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The lower portion of the Horseshoe Canyon Formation (Campanian- 

Maastrichtian) has k e n  weil documented to contain many characteristics of marginal 

marine depositional systems. Estuarine channels in the Horseshoe Canyon Formation 

are representative of deposition in distributq channels within a prograding deltaic 

cornplex. There is no evidence of a regional unconformit. at the base of the channels. 

Erosive interna1 surfaces reflect alloçyclic processes common in deltaic settings. The 

stratigraphic section at the Hoodoos Recreation Area identically conforrns to the 

idealized sequence in a fluvial distributary system. 

The borings of bivalves in wood (Teredolites) are comrnon constituents of 

many marginal marine settings. Their stratigraphic utility depends on placing them 

wi thin a detailed sedimentological and stratigraphic framework. Woodgrounds 

provide diable, mappable surfaces significant in genetic stratigraphic studies. Log- 

grounds represent transported clasts that have little stratigraphic data associated with 

their occurrence. 
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CHAPTER 1 

INTRODUCTION 

Along the Red Deer River Valley near Dnimheiier, Alberta (Figure HA) ,  outcrop 

of the Horseshoe Canyon Formation preserves transitionai environments fiom fuiiy 

marine, through marginal marine and hto terrestriai strata This outcrop is both 

continuous and easiiy accessible for about 100 km along the vaiiey dowing direct 

observations to be made as to the nature and stratigraphie relationships of the strata in 

three dimensions. Regionaily, the formation occurs in a .  arcuate band dong the eastem 

edge of the Alberta central plains (Figure 1-1B). 

The present thesis deais with aspects of the marginal marine sedimentoiogy, 

ichnology and stratigraphy as they apply to interpreting the ancient succession east of 

Drumhelier. Chapter II deals with the deltaic Lower Horseshoe Canyon Formation and 

examines how autocyclic processes dominated during Cretaceous deposition. Chapter ICI 

deals with the trace fossil Terehlites and how its occurrences c m  be used in genetic 

stratigraphy and in pdaeoenvironmental reconstruction. 

STRATIGRAPHIC FRAMEWORK OF THE HORSESHOE CANYON FORMATION 

The sediments of the Horseshoe Canyon Formation represent an overail regressive 

succession deposited dwing the final retreat of the Bearpaw Sea from the North American 

continent (Shepheard and Hills, 1970). This regressive event initiateci just pnor to the 



FIGURE 1- 1 Location and Setang of the Horseshoe Canyon Formation in this Study. 

A) Location Map of the study area in southern Alberta. 

B) Distribution of outcrop of the Bearpaw Formation and Edmonton Group in southern 

Alberta (fiom Shepbeard and Hills, 1970). 

C) Progradational nature of the Bearpaw-Horsesboe Canyon îransition in Druxnheller. 

Figure (b) shows several regressive wedges capped by coals (fiom Ainsworth, 1994). 

D) Palaeogeographic reconstruction of North America during Horseshoe Canyon 

Fonnation tirne (fkom Williams and Stelck, 1975). 
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Campaniad Maastrichtian boundary. 

The Horseshoe Canyon Formation (Irish, 1970) lies conformably on top of the 

Bearpaw Fonnation and represents an eastward thinning clastic wedge deposited dong 

the western m a r e  of the Cretaceous hiand Seaway (Figure 1-ID). In the Dnimhelier 

are& the transition consists of a series of paralic, sandy tongues locally capped by coals 

that interfinger with the marine mudstones of the Bearpaw Formation (Ainsworth, 1994, 

see Figure 1-lC, tfiis paper). 

Due to the regressive nature of the contact, it is highiy diachronous and youngs to 

the east. In the southem Alberta Plains, the Kneehills tuff of Aüan and Sanderson (1945) 

lies near the base of the Battle Formation (sensu Irish, 1970). In east-central Alberta near 

Sheemess, the tuff lies conformably on marine mudstones of the Bearpaw Formation, 

clearly demonstrating the wedge-shaped geometry of the sedimentary package consisting 

of the Horseshoe Canyon and Whitemud Formations (Campbeii, 1962). 

In the Dnimheiier area, the Horseshoe Canyon Formation changes from marine 

deItaic shoreface sandstones at the lower contact, and passes up through estuarine and 

into fluviaiiy-dominated systems higher in section. The upper, non-marine portion of the 

Formation consists predominantly of channels and their associated overbank deposits as 

well as numerous coals, carbonaceous mudstones, and ironstones. On average, the 

Fonnation is on the order of 750 feet (230m) thick (Irish 1970). 



PREVIOUS WORK 

The Horseshoe Canyon Formation was named by Irish (1970) to i d e n e  the 

deltaic and non-marine beds that separate the Bearpaw and Whitemud Formations. Since 

that time, much work has been done in examining the transition from the marine to the 

non-marine in the Drumheiler area This work was conducted in two phases. The first 

phase involved the work of Shepheard and HiUs (1970), Gibsoa (1977), Waheed (1983) 

and Rahmani (1988). These works consisted primarily of sedimentological examinations, 

focusing on sedimentary structures and paiaeoenvironmental reconstructions. 

