Geomorphic models have been formulated to reconstruct past 

landscapes. One such model is the pedofacies model of Bown and Kraus 

(1987). This model was developed from the observation of weakly developed 

paleosols on channel-margin deposits and increasingly well developed paleosols 

away from the channel sandstone. This relationship was attributed to sediment 

accumulation rates, which tend to decrease away from an active channel (Bown 

and Kraus, 1987).

Another paleosol-landscape association is the catena model. In a catena 

better drained soils are found on channel-marginal deposits. This is attributed to 

their relative elevation to the surrounding flood basin and the coarser sediments 

that allow for better drainage. Away from the channel, soils become 

progressively more poorly drained because the topographic position is lower and 

the sediment is finer grained and less permeable (Kraus, 1999).

Kraus (1999) stated that catena and pedofacies are common paleosol-landscape 

associations that develop at the scale of the channel and floodplain. The two 

models are not mutually exclusive and floodplain paleosols can show a 

combination of the two.

Another model based on observed features is terracing and landscape 

dissection. Many alluvial systems exhibit multiple, stepped surfaces that may be 

erosional or the remnants of earlier depositional surfaces (Wright, 1986). A 

geomorphic surface such as a terrace isolated from the main channel belt would
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likely experience comparatively lower sedimentation than the active floodplain. 

These surfaces have mature soil development on them (Wright, 1986).

However, terraces are difficult to recognize in ancient sequences and rare 

- examples are known. With the detailed work of Plint (1996, 2000), Plint et al 

(2001), and Plint and Wadsworth (2003) Dunvegan Fm. interfluves have been 

identified. The paleogeography of the allomembers has also been published (fig.

2 .5 -2 .7 ).

The relationships at the “channel and floodplain” (Kraus, 1999) scale are 

difficult to distinguish in the field areas of this study due to their widespread 

locations. These models are best suited to local landscape reconstruction but 

are important established models that may be at work in the Dunvegan 

Formation. Basinal landscape reconstructions have also been constructed using 

paleosol data to try and interpret global or regional climate change, sea level 

fluctuations, and regional tectonics.

3.11.5 Basin models

An important fluvial basin model by Atkinson (1986) observed more 

mature and better-drained paleosols proximal to the source area and over 

distances of nearly 30 km down paleoslope progressively less mature and more 

poorly drained paleosols were found. Atkinson (1986) attributed these changes 

to a decline in topographic relief and increased accumulation rates away from the 

source.
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A study by Kraus and Gwinn (1997) shows that basinal variations in grain 

size related to basin geography can also produce different kinds of paleosols. 

Paleosols near sediment sources showed signs of better drainage, while 

paleosols distal from a source tended to be more waterlogged.

McCarthy et al (1997) recognized floodplain paleosols of varying degrees 

of pedogenic development and related the paleosols to landscape position on a 

basin wide scale. The paleosols formed in a foreland basin adjacent to the 

Cretaceous Interior Seaway in North America. The study asserted pedogenic 

development was dependent on floodplain stability. The tectonic hinge zone is 

the most stable area of the landscape and had the best developed paleosols.

The paleosols of this study are generally weakly developed updip, well 

developed in the middle part of the transect and poorly developed downdip. 

Sediment source areas are far updip and not likely the reason for pedogenic 

differences. Given that these paleosols developed on interfluves differences in 

topography, hydrologic conditions and residence times are the likely lead 

contributors to pedogenic differences. The updip, Pine River sites, formed -25 

and 32 km from the nearest valley. Yet, they are weakly developed and possibly 

have lower topographic relief and are periodically waterlogged. The Cotillion site 

formed -30 km from jhe nearest valley and is the best developed paleosol. This 

may be attributed to greater topographic relief with better drained conditions and 

less influence from active sedimentation. The downdip Grand Cache sites are 

approximately 3 and 10 km from the nearest valley and were 90 and 80 km away
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from the lowstand shoreline (flooded by maximum transgressive shoreline). 

These sites show weak to no pedogenic modification that is likely due to 

additions of periodic sediments, low topographic relief and they were likely 

waterlogged for long periods.

3.12 Conclusions

The paleosols have been divided into seven microfacies: lithic sandstone, 

organic rich mudstone, mudstone, massive to microlaminated mudstone, 

mudstone with illuvial clay coatings, bioturbated mudstone, and a mudstone with 

Fe-oxide segregations. Using the facies and micromorphological data along with 

geochemical data, a pedosedimentary reconstruction was created for each soil. 

The soils along the transect were interpreted to be weakly developed updip, 

strongly developed in the middle, and poorly developed downdip. These 

relationships were ascribed to topographic elevation, hydrologic conditions, and 

sedimentation frequency.

The paleoenvironmental interpretation is based on micromorphologic 

features and geochemical climofunctions of Sheldon et al (2002). The Dunvegan 

is thought to have formed under a during warm to cool temperate paleoclimates 

with mean annual temperatures in the range of 5-20 °C with seasonal saturation 

based on micromorphological features. The geochemical climofunctions yielded



MATs 12.8 and 14.0 °C and MAP between 1223 and 1334 mm a'1. The 

climofunctions are likely dubious, particularly MAP, due to inherited parent 

material.



84

Figure 3.1 Schematic representation of welded, cumulate and compound soils. 
Welded soil is formed when an initial soil forms is buried and overprinted by 
successive pedogenic episode. A cumulate soil forms when pulses of sediments 
are successively pedogenically modified and can result in a thick package of 
poorly developed soil. A compound soil forms when an initial soil is buried and 
a successive soil forms on the new sediment and does not interact with the 
underlying paleosol (modified from Wright and Marriot, 1993).



Figure 3.2 Micromorphology features of the Dunvegan Fm. A) Root trace shown bifricating downwards; 
B) Parallel striations showing bioturbation fabric; C) Thin amount of organic matter; D) Microlaminated 
clay coatings with iron staining shown partially filling a pore.
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Figure 3.2 (cont.) Micromorpholgy features of the Dunvegan Fm. E) Arrow pointing to a grain coating around 
a quartzsand grain; F) Arrow pointing to an iron stained pedorelict; G) Arrows pointing to iron stained well 
rounded papule; H) Arrow pointing to an iron feature paralleling a void, termed a hypo-coating.



Figure 3.2 (cont.) Micromorphological features of the Dunvegan Fm. I) Arrow pointing to an iron feature 
adajacent to a void, termed a quasi-coating; J) Arrow in the upper left indicates an impregnative iron coating, 
arrow in the lower right is pointing to an iron-rnanganese nodule; K) Black features are iron-manganese 
nodules, the arrow is pointing to a core of siderite; L) Photomicrograph with crossed nichols of a barite crystal.
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Figure 3.3 Microfacies: (1) Lithic sandstone; (2) Organic rich mudstone; (3) Mudstone with peds- 
(4) Massive to microlaminated mudstone;



Figure 3.3 (cont.) Microfacies: (5) Mudstone with illuvial clay coatings; (6) Bioturbated mudstone;
(7) Mudstone with Iron oxide segregations.
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Figure 3.9 Selected molecular ratios for the PRF profile. The CIA (chemical index of alteration,
Al/Na+ K+ Ca+ Mg) shows a trend toward more leaching with depth while many of the other ratios show no 
general trend. Transport ratios show a substantial loss of Na and P, with loss of Si also apparent. Al, Ca, 
and Sr are generally gained throughout the profile. Concentration ratios show a general loss of Na P Mn 
and Fe with gains of K, Al, Sr, Mg, and Ca.
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Figure 3.9 (cont.)
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Figure 3.10 Selected molecular ratios for the PRH profile. Transport functions for PRH profile show significant 
positive departures in elements Fe, Mn, and Ca at 20 cm. Al, Na, Sr, and P also show more subtle positive 
changes at 20 cm of depth. Subtle changes are seen at 80 cm with K, Na, Si, and Al. Many of the 
concentration ratios show a spike at 20 cm depth and more subtle changes at 50 cm, 70 cm, and 80 cm.
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Figure 3.10 (cont.)
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Concentration ratios

Figure 3.10 (cont.)



Molecular Ratios

Figure 3.11 Selected molecular ratios for the CE profile. The CE profile shows no consistent trend with 
depth (i.e. less leached with depth) in any of the geochemical functions. Changes at 130 and 80 cm are 
particularly apparent with more subtle shifts at 110, 60, 30, and 20 cm of depth in many of the geochemical 
functions.



Figure 3.11 (cont.)
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Figure 3.11 (cont.)
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Molecular Ratios
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Figure 3.12 Selected molecular ratios for the GCE profile. The molecular ratios for the GCE profile are 
highly variable. The general trend is that the top 20 cm are fairly similar along with the bottom 20 cm.
The transportaion ratios shows a reversing trend at almost every interval, particularly Si, K, Na, Ca, Mg, R 
The concentration ratios shows a reversing trend at almost every interval, particularly Ca, Mg, P.



Figure 3.12 (cont.)
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Concentration ratios

Figure 3.12 (cont.)



Figure 3.13 Selected molecular ratios for the GC profile. The molecular ratios for the GC profile are variable.
The general trend is that there are excursions at 50 and 30 cm of depth, with a minor excursion occurring at 40 
cm of depth. The general trend in the transportation ratios is that there are excursions at 50 and 30 cm of depth, 
with a minor excursion occurring at 40 cm of depth. The general trend in the concnetration ratios is that there are 
excursions at 50 and 30 cm of depth, with a minor excursion occurring at 40 cm of depth.
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Figure 3.13 (cont.)
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Figure 3.13 (cont.)



Figure 3.14 Reconstruction of the sedimentation and pedogenesis of the PRF profile.
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Figure 3.19 SEM element spectra of barite crystal (above), crystal of barite shown (below).
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Table 3.1 Microfacies descriptions and interpretations for the Dunvegan 
paleosols.

Microfacies Descriptions Interpretations

1. Lithic sandstone Sandstone with abundant quartz 
and minor
amounts of feldspar, mica, and 
chert

2. Organic rich mudstone Mudstone containing > 5% 
dispersed organic

3. Mudstone with peds Moderate to well developed peds, 
without
any other abundant features

4. Massive to microlaminated mudstone Massive to microlaminated 
paleosol with minor 
pedogenic evidence destroying 
primary features

5. Mudstone with illuvial coatings llluviation shows evidence of 
saturation and
periodic drying of the paleosola) Void coatings

b) Grain coatings

6. Bioturbated mudstone ntensely bioturbated mudstone 
produced from 
abundnat bioloqical activitv---------------------—---—--------- 1_______ _

6. Mudstone with Fe-oxide segregations Redoximoprhic features 
suggesting periodic 
wetting and drying of the soil
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Table 3.2 Climofunction equations of mean annual precipitation (MAP), and 
mean annual temperature (MAT) based on Sheldon et al (2002).

Profile CIA-K MAP
(linear)

MAP (exp) MAT

PRF 94.9 1316.2 1433.7 13.9

PRH 96.1 1333.9 1469.1 14.1

CE 94.5 1310.5 1422.6 12.8

GC 94.9 1316.5 1435.7 13.8

GCE 88.4 1222.8 1273.2 13.8
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Chapter 4 Palynology

4.1 Introduction

Palynomorphs are microfossils composed of acid resistant organic 

molecules, typically sporopollenin, chitin or pseudochitin. They are 

approximately 5-500 pm in size and are formed by a variety of organisms. 

Commonly studied palynomorphs include acritarchs, chitinozoans, scolecodonts, 

spores, megaspores, pollen, dinoflagellates, and fungal spores (Traverse, 1988). 

The study of palynology is useful for questions regarding geochronology, 

biostratigraphy, and paleoecology. In this study pollen and spores are identified 

in order to understand the paleoecology of the Dunvegan Fm.

Paleoecology is a particularly useful application of palynology because the 

biogeographic ranges of plant taxa are determined largely by climatic factors 

such as temperature and precipitation. Therefore, pollen and spores can be 

used in paleoclimatic reconstructions with success (Traverse, 1988). Spores and 

pollen originate almost exclusively in terrestrial settings and indicate the 

presence of source vegetation.

Palynological analyses were conducted on Cotillion (CE), Clayhurst II (CH 

II), Pine River H (PRH), Highland Park Doe Creek (HPDC), and one sample of 

lake sediments taken from above the Grande Cache E paleosol profile (fig. 2.1).



These profiles were chosen because they contain abundant well preserved 

palynomorphs and vary in the amount of soil development. These profiles also 

comprise a transect from the Western Interior Seaway paleoshoreline to a site 

-180 km updip. Lake sediments were analyzed because they typically contain a 

more regional pollen and spore signal. Highland Park Doe Creek (HPDC) is from 

the Doe Creek member of the Kaskapau Formation (fig. 2.3) which was included 

in this study of the Dunvegan Fm. for purposes of comparison.

4.2 Methods

4.2.1 Field Methods

The paleosol profiles were excavated and care was taken to sample only 

in situ material and to limit the amount of contamination from modern processes 

and vegetation by carefully removing overlying material. Bulk samples of -  150 g 

were taken at 10 cm intervals in the same location as oriented samples for thin 

sections.

4.2.2 Lab Methods

Approximately twenty grams of each bulk sample were placed in a 10% 

hydrochloric acid bath at room temperature for at least 24 hours. A tablet of 

modern Lycopodium sp. spores was added during the acid bath to facilitate 

calculations of concentration (Stockmar, 1971). After washing with water and
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centrifuging, samples were placed in a 52 % aqueous hydrofluoric acid bath for 

digestion of silicates. After several days, the samples were washed several 

times and dried briefly so as not to dilute the heavy liquid, zinc chloride. A ZnCI 

solution with a specific gravity of 2.0 was used to separate the organics from the 

remaining minerals during centrifugation. Organics were picked from the top of 

the centrifuge tubes with a pipette. Many samples contained abundant clay 

particles. These samples were washed and the clay filtered through nitrex cloth 

with a pore space of 7 pm to remove clay and retain palynomorphs. In a few 

cases, clay content was particularly high, and a sonicator was used to speed up 

the process. The transducer tip was placed on the nitrex cloth and sonicated for 

~ 1 minute while water was added. When the organics were sufficiently 

concentrated, the sample was ready for mounting in glycerin jelly. This entire 

procedure follows the method outlined by Traverse (1988).

Sodium polytungstate with a specific gravity of 2.0 was used instead of 

ZnCI for heavy liquid separation of the HPDC and CH II samples. This procedure 

differs from the ZnCI separation in that the entire mixture of organics, mineral 

residue, and sodium polytungstate is poured onto a glass-fiber filter with a mesh 

size of 1.7 pm. The filtrate is discarded. The filter is dissolved in HF, and the 

residue is allowed to soak overnight in HCI acid. Clay is removed by filtering 

through nitrex cloth and residues were mounted in glycerin jelly, as outlined 

previously.
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After sample preparation, slides were examined with an Olympus CX41 

transmitted light microscope with 10 to 100x lenses. Specimens were briefly 

described, sketched, counted and, in some cases, photographed. Counts of 

-200 grains per sample were achieved in many cases. Spores and pollen were - 

totaled to arrive at the pollen sum. This number was used to calculate the 

percentages of various morphological groups presented on the pollen diagrams. 

Unidentified palynomorphs and fungal spores were excluded from the sum. 

These are displayed as actual numbers present in each sample.

4.3 Results

The Dunvegan Formation contains an abundance of well preserved 

spores and pollen. The overwhelming majority of palynomorphs are trilete 

spores (figs. 4.1 -4.4, table 4.1).

Assemblages from the Cotillion profile (CE) contain an average of -  60% 

trilete spores (fig. 4.1). Monosulcate spores become locally abundant at 55 cm 

and again at 125-135 cm. Bisaccates are rare throughout the entire profile. 

Horizons between 65 and 85 cm depth contain few or no palynomorphs.

The Clayhurst II profile (CH II) contains large proportions of trilete and alete 

spores (fig. 2). Monolete spores become locally abundant at 45 cm.

Gymnosperm pollen grains are rare except at 35 cm of depth, where bisaccate
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pollen is temporarily abundant. Horizons between 95 and 145 cm contain few to 

no palynomorphs.

The Pine River H profile (PRH) also contains high percentages of trilete 

spores (fig. 4.3). Unlike the CE and CH II profile, the PRH profile contains no 

barren intervals. Monosulcate pollen is locally abundant between 5-15 cm, but 

other bisaccate and monosaccate gymnosperm pollen types are rare.

The Highland Park Doe Creek profile (HPDC) is largely composed of 

trilete and alete spores (fig. 4.4), similar to the PRH profile. Bisaccate, 

monosaccate, and monosulcate, conifer species are lacking throughout the 

profile. Only one sample of lake sediments was collected during field work. This 

sample contains an overwhelming majority of trilete spores (~ 95 %, Appendix 2).

4.4 Discussion

4.4.1 Depositional Considerations

Many Quaternary studies use lake cores to reconstruct vegetation biomes 

and climate. Since lakes act as regional catchment basins, the pollen and 

spores found within the sediments are thought to represent the regional 

vegetation.

Deposition of palynomorphs on floodplains and soils must be considered 

in order to understand how potential preservation biases affect the pollen and 

spore assemblages. If inferences can be made regarding the mode of travel and
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deposition of the palynomorphs, regional versus local climate signals may be 

better understood, leading to a better understanding of the climate. Careful 

consideration of the transport mechanisms at work will also aid in understanding 

the plant communities that grew on Dunvegan Fm. paleosols.

Local deposition is the result of gravitational transport (fig. 4.5). This 

involves spores and pollen grains dropped by shrubs or herbs that fall within a 

few decameters of the plant (Faegri and Iverson, 1989).

A second component of the pollen rain is called the trunk space 

component. These spores and pollen grains were carried by winds with speeds 

on the order of 2-6 m-s'1. Deposition is typically local, but dispersion and 

homogenization of the palynomorphs is more likely than for the gravity 

component.

Wind speeds on the order of 4-10 m-s'1 are capable of transporting pollen 

grains 10’s to 100’s of kilometers, if not more. This regional component of the 

pollen rain typically travels above the forest canopy, where winds can move 

pollen and spores 50-100 kilometers in a day. Rain washes pollen grains and 

spores from the air, off of leaves, and from other temporary places and onto the 

underlying stratum. The component of the assemblage delivered by rain travels 

varying distance. Rain may act as a local or regional means of transport.

A final method of transport and dispersion is in-wash. This is

accomplished by running water (e.g. streams and groundwater) and includes

reworked and modern grains. Running water is capable of moving palynomorphs



long distances from almost anywhere in the drainage basin (Traverse, 1988). 

Pollen and spores are adapted for specific mechanisms of transport. Large 

bisaccate grains (pollen with a body and two air bladders) are likely to be wind 

carried. Likewise, ornate morphology may be.more conducive to “sticking” to 

insect vectors. Fern spores are gravity and water transported; this is reflected in 

their morphology, which typically lacks ornate morphology and air bladders and 

are therefore likely to not be as affected by insect vectors or wind.

Many paleosols periodically undergo oxidizing conditions. Thus thinner 

walled palynomorphs may be selectively or completely oxidized. Furthermore, 

many paleosols may be comprised largely of the gravity component of 

deposition. Palynomorphs in a paleosol may thus represent local understory 

plant communities, due to the proximity of herbaceous/shrubby plants to the soil. 

The other processes capable of transporting palynomorphs (e.g. wind and rain) 

do not have sufficient time to intercept the palynomorphs before they are 

deposited.

The Dunvegan Fm. paleosols are predominantly composed of fern spores 

(fig. 4.1-4.4). It is possible that the pollen and spore signal was swamped by 

local deposition from ferns. However, it is important to note that these paleosols 

are composed of distal floodplain derived material. Since these floodplains were 

periodically flooded, water could be carrying palynomorphs from anywhere in the 

drainage basin (Traverse, 1988). Distally derived arboreal pollen could be 

included in this in-washed component which may explain why low percentages of

124



arboreal pollen are present in many of the paleosols. Another possible 

explanation is wind. Differential heating of land and water is likely, creating on 

and off shore breezes. With the lack of appreciable topography or tree species 

acting as wind breaks, these winds could be capable of carrying pollen of wind 

pollinated plants long distances (e.g. many gymnosperms).

4.4.2 Paleoclimate

Thusu (1967) found Dunvegan palynomorph assemblages to be primarily 

composed of angiosperms, conifers, and ferns/cycads. This study found much 

less diverse assemblages with rare angiosperm and gymnosperm pollen. Ferns 

and cycads, however, are well represented in both studies. Thusu (1967) 

assigned the Dunvegan to a cool temperate to humid subtropical climate based 

on his palynomorph assemblages. But, few details are provided to justify this 

determination. The cool temperate reconstruction is most likely based on the 

gymnosperm and few identifiable angiosperm pollen grains. Thusu’s (1967) 

angiosperm pollen is from the family Betulaceae, which is characteristic of 

modern day temperate regions of the northern and southern hemispheres. The 

presence of gymnosperms was attributed to a cool or moist upland habitat. 

Thusu’s (1967) assemblages are likely a more regional signal than this studies 

based on the shallow marine to terrestrial facies that were sampled.

Palynomorph assemblages from the Dunvegan Formation presented in this study 

are primarily composed of pteridophyte (fern) spores, with lesser amounts of



cycad, conifer, gymnosperm, and angiosperm pollen. Ferns, cycads, and 

conifers have modern relatives. Therefore paleoclimatic interpretations can be 

constrained based on temperature/moisture requirements of living relatives. 

However, variability between past and present plants may exist.

Spores identified herein that belong to the genera Appendicisporites (table 

4.1), Cicatricosisporites (table 4.1), and Schizaeoisoorites (table 4.1) are 

referable to the family Schizaeaceae. Ferns of this family include small plants to 

large tree ferns with stem morphology ranging from creeping to erect. The family 

may have originated in the Triassic and was definitely present by the Jurassic 

(Tidwell and Ash, 1994). Deng (2002), in a study on the ecology of early 

Cretaceous ferns of North East China (fig. 4.6), found Schizaeaceae abundant in 

humid-temperate climates of the North Phytogeographic Province. However, 

they also occur in the South Phytogeographic Province, an area with a relatively 

warmer climate. Modern members of this family range from tropical to southern 

warm, temperate climates, with one known species reaching as far as the north 

temperate zones. These ferns inhabit environs ranging from periodically dry to 

swampy to open habitats (Kramer, 1990c).

Members of the genus Gleicheniidites (table 4.1), family Gleicheniaceae, 

include rather small ferns to very large tree ferns. The family originated in the 

Paleozoic, during the Pennsylvanian or Permian (Tidwell and Ash, 1994). Deng 

(2002) found Gleichenites megafossils in both the South and North 

Phytogeographic provinces of early Cretaceous China. Gleichenites occurs
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mainly in the Southern Phytogeographic Province; in the North Phytogeographic 

Province it is restricted to the eastern part. This is evidence that Gleicheniaceae 

preferred a relatively warm climate (Deng, 2002). Modern members of the genus 

occupy open to strongly disturbed habitats and are considered pioneer species 

(Kramer, 1990b). Vine species cover bushes and trees at the forest edge. Erect 

species may occur in dense, low, thicket-like stands. Almost all modern species 

appear to be heliophilous. Modern genera are referable to tropical regions with 

rare species extending into warm temperate regions.

The genus Cyathidites belongs to the family Cyatheaceae. These are 

large to very large tree ferns with erect stems. Cyatheaceae may have affinities 

with Dicksoniaceae, which is characterized by a trunk-like stem, often with 

adventitious roots (Kramer, 1990a). These families occur in moist forests as 

undergrowth, as well as in open habitats, swamps and cleared areas. Both 

families are concentrated in the modern day tropics, but they are locally present 

in the subtropics, where they are most numerous in montane to alpine vegetation 

(Kramer, 1990a). Typically montane to alpine climates are cooler than 

surrounding lowlands, and subtropical plants may be seeking these areas out 

due to less evaporation and increased moisture availability. These plants may 

thus be indicative of humid areas.

The order Cycadales are plants that are typically composed of a tall trunk 

with frond-like leaves. Although morphologically similar to palm-like angiosperms 

and fern-like pteridophyte plants, the Cycadales are gymnosperms. This order
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was more diverse and abundant in the geologic past, especially in the Mesozoic. 

Modern cycads inhabit coastal temperate forests, tropical forests, coastal 

grasslands and rainforests (Johnson and Wilson, 1990).

The family Ephedraceae is characterized as shrubs, but also includes 

climbers and small trees. This family is well adapted to xerophytic (arid) and 

heliophilous (sunny) conditions, but is also cold-resistant (Kubitzki, 1990).

Modern day Ephedraceae is distributed from the Mediterranean throughout arid 

subtropical to arid temperate regions including the western USA and northern 

Mexico.

Many of the fern families identified in this study have modern affinities to 

tropical environs. While ancient ferns may have been more tolerant of cool 

climates, little is known about their environmental preferences and requirements. 

Ferns could be a proxy for warmth, prevailing humid conditions, or both. 

Vakhrameev (1988, translated in 1991) alludes to a decline in Corollina 

(Classopolis) and a coincident increase of ferns, primarily Gleicheniaceae and 

Schizeaceae, as indicators of cooler and/or increasingly humid conditions in the 

Early Cretaceous of Asia. While Corollina are never significant in this study, the 

use of ferns as primarily humidity indicators seems reasonable.

Ephedraceae is rarely found in the Dunvegan Fm. assemblages, but the 

appearance of this pollen in otherwise humid assemblages is problematic.

Thusu (1967) attributed differences in microfloral and macrofloral data to poor 

preservation of megafossils and reworking of Lower Cretaceous sediments. The
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latter could explain the presence of the Ephedraceae. Another possibility is the 

inclusion of pollen distal to the source area that was in-washed as the floodplains 

developed. During the Cenomanian, the Cordillera was rising, providing habitats 

for species that survived in arid, mountainous, and/or cold climates. Another, 

possibility is that the topography and associated variations in drainage, shade, 

and aspect to the sun may have favored these plants in local environments. The 

presence of Ephedracea, if it is locally derived, suggests short intervals of dry 

and/or cool climate.

Interestingly, many of the profiles are similar, with the ferns dominating the 

assemblages. Lake sediments were included in this study to see whether 

paleosol assemblages differed in composition and to check for evidence of 

depositional or preservational biases. The lake and paleosol assemblages are 

similar.

The HPDC samples were included from a paleosol of the Kaskapau Fm. 

This formation is younger in age (early Turonian), yet no significant differences 

are seen in the assemblages. Further sampling is needed; however, this sample 

suggests that vegetation and climatic conditions in the northern latitudes during 

the early late Cretaceous were relatively stable.

The conclusions of this study follow that of Thusu (1967) that the 

Dunvegan Fm. is likely a cool temperate to humid subtropical climate. Cycad 

pollen and fern spores lend credibility to the subhumid interpretations, but the 

temperature is less constrained.
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Summary and Conclusions

Paleosols of the Dunvegan Formation contain abundant well-preserved 

palynomorphs, predominantly fern spores with sparse tree species. The CE and 

CH II profiles show higher abundances of gymnosperms and cycads, 

respectively, in the upper parts of the studied profiles.

The paleoclimatic interpretation is a cool temperate to humid subtropical 

climate based primarily on the fern palynomorphs. This interpretation is 

consistent with Thusu (1967) and with the general interpretations of Vakhrameev 

(1988, translated in 1991). The transport mechanisms at work on the 

assemblage are primarily local and in-wash, with gravity likely the primary 

component.
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Percentages Cotillion (CE) Profile Actual Numbers
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Figure 4.1 CE profile pollen diagram showing percentages (fungal spores,
alete, and unidentified grains are given as actual numbers rather than
percentages). Note barren interval between 65 and 85 cm.
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Figure 4.2 CH II profile pollen diagram showing percentages (fungal spores
and unidentified grains are given as actual numbers rather than
percentages). Note barren interval between 95 and 145 cm.
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Figure 4.3 PRH profile pollen diagram showing percentages (fungal spores, 
alete, and unidentified grains are given as actual numbers rather than 
percentages).
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Highland Park Doe Creek (HPDC)

Figure 4.4 HPDC profile pollen diagram showing percentages (fungal spores,
alete, and unidentified grains are given as actual numbers rather than
percentages).



Figure 4.5 Depositional components that influence the pollen rain: Cr= regional component; Ci-w= in-wash 
component; Ct= trunk space; Cg= gravity component (Modified from Moore et al, 1991). 135
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Figure 4.6 Early Cretaceous phytogeographic province designations of China 
(Modified from Deng, 2000).
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Figure 4.7 All pictures taken under 100x objective with oil emersion. A is 
Cingutriletes cf. clavus; B is Cyathidities australis; C is Gleicheniidites 
senonicus; D is Tigrisporities sp.; E is Todosporites cf. minor; F is 
Cicatricosisporitessp.; G is Polycingulatisporites reduncus; H is 
Converrucosisporites sp.
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Figure 4.8 All pictures taken under 100x objective with oil emersion. I is 
Trilobosporites sp.; J is Plicatella sp.; K is Gleicheniidites circiniidites; L is 
Lycododiacidities rugulatus; M is Dicyclosporis; N is Foeviosporites sp.; O 
is Cycadopites sp.; P is c.f. Pseudoculopollis.
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Table 4.1 Table of palynomorphs found in Dunvegan Fm. and HPDC paleosols.

Appendicisporites sp. 
Cicatricosisporites sp. 
Cingutriletes clavus 
Concavisporites sp. 
Converrucosisporites sp. 
Corollina (Classopollis) sp. 
Cyathidites australis 
Cycadopites sp. 
Deltoidospora sp. 
Dicyclosporis sp. 
Equisetosporites sp. 
Foeviosporites sp. 
Gleichenidites sp. 
Gleicheniidites circiniidites 
Gleicheniidites senonicus

Ischyosporites sp. 
Klukisporites sp.
Latipollis sp.
Lycopodiacidites rugulatus 
Plicatella sp.
Polycingulatisporites reduncus 
Pseudoculopollis sp. 
Rugulatisporites sp. 
Schizaeoisporites eocenicus 
Stereisporites sp.
Tigrisporites sp.
Todisporites sp. 
Tricolosporopollenites sp. 
Trilobosporites sp. 
Normapolles type pollen
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Chapter 5 40Ar/39Ar Geochronology 

5.1 Introduction

Problems in the Dunvegan Formation include correlation of paleosols over 

large distances and constraining sedimentation rates. Understanding these 

problems has implications for basin scale depositional and pedogenic models 

(McCarthy and Plint, 2005). Absolute dating of paleosols offers a potential 

method for solving these problems. Most soils, through weathering processes, 

form clays and it is these pedogenic clays that may lead to direct dating of 

paleosols. This study investigates the possibilities of using the 40Ar/39Ar dating 

method on paleosol clay to elucidate pedogenic, detrital, and any potential 

diagenetic ages of the Dunvegan Formation, Alberta, Canada.

5.2 40Ar/39Ar Technique

5.2.1 Introduction

The 40Ar/39Ar technique is derived from the K-Ar method. K-Ar dating is 

based on the decay of potassium-40 (40K) with a half-life of about 1.25 Ga. 40K 

undergoes a dual decay with 89.5% of the decays yielding calcium-40 (40Ca) and 

the remaining decays, 10.5%, yielding radiogenic argon-40 (40Ar*). The 

radiogenic 40Ca is swamped by common 40Ca and so it is the 40Ar* component



that is commonly used as a geochronometer. Argon is a noble gas and the 

radiogenic component is dominant in most potassium rich minerals. In minerals 

containing 40K, 40Ar will build up naturally over time as the 40K decays and 40Ar is 

trapped in the crystal. Because the decay rate of 40K is known, the ratio of 40Ar 

I40K can be used as a dating tool.

The application of 40Ar/39Ar dating was first documented by Merrihue and 

Turner (1966) in their work on lunar meteorites. They observed the production of 

39Ar from 39K during irradiation in a nuclear reactor. The stable isotope 39K is the 

most abundant, and because the ratio of 40K/39K is constant, 39Ar can be used as 

a proxy to measure the potassium content. This allows both the 40K and 40Ar in a 

sample to be measured by Ar isotopes alone (Hamilton, 2003).

5.2.2 Irradiation process

During the irradiation process many nuclear reactions occur, most notably 

the production of Ar isotopes from 40Ca, 42Ca, 37CI, and 40K. The 40Ca and 42Ca 

reactions produce 36Ar, 37Ar, and 39Ar, while 40K produces 40Ar. Other 

interferences occur but can be ignored in the calculation of an age (Dicken,

1997). These interferences can be minimized in a number of ways: Three 

important ones are, 1) optimizing the neutron dose according to age; 2) optimize 

sample size according to age and K content; and 3) use the K/Ca ratio to indicate 

optimum neutron dose (Turner, 1971). These criteria will reduce the interference 

but the more widely used alternative is to irradiate longer but apply corrections 

(McDougall and'Harrison, 1999).
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The production of 39Arfrom  39K during irradiation is expressed as:

142

^  = irradiation time

= flux density of neutrons with energy e

(Je = capture cross section of 39K for neutrons of energy e 

The production is integrated over the total range of neutron energies. However, 

this is a difficult calculation in practice and typically samples of known age, 

commonly called “standards”, are used as a flux monitor (Dicken, 1997). Using 

the known age of the sample a value can be determined, and used as a proxy for 

the indeterminate parameters. This value is termed J and to obtain an accurate 

value for J several standards need to be run representing known spatial positions 

relative to the unknown samples within the reactor core.

5.2.3 Step heating

The use of step heating by laser heating on individual grains first 

documented by Layer et al (1987) made possible the use of multiple release 

patterns for a single sample. This technique allows for extremely small sample 

sizes and produces multiple detailed age releases. This technique provides an 

integrated age, analogous to a K-Ar age, along with individual ages of the 

release spectra. This has the added benefit of elucidating any alterations (i.e. 

diagenesis, or metamorphism) and has the potential to date these alterations.
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5.3 Dating of Clays- Special Considerations

The greatest advantage of the 40Ar/39Ar dating technique for clays is the 

small size needed for accurate results. The Rb-Sr and the Sm-Nd dating 

approaches both have problems with uniformity of isotopic composition and lack 

precision (Clauer and Chaudhuri, 1995). U-Pb dating can be used accurately on 

pedogenic carbonates. However paleosols of the Dunvegan Fm., and many 

similar paleosols, do not form carbonates. K-Ar dating is limited by the inability to 

recognize loss of Ar due to the grain size and crystallinity of clay leading to 

inaccurate ages. Thus, 40Ar/39Ar is potentially the best suited for the dating of 

detrital, diagenetic and pedogenic clay, among other clay rich settings (Dong et 

al, 1995; Renne et al, 2000); however there are several factors to consider.

5.3.1 39Ar recoil

During the irradiation process, “fast” neutrons bombard the sample, and 

39K transmutes to 39Ar. This reaction expels a proton and energy is released. As 

protons are expelled, 39Ar may recoil (move) with enough momentum to escape 

from a smaller sample’s crystal lattices, and potentially from the sample entirely. 

Path mean lengths that are traveled by recoiling 39Ar in silicates can range up to 

0.18 pm with potassium bearing clay minerals that can be less than 0.002 pm 

thick (McDougall and Harrison, 1999). This may cause 39A rto  be depleted 

relative to 40Ar at the surfaces of potassium bearing minerals. This zone as



defined by Turner and Cadogan (1974) is the argon depletion zone. This 

depletion zone is prominent when the thicknesses of a sample are less than 

about 2 pm (Turner and Cadogan, 1974). The loss of 39Ar leads to 

underestimates of the K content and thus a spuriously old date (Smith, et al 1993; 

Hamilton 2003).

Solutions to Ar recoil involve the use of encapsulation in evacuated quartz 

tubes (fig. 5.1). Documented losses of 39Ar are up to 60% but with the invention 

of high vacuum encapsulation, losses can be measured and used in the 

calculation of the age (Onstott et al 1997; Dong et al 1995). The ampules of 

quartz are broken in the mass spectrometer apparatus and measured before 

step heating and is referred to as a breach step.

5.3.2 Temperature Effects During Irradiation

Temperatures of up to -200° C have been documented during neutron 

irradiation (Mitchell, 1968). The fine-grained characteristic of clay makes them 

more susceptible to diffusional loss because the transport distances are much 

smaller than other minerals (Hess and Lippolt, 1986; Hamilton, 2003). Halliday 

(1978) has documented diffusional losses approaching 25-35% from heating due 

to irradiation. If reactor induced heating is a problem, significant radiogenic 40Ar 

should be seen in the encapsulated fraction.
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5.3.3 Phase Transitions

Dating clay minerals has, in part, been hampered by the complex 

mineralogical changes that develop as a function of diagenetic/metamorphic 

grade. Studies have looked at the sequence of clay diagenesis through low- 

grade metamorphism smectite -> mixed-layer illite/smectite -> illite -> muscovite. 

These studies show progressive changes in the clay mineral texture, which occur 

with increasing diagenetic/metamorphic grade. Because the 

mineralogical/textural relations affecting Ar loss vary this presents a problem in 

interpreting meaningful ages. However, stepwise degassing analysis can resolve 

components of different age and grain size so various end member contributions 

can be determined and geologic events constrained (Dong et al, 1997, 2000).

5.3.4 Open vs. Closed System

Inherent to any method of geochronology for an accurate age 

determination is that the system being studied is a closed system (fig. 5.2).

Implicit in a closed system is the important criteria that diffusional loss of the 

daughter product has not happened since its formation or during lab procedures 

(fig. 5.3). Also, the inherited amount of daughter is known or zero. If these 

crucial conditions have not been met than the date that is obtained is not 

geologically meaningful.
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5.3.5 Clay End Members

There are three end member clay inputs in paleosols: detrital, diagenetic, 

and pedogenic. In our study, pedogenic clay is of the most interest, while 

diagenetic clay may provide information on timing of burial and potentially timing 

of deepest burial. This is particularly useful in the oil industry, as diagenetic clays 

modify porosity and permeability. These modifications may be tracked with 

respect to time and used in predictive models to determine migration and 

entrapment of oil and gas. In addition, clay may be reset as organic components 

reach the oil window potentially allowing dating of oil maturation (Hamilton 2003).

Other problems that can arise are mixtures of pedogenic, diagenetic, and 

detrital clay. The resulting age spectra may show the influence of these mixtures 

and potential problems and interferences of the underlying assumptions (fig. 5.4). 

To mitigate the problem of clay mixtures, the clay was separated into <2.0 pm 

and <0.2 pm fractions. These size fractions were chosen following Vitali et al 

(2002) stable isotope study of Dunvegan Fm. Clay. Using a transmitting electron 

microscope (TEM) and x-ray diffraction (XRD) this study suggests that the <2.0 

pm size fraction comprises a mixture of detrital clays, whereas the <0.2 pm size 

fraction should consist almost entirely of clays formed due to pedogenesis.
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5.4.1 Field Methods

The paleosol profiles were sampled after being excavated and cleaned to 

limit the amount of contamination from modern processes. Paleosol bulk 

samples were taken at intervals corresponding to oriented samples for thin 

sectioning. The Cotillion profile was chosen for the 40Ar/39Ar analysis because 

this profile is the most developed of this study based on micromorphology and 

geochemistry.

5.4.2 Lab Methods

Clay separation was accomplished using the methods outlined in 3.2.2. 

TEM study was conducted using a JEOL 1200 EX microscope at accelerating 

voltages of 64 and 67 kV. Magnifications between 75,000 and 100,000 were 

used in imaging the clay.