Shepheard and Hills (1970) interpreted the depositional environment as an ancient 

deltaic complex and mapped a sequence h m  the prodelta and delta front back to the 

lower fioodplain environrnents and divided the package into six units as weU. Rahmani 

(1988) noted facies relationships in charnel deposits were reworked to reflect estuarine 

processes. 

The second phase of exploration saw the incorporation of stratigraphic principles 

in examining the succession. The work of Saunders (1989) represented the first attempt to 

place the succession into a stratigraphic framework. Saunders incorporated ichnology and 

sedimentology and employed a eansgressive-regressive stratigraphic approach in order to 

di vide the package into three distinct stratigraphic zones. 

Ainsworth (1994) applied an allostratigraphic approach to examining the 

Bearpaw-Horseshoe Canyon transition and divided the succession into seven infonnal 

a3iomembers. The area examined by Ainsworth represents a landward extension of the 



area studied by Saunders (1989). Chapter II examuies the landward edge of the area 

studied by Ainsworth (1 994). 

NATURE AND AGE OF THE LOWER HORSESHOE CANYON FORMATION 

CONTACT 

The contact between the Bearpaw and Horseshoe Canyon Formations is 

characterized by the interfingering of the marine mudstones of the Bearpaw and the 

marginal marine sandstones and mudstones of the Horseshoe Canyon Fomtion. The 

precise contact c m  be difficult to observe in outcrop and is h o s t  impossible to discem 

f?om geophysical logs. 

in the present study area, what is generally considered the contact is sharp and 

weil exposed at the Hoodoos Recreational area where delta h n t  sands of the Horseshoe 

Canyon Formation confonnably overiie what are conventionaily inkrpreted to be marine 

mudstones of the Bearpaw Formation (sensu Shepheard and Hills, 1970). Chapter II 

examines this convention and reinterpets this surface in a broder sedimentological and 

stratigraphical context. 

In other areas, as weU as many subsurface wells, the contact is not as easiiy 

discernable. This is often due to the fact that the uppermost Bearpaw Formation often 

contains a series of upwards coarsening mudstone to siltstone and sandstone cycles. In 

these situations, the contact is frequently placed at the base of the h t  mjor  sandstone 

unit greater than 3m thick that caps a coarsening upwards cycle. (Dawson et al., 1994) 



The lack of a datable, regionaliy extensive stratigraphie marker at or near the 

Bearpaw-Horseshoe Canyon transition makes assigning an absolute date to this event 

extremely difficult. Lerbekmo and Coulter (1985) using magnetostratigraphic data placed 

the base of the Maastnchtian Stage at coal5, which is coincident with the base of the 

Buculires bacu1u.s zone. This biostratigraphic horizon has an absolute date of 71 Ma 

(Lerbekmo and Coulter, 1985). The time transgressive nature of the Bearpaw- Horseshoe 

Canyon Formaiion contact m e r  complicates absolute correlation. Its' diachronous 

nature implies that in the West, the contact is upper Campanian in age but in the east, the 

contact is almost Paieocene in age (based on the position of the Kneehills tuff dated at 66 

Ma by Folinsbee et al., 1961). Bearpaw Formation sediments pinch out in the subsurface 

some 350km northwest of the study area (in the vicinity of 2- 16-57-1 1 W5, Dawson et al., 

1994). This indicates that the contact has sigaificant areal extent and likely formed over 

an appreciable duration of time. It is therefore undesirable to infer that this surface 

represents a horizontal, tirne equivalent veneer that can be dated at one end and have that 

date conelated dong its entire extent. 

LlTHOSTRATIGRAPHIC CORRJ5LATION WïïHlN THE HORSESHOE CANYON 

FORMATION 

Thirteen coal seams locally numbered fiom O to 12 occur throughout the 

Horseshoe Canyon Formation (Gibson, 1977). In Drumheller, regionally traceable Cod O 

occurs approximately 2Sm above the commonly accepted Bearpaw- Horseshoe Canyon 

Formation contact (Ainsworth, 1994). The lateral continuity of these marginal marine 

- 



coals is quite gooci as they are interpreted to have formed in widespread lower coastal 

plain environments. 

Coal seams higher in the Formation tend to be less distinct and often split into 

coal zones and carbonaceous mudstones. Coal zones typicaily comprise wits on the 

order of several meters thick and are ofien very diîEcult to correlate Iocaliy. Some seams, 

such as seam #10 can be, however, used for regional lithostratigraphic correlation. 