The next step in the 40Ar/39Ar dating process is encapsulation. Quartz 

vials were produced by Technical Glass Products, Inc., Mentor, Ohio with outer 

diameters of 3mm, and inner diameter of 2 mm. Vials were cleaned and 

inspected under a dissecting microscope, and then heated to -100° C for over 

eight hours, in an effort to decrease the chance of contaminates. The freeze- 

dried clay samples were then placed in the cooled vials. In order to keep the 

sides of the vial from becoming contaminated with small flakes of clay, “clumps”
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of clay were chosen and carefully placed in the vial and gently shaken to the 

bottom. These vials were then evacuated to pressures ~10'7 torr and then fused 

shut with a torch. To keep the samples from being effected by the heat of the 

torch the sample end of the vial was wrapped in a wet sponge during the sealing 

process. These samples were sent off to be irradiated along with samples that 

were not encapsulated. The monitor mineral MMhb-1 (Samson and Alexander, 

1987) with an age of 513.9 Ma (Lanphere and Dalrymple, 2000) was used to 

monitor neutron flux (and calculate the irradiation parameter, J). The samples 

and standards were wrapped in aluminum foil and loaded into aluminum cans of

2.5 cm diameter and 6 cm height. The samples were irradiated in position 5c of 

the uranium enriched research reactor of McMaster University in Hamilton, 

Ontario, Canada for 20 megawatt-hours.

Upon their return from the reactor, the unencapsulated samples and 

monitors were loaded into 2 mm diameter holes in a copper tray that was then 

loaded in an ultra-high vacuum extraction line and heated overnight to remove 

atmospheric contamination. Unencapsulated samples were first run to determine 

the overall shape of the spectra and help in refining a step-heating schedule for 

the encapsulated clay. The monitors were fused, and samples heated, using a 

6-watt argon-ion laser following the technique described in York et al (1981),

Layer et al (1987), and Layer (2000). Argon purification was achieved using a 

liquid nitrogen cold trap and a SAES Zr-AI getter at 400° C. The samples were
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analyzed in a VG-3600 mass spectrometer at the Geophysical Institute,

University of Alaska Fairbanks.

The argon isotopes measured were corrected for system blank and mass 

discrimination, as well as calcium, potassium, and chlorine interference reactions 

following McDougall and Harrison (1999).

System blanks generally were 2x1 O'16 mol 40Ar and 2x1 O'18 mol 36Ar, which are 

10 to 50 times smaller than fraction volumes. Mass discrimination was monitored 

by running both calibrated air shots and a zero-age glass sample. These 

measurements were made on a weekly to monthly basis to check for changes in 

mass discrimination. Encapsulated fine and coarse samples were run next. 

These were also placed in a high vacuum extraction line and heated overnight 

being careful not to overheat the sample. The samples were breached and the 

recoil fraction measured before step heating.

5.5 Results

Unencapsulated clay spectra all show the same general shape (fig. 5.5). 

The general shape is characterized by early releases being younger in age with 

successive fractions becoming older. The last few releases are typically young in 

age much like the first releases. This shape appears much like a “hump” with no 

spectra producing a plateau. Encapsulated clay shows slightly different spectra 

from that of the unencapsulated clay (fig. 5.6). Encapsulated clays have the
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same general “hump” shape but with more variability. The ages tend to become 

increasingly older with occasional younger ages before older releases again. 

Integrated ages of detrital encapsulated clays show older ages than pedogenic 

encapsulated clay (table 5.1). Retention ages (i.e. encapsulated clay ages 

calculated without the breach step) are younger than integrated ages of clays 

that were not encapsulated (table 5.1).

The TEM investigation utilized fine and course clay fractions from the CE 

profile 60-70 cm interval, along with the fine fraction of the CE 150-160 fine clay 

fraction (fig. 5.7). The coarse clay interval contained an overwhelming majority of 

large fractured flakes with much smaller amounts of fine thin laths of clay. The 

fine clay fractions also contained a majority of large fractured flakes with small 

amounts of fine thin lathes of clay. However, the fine fractions did contain a 

larger proportion of the thin lathes compared to the coarse clay.

5.6 Discussion

Integrated ages of encapsulated clays are generally around 149 Ma for 

coarse clay and 145 Ma for fine clay with single releases ranging between 280 to 

390 Ma. While integrated ages may not represent the true formation time it is an 

approximation based on the total Ar released, and is analogous to a K-Ar date. 

Most remarkable is the similarity in ages between the two size fractions. The fine 

clay was expected to be younger due to its higher concentration of clay laths.
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That the ages are similar for the size fraction indicates that older (detrital) clay 

dominates.

The Dunvegan is likely composed of a variety of source areas and 

reworked sedimentary deposits making an exact determination of the source rock 

obscure. Based on the Dunvegan Formation’s high arkose content the source 

area is thought to include gneiss and granite within the Omineca Belt (Stott, 

1982). The Omineca Belt contains strata ranging in Paleozoic ages (600-250 

Ma) with lesser amounts of early Mesozoic age (-180 Ma).

Interestingly, retention ages did not match with unencapsulated clay 

integrated ages. This may be due to a number of factors. Among the factors, 

poor coupling between the round quartz vials and the laser may be responsible 

(Munly, 2004). Munly (2004) suggested using quartz vials with a flat side to aid 

in more efficient heating of samples. In addition, insufficient heating of the entire 

encapsulated clay may also be responsible. When the quartz vials are breached, 

the clay tends to redistribute and electrostatic forces tend to inhibit collecting the 

clay into a lump. Even heating of the entire sample is typically difficult potentially 

creating an artifact in the data. Unencapsulated clay does not suffer from this 

problem due to the use of copper trays.

Unfortunately, the 40Ar/39Ar dating of pedogenic clay in the Dunvegan 

Formation is still elusive. Unencapsulated and encapsulated clay from the 

Dunvegan Formation show age spectra with inconclusive age interpretations.

The generalized shape of the spectra as seen in the unencapsulated clay shows
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two things: 1) the overall “hump” shape and; 2) there are no isochron ages 

because there are no gas fractions within two standard deviations of an isochron 

line. Encapsulated clay shows the same shapes and lack of plateau age but the 

age is marginally closer to the actual deposition age.

A factor to consider in the spuriously old age of the pedogenic fraction is 

the manner in which the clay was formed. Vitalii et al (2002) convincingly argued 

that the <0.2 pm fraction was mostly of pedogenic origin. However, clay minerals 

in soils originate by three main processes: 1) inheritance, in which clay minerals 

are detrital contributions from pre-existing material; 2) transformation, in which 

changes occur in the interlayer region of a precursor clay mineral but the 

essential silicate structure is largely preserved; and 3) neoformation, in which 

clay minerals are crystallized directly from gels or solutions (Eberl, 1984; Wilson, 

1999). The pedogenic fraction of Vitali et al (2002) consisted almost entirely of 

transformational and neoformed clay. The current study cannot determine if 

transformational clays actually lose Ar and have their geochronologic clock reset. 

Pedogenic clay that arises from transformations may not be capable of recording 

a pedogenic age of formation.

While this point may be correct, the overwhelming problem in accurately 

dating the pedogenic clays lies with the actual lab work. The methods of 

Jackson (1979) are proven and followed correctly in this study. Unfortunately, 

the problem lies with machine calibration. The IEC model K centrifuge is not 

calibrated accurately enough for this study. The instrument used in the
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calibration can be accurate +/-100 rpm. There is no easy way of determining if 

the instrument used to measure the revolutions per minute is accurate itself. In 

addition, as the centrifuge warms up the revolutions per minute increase making 

a consistent and accurate spin difficult at best. This problem was not found until 

after the separates had returned from the reactor.

The results from the TEM study supports the hypothesis that the 

pedogenic fraction of <0.2 pm was never fully separated from the detrital clay. 

Vitali et al (2002) documented fine laths and other features typical of pedogenic 

neoformation as characteristic of this fraction. Based on TEM observations of 

this study few such characteristics existed and broken edged flakes 

predominated (fig 5.7).

5.7 Summary and Conclusions

While the results of this study have proven inconclusive, dating of 

pedogenic clay may still be possible. Results do indicate that encapsulated fine 

clay yielded younger ages and the TEM study did show higher proportions of 

pedogenic clay in this fraction. As demonstrated in this study careful separation 

of clay is imperative to potentially meaningful results. A more accurate centrifuge 

would aid in properly separating the clay into the chosen size fractions. Studies 

in the future may want to consider TEM studies after centrifugation and before 

sending samples off to be irradiated.
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Figure 5.1 Picture of quartz vials used to encapsulate clay, note clay packed in the tip of the vial.
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Figure 5.2 Open system dynamics in the age spectra. No clear age exists for this age spectra due to 
diffusional loss of the daughter product.
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Figure 5.3 Idealized thermal diffusion age spectra. Using the age spectra the age of the original 
and heating event can be constrained.



Figure 5.4 Idealized age spectra of a mixture of detrital and diagenetic clay. The end members age spectra 
is not interpretable (After Hamilton, 2003).
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Figure 5.5 Age spectra of unencapsuiated clay, coarse clay is diagenetic and fine clay is pedogenic clay. Note 
characteristic shape (young age releases followed by progressively older ages followed by young releases) of most 
of the spectra.

158



Ag
e 

in 
Ma

CE 90-100 Coarse Clay Unencapsulated CE 120-130 Coarse Clay Unencapsulated CE 150-160 Coarse Clay Unencapsulated

Fraction of 39Ar Released Fraction of 39Ar Released Fraction of 39Ar Released

CE 90-100 Fine Clay Unencapsulated CE 120-130 Fine Clay Unencapsulated CE 150-160 Fine Clay Unencapsulated

Fraction of 39Ar Released Fraction of 39Ar Released Fraction of 39Ar Released

Figure 5.5 (cont.) Age spectra of unencapsulated clay.



Figure 5.6 Age spectra of encapsulated clay. Age spectra is similar to unencapsulated clay age 
spectra and both resemble the clay mixture age spectra of fig. 5.4.
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Figure 5.7 Photomicrograph on the left is the detrital fraction with abundant large fractured clay 
flakes. The photomicrograph on the right is of pedogenic clay with more thin elongate lathes of clay, 
although large fractured clay is still dominant.



162

Table 5.1 Unencapsulated and encapsulated ages of the detrital and pedogenic 
clay. Encapsulated pedogenic clay is slightly younger than the encapsulated 
detrital clay.

Detrital Clay

Sample

(cm)

Unencapsulated 

Integrated Age

Encapsulated 

Integrated Age

Retention

age

% 39Ar in 

Breach

0-10 329.1 +/- 1.4 167.3 +/-0.7 271.2 40.2

30-40 317.6 +/- 1.5

60-70 310.3 +/-1.1 154 +/- 0.8 234.0 35.4

90-100 321.5 +/-1.28 143.6 +/- 1.2 214.3 33.6

120-130 310.3 +/-1.3 145.59 +/-0.9 202.8 29.6

150-160 296.1 +/- 1.1

“Pedogenic” Clay

0-10 289.3 +/- 1.9

30-40 302.0 +/- 1.1

60-70 311.5 +/- 1.2 137.1 +/-1.0 207.1 34.8

90-100 311.5 +/- 1.1 144.0 +/-0.8 200.9 29.3

120-130 275.7 +/- 1.0 145.6 +/-0.7 202.8 29.56

150-160 276.9 +/- 1.0 151.5 +/-0.9 214.8 30.8
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Chapter 6 Discussion 

6.1 Introduction

Previous chapters have dealt with paleopedology, palynology, and 

geochronology separately. However, a more detailed interpretation is possible 

by comparing and contrasting these separate sub-disciplines. This is particularly 

true with the paleopedology and palynology data sets as further investigation 

leads to a better understanding of the paleoenvironmental conditions in the 

Dunvegan Formation, particularly with changes in plant communities in relation to 

the pedological and sedimentological history. Results from the geochronology 

and TEM study aid in understanding the geochemistry, particularly the 

climofunctions of Sheldon et al (2002).

6.2 Paleopedology, Palynology, and Geochronology Overview

As previously discussed, Dunvegan paleosols are the result of aggrading 

alluvial deposits that periodically experienced significant hiatuses resulting in soil 

formation. Based on micromorphological data these soils likely formed in warm 

to cool temperate climates, with temperature ranges of 5-20 °C with seasonal 

saturation (Vitalii et al, 2002; McCarthy et al, 1999).



Palynomorphs of the Dunvegan formation are dominantly trilete spores. 

These spores represent ferns that are ubiquitous on the floodplains during 

Dunvegan deposition (Cenomanian). There are rare times (e.g. 35 cm in profile 

CH II, 15 cm PRH profile and 55 cm in profile CE) that tree species become 

relatively abundant in the better developed soil profiles. The paleoclimatic results 

from the palynomorphs suggest cool temperate to humid subtropical conditions.

Geochronology was used in an attempt to date clay formation (i.e. soil 

formation) of the Dunvegan Fm. The technique of dating paleosol clay may still 

be possible because encapsulated fine clay was found to be younger than the 

detrital fraction (table 5.1). Integrated ages for the encapsulated “pedogenic” 

clays range between 137.1 and 151.4 Ma while encapsulated detrital clays range 

between 144.0 and 167.3 Ma. The results appear to be inconclusive due to 

incomplete separation of detrital from pedogenic clays. The conclusion that the 

clay was not properly separated was confirmed by a TEM study of the clay 

separates. In addition, the major mode of pedogenic clay formation is via clay 

transformations rather than neoformation from solution (Vitali et al., 2002) and 

these clays may be less likely to record a single age for soil formation.
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6.3 Integrated Paleopedology and Palynology and Geochronology: A 

Paleoenvironmental Reconstruction

The pedogenic and sedimentary histories of the five paleosols in this study 

are now discussed in light of the palynology and geochronology. Together this 

data provides further insights into the evolution of the floodplains.

The times of greatest land stability would likely be favorable for 

colonization by tree species (Traverse, 1988). A few paleosol intervals in this 

study do include arboreal pollen (fig 4.1-4.4). In the CE profile monosulcate 

pollen becomes locally abundant at 55 cm depth. This also occurs in the upper 

half of the interval that is modified by pedogenesis to the greatest extent (fig.

3.5). While the floodplains were active, however, ferns were colonizing them; 

when longer hiatuses occurred and soil formation was active trees probably 

began to colonize the soils. The monosulcate pollen at 55 cm (fig. 4.1) is likely 

the remnants of this phenomenon and is an overprint of the original fern 

colonization.

Bisaccate pollen is wind dispersed and capable of more regional travel, 

therefore abundances above 20% are needed to conclude conifers were nearby 

(Anderson et al, 1991). The CH II profile contains enough bisaccate pollen in the 

35 cm (fig. 4.2) interval to be considered “nearby” and to investigate possible 

causes. Based on a published study by McCarthy and Plint (1998) the top of the 

soil profile in CH II occurred at -70  cm depth (i.e. 70 cm below the top of the 

sampled interval). Bisaccate pollen does not occur at this interval but bisaccate
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grains do occur just above the most pedogenically modified interval. This may 

mean that the landscape nearby was still stable while the profile started 

aggrading floodplain sediments again. The CH II profile is erosionally truncated 

at the top of the well developed soil which may explain the lack of arboreal pollen 

at that interval (McCarthy and Plint, 1998).

Both the CE and CH II profiles contain a lack of pollen at the base of 

intervals that are identified as intensely modified by soil forming processes (fig 

4.1, 4.2; CE 65-85 cm, CH II 95-145 cm depth). Pollen and spores are primarily 

composed of sporopollenin. This compound is incredibly durable but can be 

destroyed by oxidation (Traverse, 1988). The lack of palynomorphs at the base 

of these two intervals seems plausible given that they were subjected to intense 

pedogenesis for the greatest amount of time and, therefore, they experienced the 

longest periods of oxidizing conditions (first during deposition of the pollen, then 

during soil formation). Furthermore, except for the top of the soil the underlying 

sediments would be buried and removed from further palynomorph inputs while 

still being oxygenated and destroyed within the vadose zone of the soil profile 

erasing the fossil record. The CE and CH II soils are also the best developed 

paleosols in the study and they are the only two soils lacking abundant 

palynomorphs. This lack of palynomorphs can be thought of as an oxidizing 

overprint on the fern assemblages.

The PRH profile shows that monosulcates are abundant in approximately 

the top 15 cm (fig. 4.1). The same general trend of ferns, which represent the 

first colonizers as sedimentation slowed or stopped, and trees that become more



abundant on the landscape as pedogenesis ensued are seen in the PRH profile. 

The tree pollen that is seen may allude to stability in the landscape nearby while 

aggradation of the PRH site was active.

Interestingly, trees never become dominant in any of the paleosol 

assemblages. This is contrary to macrofloral studies and field observations of 

large coalified roots and logs, along with previous palynological investigations 

(Bell, 1963; McCarthy and Plint, 1998; Parrish and Spicer, 1989; Singh 1983; 

Thusu, 1967). This phenomenon may be due to lack of preservation near the 

pedogenically modified intervals that were conducive to trees. Retallack and 

Dilcher (1986) suggest a similar possibility, although this hypothesis is impossible 

to test and is therefore not entirely convincing. Retallack and Dilcher (1986) 

found no plant remains on stable interfluve soils except for abundant roots. 

However, in lagoonal environments, abundant conifer debris was preserved. A 

similar process of erosion and redeposition may be at work in the Dunvegan Fm. 

The abundance of papules (formed by erosion or possibly heavy bioturbation) 

may be the remnant evidence of erosion leading to the loss of paleosol material 

with accompanying tree species. An erosional surface is present in the CH II 

profile of McCarthy and Plint (1998). McCarthy and Plint (2003) and McCarthy 

(2002) document other observed evidence of erosional truncation on interfluve 

paleosols, providing additional evidence in support of the palynomorph loss 

hypothesis.
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6.3.1 Climatic Interpretations

The palynomorphs of the Dunvegan Fm. constrain the paleoenvironmental 

interpretation but a wide range of climates are still indicated from cool temperate 

to subtropical. Primarily the pollen assemblages are composed of fern spores 

and pre-Quaternary published work on fern climatic interpretations is lacking 

(Van Konijenburg-Van Cittert 2002). Generally ferns are relegated to warm and 

moist environments and are thought to be moisture loving plants (Vakhrameev, 

1991). However, care must be taken in only assigning ferns to this category.

Van Konijenburg-Van Cittert (2002) calls these over simplifications and states 

that some ferns were able to adapt to more arid conditions. The Dunvegan Fm. 

ferns are predominantly composed of ferns with modern moist affinities. This 

may be due to poor drainage conditions and the disturbed nature of the 

aggrading floodplain prior to any major soil forming events. The ferns may be 

more of a disturbance and humidity indicator. Unfortunately, constraining the 

temperatures based on the fern assemblages is difficult due to the families 

involved. Many of the families have modern affinities to subtropical and tropical 

environs, but they also contain rare species that are more cold tolerant. Little is 

known about the adaptability of these families to temperature in the geologic 

past.

The presence of plants adapted to better drained conditions and cooler 

temperatures is evident in the gymnosperm pollen. Topographic elevation and 

landscape stability (corresponding to more intense pedogenesis) probably 

account for the presence of these pollen grains. Given that the ferns can tolerate



tropical conditions and the conifer species can tolerate colder conditions, it 

seems plausible that temperate climates probably prevailed during deposition of 

the Dunvegan Formation. Humid conditions are suggested by the ferns and, 

therefore, an interpretation of humid temperate to humid subtropical is the 

preferred paleoenvironmental interpretation based on the pollen and spores.

Based on the micromorphological features, primarily clay illuviation and 

redox features (including mottles, nodules, and iron coatings) the paleosols 

suggest warm to cool temperate conditions (Driese et al, 1995). The overlap of 

the palynomorph and paleosol data sets is suggestive of humid, warm to cool 

temperate conditions. Like many regions today micro-climates are probably also 

present on the landscape. These variances may have something to do with 

topography and proximity to the moderating effects of the Western Interior 

Seaway. Paleogeographic maps of the Dunvegan Formation (Plint, 2000) 

suggest topographic variability (i.e. incised valleys) and further updip into the 

source areas (i.e. mountainous regions) there may have been greater 

differences. The palynoiogical data include assemblages with widely differing 

conditions (i.e. rare arid Ephedra pollen occurring with ubiquitous humid fern 

spores) supporting this conclusion. However, there is no clear change in 

vegetation composition from downdip to updip along the transect, nor is there a 

change in vegetation through time (the samples are from different allomembers). 

This observation alludes to vegetational stability and therefore climatic stability 

during the formation of the Dunvegan Fm.
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6.3.2 Geochemistry

Sheldon et al (2002) attempted to quantify a relationship between MAP, 

MAT, CIA-K, and Bases/Alumina to differentiate ancient Alfisols from Ultisols. 

the index is suspect because the majority of the sediment that the index is based 

upon is transported, detrital material that, at least in this case; appears to have 

been pre-weathered. Since the micromorphology indicates unequivocally that 

these soils are not Ultisols, and in fact, many aren’t even Alfisols, the index 

needs to be viewed very cautiously. Based on the results of the 40Ar/39Ar dating 

detrital ages of the clays are from the Paleozoic. This clay may be recording not 

only depositional but, in part, geochemical signatures from a previous period of 

weathering. Previous weathering is likely given that the source rocks are thought 

to be from the much older Omineca belt (Stott, 1982). However, the MATs and 

MAP amounts, calculated from the index of Sheldon, are similar but slightly 

higher than other temperature and precipitation values based on different data 

sets (i.e. stable isotopes, Vitalii et al, 2002; Ufnar et al, 1999; paleosols,

McCarthy and Plint, 1999; and megaflora, Upchurch and Wolfe, 1993). The 

similarities in the calculated geochemical climofunctions must be coincidental for 

the Dunvegan Fm. Many of the poorly developed soils in this studies’ transect 

meet the requirements of Sheldon et al (2002) Ultisols with neither field nor 

micromorphological supporting evidence (i.e. thick well developed soils). Alluvial 

soils may not be the place to apply these climofunctions for several reasons. 

Aslan and Autin (1998) concluded that, in Mississippi River floodplains, 

depositionally controlled compositional differences had a greater impact on the



chemistry of alluvial soils than did weathering processes. In addition, sufficient 

time may not have passed for these soils to overcome the parent material 

geochemical signal. Kaolinite in the western interior basin has been suggested 

to be detrital in origin (De Caritat et al, 1994). Kaolinite is the product of intense 

weathering of the paleosols and, in this study only one profile, the CE, has 

micromorphological evidence of intense weathering. The CE profile may not 

have been stable long enough to form kaolinite, at least abundantly. Therefore 

the kaolinite probably formed elsewhere and was eroded and transported to the 

Dunvegan Fm. with its original chemical signature. This clay was most likely not 

in equilibrium with the conditions present at the time of soil formation.

6.4 Stratigraphic Implications

Updip sites in the Dunvegan Fm. are characterized by cumulative soils 

characterized by weak pedogenic modification with no significant hiatuses in 

sedimentation (figs, 3.3-3.4). The middle of the transect is comprised of a well 

developed welded paleosol representing a slowing in the aggradation rate 

followed by a significant hiatus producing abundant pedogenic features (fig. 3.5). 

The downdip sites are characterized by weakly developed, simple and compound 

paleosols developed during rapid, episodic sedimentation.

A model explaining the variability of the Dunvegan Fm. soils is now 

possible using paleosols of this study along with those described by McCarthy 

and Plint (2003), and McCarthy et al (1999). The paleosols in this transect fall
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into three distinct zones: 1) updip cumulate paleosols; 2) intermediate welded 

paleosols; 3) downdip, weakly developed simple and compound paleosols (fig

6.1).

The CE profile of this study is the most well developed. The well 

developed profile is interpreted to be caused by a relative fall in base level 

causing fluvial channels to incise through nick-point migration starting at the 

falling stage shore line and migrating updip creating valleys progressively further 

upstream. This results in zero to negative accommodation on the interfluves with 

the groundwater table dropping allowing for better soil development adjacent to 

where valleys formed. This stable phase of soil development is indicated by 

abundant soil features (fig 3.5) that form welded profiles similar to modern 

Alfisols (McCarthy and Plint, 1998, 2005).

The CH II profile of McCarthy and Plint (1998) follows this same pattern.

At the sequence boundary in the Clayhurst profile an erosional surface was 

found due to its proximity to the valley margin. The erosion on the interfluves 

was attributed to incision and broadening of the valleys (McCarthy and Plint,

1998). During valley filling the interfluve remained stable allowing for additional 

pedogenesis until the rivers overtopped their valleys and flooding resumed on the 

floodplain.

Paleosols found in the region of the CH II and CE profile, that is near 

areas where valleys initially began to form (zone two of McCarthy and Plint 

2005), will be the best developed soils on the landscape because they were the
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best drained for the longest time. Additionally, the paleosols found closer to 

valley margins should be the best developed compared to soils farther from the 

valley margins (McCarthy and Plint, 2003). This relationship is seen between the 

CH II and CE profiles. The CH II is better developed and occurs < 1 km from the 

nearest valley while the CE profile is 30 km from the nearest valley. This latter 

relationship conforms to the landscape model of McCarthy and Plint (2003).

The updip PRF profile is a cumulate profile, which is a soil with 

pedogenesis outpacing sedimentation (fig. 3.3; Marriot and Wright, 1993). 

Pedogenesis outpaced sedimentation until ~ 40 cm where it becomes buried by 

aggrading floodplain sediments. This profile is further updip so valley incision 

and subsequent fill is not likely a mechanism explaining development.

Fluvial systems are complex and responses to internal and external forces 

are difficult to predict. This change in aggradation could be due to allocyclic 

and/or autocyclic fluvial processes. A variety of outcomes are possible if the 

change in sedimentation is due to allocyclic processes. In this case a 

documented change in accommodation in the PRF profile at ~ 40 cm depth is 

interpreted to be a result of base level change. A decrease in base level may 

change the hydrology allowing for better drained conditions updip. Another 

possibility is that the up-dip portion of the migrating rivers may have been more 

channelized during a drop in base level allowing for less frequent floods and 

more intense pedogenesis (Schumm, 1993).
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Paleosols found in zone three are not as well developed because the 

valley (river) upstream from the limits of long profile adjustment (i.e. where there 

is no incision) aggrades either due to sediment overloading or migrates due to 

equilibrium conditions. Continuous aggradation could also be the result of basin 

subsidence, but this is unlikely in Allomember F based on isopach data (Plint, 

2000, 2001). When subsidence is not increasing, then it suggests that sediment 

supply is increasing, otherwise the river would be combing back and forth across 

the floodplain. Subsidence begins to increase in the NW part of the basin in 

Allomember E, so that could be a mechanism at least partially responsible for 

continuous aggradation in Allomember E.

The downdip profiles GCE and GC are floodplain deposits with weak 

pedogenesis creating compound soils. These types of soils are indicative of 

rapidly aggrading floodplains (Marriot and Wright, 1993). Due to their proximity 

to the paleoshoreline the Dunvegan rivers would be prograding as base level fell 

and would be rapidly aggrading sediments (fig. 6.1). Paleosols found below the 

nick-point, zone one, would also not be affected by valley formation and are 

therefore not as well developed.

Identifying a single paleosol as representative of a sequence bounding 

unconformity would be extremely difficult in this zone. Trying to correlate 

sequence boundaries in nonmarine rocks over several hundred kilometers is 

difficult because, as demonstrated here, paleosols at different landscape 

positions have different architectural and morphological expressions. Attempting 

to correlate individual soil profiles because they look alike is clearly a futile

174



process. Nevertheless, a pedostratigraphic approach can resolve this issue. 

Pedostratigraphic units have been formally defined in the North American 

Stratigraphic Code (NACSN, 1983) code, and the fundamental unit is a geosol 

which is defined as a pedostratigraphic unit that is characterized by a range of 

physical and chemical properties of the unit in the type area, rather than by 

typical properties exhibited in a type section (NACSN, 1983). On the basis of this 

it is much more useful to define a soil-forming interval and to correlate these 

intervals rather than individual soil profiles. In order to correlate soil-forming 

intervals the entire range of soil variability on a landscape first needs to be 

documented, and caution is warranted in terrestrial sequence stratigraphic 

models and landscape interpretations that do not account for significant changes 

in paleosol development.
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Figure 6.1 Basin scale model with zones 3 (updip, cumulate paleosols), 2 (well developed paleosols on 
interfluves), and 1 (downdip, composite soils on rapidly aggrading floodplains) (After McCarthy, 2005).
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Chapter 7 Conclusions

7.1 Conclusions

1) Paleosols of the Dunvegan Formation contain well-preserved 

micromorphological features, especially clay illuviation and redox features 

(nodules and mottles). These soil features suggest wetting and drying 

and are interpreted to represent cool to warm temperate paleoclimates.

2) Reconstruction of depositional and pedogenic histories is possible using

geochemical and micromorphological depth functions (fig. 3.3-3.7, 3.13-

3.17).

3) The paleosols in this study were compared to the basin model of 

McCarthy and Plint (2005) formulated for the Dunvegan Fm. The updip 

profiles, PRH and PRF, fall into Zone one characterized by cumulate soils 

with slow sedimentation rates. The CE profile lies within Zone two, which 

is characterized by well developed welded paleosols on better drained 

interfluves. The paleosols in zone two display clear evidence of sequence 

boundaries (see fig. 3.5). The downdip profiles, GCE and GC, are within 

Zone three which is characterized by high aggradation rates and weakly 

developed floodplain paleosols. In the absence of detailed, regional
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stratigraphic mapping it is difficult to unequivocally identify sequence 

boundaries in paleosols within Zones one and three.

4) Palynomorphs of the Dunvegan Fm. are generally well preserved and are 

overwhelmingly dominated by fern spores. Angiosperm, cycad and 

conifer pollen grains are much less abundant in the Dunvegan Fm. (table

4.1).

5) The overall paleoenvironmental interpretation based on the palynomorphs 

is predominantly humid and ranges from cool temperate to subtropical.

6) Geochronology using the 40Ar/39Ar dating method was applied to the 

Dunvegan Fm. clay. The fraction of ‘pedogenic’ origin was found to be 

contaminated with abundant detrital clay resulting in ages that represent 

an average of the two clay fractions.

7) The overall paleoenvironmental interpretation of the Dunvegan Formation, 

based on combined paleosol and palynomorph data is humid cool to warm 

temperate.



8) Abundant ferns grew while the floodplains were aggrading sediment. This 

is reasonable because many ferns are first colonizers in disturbed areas. 

During periods of pauses in sedimentation and significant pedogenesis, 

trees became locally abundant and palynomorphs-are not preserved, 

probably due to oxidation, just below recognized sequence boundaries. 

Combining paleopedology and palynology may become an effective 

means of recognizing sequence boundaries in non-marine rocks.

9) Based on the results of the TEM and 40Ar/39Ar dating study (i.e. abundant 

clay is present in the paleosols that is inherited from previous weathering 

phases that are not associated with pedogenesis during Dunvegan time) 

the geochemical climofunctions of Sheldon et al. (2002) provide 

misleading indications of maximum soil development in the Dunvegan 

Formation.

7.2 Recommendations for Future Work

The paleosols of the Dunvegan Fm. have now been studied for 

stratigraphic implications along with paleoenvironmental interpretations. This 

study has looked at a transect from the paleoshoreline up dip -1 8 0  km. Using 

this data, and the paleogeographic maps and paleosols of previous studies by 

McCarthy (2002), McCarthy and Plint (1998, 1999, 2003), and McCarthy et al 

(1999) a more robust geomorphic model is now possible. This model explains

179



the variability of soil development and intensity using terrestrial sequence 

stratigraphy.

A promising future study is to test the possibility of dating pedogenic clay. 

40Ar / 39Ar method should be checked on a “simpler” system (i.e. a system with 

known parent material mineralogies like basalt or granite) before being applied to 

an alluvial setting. In the present study obtaining clay separates that include a 

dominant pedogenic fraction through the use of capable, well calibrated, 

centrifuges would be useful. This fraction could then be used in a TEM study to 

confirm the separation and then be used in an 40Ar / 39Ar geochronologic study. 

The results so far indicate that a date may be possible on pedogenic clays and 

further testing should be undertaken.

An exciting possibility that awaits further study is in the discipline of 

palynology. This study found abundant fern spores in the paleosols. A further 

study is to test if this holds for different facies of the Dunvegan Fm. Previous 

studies did not record the facies, which may be an important control on the plant 

communities. Also, a transect into correlative units elsewhere in the Cretaceous 

Interior Seaway should be undertaken to reconstruct the plant communities from 

the paleoshoreline as far updip as the rocks permit. This transect would permit 

documentation of any variability not seen in the Dunvegan Fm. and has 

implications on the current paleovegetation reconstructions and the resulting 

palynological provincial boundaries.
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Cretaceous Western Interior paleovegetation reconstructions, particularly 

Dunvegan Fm reconstructions, may need to be revised if a dearth of tree species 

is found in different facies of the Dunvegan Fm and is also found lacking in 

correlative units. With the abundance of ferns in the paleosols, the Dunvegan 

Fm. may fall into a coastal province instead of the Aquilapollenites province to 

which the formation is currently assigned. More data provided by an in-depth 

look at the facies and correlative units are needed to test this hypothesis.

Another approach is to use other multi-proxy data to improve the 

paleoenvironmental interpretations in the Dunvegan Fm. Stable isotope 

geochemistry of siderite and clays combined with paleosol and palynology data 

from the same stratigraphic intervals and soils may help constrain 

paleoenvironmental interpretations.
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Microstructure

Peds are well developed sub angular blocky and well 

accommodating. Largest ped dimensions are 2.0 x 0.7 cm and roughly 

oriented with the long dimension perpendicular to the vertical direction.

Voids are well accommodating predominately undulatory planar with few 

zig-zag voids.

Basic Mineral Components:

c/f limit at 10 pm, c/f ratio 45:55

Coarse mineral components: Well-rounded quartz grains 

predominate. Grains are well sorted and grains are between 60 and 150 pm 

in diarr0tganic: Opaque, carbonized organics common throughout, usually 

seen as thin elongate stringers, and less commonly seen as small spheres. 

Occasional root traces are evident.

Fine components: Silt and impure clay comprise the fine fraction. 

Colors are yellow brown to reddish brown with rare and weak iron oxide 

coatings.

Pedofeatures

PRF

Depth: 0-10 cm
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Textural: Impure clay is common and is non laminated and 

unrefered. Clayey silt that is brown to dark red brown in color is seen 

throughout with no preferred orientation.

Amorphous: Few hypo- and quasi-coatings are present with weak to 

moderate impregnative iron coatings on peds. Rare ped comprising ~1 

percent or less of the total thin section exhibits strong Fe impregnative 

coatings. Very few papules and aged coatings are seen and are light 

yellow to dark red-brown in color. Rare nodules are also present with thin 

and elongate morphologies, 2mm x 0.5mm.

Fabric: Passage features not detected.

Groundmass

Stipple-speckled and random striated birefringence fabrics are seen 

throughout the thin section.
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Microstructure

Peds are well developed sub angular blocky and well 

accommodating. Largest ped dimensions are 2.4 x 0.7 cm and roughly 

oriented with the long dimension perpendicular to the vertical direction.

Voids are well accommodating predominately undulatory planar with few 

zig-zag voids.

Basic Mineral Components:

c/f limit at 10 |am, c/f ratio 70:30

Coarse mineral components: Well-rounded quartz grains 

predominate. Grains are well sorted and grains are between 60 and 150 |Lim 

in diarrfiategr.components: Silt and impure clay comprise the fine fraction. 

Colors are yellow brown with moderate iron oxide coatings.

Pedofeatures

Textural: Impure clay and clayey silt is seen throughout and is yellow 

brown in color.

Amorphous: Very few hypo- and quasi-coatings are present with 

moderate impregnative iron coatings in peds. Nodules are pervasive 

throughout and range in size from 60-150 ^m.

PRF

Depth: 0-10 cm B



Fabric: No passage features are seen

Groundmass

Moderate random striated birefringence fabric.
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Microstructure

Peds are well developed sub angular blocky and well 

accommodating. Largest ped dimensions are 3.1 x 1.5 cm and roughly 

oriented with the long dimension perpendicular to the vertical direction. 

Voids are well accommodating predominately undulatory planar with few 

zig-zag voids.

Basic Mineral Components:

c/f limit at 10 |am, c/f ratio 40:60

Coarse mineral components: Well-rounded quartz grains 

predominate with subordinate amounts of mica and chert. Grains are well 

sorted and grains are between 60 and 150 jam in diameter.

Organic: Opaque, carbonized organics few throughout, usually seen 

as thin elongate stringers, and less commonly seen as small spheres.

Fine components: Silt and impure clay comprise the fine fraction. 

Colors are yellow brown to reddish brown with rare and weak iron oxide 

coatings.

Pedofeatures

PRF

Depth: 10-20 cm



Textural: Impure clay is common and is non laminated and 

unrefered. Clayey silt that is brown to dark red brown in color is seen 

throughout with no preferred orientation.

Amorphous: Few hypo- and rare quasi-coatings are present with 

weak to moderate impregnative iron coatings on peds. Thin to absent Fe 

impregnative coatings. Rare papules and aged coatings are seen and are 

light yellow to dark red-brown in color. Rare nodules are also present with 

thin and elongate morphologies.

Fabric: Passage features are few throughout the thin section.

Groundmass

Moderate random striated, and less commonly stipple-speckled 

birefringence fabrics are seen.
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Microstructure

Peds are weakly developed sub angular blocky and well 

accommodating. Voids are planar undulatory with subordinate amounts of 

zig zag morphology.

Basic Mineral Components:

c/f limit at 10 ^m, c/f ratio 65:35

Coarse mineral components: Well-rounded quartz grains 

predominate. Grains are well sorted and grains are between 60 and 150 fim 

in diarrfetrar.components: Silt and impure clay comprise the fine fraction. 

Colors are yellow brown to red brown with thick iron oxide coatings.

Pedofeatures

Textural: Impure clay and clayey silt is seen throughout and is yellow 

brown in color.

Amorphous: Common hypo- and quasi-coatings are present with 

strong impregnative iron coatings in peds. Nodules are pervasive 

throughout and range in size from 60-150 ^m.

PRF

Depth: 10-20 cm B

Fabric: Rare passage feature is seen.



Groundmass

Moderate random birefringence with subordinate amounts of 

speckled fabric.
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PRF

Microstructure

Peds are well developed sub angular blocky and well 

accommodating. Largest ped dimensions are 2.0 x 1.2 cm. Voids are well 

accommodating predominately undulatory planar with few zig-zag voids.

Basic Mineral Components:

c/f limit at 10 |_im, c/f ratio 30:70

Coarse mineral components: Well-rounded quartz grains 

predominate with subordinate amounts of mica. Grains are well sorted and 

grains are between 60 and 150 i^m in diameter. Thin ribbons, -300 f^m x 4 

mm, of well sorted sand within two peds.

Fine components: Silt and impure clay comprise the fine fraction. 

Colors are yellow brown to reddish brown with rare and weak iron oxide 

coatings.

Pedofeatures

Textural: Impure clay is common and is non laminated and 

unrefered. Clayey silt that is brown to dark red brown in color is seen 

throughout with no preferred orientation.

Depth: 20-30 cm



Amorphous: Few hypo- and rare quasi-coatings are present with 

weak to moderate impregnative iron coatings on peds. Thin to absent Fe 

impregnative coatings. Rare papules and aged coatings are seen and are 

light yellow to dark red-brown in color. Rare nodules are also present with 

round and thin and elongate morphologies.

Fabric: Passage features common throughout the thin section.

Groundmass

Moderate random striated, and less common stipple-speckled

birefringence fabric.
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Microstructure

Peds are weakly developed sub angular blocky and well 

accommodating. Voids are planar undulatory with subordinate amounts of 

zig zag morphology.

Basic Mineral Components:

c/f limit at 10 jam, c/f ratio 70:30

Coarse mineral components: Well-rounded quartz grains 

predominate, grains are well sorted and are between 60 and 150 |im in 

diametime components: Silt and impure clay comprise the fine fraction. 