Historically, this has led to much frustration over regional comehtion of the non-marine 

portion of the Horseshoe Canyon Formation. Eilïot (1960) voiced the cornmon opinion of 

the tirne that the upper non-marine section of the Formation was universally regarded as 

'tjust so much 'crud' which must be drilled through before a more interesthg section is 

encountered (Elliot, 1960, p. 324; Elhot's quotation marks). The lack of a distinctive, 

regional rnarker between the Bearpaw Formation and Kneehills tuff leaves the 

stratigrapher working on the non-marine portion of the Horseshoe Canyon Fornation in a - 

veritable "no man's land". 

STRATIGRAPHIC NOMENCLATURE OF THE UPPERMOST CRETACEOUS OF 

MIDDLE NORTH AMERICA 

In the central Alberta Plains, the various environments fiom marine through to 

non-marine have eluded an easily recognizable and widespread subdivision. This 

contrasts with Southem Alberta where the marine Blood Reserve Formation is the 

equivaient of the lower, marine Horseshoe Canyon Formation and the St. Mary's River 

Formation is equivaiect to the upper, non-marine Horseshoe Canyon Formation 



FIGURE 1-2 Stratigraphic Nomenclature in the Campanian-Maastrichtian section in 

Middle North America. 

Schematics on the Ieft show the nomenclature used in describing formations at various 

geographic positions dong the western margin of the Cretaceous Interior Seaway. Note 

the Stratigraphicaiiy equivalent units including 1) Lewis and Bearpaw Formations; 2) Fox 

Hills, Blood Reserve and Lower Horseshoe Canyon Formations; and 3) Lance, St. Mary 

River and Upper Horseshoe Canyon Formations. Stratigraphic charts for southem Alberta 

are included on the right (fkom Dawson et al., 1994). 
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(Figure 1-2). 

In Wyoming, the Fox Hiils Formation occupies the position equivalent to the 

lower, marine portion of the Horseshoe Canyon and Blood Reserve Formations. It 

contains vimidy identical facies, as weil as similar vertebrate and invertebrate body 

fossils and trace fossils as the Horseshoe Canyon Formation in Dmmheller (Waage, 1968 

and Land, 1972). In fact, Yarwood (193 1) identified marine sandstones beneath the St. 

Mary's River Formation as "Fox HUS'' in an exploration well in southem Aiberta This 

emphasizes the continuity of environments within the palaeogeographic setting s h o w  by 

Williams and Stelck (1975, Figure 1-ID, this paper) and demonstrates the persistence of 

facies throughout the basin at that tirne. 
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CHAPTER II 

ESTUARINE CHANNELS IN THE LOWER HORSESHOE 
CANYON FORMATION; DELTAIC DISTRIBUTARIES OR 

INCISEID VALLEYS? 

INTRODUCTION 

Channel fds in the Horseshoe Canyon Formation near Drumheller, Alberta, 

demonstrate many of the sedimentological aspects considered to be charactenstic of 

marginal marine depositional systems. Previous researchers have interpreted the deposits 

as k ing  indicative of both multiple incised valley complexes and altematively, as tidaliy- 

infiuenced estuaries (Rahmani, 1988 and Ainsworth, 1994). 

Since the 1970's, a large volume of research regarding estuarine systems has been 

produced. This is partidy due to the general recognition that estuarine depositional 

systems typicaliy reflect a complex array of sedimentological processes producing 

marked differences in facies distribution within estuarine deposits. Active research has 

also been spurred by the recognition that many ancient estuarine deposits contain 

economically significant volumes of hydrocarbons. This database affords reliable 

interpretations of depositional processes reflected in the Drumheller outcrops. 

Much research has also been conducted in tidal sedimentology in the last decade. 

Many deposits in the Cretaceous of middie North Amenca have been identified to contain 

evidence for ancient tidal activity. Excellent synopses of the criteria for tidal influence are 

provided in de Raaf and Boersrna (197 l), DeBoer et al. (1989), Nio and Yang ( 1 9 9  1) and 

Shanley er al. (1992). Summarized briefly, some diagnostic critena for the recognition of 



tidal influence in ancient stratigraphie sections include: tidal bundles (Visser, 1980; 

Allen, 198 1; Smith, 1988; Middleton, 1991); flaser, wavy and lenticular bedding 

(Reineck and Wunderiich, 1968); cross bedding with evidence for cun-ent reversais 

(Kreisa and Moiola, 1986 and Middleton, 199 1 ;); reactivation surfaces (de Mowbray and 

Visser, 1984) and sigrnoidal bedding (Kreisa and Moiola, 1986; Shanley et al., 1992). 

The Horseshoe Canyon Formation (Campanian/Maastrichtim) in southern Alberta 

displays excellent outcrop examples of estuarine channels. The channel deposits are 

exposed dong Willow Creek, a tributary of the Red Deer River just east of Drumheller, 

Alberta (Figure II-1). Basai portions of the Formation represent a complex interfuigerinp 

of marine and marginal marine deposition. Land (1972) documented a similar 

relationship in the contemporaneous deposits of the Fox Hills Sandstone in Wyoming. 