Colors are yellow brown to reddish brown with moderate to strong iron 

oxide coatings.

Pedofeatures

Textural: Impure clay and clayey silt is seen throughout and is yellow 

brown to dark red brown in color.

Amorphous: Common hypo- and quasi-coatings are present with 

moderate to strong impregnative iron coatings in peds. Nodules are 

pervasive throughout and range in size from 60-150 |_im, quasi coatings and 

soil fabric bend around nodules.

Fabric: No passage features are seen (disrupted by nodules?)

PRF

Depth: 20-30 B



Groundmass

Moderate random birefringence with subordinate amounts of 

speckled fabric
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Microstructure

Peds are well developed sub angular blocky and well 

accommodating. Largest ped dimensions are 2.0 x 1.2 cm. Voids are well 

accommodating predominately undulatory planar with few zig-zag voids.

Basic Mineral Components:

c/f limit at 10 j^m, c/f ratio 70:30

Coarse mineral components: Well-rounded quartz grains 

predominate with subordinate amounts of mica. Grains are well sorted and 

grains are between 60 and 150 (im in diameter.

Fine components: Silt and impure clay comprise the fine fraction. 

Colors are yellow brown to reddish brown with thick iron oxide coatings.

Pedofeatures

Textural: Impure clay and clayey silt is seen throughout and is 

yellow brown to dark red brown irucolor.

Amorphous: Abundant hypo- and few quasi-coatings are present 

with moderate impregnative iron coatings on peds. Rare papules and aged

PRF

Depth: 50-60 cm



coatings are seen and are light yellow to dark red-brown in color. Nodules 

are also adundant and range in size from 60-150 |am.

Fabric: Very few passage features are seen. However, passage 

features may be higher but obscured by the pervasive presence of Fe oxide - 

coatings.

Groundmass

Weak to moderate stipple-speckle birefringence fabric with rare 

random fabrics.

208



209

Microstructure

Peds are weakly developed sub angular blocky and well 

accommodating. Voids are planar undulatory with subordinate amounts of 

zig zag morphology.

Basic Mineral Components:

c/f limit at 10 |iim, c/f ratio 70:30

Coarse mineral components: Well-rounded quartz grains 

predominate with subordinate amounts of mica. Grains are well sorted and 

grains are between 60 and 150 ^m in diameter.

Fine components: Silt and impure clay comprise the fine fraction. 

Colors are yellow brown to reddish brown with thick iron oxide coatings.

Pedofeatures

Textural: Impure clay and clayey silt is seen throughout and is yellow 

brown to dark red brown in color.

Amorphous: Abundant hypo- and quasi-coatings are present with 

moderate impregnative iron coatings on peds. Rare papules and aged 

coatings are seen and are light yellow to dark red-brown in color. Nodules 

are pervasive throughout and range in size from 60-150 (im.

PRF

Depth: 50-60 cm



Fabric: Rare passage features are seen

Groundmass

Weak to moderate random birefringence fabric
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Soil thin section is massive with no apparent aggregates. Rare voids 

have planar undulatory morphology.

Basic Mineral Components:

c/f limit at 10 (am, c/f ratio 85:15

Coarse mineral components: Well-rounded quartz grains 

predominate with subordinate amounts of mica. Grains are well sorted and 

grains are between 60 and 150 |am in diameter.

Fine components: Silt and impure clay comprise the fine fraction. 

Colors are yellow brown to reddish brown with thin iron oxide coatings.

Pedofeatures

Textural: Impure clay “patches” of -  1mm diameter are rare 

throughout exhibiting random extinction patterns.

Amorphous: Very few nodules are present and rare papules are 

seen. Hypo and quasi coatings are not evident.

Fabric: Passage features were not observed

PRF

Depth: 70-80 cm

Microstructure



Groundmass

Predominatly speckled birefringence fabric is seen. Patches of 

impure clay exhibit random fabric.
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Sanstone with interlocking grain boundaries, no soil peds are 

evident, but ped fragments are seen within the sandstone.

Basic Mineral Components:

c/f limit at 10 |am, c/f ratio 90:10

Coarse mineral components: Well-rounded quartz grains 

predominate with subordinate amounts of mica, feldspar, and chert.

Grains are well sorted and grains are between 60 and 150 jam in diameter.

Fine components: Minor amounts of silt and impure clay comprise 

the fine fraction and are seen as grain coatings around sand. Colors are 

yellow brown to reddish brown with thin to thick iron oxide coatings.

Pedofeatures

Textural: Impure clay and clayey silt is seen surrounding quartz 

grains and is yellow brown to dark red brown in color.

Amorphous: Nodules are very few and hypo coatings are rarely seen. 

Approximately 15 percent of the thin section has a thick impregnative Fe 

oxide coating. . Fabric: No passage features

PRF

Depth: Lag above paleosol

Microstructure



Groundmass

Soil clasts within sand show moderate random birefringence.
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PRH

Most of the peds in this thin section do not allow transmitted light to 

pass through them, because of the amount of organics. The data for this 

thin section is from a few peds that were observable and the results may be 

skewedReds are predominately sub angular blocky and tabular in 

morphology, well developed and accommodating with a max size of 2.5 x 1 

Basic Mineral Components:

c/f limit at 10 |_im, c/f ratio 20:80

Coarse mineral components: Rare quartz is observed and is rounded 

to well rounded between 15-150 urn.

Organic: Opaque, carbonized organics throughout, -70  % of the thin 

section. Occasional root traces are evident.

Fine components: The clay and silt was the least observable 

component on the slide. In the rare instances it was observable, low- 

moderate amounts of birefringence was observable. The color appeared to 

be dark reddish-brown to black.

Depth: 0-10 cm

Microstructure

Pedofeatures



Textural: Clay and silt present, most likely clayey silt. Very few, 

round, reddish brown to yellow clay papules.

Amorphous: Small amounts of Fe oxide coatings mostly obscured 

by the amount of organics.

Fabric: Organics pervasive throughout the peds obscuring fabric

Groundmass

Stipple-speckled fabric predominates in observable peds.
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PRH

Well developed, accommodating, sub angular blocky peds 

predominate with a max size of 4.3 x 1.5 cm. Voids are disturbed and 

therefore not measured.

Basic Mineral Components:

c/f limit at 10 |am, c/f ratio 30:70

Coarse mineral components: Quartz predominates, is rounded to 

well rounded, well sorted and ranges in size from 15-100 ^m.

Fine components: Reddish brown to black clay and silt 

predominates. Banding is seen because of the sand enriched and dark 

colored clay and silt enriched areas. This banding is roughly parallel to 

horizontal.

Pedofeatures

Textural: Reddish brown to black clayey silt with low to moderate 

amounts of birefringence is seen. Clay papules extremely rare, only one 

detected with a size of 400 x 120 fim, and was recognized based on red to 

yellow color.

Depth: 10-20 cm

Microstructure



Amorphous: Clusters of oval to amorphous nodules are seen along 

a number of ped margins, nodules are ~ 75-100 ^m in diameter. Very rarely 

nodules are seen in a linear trend internal to the ped. Very few 

hypocoatings are apparent in the thin section.

Fabric: Passage features are common throughout and are distinct 

because of their convolute laminations and disturbed fabrics. Maximum 

size is ~ 1.3 cm x 3 mm.

Groundmass

Stipple-speckled fabric predominates in peds.
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PRH

Depth: 20-30 cm 

Microstructure

Peds are subangularto angular tabular well developed and blocky. 

Voids are disturbed throughout the thin section.

Basic Mineral Components:

c/f limit at 10 ^m, c/f ratio 20:80

Coarse mineral components: Quartz sand is seen ranging in size 

between 15-150 jum and is rounded to well rounded.

Organic: Opaque, carbonized organics throughout, -70 % of the thin 

section. Occasional root traces are evident.

Fine components: Reddish brown clay and silt predominate, peds 

are internally laminated and are composed of enrichments of sand and silt 

and clay. Laminations are approximately parallel with horizontal.

Pedofeatures



Textural: Reddish brown to black laminated clayey silt is seen along 

with clay papules. Papules are red to yellowish in color and are very few 

throughout.

Crystalline: Quartz precipitated in an arrangement of cells in plant

tissue.

Fabric: Passage features are common throughout and show 

characteristic disturbed laminations or convolute internal structures. 

Birefringence is moderate to high in observable peds.

Groundmass

Stipple-speckled b-fabric predominates.
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PRH

Depth: 30-40 cm 

Microstructure

Peds are well developed subangular and tabular blocky. Voids 

between peds are disturbed and not identified, rare intraped voids are 

planar.

Basic Mineral Components:

c/f limit at 10 |nm, c/f ratio 15:85

Coarse mineral components: Quartz predominates and is rounded to 

well rounded and -1 5 -2 0 0  |nm in size.

Organic components: Opaque organics, few the sizes of peds and 

more commonly incorporated in peds as amorphous_black opaques.

Fine components: Reddish brown dusty clay and silt predominates. 

Red to yellow clay papules are very few throughout.



Pedofeatures

Textural: Clayey silt prevails with reddish-brown to black in color 

Amorphous: Hypo to quasi coatings are thin and rare throughout. 

Fabric: Passage features are common throughout and show 

characteristic disturbed laminations or convolute internal structures. 

Birefringence is moderate to high in observable peds.

Groundmass

Speckled groundmass predominates. In the peds with high 

birefringence, aged coatings?, cross striated fabrics are seen.
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PRH

Depth: 50-60 cm 

Microstructure

Peds are subangular blocky and are as large as 1.5 x 0.5 cm. Peds 

and associated voids are disturbed; in rare instances voids were 

observable. These voids were planar, undulatory and accommodating.

Basic Mineral Components:

c/f limit at 10 jam, c/f ratio 10:90

Coarse mineral components: Rounded to well rounded quartz sand 

predominated, although a low proportion of the total thin section. Sizes did 

not range, and the average was approximately 60 ^m.

Organic: Opaque organics as large as 2 x 2 mm but predominately 

smaller, within the peds with root-like morphologies of ~ 300 x 40 |am.
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Fine components: Clay and silt are the dominant constituent of the 

peds and ranging in color from red brown to yellowish.

Pedofeatures

Textural: Clayey silt predominates throughout the peds.

Amorphous: Impregnative coatings are seen throughout the thin 

section and are generally thin. Very few hypocoatings on ped margins, and 

rare quasi coatings within the peds are seen.

Crystalline: Quartz precipitated in an arrangement mimicking that of 

plant cells. This feature is near perfectly round and is characteristic of a 

root in cross-section.

Fabric: Moderately abundant passage features are seen. Moderate 

and in rare cases high birefringence is seen throughout the thin section 

and are possible aged coatings.

Groundmass

Speckled groundmass predominates with rare cross striated fabrics.
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PRH

Depth: 60-70 cm 

Microstructure

Sub angular peds dominate through out the thin section. Peds are 

internally seen to be in three groups: highly bioturbated with high amounts 

of thin laterally continuous opaque organics, others with higher than total 

average quartz sand and with few organics, and the last with no quartz or 

organics and higher birefringence. The first two types are slightly more 

abundant than the last. Peds were disturbed so voids were not measured.

Basic Mineral Components:

c/f limit at 10 jam, c/f ratio 30:70

Coarse mineral components: Quartz sand predominates, and is seen 

rounded to well rounded well sorted and as large as 150 (am.

Fine components: Clay and silt are the majority constituents and 

range in color from red brown to yellow. Rare irregular areas of limpid clay
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are seen ranging in color from clear to yellow and dark red. Limpid clay is 

seen within the peds and by themselves outside the peds.

Pedofeatures

Textural: Clayey silt predominates with in the peds. Some peds have 

a higher amount of sand than others, but are unreferred and not oriented.

Amorphous: Impregnative coatings are thin but throughout the thin 

section. Very few hypocoatings and quasicoatings are seen.

Fabric: Passage features are abundant and can reach sizes of the 

entire ped. Birefringence is low to moderate in areas with low organics and 

fewer passage features and moderate to high in areas with low sand, 

passage features, and organics.

Groundmass

Speckled groundmass predominates. In the peds with higher 

birefringence cross striated fabrics are seen.
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PRH

Depth: 70-80 cm 

Microstructure

Peds are subangular blocky and are as large as 1.5 x 1.0 cm. Peds 

and associated voids are disturbed: in rare instances voids were 

observable. These voids were planar, undulatory and accommodating.

Basic Mineral Components:

c/f limit at 10 (im, c/f ratio 35:65

Coarse mineral components: Rounded to well rounded well sorted 

quartz predominates and ranges in size from 15-150 |am.

Organic: Opaque organics with thin elongate morphologies with in 

the ped predominates. Rare large organics up to 2 x 3 mm in size are seen.

Fine components: Clay and silt dominate the majority of the thin 

section with colors ranging from red brown to yellow. Limpid clay clear to 

light red is also seen.



Pedofeatures

Textural: Clayey silt is the majority constituent. Clay papules are few 

throughout and range in size from 15 |am to -150 urn.

Amorphous: Impregnative iron oxide staining seen, thin throughout.

Few hypo- and quasicoatings are seen. Nodules are also rarely seen, and 

hard to distinguish from the organics, determination was based on the 

presence of hypo- and quasicoatings

Fabric: Passage features observed but few throughout the thin 

section. Birefringence ranged from moderate to high, and could be 

including aged coatings.

Groundmass

Speckled groundmass predominates, with rare cross striated fabrics.
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PRH

Depth: 80-90 cm 

Microstructure

Well developed subangular blocky peds predominate with a max size 

of 1.5 x 1.0 cm. Voids are disturbed; where less disturbed planar 

undulatory accommodating morphologies predominate. Sub angular 

blocky opaque organic fragments are seen and are less than 5% of the total 

thin section.

Basic Mineral Components:

c/f limit at 10 urn, c/f ratio 40:60

Coarse mineral components: Quartz is the dominant constituent of 

the mineral components, rare chert is present. Sizes range from 15 to 200 

nm. Sandstone fragments are seen in one ped and consists of clean sand 

in the soil matrix.

Organic components: Large ped sized fragments seen in the thin 

section but are rare. More dominant are thin elongate morphologies with in 

the ped, rare branching and tapering morphologies are also seen.
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Fine components: Clay and silt dominate the majority of the thin section 

with colors ranging from red brown to yellow. Limpid clay clear to light red 

is also seen.

Pedofeatures

Textural: Clayey silt is the majority constituent. Clay papules are few 

throughout and range in size and are seen as large as ~ 500 f.im.

Amorphous: Impregnative iron oxide coatings are thin and 

continuous throughout. Hypocoatings and quasicoatings are also seen 

and are few throughout.

Fabric: Passage features are observed in a few peds. Fabric may 

consist of aged coatings and the birefringence is moderate.

Groundmass

Speckled groundmass predominates, with rare cross striated fabrics.
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PRH

Depth: 90-100 cm 

Microstructure

Peds are well developed subangular blocky and are as large as 2.0 x 

1.0 cm, rare granular peds are seen. Peds and associated voids are 

disturbed; in rare instances voids were observable. These voids were 

planar, undulatory and accommodating.

Basic Mineral Components:

c/f limit at 10 |am, c/f ratio 45:55

Coarse mineral components: Quartz sand predominates, and is seen 

rounded to well rounded well sorted and ranged in size from 15 to 125 |am. 

Rare siderite fragments are seen in the cores of some nodules.

Organic: Opaque organics with thin elongate morphologies with in 

the ped predominates. Rare large organics up to 2 mm in size are seen.

Fine components: Clay and silt dominate the majority of the thin 

section with colors ranging from red brown to yellow.
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Pedofeatures

Textural: Clayey silt is the majority constituent. Sand is more 

abundant with in the peds towards the bottom of the slide.

Amorphous: Impregnative iron oxide coatings are thick enough to be 

seen with the naked eye and are at least thin throughout. Hypocoatings 

and quasicoatings are also seen and are common throughout the slide. 

Nodules are common throughout, some with no cores, less with inclusions 

of quartz grains, and rare with siderite fragments in the core.

Fabric: Very rare passage features are seen. In the high quartz 

containing peds birefringence is low. In peds with little quartz sand, 

birefringence is moderate to high and may indicate aged coatings.

Groundmass

Speckled groundmass predominates, with rare cross striated fabrics.
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Sub-angular strongly developed peds predominate with accommodating 

void spaces. Subordinate amounts of granular peds with voids that are not 

accommodating. Ped max size is approximately 1.2 x 1.0 cm. The 

stratigraphic top consists of sandstone peds grading into heavily Fe 

impregnated granular peds grading into sub-angular peds. Void spaces 

are randomly distributed with regular smooth walls and are interconnected. 

The majority of voids are planar, simple packing voids are also seen. Voids 

are randomly oriented and unreferred.

Basic Mineral Components:

c/f limit set at 10 fim, c/f ratio 30/70

Coarse mineral components: Dominantly rounded to well rounded 

poorly sorted single mineral grains; composition dominated by quartz, 

along with weakly weathered feldspar and mica.

Compound mineral grains: The top of the thin section consists of a 

sandstone fragment (4cm x 2cm) with little to no clay. Chert is 

occasionally seen throughout in both the soil peds and sandstone 

fragmeOtganic components: Small, ~ 60(im, spherical organic components 

with some pieces reaching sizes of 1mm. Larger organic pieces are

CE

Depth: 0-10

Microstructure:
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associated with the sandstone and the smaller pieces associated with 

highly bioturbated areas of the thin section.

Fine mineral material: This consists of silt and clay with iron oxide 

impregnation and coatings. Clay is weakly to moderately birefringent.

Pedofeatures

Textural: Dominantly clayey silt that is non-laminated, randomly 

oriented, and unreferred.

Amorphous: Impregnative iron hypo- and quasi-coatings occur, 

abundant at the sand/soil interface and along the edges of the thin section; 

clay also exhibits a brown red color. Nodules of iron are also seen up to 

-400 (am are round, opaque and randomly distributed.

Fabric: Passage features and burrows are abundant throughout. Size is 

variable with the max being 3mm x 300 (am.

Groundmass

The majority of the thin section shows a random striated b-fabric. Rare 

parallel striated b-fabric is also seen.
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Depth: 10-20 cm 

Microstructure

Well developed subangular blocky peds predominate; granules are also 

seen with compound packing voids (granules are associated with 

disturbed areas of the thin section and are likely artifacts of thin section 

production). Ped max size is 1.3 x 1.2 cm with smooth to undulating 

surfaces. Voids are disturbed, most likely planar and are randomly 

oriented and unreferred.

Basic mineral components

C/f limit at 10 |am, c/f ration 40/60

Coarse mineral compounds: Dominantly rounded to well rounded 

quartz along with much smaller amounts of mica and feldspar.

Organic components: Small, ~ 60|am, spherical organic components 

associated with highly bioturbated areas.

Fine material: Speckled silt and clay with impregnative iron oxide 

coatings, clay is weak to moderately birefringent

Pedofeatures

Textural: Very abundant clayey silt that is non-laminated, randomly 

oriented, and unreferred.

CE



Amorphous: Impregnative iron hypo and quasi coating, strong around 

some ped margins but also through out the peds; clay is also brownish-red 

in color. Rare nodules are also seen up to -100 jam are round, opaque and 

randomly distributed.-

Fabric: Few passage features are present.

Groundmass

The thin section shows a speckled b-fabric.
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Weakly developed sub angular peds with some granules. The largest 

ped is approximately 2 x 1.3 cm with the thin section exhibiting a range of 

sizes. Rare platy peds seen at the top of the thin section with parallel 

striated well oriented clay. Surfaces of the peds are undulating. Irregular 

patches of silt in between peds. Voids are irregular, planar, with partially 

accommodating void spaces, and are randomly distributed with the 

majority roughly perpendicular to horizontal.

Basic Mineral Components

C/f limit at 10 fiim, c/f ration 70:30

Coarse mineral components

Dominantly rounded to well rounded quartz up to 500 îrn in diameter 

with subordinate amounts of mica.