The outcrop section present is approximately parallel to the infemd depositional 

strike of the study area These outcrop examples of estuarine channeh have been well 

documented by previous researchers (Nio and Yang, 1 99 1 ; Ainsworth, 1994; Ainsworth 

and Walker, 1994 and Eberth, 1996). The abundance of tidal senimentary structures has 

led previous workers to interpret the succession as a series of tidaily-dominated estuarine 

chanaels. Ainsworth (1994) attempted to resolve whether the channel complex 

represented multiple incised valley fills that had been cut into each other or alternatively, 

"by the persistent shifting of one channel within the large incision" (Ainsworth, 1994, pg. 

60). The purpose of this study is to evaluate the allostratigraphic framework proposed by 

Ainsworth, (1994) by examining the depositional setting of the units. 



FIGURE 11-1 Location map of the study area. 





ESTUARINE FACIES MODELS 

Estuaries are defmed as a "semi enclosed coastal body of water which has free 

access to the ocean and which seawater is measurably diluted by freshwater Boni land 

drainage." (Pritchard, 1967). This definition is of little use to the geologist due to the fact 

that the physical processes responsible for the resultant sedimentary facies are not directly 

controlled by the salinity of the water (Dahymple and Zaitlin, 1989). In addition, a variety 

of environments such as deltaic distributary channels, lagoons and portions of back 

barrier bays also are constrahed by the simiiar physical conditions. Estuarine deposits 

must be classified on the basis of the geometric distribution of the sediments as well as 

the relationships to laterally adjacent sedimentary facies. 

The interpretation of salinity is not based on the sediments themselves, so much as 

the response of organisms living within the depositional systern. Despite the inability to 

quantitatively detennine the salinity of an ancient succession, its effeçt on organisms and 

their resultant biogeaic structures in estuarine environments has been used to assign 

ancient stratigraphie successions to a specik position within an estuarine system 

(Howard et al., 1975, Howard and Frey, 1975, Pemberton et al., 1982). To this end, a 

growing body of literature exists dealing with brackish water trace fossil assemblages 

(Wightman et al., 1987; Pembenon and Wightman, 1992; and Gingras et al., 1999). 

In generai, trace fossil assemblages in brackish water settings are typified by 

diminutive size, simple morphologies, low diversity, high abundance and traces fiom 

botti the Skolithos and Crudana ichnofacies (Wightman et al., 1987; Benyon et al., 1988; 

Bechtel et al., 1994; and Pembe~on and Wightman, 1997). The application of 



ichnological analysis in conjunction with detailed sedimentological and stratigraphic 

frameworks enables an even more accurate interpretation of depositional environments. 

Modem estuaries show distinct zonations of organisms from fluvial to marine- 

dominated portions (Howard et al., 1975; Gingras et al., 1998). W e  s W t y  exhibits a 

major control on the distribution of organisms in estuarine senings, other factors such as 

substrate texture, sedimentation rates, oxygen and turbidity also are critical and may 

preclude colonization of certain portions of estuarine systems. To this end Dalrymple et 

al. (1992) summatized the key processes involved in estuarine settings and noted a 

complex interplay of wave, tidal and fluvial processes (Figure II-2a). They also described 

a typicai tripartite subdivision of modem estuaries consisting of marine sand, estuarine 

mud and fluvial sand. 

Of particular interest to this papa are the estuarine muds, interpreted to represent 

the ancient turbidity maximum. This feature results from the interaction of suspended 

clay with landward directed saline bottom water which is forced up-estuary during tidal 

cycles. At the landward edge of the saline intrusion, density currents arising from contact 

with seaward-directed fluvial discharge creating the nuU zone (Men, 199 1). Here, 

suspended clays lump together in a proçess known as flocculation and may be deposited 

from suspension as sand-shed clusters. 

The position of the turbidity maximum is dependent on the tidal range, wave 

energy, fluvial discharge (Dalrymple et al., 1992) as well as the nature of the suspension 

load. Each of these parameters is variable (and often seasonal) and therefore the turbidity 

maximum moves within the estuarine system. Allen (1991), for instance, noted variations 

within the position of the nubidity maximum in the Gironde Estuary (France) as a 



FIGURE II-2 Major proceses ~~ esaiaiine sedimentation. 

A) Schematic representation of the complex interplay of wave, tidal and riverine 

processes on estuarine deposits. Note how the cuxrent definition of the estuary is modified 

nom a gealogicdy indiscernibIe parameter (absolute salullty) to the geologically 

perceivable facies contact (Dairymple et ai., 1992). 