Fine mineral material: Well sorted silt infilling between peds. Speckled 

clay mineral red to brownish black with sweeping extinction, clay in trivial 

amounts throughout. Parallel laminated clay has a higher birefringence.

CE

Depth: 20-30

Microstructure

Pedofeatures
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Textural: Occasional microlaminated clay coatings of impure brownish- 

red clay. Many well sorted silt features between peds. Clayey silt rare.

Amorphous: Imprgenative iron staining of clay and peds, random 

distribution of typic iron nodules with intergrades between sharp and 

diff&s*iiiaufftisi3e§.e features rare. Few microlaminated clay crescentic 

features, seen with iron coatings and/or higher birefringent clay, random 

distribution with the largest feature being 500um x 4mm.

Groundmass: Mosiac-speckled b-fabric is seen throughout.
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CE

Depth: 30-40 

Microstructure

Moderately developed sub angular blocky peds, max ped size is 2.0 x 

1.3 Cm. Surfaces are accommodating to partially accommodating.

Irregular patches of silt found between peds. Voids are dominantly plainer 

fine to coarse in size randomly distributed and the majority are roughly 

oriented vertical to sub-vertical.

Basic Mineral Components

C/f limit at 10 fim, c/f ration 80:20 

Coarse mineral components

Dominantly quartz, rounded to well rounded poorly sorted and range 

in size from -100-250 |um, with subordinate amounts of chert.

Fine mineral material

Well-sorted silt infilling between peds. Silt and clay with iron oxide 

impregnation and coatings that are brownish-red in color. Parallel 

laminated speckled and dotted clay with higher birefringent clay seen in 

pore spaces.

Pedofeatures

Textural: Abundant randomly oriented clayey silt, non-laminated 

within peds and laminated within voids, all with impregnative iron coatings.



Amorphous: Impregnative iron staining of the peds and clay. 

Staining is roughly parallel to voids and is thick enough in places to be 

visible without the aid of the microscope.

Nodules are very common throughout the total thin section. The 

nodules have sharp boundaries and are rounded to amorphous in shape 

that are sometimes clustered to make a larger poorly defined circular 

nodules ( - 1 x 1  mm). Individual nodules are ~ 250 (im in diameter.

Fabric: Passage features rare throughout.

Groundmass

Mosiac-speckled b-fabric is seen throughout.
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Sub-angular blocky weakly to moderately developed peds with rough 

accommodating peds. The max size is ~ 2.9 x 1.0 cm. Voids are planar and 

oriented in the vertical to sub-vertical direction, straight to zig-zag and fine 

to coarse in size.

Basic Mineral Components:

c/f limit at 10 (am, c/f ratio 80:20

Coarse mineral components: Dominantly rounded to well rounded 

quartz that ranges in size from -100-250 jam.

Fine components: Silt and clay with iron oxide impregnative and 

coatings. Clay is weakly birefringent speckled and dotted and also opaque. 

Laminated clay is seen in crescentic features and is characterized by 

higher birefringence and darker re-brown in color.

Pedofeatures

Textural: Abundant, randomly oriented and unrefered silty clay, 

laminated when seen in crescentic features. Sand is seen in patches and is 

randomly distributed and unrefered.

CE
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Microstructure:
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Amorphous: Impregnative iron staining of the peds and clay with a 

range of thicknesses, some thick enough to be seen with the naked eye. 

Nodules are very abundant with sharp boundaries that are round to 

amorphous in shape. Individual nodules are -250 |am in diameter with 

clusters of individuals defining a larger nodule ~4mm in diameter.

Fabric: Occasional crescentic laminated clay features are seen with 

moderate birefringence.

Groundmass

The sample is stipple-speckled with few random striated 

birefringence.
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CE

Depth: 50-60 

Microstructure

Moderately to well developed predominantly subangular blocky with 

minor amounts of granules peds. The peds range in size with the max 

being 1.2 x 0.8 cm. Granules are much less abundant with the max ped 

being 5 x 4  mm. Irregular patches of silt in between peds, some showing a 

swirl pattern with the epoxy. Voids are most likely planar but thin section 

is disturbed. The few voids that are apear less disturbed are 

accommodating, weakly oriented and unrelated.

Basic Mineral Components

c/f limit at 10 |um, c/f ratio 70:30

Coarse mineral components: Dominantly rounded to well rounded 

quartz up to 500 jim, mostly range in size from 100-250 (am in diameter. 

Most peds are chiefly composed of coarse grained quartz with some peds 

entirely without coarse grained material. The distribution is random and 

the coarse material is rarely seen as single grains but in a cluster.

Fine components: Silt with clay, iron impregnation and coatings 

stronger towards the top. Clay is weakly birefringent and includes 

speckled and dotted morphologies.
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Pedofeatures

Textural: Clayey silt abundant, randomly distributed and unrefered 

with iron impregnation and coatings. Sand is seen in patches and is 

randomly distributed and unrefered.

Amorphous: Impregnative iron of the peds and clay with a range of 

thicknesses. Iron is thick enough in places to be seen with the naked eye. 

Nodules are abundant throughout the thin section, have sharp boundaries 

with mamillate to palmate sphericals of ~ 350 ^m diameter. Clusters of 

these nodules roughly define larger nodules ~ 3mm in diameter.

Fabric: Occasional crescentic laminated features are seen with 

moderate birefringence.

Groundmass

The groundmass has a stipple-speckled b-fabric with minor amounts 

of random striated b-fabric.
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Well developed subangular to angular blocky peds. Peds are 

dominantly accommodating and subordinately partially accommodating 

with undulatory roughness. The fine and coarse material is randomly 

distributed and unreferred. Voids are dominantly planer, zig-zag and 

straight morphologies, with rare simple packing voids. Voids range in size 

from meso-course to macro-fine and lengths are from 1mm to 1cm, and are 

moderately oriented to horizontal and vertical.

Basic Mineral Components:

c/f limit at 10 jam, c/f ratio 70:30

Coarse mineral components: Rounded to well rounded poorly sorted 

quartz predominates with a range of size from 80-200 |am. Rarely feldspar 

and chert present, both in the same size range. Rare siderite fragments 

within some nodules.

Fine components: Silt and clay with iron oxide impregnation and 

coatings, clay speckled, dotted, and opaque and weakly birefringent, 

except in cresentic laminated features where birefringence is higher.

CE
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Textural: Abundant clayey silt, unrefered and randomly oriented 

except in crescentic features. Sand is randomly oriented throughout peds.

Amorphous: Impregnative iron staining pervasive through out the 

thin section, strong enough to be near opaque in areas, hypo and quasi 

coatings common. Iron manganese nodules very abundant, sharp 

boundaries, round to amorphous morphologies predominate. Size of 

individual nodules average around 0.5 mm diameters, groupings of 

nodule§dtor1a2Rreiqd®TtieteEcent shaped features composed of speckled 

and dotted laminated clay with higher birefringence colors. Thin section is 

weakly bioturbated and includes rare passage features.

Groundmass

Thin section is composed of a stipple-speckled b-fabric.
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e

Microstructure

Well developed predominately sub-angular blocky with sizes ranging 

from 2x2 cm to 1x1 mm, with subordinate amounts of granular structure. In 

undisturbed areas peds are partially accommodating with smooth surfaces, 

with disturbed areas having unaccommodating ped surfaces. Voids are 

composed of planes in the mostly undisturbed places with zig-zag, and 

straight morphologies and regular walls with a maximum length of 2.5 cm. 

Compound packing voids are also present in disturbed areas with max 

lengths to 2.5 cm and regular walls.

Basic Mineral Components:

c/f limit at 10 jam, c/f ratio 70:30

Coarse mineral components: Quartz predominates with subordinate 

amounts of chert and feldspar. Sizes range from 80-175 (am, and are 

rounded to well rounded and poorly sorted. Rare siderite fragments within 

some rfodeleemponents: Silt and clay with iron oxide impregnation and 

coatings, clay speckled, dotted, and opaque and weakly birefringent, 

except in cresentic laminated features where birefringence is higher.

Pedofeatures

CE

Depth: 70-80



Textural: Abundant clayey silt, unrefered and randomly oriented 

except in crescentic features. Dusty clay is seen in laminated crescentic 

features. Sand is randomly oriented throughout peds.

Amorphous: Impregnative iron staining pervasive through out the 

thin section, strong enough to be near opaque in areas, hypo and quasi 

coatings common. Iron manganese nodules very abundant, sharp 

boundaries, round to amorphous morphologies predominate. Size of 

individual nodules average around 0.5 mm diameters, groupings of 

nodulei^ifcrrffTBiquiatiTOtefcent shaped features composed of speckled 

and dotted laminated clay with higher birefringence colors. Morphologies 

include long and thin, 40 (am x 2 mm average dimensions, and round to 

oval shaped, average diameter -750 |im. Thin section is weakly 

bioturbated 

Groundmass

Thin section is composed of a speckled b-fabric.
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Peds are well developed subangular blocky, and are partially 

accommodating. The distribution of coarse and fine material is random 

and unreferred. Voids are composed of planes in the mostly undisturbed 

places with zig-zag morphology and regular walls with lengths between 3 

mm and 1 cm.

Basic Mineral Components:

c/f limit at 10 |am, c/f ratio 65:35

Coarse mineral components: Quartz predominates with subordinate 

amounts of mica and chert. Sizes range from 80-175 (am, and are rounded 

to well rounded and poorly sorted. Rare siderite fragments within some 

nodule§ine components: Silt and clay with iron oxide impregnation and 

coatings, clay speckled, dotted, and opaque and weakly birefringent, 

except in cresentic laminated features where birefringence is higher.

Pedofeatures

Textural: Abundant clayey silt, unrefered and randomly oriented 

except in crescentic features. Dusty clay is seen in laminated crescentic 

features. Sand is randomly oriented throughout peds.

CE
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Microstructure
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Amorphous: Impregnative iron staining moderate throughout the thin 

section, strong enough to be near opaque in areas, hypo and quasi 

coatings are few. Iron manganese nodules abundant, sharp boundaries, 

round to amorphous morphologies predominate. Size of individual 

nodules average around 400 |am diameters, groupings of nodules to 5 mm 

in diarrfetenc: Frequent crescent shaped features composed of speckled 

and dotted laminated clay with higher birefringence colors. Morphologies 

are round to oval, average diameter -750 (im.

Groundmass

Thin section is composed of a weak stipple-speckled b-fabric.
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Microstructure

Peds are well developed angular to sub-angular blocky, and are 

partially accommodating. Largest ped is 1.5 x 0.5 cm and average around 

0.5 x 0.5 cm with smooth to undulatory walls. Peds are roughly parallel to 

horizontal. Distribution of course and fine material is random and 

unreferred. Voids are composed of planar voids with zig-zag and straight 

morphologies, are between 3 mm and 1 cm in length and do not have a 

basic or oriented pattern.

Basic Mineral Components:

c/f limit at 10 (am, c/f ratio 60:540

Coarse mineral components: Quartz predominates, with subordinate 

amounts of chert. Sizes range from 40-150 |am, are rounded to well 

rounded and poorly sorted.

Organic components: Rare small, ~ 60-100|am, spherical to platy 

organic components associated with highly bioturbated areas.

Fine components: Silt with speckled and dotted clay predominating 

with subordinate amounts of opaque clay. Weak birefringence is seen 

progressively increasing towards the bottom of the thin section. Slightly

CE

Depth: 90-100 cm
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higher birefringence compared to the background is seen in crescentic 

laminated features.

Pedofeatures -

Textural: Abundant clayey silt, unreferred and randomly oriented 

except in crescentic features. Rare dusty clay is seen in laminated 

crescentic features, and rarely not associated with crescentic features. Silt 

with clay coatings frequent in peds and seen as patchy with rare sand 

particle&morphous: Impregnative iron staining is thin throughout the 

sample. Rare areas of moderate staining totaling <5% of the thin section, 

moderate staining especially seen in crescentic features. Iron manganese 

nodules with sharp boundaries and average size -300 ^m are rare. Iron 

manganese is seen in very rare instances filling the center of crescentic 

featureSabric: Frequent crescentic features composed of speckled and 

dotted laminate clay with moderate birefringence. Morphologies include 

round and oval and also narrow and elongate. Rare passage features.

Groundmass

_Weak stippled-speckled b-fabric is seen along with cross striated 

fabric that becomes progressively stronger towards the bottom of the thin 

section.
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Depth: 100-110 cm 

Microstructure

Peds are subangular to angular blocky and strongly developed 

throughout. Largest ped is 1.5 x 1.0 cm and average ~ 0.5 x 0.5 cm and 

occur with smooth surfaces. Planar voids with straight to zig-zag 

morphologies predominate and range in size from 1 mm to 2 cm in length. 

Voids are roughly parallel and perpendicular to the up direction.

Basic Mineral Components:

c/f limit at 10 ^m, c/f ratio 35:65

Coarse mineral components: Quartz predominates with minor chert 

throughout, sizes range from 10 to 50 |am and are subrounded and poorly 

sorted.Organic components: Few small, ~ 60-100|am, spherical organic 

components within the matrix.

Fine components: Silt and speckled clay predominate, weak to 

moderately birefringent. Higher birefringence is seen in cresentic features.

CE

Pedofeatures
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Textural: Abundant clayey silt randomly distributed throughout. 

Spotted to dusty clay is seen in crescentic features. Silt with clay coatings 

are frequent and sand is rarely seen.

Amorphous: Impregnative iron coatings are tin throughout the thin 

section. Rare areas of thick coatings « 1 % . Crescentic clay has moderate 

amounts of iron staining. Quasi and hypo coatings are rare. Iron 

manganese nodules have clear boundaries, average size -200 |im.

Fabric: Frequent crescentic features composed of speckled and 

dotted laminated clay with higher birefringent colors than the groundmass. 

Morphologies include round to oval and rare amounts of narrow and 

elongate. Passage features are frequent throughout.

Groundmass

Weak speckled b-fabric is seen along with a thin cross striated fabric 

(thin section appeared too thick and may obscure the cross striated fabric, 

along with other features).
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Peds composed of well developed subangular to angular blocky ranging in 

size from 1 mm x 1 mm to 1.5 cm x 1 cm. Peds are partial to well 

accommodating smooth and undulatory to micro serrated and are 

unreferred and not oriented.

Basic Mineral Components:

c/f limit at 10 |im, c/f ratio 50:50

Coarse mineral components: Predominately quartz, with subordinate 

amounts of mica and chert. Sand is rounded to well rounded, poorly 

sorted and ranges in size from 20 to 120 ^un.

Organic components: Few small, ~ 60-1 OO îm, spherical organic 

components within the matrix.

Fine components: Silt and clay with thin iron impregnation and 

coatings. Dusty and spotted clay predominate, with birefringence low 

except in laminated clay and crescentic laminated clay where it is 

moderate.

Pedofeatures

Textural: Clayey silt with rare thin iron coatings, rarely coatings are 

moderate and can easily be seen with the naked eye. Laminated clay with

CE
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higher birefringence adjacent to a few voids. Voids and laminated clay 

appear disturbed proportions may be higher to lower.

Amorphous: Hypo- and quasi-coatings rare.

Fabric: Crescentic and laminated clay common. Laminated clay 

found adjacent to voids, all disturbed. Crescentic features are dominantly 

oval to elongate and range in size from -60-120 (am. Very rare passage 

features 

Groundmass

Dominantly stiple-speckled b-fabric is seen, particularly in peds with 

higher sand components. Few weak cross striated peds, particularly where 

sand is a lower component of the ped.
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Peds are moderately developed, accomodating, subangularto 

angular blocky. Peds are in a wide range of sizes from 1 x 0.75 mm to 1.5 x 

2.5 cm. Voids are planar with zig-zag and straight morphologies in about 

equal proportions and vary between 1mm to 2cm in length. Voids are 

unreferred and are not oriented.

Basic Mineral Components:

c/f limit at 10 |am, c/f ratio 70:30

Coarse mineral components: Quartz dominates with very rare mica, 

chert, and feldspar. Grains are rounded to well rounded and vary in size 

from 50-300 (am and are moderately sorted.

Organic components: Few small, -  60-100(im, spherical organic 

components within the matrix.

Fine components: Speckled clay with impregnative iron coatings 

ranging from thin to thick enough to be seen with the naked eye. 

Birefringence is low except in laminated clay.

CE
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Textural: Speckled clay is typically laminated with moderate 

impregnative coatings, and moderate birefringence. Clayey silt is weakly 

impregnated with iron and is of low birefringence. Sand is also seen

Amorphous: Rare black to dark reddish, amorphous, small, -60 |.im, 

nodules with sharp boundaries are occasional throughout the thin section. 

Rare quasi and hypo- coatings seen in association with voids.

Fabric: Circles of -300 |j.m seen in crossed nichols as moderately 

bright occur in a small area of the thin section, possibly passage features, 

or burrows?? Laminated and crescentic speckled clay are frequent 

throughout the the thin section.

Groundmass

Stipled-speckled b-fabric predominates.



Peds are well developed angular to sub-angular blocky, and are 

partially accommodating. Largest ped is 4 x 2.5 cm and the minimum is 0.5 

x 0.5 mm with smooth to undulatory walls. Distribution of course and fine 

material is random and unreferred. Voids are probably planar but all 

appear disturbed.

Basic Mineral Components:

c/f limit at 10 (im, c/f ratio 50:50

Coarse mineral components: Quartz predominates with subordinate 

amounts of mica and chert. Sizes range from 20-200 f^rn, and are rounded 

to well rounded and well sorted. Sandstone, defined as quartz grain 

supported with only minor silt and clay, occurs randomly throughout the 

ped. Fine components: Clay and silt predominate, clay has a light iron 

impregnation coating and has low to moderate birefringence, and 

laminated clay has moderate birefringence. Silt is seen with clay coatings.

Pedofeatures

Textural: Speckled clay is laminated with red brown sometimes 

occasionally yellow stain and has moderate birefringence. Clayey silt is
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dominate throughout most peds and is red brown in color. Sand is also 

seen and is predominately composed of quartz.

Amorphous: Abundant black to reddish-black oval shaped nodules 

with average sizes -40 |am. Larger amorphous nodules occur along a thick 

linear iron stain, these can be seen with the naked eye and are about 100 

(am in cFaftwteOccasional crescentic laminated features are seen with 

moderate birefringence, few laminated clay features are also seen along 

voids (all have been disturbed). Few passage features are present.

Groundmass

Stiple-speckled b-fabrics predominate, particularly when higher 

quartz percentages are present. Random striated fabrics are also seen 

where clayey silt is the majority of the ped.
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Peds are subangular to angular blocky and strongly developed throughout. 

Largest ped is 1 x 0.5 cm and the minimum ~ 0.5 x 0.5 mm and occur with 

smooth surfaces. Voids are most likely planar.

Basic Mineral Components:

c/f limit at 10 |am, c/f ratio 25:75

Coarse mineral components: Quartz predominates with subordinate 

amounts of mica and chert. Sizes range from 20-200 jam, and are rounded 

to well rounded and are moderately sorted.

Organic components: Few small, ~ 60-100|am, spherical organic 

components within the matrix.

Fine components: Clay and silt predominate, clay has a light iron 

impregnation coating and has low to moderate birefringence, and 

laminated clay has moderate birefringence. Silt is seen with clay coatings.

CE

Depth: 140-150 cm

Microstructure

Pedofeatures



Textural: Speckled clay is laminated with red brown sometimes 

occasionally yellow stain and has moderate birefringence. Clayey silt is 

dominate throughout most peds and is red brown in color. Sand is also 

seen and is predominately composed of quartz.

Fabric: Few crescentic laminated clay features are seen with 

moderate birefringence, few long thin laminated clay features are also seen 

along voids but are broken up and all appear disturbed or partially missing. 

Passage features are few throughout the thin section.

Groundmass

Speckled b-fabrics predominate, particularly when higher quartz 

percentages are present. Cross striated fabrics are also seen where clayey 

silt is the majority of the ped.