B) Hydraulic setting in the Gironde estuary, France (Allen, 1994). The turbidity 

maximum cm be seen to migrate due to seasonai fluctuations in fluvial discharge. Note 

dso that the tidal current limit occurs some 40 km landward of the salt intrusion. 
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f'unction of fluctuation in fluvial discharge (Figure II-2b). P e n d s  of high fluvial 

discharge resuited in the seaward migration of the turbidity maximum on the order of 

20km. Complexities such as this dictate that care should be taken to identify the 

expression of this autocyclic process in the rock record. 

ESTUAIUNE DEPOSITS IN TEIE HORSESHOE CANYON FORMATION 

The contact between the Bearpaw and Horseshoe Canyon Formations is difficdt 

to consistently place. The transition zone consists of a senes of transgressive marine 

tongues in a marginal marine setting, the uppermost portions of which consist of a series 

of coarsening upward cycles. The upper contact is generally placed at the base of the first 

major sand unit p a t e r  tha.  3m îhick that caps a coarsening upwards cycle (Dawson et 

al., 1994). Correlations utilizing this convention may be inaccurate due to the fact that a 

regïonaiiy extensive stratigraphic marker is lacking at this horizon, rendering the 

correlation of these thin sands tenuous. As the contact reflects the retreat of the epeiric 

sea from the continent, it is strongly diachronous; the contact is oldest in the West and 

youngs to the east. 

Despite problerns with the placement of the boundary it is desirable to use a 

stratigraphic horizon if one is available, especially in outcrop studies. At the Hoodoos 

Recreation Area (Figure II-3a), a sharp contact near the base of the section is generaliy 

regarded as the BearpawMorseshoe Canyon Formation contact (Le. S hepheard and Hiiis, 

1970, Plate 2, fig. 4). 1t corresponds to the contact between allomernbers A and B of 

Ainsworth (1994). Here, the transition consists of horizontaily laminated shale with cm- 



scale interbedded siltstones and sandstones that are sharply overiain by a thick, relatively 

massive sandstone- Ainsworth (1994) placed a sequence boundary at this level due to the 

perceived regional incision of channels at this horizon. The present disputes the 

interpretation of this surface as a sequence boundary. 

Additionally, it is suggested that this is not the best horizon to place the Bearpawi 

Horseshoe Canyon contact. It is not favored as a sequence boundary because of the fact 

that while it is sharp localiy, other areas show a gradational transition into the overiying 

coarse-grained sandstones (Figure II-3 b). 

The underlying Bearpaw Formation contains open marine fossils of the Baculites 

baculus zone. The mudstones at the Hoodws are generally barren of body fossils and 

contain only rare diminutive Plunolites. This suggests a stressed environmental setting. 

Marginal marine environments are generally characterized by stressed to absent trace 

fossil assemblages due to stresses imposed by episodic sedimentatioa, overail high rates 

of sedimentation and frequent salinity fluctuations. Due to ciifferences in fossil content, it 

is suggested that the basal portion of the section at the Hoodoos Recreation Area is not 

the Bearpaw Formation. The true contact would exist where these mudstones and 

siltstones rest conformably on more open marine mudstones of the Bearpaw Formation. 

Stratigraphic cross-sections tbrough the area are generally constnicted utiiizing 

coal seams as datums (as in Rahmani, 1988). From a genetic standpoint, coals are the 

only regionally mappable and easily identifiable units in the smtal package. Due to a 

complex interfingerhg of dynamic depositional systems, the exact contact beniveen the 

Formations may be of a lesser importance than identifying the interval as a transition 

zone. 



FIGURE 11-3 Nature of the Bearpaw-Horseshoe Canyon Formation Transition. 

A) Sharp, erosive contact between prodelta interbedded mudstone and sandstone and 

overlying delta fiont sandstone at the Hoodoos Recreation Area. 

B) The sarne contact, seen 10 km basinward- Here the contact has lost its erosive 

character and is much more gradational suggesting a conformable transition. 





STRATIGRAPHIC POSlïION OF THE WILLOW CREEK CHANNEL UNITS 

Ainsworth and Walker (1994) gave a detailed discussion of the stratigraphic 

position of the Willow Creek esniarine vailey system. The channel system lies directly on 

top of the prodeltaic mudstones of ailomember A of Ainsworth (1994). This contact has 

been considered a potential sequence boundary by the aforementioned authors although 

neither lateral matgin of the channel system was observtd. The lack of lateral bdunding 

surfaces makes interpretations of an incised valley system difficult to substantiaîe. 

Reinson (1 992) stnssed the importance of basal unconfomiities in placing 

estuarine deposits in a sequence stratigraphic h e w o r k .  Estuaries are generaliy regarded 

as transgressive featwes and should therefore lie directly above regional unconfomiities. 

In Wïiiow Creek, the basal unconformity is poorly doçumented. LxicaLiy, there is a 

sharp contact between the progradhg deltaic deposits and the overlying channel units. In 

other areas of the Red Deer River Valley, the gradational nature of the contact makes the 

interpretation of the surface as representative of an unconfonnity problematic. 

The outcrop belt in the Dnimheller Valley is often praised for its excellent three- 

dimensional exposure of a regressive shoreline succession. While this is certainly m e  for 

much of the outcrop, in the case of the channels in Wiiiow Creek, present outcrop 

geometry is somewhat fmstrating as the northem lateral margin of the channel system is 

not exposed in outcrop. This hinders the identification of the unit into which the channel 

systems are cut. Previous worken have failed to recognize the southem margin as being 

exposed at the newly measurcd section at the Hoodoos Recreation Area (for dcscxiption, 

see Figure II- 12). 



SEDIMENTOLOGICAL AND PALAEOECOLOGICAL EVIDENCE OF A 

MECHANISM TO GENERATE VARIABLE INTERNAL ARCHïïECTURE OF THE 

CHANNEL FILLS 

Of the four channel systems described by Ainsworth (1994)(Figure II+, three are 

sand- dorninated with only the second unit conraining a significant mud component. This 

does not necessarily imply a genetic difference in the channe1 formation, but may rather 

represent a shifi of the relative position of the turbidity maximum through time during the 

successive infilhg of the individual channel units. 

The mud content of the second channe1 unit is present in the form of inclineci 

heterolithic stratification (MS) (Thomas et al., 1987) which were deposited on lateral 

accretion surfaces of point bars. In this channel unit, this type of deposition is a result of 

proximity of the tubidity maximum. While typically M S  are thought of as king 

deposited as mud during slack water and sand during flow conditions as a result of 

diurnal tidal reversais, Clifton and Phiuips (1973) documented M S  being deposited over 

a longer temporal scale as a result of seasonal fluctuations in the turbidity maximura This 

suggests that not ail IHS deposits are created equal and while king indicative of tidal 

influence, they cannot absolutely be taken as an expression of diurnal cycles. 

The predominantly sand-filleci units of channels 1,3 and 4 also contain prominent 

lateral accretion bedding. Lacking the heterolithic charmer, these accretion beds would 

be referred to as epsilon cross-bedding, the bedding surfaces of which are cornmonly 

demarcated by sidente pebbles. This underscores the fact that when considering epsilon 

cross-bedding versus IHS, the depositional processes may be identical, but the position 

- 



FIGURE II4 Relationship of chamel units at the basal portion of the Wiiiow Creek 

section. 

This work examines the channel n I l s  and inteprets them as deltaic distributaries. They 

erosively overlay the mudstones and siltstones of the prodelta (AUamember A of 

Ainsworth, 1994). 





within a marginal marine depositional system can dictate the resultant sedimentary 

expression. 

Ichnological Evidence for Variabiiity in the Position of the Thidity Maximum 

Modem point bars in brackish water settings contain an abundance of traces 

characteristic of the Skolithos and Crzuiana ichnofacïes (Wightman er al., 1987). Figure 

II-Sa shows the tubes of maldainid polychaetes preserved on a muddy point bar of a 

modem tidal creek in Willapa Bay, Washington. This ichnocenose dso contains traces 

created by bivalves, crustaceans and polycheates. 

Ancient examples of brackish water trace fossil assemblages have also been w e l  

documented- Bechtel et al. (1994) and Wightman and Pemberton (1997) described IHS 

dominated estuarine channel fiUs in the Lower Cretaceous McMurray Formation to be 

dominated by Gyrolithus, Cylindrichnus and Teichichnus (Figure II-Sb). These 

assemblages were interpreted to represent opportunistic colonization of newiy deposited 

subs trates during slack water periods. 

The muddy compcment of M S  successions are often deposited on estuarine point 

bars at slack water periods resulting fkom low curent energy during tidai reversais. This 

provides burrowing organisms a short time to colonize the newly deposited muddy 

substrate deposited on the point bar. The hiatus at these horizons was termed the 

colonization window by Pollard et al., 1993 (see Figure 11-6). This concept i s  of 

fundamental importance in the interpretaîion of ancient tidally-infiuenced successions. 

Even in higher energy, sand-dominated M S  successions, the presence of finer-grained 



FIGURE II-5 C o m ~ n  of modem and ancient point bar settings. 

A) Modem interticid point bar in Wiliapa Bay, Washington showing inclined lateral 

accretion within reexhumed point bar deposits on the cutbank of a modem tidal channel. 

hset at bonorn left shows the tubes of Maldainid polycheates (arrowed) within these 

deposits. 