263

Depth: 150-160 cm 

Microstructure

Peds are well developed angular to sub-angular blocky, and are 

partially accommodating. Largest ped is 2 x 2 cm and the minimum is 

around 0.5 x 0.5 mm with smooth to undulatory walls. Voids are probably 

planar but are disturbed.

Basic Mineral Components:

c/f limit at 10 |am, c/f ratio 50:50

Coarse mineral components: Quartz predominates, with subordinate 

amounts of chert. Sizes range from 20-200 (am, are rounded to well 

rounded and are well sorted.

Organic components: Few small, ~ 60-100|am, spherical organic 

components within the matrix.

Fine components: Clay and silt predominate, clay has a light iron 

impregnation coating and has low to moderate birefringence, and 

laminated clay has moderate birefringence. Silt is seen with clay coatings.

CE

Pedofeatures
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Textural: Speckled clay is laminated with red brown sometimes 

occasionally yellow stain and has moderate birefringence. Clayey silt is 

dominate throughout most peds and is red brown in color. Sand is also 

seen and is predominately composed of quartz.

Amorphous: Impregnative iron coatings ranging from thin to thick 

enough to be seen with the naked eye. Impregnative coatings are rare 

throughout the total thin section.

Fabric: Few crescentic laminated clay features are seen with 

moderate birefringence, few long thin laminated clay features are also seen 

along voids but are broken up and all appear disturbed or partially missing. 

Passage features are seen, particularly a burrow with matrix different from 

its surroundings.

Groundmass

Cross striated fabric is dominant throughout the thin section. 

Sipple-speckled fabric is seen where sand is abundant.
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Thin section is massive and does not have any aggregates. Voids 

are rare and where seen are oriented in the long direction of the thin 

section (no up arrow on thin section but most likely voids are oriented in 

the up direction).

Basic Mineral Components:

c/f limit at 10 (am, c/f ratio 10:90

Coarse mineral components: Quartz is seen in the 10-100 ^m range 

and are subrounded to rounded.

Organic components: Tapering carbonized root traces are seen 

rarely with iron hypocoatings.

Fine components: Silt is dominant in the thin section with lesser 

amounts of clay. Both are red brown to brown in color.

Pedofeatures

Textural: Clayey silt is seen with red brown to brown colors. 

Amorphous: Iron impregnative coatings from thin to nearly opaque 

and yellowish brown to red brown in color. Concentric rings of iron 

coatings are seen and can be viewed without the microscope ( 4-6 mm in

GCE

Depth: 0-10 cm

Microstructure



diameter). Nodules are abundant throughout and range in size from 60-150 

fam.

Depletion: Inter-ped depletion feature with circular morphology and 

rimmed by iron oxides and hypocoatings.

Fabric: Burrow fills and passage features are common throughout 

the thin section.

Groundmass

Stipple-speckled birefringent fabric is seen.
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Thin section is massive and does not have any aggregates. Voids 

are rare and where seen are oriented parallel and perpendicular to the long 

direction of the thin section (no up arrow on thin section but most likely 

voids are oriented in the up direction).

Basic Mineral Components:

c/f limit at 10 (am, c/f ratio 10:90

Coarse mineral components: Quartz is seen in the 10-100 (am range 

and are subrounded to rounded.

Organic components: Tapering carbonized root traces are seen 

rarely with iron hypocoatings.

Fine components: Silt is dominant in the thin section with lesser 

amounts of clay. Both are red brown to brown in color.

Pedofeatures

Textural: Clayey silt is seen with red brown to brown colors.

GCE

Depth: 10-20 cm

Microstructure



Amorphous: Iron impregnative coatings are mostly thin with very few 

thick coatings. Nodules are few throughout usually seen together and 

range in size from 10-85 |am.

Fabric: Passage features are common throughout.

Groundmass

Weak random and speckled birefringence fabric is seen.
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Sub angular blocky peds are seen as large as 1.5 x 0.8 cm and are 

well developed. Thin section is disturbed but where viewable undulatory 

planar voids predominate. Rare ped is composed almost entirely of sand 

sized grains while the majority of the peds are fine grained.

Basic Mineral Components:

c/f limit at 10 |iim, c/f ratio 5:95

Coarse mineral components: Quartz is rare and is seen as large as 

100 jam.

Organic components: Coalified ped sized fragments are seen (up to 

~ 4 mm in size)

Fine components: Silt predominates with minor amounts of clay with 

red brown to brown colors.

Pedofeatures

Textural: Clayey silt is seen with red brown to brown colors. 

Amorphous: Very few amorphous to spherical nodules are seen, with 

thin rare impregnative coatings.

GCE

Depth: 20-30 cm

Microstructure
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Fabric: Few passage features present.

Groundmass

Weak stipple-speckled birefringent fabric is seen.
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Sub angular blocky peds are seen as large as 1.5 x 0.8 cm and are 

well developed. Thin section is disturbed but where viewable undulatory 

planar voids predominate. Rare ped (to ~ 2 mm) is composed of sand sized 

grains while the majority of the peds are fine grained.

Basic Mineral Components

c/f limit at 10 (am, c/f ratio 5:95

Coarse mineral components: Quartz is rare and is seen as large as 

100 (am.

Organic components: Coalified roots and organic fragments are 

seen (up to ~ 1 mm in size)

Fine components: Silt predominates with minor amounts of clay with 

red brown to brown colors.

Pedofeatures

Textural: Clayey silt is seen with red brown to brown colors. 

Amorphous: Rare thin iron impregnation coating, with few nodules

seen.

GCE

Depth: 30-40 cm

Microstructure



Fabric: Spheres of matrix with in ped, to ~ 1 mm in diameter, with 

different fabric, color (typically lighter yellow) and extinction angle 

compared to the surrounding matrix.

Groundmass

Stipple-speckled birefringent fabric is seen.
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Platy sub angular blocky peds are seen as large as 1.5 x 0.5 cm and 

are well developed. Thin section is disturbed but where viewable 

undulatory planar voids predominate.

Basic Mineral Components:

c/f limit at 10 |am, c/f ratio 5:95

Coarse mineral components: Rare quartz is seen ranging in size 

from 20-150 (.im.

Organic components: Small, ~ 60 |am, disseminated organic 

fragments with large fragments to 2 mm with silt and sand sized inclusions.

Fine components: Silt predominates with minor amounts of clay with 

red brown to brown colors.

Pedofeatures

Textural: Clayey silt is seen with red brown to brown colors. 

Amorphous: Thin to thick impregnative coatings with irregular 

shaped nodules present.

GCE

Depth: 30-40 B cm

Microstructure

Fabric: Few passage features are seen.
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Groundmass

Moderate random birefringent fabric is seen.
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Platy sub angular blocky peds are seen as large as 1.9 x 0.7 cm and 

are well developed. Thin section is disturbed but where viewable 

undulatory planar voids predominate.

Basic Mineral Components:

c/f limit at 10 (am, c/f ratio 5:95

Coarse mineral components: Rare quartz is seen ranging in size 

from 20-150 (am.

Organic components: Small, ~ 60 jam, disseminated organic 

fragments with large fragments to 1 mm with silt and sand sized inclusions.

Fine components: Silt predominates with minor amounts of clay with 

red brown to brown colors.

Pedofeatures

Textural: Clayey silt is seen with red brown to brown colors. 

Amorphous: Thin impregnative coatings present with very few 

noodules. Reddish to yellow brown clay papules seen with inclusions of 

nodules.

GCE

Depth: 40-50 cm

Microstructure



276

Fabric: Spheres of matrix with in ped, to ~ 250 |am in diameter, with 

different fabric, color (typically lighter yellow) and extinction angle 

compared to the surrounding matrix.

Groundmass

Weak random birefringent fabric seen.
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Platy sub angular blocky peds are seen as large as 1.9 x 0.7 cm and 

are well developed. Thin section is disturbed but where viewable 

undulatory planar voids predominate. Rare ped with no organic fragments.

Basic Mineral Components:

c/f limit at 10 |am, c/f ratio 5:95

Coarse mineral components: Rare quartz is seen ranging in size 

from 60-150 |im.

Organic components: Most peds have inclusions of organic material 

sometimes constituting the entire ped.

Fine components: Silt predominates with minor amounts of clay with 

red brown to brown colors.

Pedofeatures

Textural: Clayey silt is seen with red brown to brown colors. 

Amorphous: Very few papules red to red brown. Rare ped with 

small, ~ 60 jam, round nodules and no organics.

Fabric: Passage features are common through out the thin section.

GCE

Depth: 50-60 cm

Microstructure



278

Groundmass

Weak stipple speckled birefringent fabric is seen.
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Peds are moderately developed tabular, sub angular blocky with a 

max size of 2.0 x 0.5 cm. Voids are strongly oriented (no up direction 

indicated on the thin section), well accommodating, and undulatory planar.

Basic Mineral Components:

c/f limit at 10 (am, c/f ratio 20:80

Coarse mineral components: Quartz grains predominate and are well 

sorted and between 10-100 |im.

Fine components: Silt and clay consists of the majority of the thin 

section. Grey to red brown colors predominate.

Organic Components: Platy carbonized organics sometimes with 

quartz and silt inclusions are abundant throughout the this section.

Pedofeatures

Textural: Clayey silt is the majority constituent of the thin section 

and is grey to red brown in color.

Amorphous: Nodules and iron oxide coatings are not detected.

GC

Depth: 0-10 cm

Microstructure



Fabric: Very few passage features are seen in the matrix. Silt 

infillings are seen and are elliptical to circular and appear to be burrow fill.

Groundmass

Stipple-speckled birefringence fabric is present.
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Well developed sub angular blocky peds predominate. Voids are 

well accommodating and undulatory planar with few zig-zag morphology.

Basic Mineral Components:

c/f limit at 10 |am, c/f ratio 10:90

Coarse mineral components: Quartz grains predominate and are well 

sorted and between 10-100 |am.

Organic components: Platy carbonized organics sometimes with 

quartz and silt inclusions are few throughout the section. Root traces are 

an abundant constituent of the organic fraction.

Fine components: Silt and clay consists of the majority of the thin 

section. Red brown to yellow colors predominate.

Pedofeatures

Textural: Clayey silt is the majority constituent of the thin section 

and is red brown to yellow in color.

GC

Depth: 20-30 cm

Microstructure
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Amorphous: Few nodules ranging in size from 60 |am to -2 .5 mm in 

diameter. Few hypo- and quasi- coatings these features particularly seen 

around root traces. Rare concentric nodules are present.

Fabric: Few passage features.

Groundmass

Stipple-speckled birefringence fabric is present.
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Well developed sub angular blocky peds predominate with a max 

size of 9.0 x 5.0 mm. Voids are well accommodating and undulatory planar 

with few zig-zag morphology.

Basic Mineral Components:

c/f limit at 10 jam, c/f ratio 15:85

Coarse mineral components: Quartz grains predominate, are well 

sorted and range in size from 60-150 nm. Rare barite (?) lathes are also 

seen.

Fine components: Silt and clay consists of the majority of the thin 

section. Yellow to red brown to colors predominate.

Pedofeatures

Textural: Clayey silt is the majority constituent of the thin section 

and is yellow to red brown in color.

Amorphous: Very few nodules ranging in size from 60(im to 150|am in 

diameter. Very few hypo- and quasi- coatings these features particularly 

seen around nodules.

GC

Depth: 30-40 cm

Microstructure
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Fabric: Common passage features occur throughout the thin section 

Groundmass

Moderate stipple-speckled birefringent pattern is seen, with rare 

random striated fabrics also present.
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Depth: 70-80 cm 

Microstructure

Well developed sub angular blocky peds predominate with a max 

size of 3.0 x 0.9 cm. Voids are well accommodating and undulatory planar.

Basic Mineral Components:

c/f limit at 10 |j.m, c/f ratio 15:85

Coarse mineral components: Quartz grains predominate with minor 

amounts of mica, are well sorted and range in size from 60-150 jam. Rare 

patches of relatively “clean” sand with minor clay occurs in patches to ~

300 |im in diameter with in peds.

Organic components: Platy carbonized organics sometimes with 

quartz and silt inclusions are few throughout the section. Root traces are 

an abundant constituent of the organic fraction.

Fine components: Silt to very fine sand with grain coatings on ped 

margin and void spaces-.

GC

Pedofeatures



Textural: Clayey silt is the majority constituent of the thin section 

and is red brown to yellow in color.

Amorphous: Very few nodules ranging in size from 60 (im to 150 |am.

Very few hypo- and rare quasi- coatings occur, these features particularly 

seen around nodules.

Fabric: Few passage features are seen

286

Groundmass

Weak stipple speckled birefringent fabric predominates.



287

GC

Depth: 80-90 cm 

Microstructure

Peds are moderately developed sub angular blocky with a max size 

of 1.5 x 0.5 cm. Voids are strongly oriented (no up direction indicated on 

the thin section), well accommodating, and undulatory planar.

Basic Mineral Components:

c/f limit at 10 ^m, c/f ratio 30:70

Coarse mineral components: Quartz grains predominate with minor 

amounts of mica, are well sorted and range in size from 60-150 (im. The 

coarse to fine ration is larger than the section above due to the slight size 

increase in changing the fine silt to coarse silt.

Fine components: Silt patches are brown in color with increased 

birefringent fabric compared to the surrounding matrix.

Pedofeatures



Textural: Clayey silt is the majority constituent of the thin section 

and is red brown to yellow in color. Clean silt to very fine sand is seen 

coating voids.

Amorphous: Impregnative Fe coating ranging from thick to thin. 

Very few nodules seen in association with very few hypo- and quasi

coatings.

Fabric: Few passage features are seen

Stipple-speckled birefringent fabric predominates

Groundmass
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GC

Depth: 90-100 cm 

Microstructure

Weakly developed peds are found with roughly parallel and non 

intersecting voids. Voids are well accommodating and strongly oriented, 

no up direction is indicated on the thin section.

Basic Mineral Components:

c/f limit at 10 urn, c/f ratio 80:20

Coarse mineral components: Quartz predominates with few mica 

grains seen thoroughout. Sizes range from 60-150 jam.

Organic components: Rare thin coalified organic root traces are 

seen with sizes -  1cm x 1 mm. Common small, -60  fim, spherical coalified 

organic traces present.
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Fine components: Clay is seen dark brown to red brown along with 

minor amount of silt.

Pedofeatures

Textural: Silty clay is seen with red brown to brown colors 

Amorphous: Nodules are rare no hypo- or quasi- coatings are seen. 

Nodules appear as a dark red brown impregnative coating.

Groundmass

Stipple-speckled birefringent fabric predominates.
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Table B-1. CHII profile raw numbers. Numbers are represented as percentages 
(except undifferentiated and fungal which are raw numbers).

CHII Profile

Deplf* (c m ) T h ie le  M ^ n o ie fe

5 56 36 5 28 11M
15 51.95 1.79 10.30
25 44 41 0.84 11,45
35 44 39 o m 6 M
45 40 4 3 26.43 5.71
55 60.76 1.27 7.59
65 74 44 0:60 5,19
75 74 76 0,32 3 57
85 77.53 0.51 3.28
95 6 7 6 7 u 00 n nn
•05 6ft 33 0 DO ? 67
* 15 50 GO 0.00 0,00
*  • - . £ 50. CD Q.OC 2.94
•S * > t . .

< **  V 69 05 O..OC 2.38
*45 SO CD 0,00' 0 00
* y ~ K 73 f: D 1 37 2 90
i 65 75.24 1 m 6.83

Fungal 8!sac-r;ate
25.04 1.00 2 74 14 00
35.4 1 7.00 1.55 20 CO
38*97 9.00 2.f3 21 00
20.13 sm 3 07 29 00
i 7.se 1 00 ' C 71 15 CO
25.32 2.00 10.13 16 C-0
18/12 €M i W ! 6 CO
19. SB 7 00 ff 7*U,• 11 CO
15.91 2.00 2.02 5 CO
32.43 0.00 2.?n t CO
29,33 i 00 S 33 4 iX)
37.50 0.00 12.50 • 00
44.12 0.00 0.00 0 CO
28.57 0.00 2 38 ' CO
40 OG QM 0 0(3 0 00
20.88 0.00 0.93 8 00
15.89 0.00 0.50 8.00
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Table B-2. GCE Lake sediment raw numbers. Numbers are represented as 
percentages (except undifferentiated and fungal which are raw numbers).

GCE Lake Sediment

Depth
(cm)

Trilete Monolete Monosulcate Alete Fungal Bisaccate Undifferentiated

0.0 95.4 1.3 1.1 0.1 18.0 .5 0.0
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Table B-3. HPDC profile raw numbers. Numbers are represented as 
percentages (except undifferentiated and fungal which are raw numbers).

HPDC Profile

Trilete Monoiete Moriosulcate. Coroiliria Aiele Fungal BisacGate Poiyplrcate Unciff.
15 38.2 2.7; 52 0.0 52.9 6 0 0 8 0 2 6 J
3S 32,0 19 51 0.0 57.6 12 0 3.2 0 1 1 DO
55 957 2.9 0 7 0 1 0.3 0 2 0 1 0 2 0 3
85 98.2 0.9 0 3 0.1 0.5 4 0 0.0 0 0 4.0

115 81 2 5.2 3.5 0.0 9.8 €.0 0.0 0.4 14.0
135 67.1 3.7 5 5 0.0 21 4 0? 2.3 0 0 ISO
I6§ 67 3 IS 7 6 50 16 4 Cl 2 0 0 2 5 0
1 85 80.9 1.1 5 2 0.2 11.2 DO 1.4 0 1 3.0
215 65. 8 1.2 7.5 0.0 22.5 1,oj 2.8 0.2 11.0
225 83.9 1.2 5.9. 0 1 6.3 1.0 1.8 0 2 7.0
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Table C-1. Unencapsulated coarse clay from CE 0-10 cm depth.

CE 0-10 cm Coarse Clay Unencapsulated
Weighted average of J from standards = 0.002507 0.000009

Laser Power Cumulativ 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar % Atm S. Ca/K Cl/K 40*/39^ Age
(mW) 39Ar

<oT

(Ma) (Ma) +/-
150 0.0231 34.55673 0.13534 0.05006 42.81332 0.24836 0.00212 19.74718 87.18 3.2

200 0.0522 59.9821 0.12334 0.05866 28.89925 0.22634 0.00156 42.63074 183 21 2.73

300 0.1249 71.41551 0.11124 0.05626 23.27734 0.20413 0.00105 54.77383 232.17 1.23

450 0.2742 87.76989 0.09644 0.04633 15.59407 0.17697 0.00071 74.06342 307.3 1.47

600 0.443 98.36554 0.11865 0.03954 11.87404 0.21772 0.00069 86.66698 354.75 4

750 0.5834 103.38741 0.0767 0.0304 8.68591 0.14074 0.00033 94.38578 383.21 1.33

900 0.6873 107.02605 0.07178 0.02691 7.42723 0.13171 0.00039 99.05505 400.21 1.45

1050 0.7581 105.84696 0.07238 0.02391 6.67139 0.13281 0.00041 98.76337 399.15 1.42

1200 0.8084 100.81258 0.07545 0.02233 6.54194 0.13845 0.00045 94.19529 382.51 1.71

1350 0.8471 98.72519 0.05839 0.02039 6.09912 0.10713 0.0002 92.6804 376.96 1.92

1500 0.8794 97.48897 0.09306 0.01959 5.93217 0.17077 0.00004 91.68432 373.3 2.29

1650 0.9015 89.74338 0.07324 0.017 5.59378 0.13439 -0.00004 84.70028 347.43 3.4

1800 0.9138 83.61582 0.10652 0.01391 4.90816 0.19546 0.00046 79.49005 327.88 4.67

2000 0.9236 80.86414 0.14025 0.01967 7.17669 0.25736 0.00064 75.04099 311.02 6.78

3500 0.9687 53.00779 0.15569 0.01306 7.26154 0.28569 0.00128 49.13697 209.61 1.75

8500 1 32.57667 0.174 0.02028 18.37612 0.31931 0.00249 26.56993 116.35 2.29

Integrated 89.82843 0.09841 0.03381 11.11783 0.18058 0.00069 79.82107 329.13 1.37
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Table C-2. Encapsulated coarse clay from CE 0-10 cm depth.