B) Large-scale lateral accretion beds (IHS) in the Lower Cretaceous McMurray 

Formation on the Steepba.uk River near Fort McMurray, Alberta. The estuarine deposits 

unconformably overly the Devonian Watcrways Formation (the white unit at the base of 

the outcrop section). The inset at the lower left shows a series of muddy accretion beds 

densely burrowed with Cylindnchnus. 





accretion surfaces implies a significant decrease in cunent energy that should allow for 

colonization by infaunal organisms. In some examples within the McMurray Formation, 

the slack water pend is interpreted to be a seasonal phenornenon due to the thickness of 

the slack water deposits and dowing for the tirne 

required to develop certain trace fossils (Le. Cylindrichnu). Tbis corresponds to the more 

densely colonized bottom sets of Pollard et al. (1993) while simpler traces occupy a 

narrower colonization wuidow on the foresets of lateraliy migrating point bars on a semi- 

diurnai to seasonal sa l e  (Figure II-6). 

Ichnology of Wïliow Creek Channels 

Inthe Horseshoe Canyon Formation, the second channe1 unit in Willow Creek 

(Ainsworth ,1994) is compï-îsed of distinct, muddy MS. Several of the more pronounced 

accretion surfaces contain tidal rhythmites (Figure II-7a). Nio and Yang (1991) descrïbed 

a neap/spring cyclicity to these units whicb contain various proportions of sand, mud and 

carbonaceous material described as 'triplets' by Ainsworth and Walker ( 1994). 

The tidal rhythmites are distinctive in that they Iack biogenic structures. Thin 

section analysis of the sandy units reveais that paired carbnaceous drapes are composed 

of micro scale back-flow ripples (Figure II-7b) representing periodic expression of the 

su bordinate flow direction (Le. flood stage). 

Estuarine environments contain two major stresses that could preclude trace- 

making organisms; high rates of sedimentation and fluctuating salinity. The preservation 

of tidal rhythmites without intemal erosion surfaces suggests reasonably high rates of 



FIGURE 11-6 The bbcolonilstion window" in point bar successions. 

Estuarine environments are subject to sedimentation and saiinity stresses that may 

preclude trace-making organisms except during periods of relative quiescence. During 

these periods, a continuous trearlmill of co10ni7irtion occurs on the trough and foresets of 

bedfonns. This colonization rnay occur on a seasonai basis (possibly indicative of neap 

tidal cycles). Photo "A" shows such a surface in estuarine point bar deposits within the 

Lower Cretaceous McMurray Formation. The lower set of foresets has its upper surface 

colonized predominantly by Cylindrichnus. The overlying bedform consists of another set 

of unbunowed foresets (lem cap for scale). Bottom set beds and ~ct ivat ion surfaces 

may be exposed longer and exhibit more extensive bioturbation. This is more similar to 

trace fossils fkom iess stressed environments where colonization has a greater temporal 

duration and results in multi-tiered ichnofabncs. There is a much higher diversity as a 

result of less physical stress constraining the activities of infaunal organisms. Photo B 

shows such an assemblage of traces in open marine deposits of the hwer  Cretaceous 

Wabiscaw Formation. Rosselia, Asterosorna and Chondn'tes (arrowed Ro, As and Ch 

respectively) are shown. Note how the Asterosorna crosscut both Rosselia and 

Chondrites. (Schematic portion of the diagram after Pollard et al., 1993). 
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FIGURE 11-7 Tidal bundles in Wiiiow creek. 

A) Detail of sandstone, mudstone and carbonaceous triplets in point bar deposits of 

Channel Unit 2. 

B) Thin section photoxnicrograph of tidai bunaes showing smali-scale ripples defined by 

carbonaceous detritus between sandstone layers (dense bands of quartz grains). PPLxSO. 





sedimentation- The thickness of the sand units containing paired carbonaceous drapes 

(daily deposition?) are generally on the order of 3mm thick This, coupled with the cm 

thick muddy heteroliths implies that sedimentation rates were not rapid enough to 

exclude bunowing organisms but may be rapid enough to mask traces of bioturbation. 

As freshwater settings generally contain a paucity of trace fossils, the complete 

absence of trace fossils seems to be suggestive of extreme brackish or fresh water, fiuvial 

deposition. Conversely, the presence of tiddy generated sedimentaxy stmctures impiies a 

tidal influence. Despite this apparent paradox, the association of tidd sedimentary 

structures in a fluvial setting can be explained based on the physiographic configuration 

of the hinterland. Depositional slopes in the central plains during the Cretaceous are 

generally regarded as king extremely flat. In this setting, even in microtidal systems, the 

tidal pnsm translates up estuaries for large distances. Tidal backwater effects can 

therefore extend well beyond the extension of the salt wedge (Men, 1991, see Figure II- 

2b, this papa). These fkeshwater tides are capable of producing sedimentary structures 

generally regarded as tidal despite k i n g  deposited in freshwater. In essence, they reflect 

tidal energies without expresshg marine chemistries. Ultimately, it is almost impossible 

to separate the effects of salinity and sedimentation rates. 