C£ 0-1Q  cm Coarse Oisy fcncapsulated

Weighted average of J h o r n  standards- = 0.002507 Q. 000009

Lriser P & t m Cumulate ^An^A? 3JAr#^Ar •*W^Ar % Aims 0a/K Cl /K */® K Age

{mW’i ^Ar * w (Ma) (Ma) */-

0 0.4017 12 99853 0,13311 0 04691 99.16012 0.2204 0.00351 011734 0.52 0.24

150 0.4133 6.32741 0.15432 0 014 6544960 0.33S25 001751 21764? _ ....... i ...........
200 0,421$ 8 61S9 o-i aesi 001361 45 57300 0-34539 000517 4 78438 2151

■301 0.4437 18 76664 0.1293 0.01623 25.51673 0.23727 0.00277 13.9727 - 2.74

45*3 Q4365 - - 0 11477 0.0 25 78 17 8706 0 21C61 0*20113 34 &S27 4 1.04

600 0.5776 4&8S73S 0.06669 0 02322 13 75415 0.17SSB 0.00394 42 90545 1.03

800 07099 67 83371 0 0827 OQtiSQ S 23531 015175 o m m 62 22£ 261 Sfi 0 91

1000 0.605? 93.86356 0.07043 _____ _ ' " 0.12923 0,00065 69.02109 .. 1.21

1250 0.9861 IDS 52614 005008 - 0 CO-53 96 17306 389 73 1 *1

1500 0.9011 89. 25049 0 061 S3 0.01679L  _ . ... o 00375 8 4  2519? 345.76 .........  1 *1
2000 0 9465 81 07844 009368 002105 ........ • ..... ...... 030353 74 64173 - - .......... _L2I
3000 0.9745 110, S7616 0.12078 0.04131 11.03425 0 22163 000117 96.36711 387.68 187

4003 Q 9819 145 49543 Q  2 s s m 019777 401S163 0 46445 0 €41473 S7.SSS1S . 35021 5,9?

8003 0J8BS 44110305 -M0201 1 26124 B5 83725 -000368 0.02375 £2.4682 2S2.51 11.34

aooi 1 £41 55002 aicswi 0 737 80 16822 0 20182 0-0206 23 74755 104 34 7 01

Integrated S114S22 010288 0 04865 27 04662 0 18175 0 00504 38,75508 167 3 0 66
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Table C-3. Unencapsulated coarse clay from CE 30-40 cm depth.

C l 30-40 cm Coarse O /  Uneocapsulalad. f

Weighed avenge of J from standards = 0.002436 Q.00CO39

Laser Povver Curmjia&ve * :'At ! * A t s A[, » Af
% Atmos Ca-'K c m A C r i W K

imWi . k Af *A r V
too 0.0143 1-5 13994 002953 001972 36,14686 005419 0*00124 10,28773 44.65 3,7a

..... ...... 200 0.0397 2S 40291 €*00341 0.02254 26 244*3 000525 000133

............................. 3^ 0X672 47 44:323 002066 0.0312 19.43306 D 05294 000087 160.43
,

7 07

460 0.1963 54.53581 0.02156 0.03612 :: , , , , , O03SS6 0.00367 53 ,«37$3 222.25 C.9:

600 0J3S2 6S 50332 001633 002835 12.4891 002S96 0 €0065 599283 245,75 • -

.................................. 0.5363 83,76193 004192 0.0249__________L_ 007692 0.00067 75.40132 307.87

_ . 930 Q7759 104 58115 003812 001968 5 55412 0 0717=9 0SOD6S 96 748 ..............
1100 0.9374 12-304742 0.03689 0.01SSS 3.732 006755 o.coots 116 4X61 457.21

13*30 0,9694 14$88Q91 001323 327S05 0 05501 oco:«i 115 73102 447,96 155

1500 0.9752 85 452S2 -0 04*31? 0.01463 4.97S28 -0,0746 000183 64.0216€ 335.8* _ 10,21

1750 0.9781 45 97127 -0 06921 001245 753451 -01&202 -0 0QC65 45 25206 1̂ 8.82.....................m m
2000 0.&738 31 03373 -0 15797 0.00352L ... ' 0.00223 26.46479 120.93 ....... 29-57

............._  J « » 0 9375 002103 G.0QB6 31.33904 ■ 5 56758 243 7 15

........................ - ■ ■ -0,04437 000354 36.53556 -008141 0.00175 ZWB35 „ i a a _ ..... . M l
e . m a 0032 001351 9151079 0 C5S72 0 C Q 2 2 2 0 27684 1-25 6,34

imegrated 8532401 0 G3G58 0 02323 7S6SS3 0,0561 0 00374 7903511 3174 1.57
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Table C-4. Unencapsulated fine clay from CE 30-40 cm depth.

C£ Fine Ctay ui;9$@ct

Weighted average of J from standards = Q.0&M36 0.000009

kas«rP<J*«' Cumulate :4W ^ A f "3?A ^ A f * W * A  r % Atrnc«f Car'K Cl/K 40733K Age

IffiM............. ®Af 4:!Ar i;Ms) (Ma) *7-

103 0.021 29.216GT o 1 c m €".,0327 3307541 024002' 001132 19 53653- 63.95. 3.2i

ISO 0 0044 49 o . m z m ocoa?4 22J6476j 38 34061 161 141

200 01211 SO. 44155 0.06685 0.04137 2022613 0 15932. D.C0523 48.1953a 200.23 1.24

.....................2§£ .....I M i l m m m 0 0770? 0.04048 . J7-4SK L ... 04.414̂ o m m L J & M & m t ? t «

•300 Die ie>. 70.00172 0.09201 0.04404 16.59054 0 16563 0.0273 56 56=0 7 234.4 1.15

m ..... &MSS 0.0874$ * OJOfiS L. [..... _ » W | 117

500 0 5272 .24735 0.0677* 0.04057 1313517 012430 000435 79 23312 318.35 1.12
: ..._ ..... m 0.«4 ,  : : 0.06012 0.04074 12 35̂ 4? ....... . m M 141

750 0  7904 104.63936 0.D6176 0.03918 11 0 4 2 2 7 0 11337 0 00303 93.24135 369.2 1.65

. oaris 00761? 0 C0 733 1017M7 y i . . OpttW 3b r.-.v:*: .... 14

1103 09242 100.02686 0.02596 0.03744 10.14734 0.05314 0.0025 ; 97 94123 365.95 Z14

I4D0 C19559 104.52037 0.02524 0.03622 10 24033 0^32 0 00262 93 79292 371,17 2 55

1500 09724 93.05375 -0.07565 0.04371 13. §903 -0.14051 DC0232 50.09362, 321.52 5.25

2500 09643 71,38741: -0 00202 0 03455 14 30456 -0 00371 000102I 61 15966 2505 6 71

4003 0 9925 74.0-3102 0,0002 0.03603 14.33525 0.00335 0.00315 63 35469 25.3.62 3.14

m m ! 78.31223 •0 05917 0.04I2S 16 C0194 . -:P.1.qaS6 000415-: ,64 07422 261,61 8.55

£6 684*87 0X64m 0Q40 f _n«a?B3

mo

0-00491 ... 7* £ F 5 .....  "B 01 1M
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Table C-5. Unencapsulated coarse clay from CE 60-70 cm depth.

C£ 60-70 cm Coarse Ctey*

Weighted average of J from standards = 0.002438 O.OGG009

Laser Power Cumulate 4f:Ar»':*Ar Ar/̂ 'Ar "^Af/^Ar % At ms Oa/K Cl/K 40V39K Age........ . ...|

(mW) ®Ar (Ml) (Ml) */*

150 0.0125 21.53872 G. 02656 ' 0.0.2007 27 49324 0,04329 o.ooBesi 15.63275 67.41j 1.86

200 0 0445 46.25962 0.0̂ 506 0.02736 17.-571 IS 00147-5- oco:«ii 37.1478-3; 156.261 1 84

3*20 0 1195 61 ,87574 001=6 0.0314a 1503564 0 03576 0 0C07 5254614 2*7 26; 1 05

450 02741 65.93767 o.oi m 3 0.02707 11.50835* 002757 0.0X61 S0.91Q37 249.55 0.81

800 0 44fi 9 &5.81&07 0.01019 Q.Q2527 6 70463 0.01809 0 €GC*?5j 76 32224 '314.97 1.21

750 0 $652 69.77014 0.01419 0.02709 3.916S 0.02605 O.GOC65 81 73851 327.53 1.21

ra 0 6936 62.74236 0 Q5926 0 OiSSs 94731* 0CS333 DC0C61 7467533 302 2, 1.02

11CO 0,8337 82.657*02 0.01317 0.02337 7,45215 0,02417 0 CO-51 35 7632S; 342.22 1.03

1300 0.9216 114 4264*3 0 00715 001986 5134Q2 001311 0 00031 106 52504 423 11 1.43

1500 056-5-2 121.503 0.01513 0.01949 4 7399$ 002777 oeos64 115 7175? 447.93 2.15

1750 0 1 \ 4 m w $ Q 07492 0.02227 5.75345- 0 1 3747 0$QQ92 5 07 72562 4-20.33 382

20X1 0.9764 99.7547? 0.07563 0.01115 329765 0.13577 Q.QQQ3S 96 47121 380:72 94

3£0G 05355 66 50124 G15308 0Q2252 767524 02^:91 0 0G&48 76 74922: 316.54 6 23

4t£0 0,9927 86.24936 0.05239 0.01838 6 3667 7 0.15119 -OCOC63 79 79̂ 12 33141 ? .m
Z W Q 1 8&768&1 0,22a G 01836 7 75506 040924 0 W 2 4 7 S* 33756 262 61 7,05

integrated 04 36814 D01S7 G.02S19 S 82325 003614 0 COK2 76 69894 303 71 1 12



301

Table C-6. Encapsulated coarse clay from CE 60-70 cm depth.

C-£ 60*70 cm Coarse Clay E neaps uir̂ ct

Weighted average of J t o  standards = 0.002436 0.GG0GG9

Laser Power Cumulate 40 At/39 A r 37 Ar/39 A r 36Ar/39Ar; % Atm asp Ca/K Cl/K 40739K Aqe

IrnWi 39Ar measured measured measured 40 A f i Ms)

0 0.253-5 42.671241 0.03231 0 14591 101.11232 0.0351 e 0.DQ228 -047432 2.05 0.92

m 0J712 5.1flf75l 0.€6t4i o . Q o m i mi m z 0J2I&4 01)0176 3 !$£N4 m m 4 m

2C€ 0 * 16.82377 >0.04409 0X0245 4.33276 -0.0639 -0.00011 16C6592 63.25 5.72

$00 0 4312 n n m 0:0i«j 0 01373 12.0W46 0.03313 0.00153 2§?1354 1&03 104

450 05323 49,52301 o.qqb9B 0.01536 707565 0.01647 0.00118 45.54703 189.79 1.07

&oe 0.60081 m i ® m 0,02626 001390 0 04634 000122 eg oe®3 m  m 1 IS

d O Q 0 €626 54.76536 0X0339 0.01299 7.01183 0.00531 0.03096 5C-S992S; 210.S3 20 :

tOOd o n aa i 57.023?; 00406 m m 732836 O.074S6 0 00045 5247707 m m 2J

1250 0,7506 63.00756 0:00176 0.01522 7.07425 0.03-523! 0.00036 SB <36122 242.54 4.35

1KO 07893 62-4190 -3 0X68*32 00213 9 9 X 9 2 2 0.1240! 0 0003 5 57 105Q3- 234.95 ‘3.48

2DD0 0,5674 63.66569 -0.02676 0.01643 7.63231 *0 0491 0.00031 53.7789 241.37 2.15

40C0 0S636 96 3723& ~G.3252T 0.03122 9.57792 -0 04€i26 0.00132 87 11454 347 12 1 68

6000 O.90D4 165.64495 -0.02217 0.55575 63.47637 -0.04067 0.012 60,48819 247.33 5.14

W m 1 ; 2*9 77084 0,02532 0 50035 67,28461 0.04645 Q.020a6 7! $0071 251 08 13.31

integrated 58 72152 0.0Q515 0 G74S 37 >66926 0 00944 0 03186 36 m m 154 o?a
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Table C-7. Unencapsulated fine clay from CE 60-70 cm depth.

CE 60-70 cm Fine Q m  Unencapsulaled C l a y ]
W e i g h t e d  a v e r a g e  o f  J  fr o m  s t a n d a r d s  = 0 .0 0 2 4 3 8  0  0 0 0 0 0 9

Laser Pgwe Cumglg$w r Arf*At * A f f sAM %  Atrns Ca*K Clf’K 40V39K Age

i rnW) “ AT AW i;Ma) [M3) f j f *

too 00275 27.04156 0.03621 0.06206 €7.68101 D 26544 0.01417 5 57547 37.73 3.84

tso m m 31 0?fl& 0.CT8S o s m t o m m 00157# 1SU69S43 $414 1 71

200 St 1241 44.24575 0.01132 G;{£35G9 23,45069 0.02077 0.01395' •33 54=61 142.9 1,71

2§0 0 1977 164W? 0.02127 Q m m 17.4S421 o m m Q Q V M 7 4$ m n 200 01 1.27

300 0,2636: 71.70534 0.02679 0.04026 16.57332 0 €6282 0,01222: : 59 56222 245.53 1.02;

400 0435* $2 4322̂ - & o o s O W f c ie J 13  7 6 3 6 8 - -0 C0 4 S$ o o o e o e 7f m i4 2 . «  1 7 1 47

5D0 0 . 6 2 3 2 52.6G536 -20056 0  0 5 8 2 12.16745* *0.01247 000525 31 48515 326.61 1.32

TO 0 : i -0 C0 3 Q7 0.03727 1 0 . 1 1 3 3 4 -0.00M2 ooo m $7 ^ 0 7 - »  02 1 4 4

750 0.0279 : 124.73267 -0.02341 0.03747 8.8777 -0 04.295 000183 113.57595 440.93 1.55!

WO 0£71« -0.00411 o m m 10M a i -000754 000111 12079S82 4 .̂23 2 52

1 too 0.9B23 123.25526 ■0.18379 0,0421 3.71065 -020061 0.00.232! 115.76531 448.1! 11.65

1400 0 9633 107 39285 G 07342 0 04025 1 ? 07335 0 1 3473 000595 95,4799 377,19 20.7$

1BOO 09918 96.61042 00917 0.076S6 23.66765 0JSS26 -0,00011 72.96413 2SS.Q9 31.12

2900 0,9944 86.02075 • 1 17073 -0 00179 -05126: -2 1464S 0 C06S6 86267 344.41 43 73

4000 0998$ €6.75306 -0 22006 0 03953 39.7191 -0.40375 0.00542: 40.2163 163.S5 2437

aooo i 73.98079 -0 SO 136 0 J28Q? St 2 4 & s ? -I 46*961 002147 36.0557 151 73’ 74 51

Integrated aa 93567 •0,00448 003915 1300548 •■0 00*22 0 0071 77 m m 311,52 1 21



303

Table C-8. Encapsulated fine clay from CE 60-70 cm depth.

C E  60-70 cm Fine Clay Encapsulated

Weighted average of J from standards = 0,002430 0 000009

Laŝ r Powji Cumulative 4CAr/39Ar 37Ar/3SAr 3GAr;3‘3Ar % At ms. Cai'K c m 40V39K Age

imW) 39Ar me^uren meos ure-n ;r *asurea 40Ar (Ma) (Ma)
1 0.3479 ■35 96453 0.02256 0.13323 101.10631 0.04150 0.03467 •0 43064 •1.89 1.43

ISO 0.3921 4 3 ^ 2 7 0 OJW (10Q6<N 54.®! 26 Q514#S§ O.QJt 9.61 60?

20G 0.4223 110OO51 Q , o m m 0.01259 32,B8QGt, 0.15733 0.01314 7 76382" S3.82 5.02

m 3&5S747 Q. 10164 0.01779 1140076 0.1863 a o m m 23 280$ 3 21

450 '  0 .6393 43.06821 0 01955 a 02059 12.57915 0.03537 0.005m 42.88703 179.23 1.86
m v 7(54 &04076 0 02736 12,95979 0.07478 ooo m 5- 27363 223*9? 193

aoo 0.B7S4 75.72252 -C.014Z6 0.02965 11.57477 -0.02583 0.00262 66.93182 272.44 2.44

toco U 937* (MJ31SI 0 041H4 14.72139 0 06779 o m m 799080? 317.34 4.17

1200 0,9888 112.77S0 •0.11656 0.0077 17.752331 -0.21468 0.001 B 92.7202 367.33 7.35

ism 0 9031 131 81271 0.161 011912 26 70004 0.29544 0 0062 r n m m 381,21 1217

m m 0.9932 1221417' -0.434S9 o.mi5 42*004% *0.79782 0.0091 73..643S2 297.62 12.6?

m m 0997 421 r2588 0 62025 1 13551 83.9255 .1 ! 378 f 0 03192 67 66195 2752 43 93

m m 0?396 447.41851 -0 16936 1 51112 99.81211 -0.3107 0 02SO4 0.8405 3.59 ss .72
6801 1 121,81707 5 33047 0 53051 1.58 60348 9.81474 0 06422 *3455964 -160.2* 6&3S5

integrated 5479954 0.02301 0.0756S 40.60996 0.04223 0 01654 32 41997 137 1 1 02
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Table C-9. Unencapsulated coarse clay from CE 90-100 cm depth.

O E  $0 - 1 0 0  c m  C o a r s e  P a y  U n e n c ^ u i a T e d
Weighted average of J torn standards =  0. 002436 O.OOOOOS

U s e r  P c t m t CvrouiatMS 57A r p A r ^ A i V " 5A ?  ! %  Atms C a / K CI.X 40V39K A g e

i m W i - A r ^ A r .... ( M a i ( M a )  * / -
ISO 0.001 16 76292 '0 37182 0.03361 66 33717 -0.58171 -D C0145 5.29724 23.13 26.34

200 O.OW2 29.56083 --OO07S5 0.04183 4t.aSG39 -0.17904 0.00536? 17,16293 ......73.85 9.97

3CO 0,0207 4338575 C 0228 0 ,0354§ 21 83S52 004183 0CG2Q2 36 57=06 162 01 1,91

0.0682- 62.56392 003062 0.03507 15,56797 0.0252 000163 52 175-15 215.81 0.83

wo 0 1389 71 £2S77 -GC043& o-oaoes 1267S31 *000506 00013$ 627&41& 256 7 1.04

rn 0.2247 81.2638? 00033 0.02932: 1066551 -0.0006 0-3012 9 72.5711 283.62] 1.05

92€ 0 3147 68 24487 000183 0025GS- 9 40570 0 00355 000111 7991804 320,85-i 1.17

1100 0.42IS 94 3455? COSOS 002466- 77265 -0.01667 000073 87.02961 346.82 1.04

1300 0 5222 tOQ 4Q122 -001011: 0 0̂ 127 8.2636 430*854 0 0007 9406497 372.21 1.02;

1500 0.6C63 103,48353 -0 02485 0.Q1795 5 12903 -0.0456 0.0d®4Si 96.14701 366.63 1.34

1750 0 € S 4 104 55497 0 0177 DQ'ttm 4 76577 -003248 00CKM7 99.54B61 391.61 1 21

2000 0.7422 102 39247 -0 01957 001567 4.4962 -0036-09 000061 97 76106 366.31 1.35

i c m 0S53 90 &25G7 -OOlStffr 00147̂ 4 81502 -002842 QUQQQ91 m 42363 344 62 1 06

mm 0.9195 74JBS 345 0.01422 001377 5.435S5 0.0261 0.0012® 70.7573 286,84 1.04

m e 1 56 54128 0012C3 0-0CSG2 4 71 §88 002207 000259 53 84794 222.32 0.07

Inleg rated 8645427 *0,80589 002145 7 334§§ •0 0105 000107 30 €6595 321.47 1 13