Both sedimentation and salinity stresses iikely worked in tandem to varying 

degrees and resuit in the absence of traces. The interpretation of salinity and 

sedimentation rates place channel unit 2 in Wiliow Creek at the landward edge of the 

turbidity maximum. 

Based on sedimentological and ichnological evidence each of the channel units in 

WiUow Creek has been placed at an interpreted palaeogeographic position relative to the 



turbidity maximum (Figure 11-8). Channel 1 has been assigned to a position seaward of 

the turbidity maximum due to the presence of large, broad Diplocraterion. 

Channel 2 is assigned to the marine end of the turbidity maximum due to the 

predominance of muddy IHS, occurrence of tidally derived sedimentary structures and 

lack of trace fossils. The turbidity maximum within this channel unit can also be observed 

in outcrop approximately 500m landward of locality RDV- la. (Figure 11-9). Channels 3 

and 4 are assigned to positions weîi landward of the nubidity maximum in that they both 

contain less distinctive tidal influence (occasional paired carbonaceous drapes on foresets 

of trough cross-beds) and are devoid of biogenic structures. On the whole, the channels 

show iess marine influence to the northeast, which suggests that the Willow Creek 

O utcrops were being deposited further from the palaeoshoreline through tirne. 

DELTAIC DETRIBUTARIES OR INCISED VALLEYS? 

The interpretation of the estuarine channel system king floored by an 

unconfonnity is highiy dependent on the nature of the relationship between sediments 

above and below the stratigraphic discontinuity in question. In the Wiiiow Creek area, the 

underlying allomember A consists of a heterolithic, muddy prodeltaic sequence. If the 

overlying channel system can be show to represent distributary channels in a delta front 

succession. the resulting stratigraphic section is conformable and represcnts the naturai 

vertical transition of environments in a prograding deltaic system. It cannot, therefore, be 

considered a sequence boundary. 



FIGURE 11-8 Interpretation of Channel units as a fimction of relative position to the 

' turbidity maximum. 

Based on sedimentological and ichnological cnterion, each of the channel uni& of 

Ainsworth (1994) can be placed dong an estuarine profiie relative to the position of the 

nirbidity maximum. The charnels young to the right of the photo and show a progressive 

decrease in marine influence as they represent positions M e r  from the shordine at their 

respective times of deposition. 





FIGURE II-9 Position of the turbidity maximum in channe1 unit 1. 

Outcrop HO-2 of Rahmani (1988). The muddy channel unit corresponds to the turbidity 

maximum of channel unit 1. It also shows that a previously unmapped charnel uuit (here 

termed unit la) exists beneath unit 1 of Ainsworth (1994) and above the delta front 

sandstone. (see text and Figure II- 16). 





WILLOW CREEK CHANNELS AS INCISED VALLEYS 

Ainsworth (1994), based on cnteria suggested by Van Wagoner et al. (1990), used 

several lines of reasoning to discount the possibility of the channel complex 

observed at Wiliow Creek being the result of deltaic distributaries. These include the 

occurrence of the channels at a single stratigraphic horizon; a basinward shifi in facies 

above the incision; and the s k  of the channels. Ultimately, he decided that either 

lowstand incision or the avulsion of a large deltaic distributary could be responsible for 

the channel complex (Ainsworth and Walker, 1994). 

Van Wagoner et al. (1990) proposed that deltaic distributaries do not occur at 

single stratigraphic horizons but rather stack verticaiiy in multiple horizons. Despite 

contentions to the contrary, the channels in Wiiiow Creek do, in fact, stack obliquely. 

This is evidenced by the fact that the incision of channel systems show variable relief 

along the top of the prodeltaic sequence and that severai channel sequences can be 

observed in vertical succession along a dip profile as demonstrated at outcrop RDV-la 

Both suggest aggradation of the charme1 systems through time. 

Ainsworth (1994) stated that at RDV-1 the erosion surfaces are "cut into offshore 

marine mudstones, and therefore show a distinct basinward shift in facies" (Ainsworth , 

1994% page 48). This observation does not preclude the channels as being distributaries. 

Progradational depostionai settings are by definition representative of basinward shifts in 

facies. In addition, if the mudstones are not offshore. but viewed as prodeltaic in nature 

(see below) they would therefore represent conformable vertical succession of facies. 



Ainsworth (1994) also considered the size of the channel system to be problematic 

as modem distributaries in the Mississippi are on the order of 1 -7km wide (Van Wagoner 

er al., 1990). Rahmani (1988) mapped the Dnimheller vaüey system to be on the order of 

5 to 12km in width (Figure II-lOa). This neglects the fact that the vailey system was not 

formed from a simple cut and fïii episode, but rather represents a series of channels 

separated in tirne and space. In fact, as pointed out by Ainsworth (1994) the vailey system 

at Willow Creek repfesents four sedimentotogicdly distinct channel fill units. 

As the Willow Creek section represents the lateral migration of channels, the 

dimensions of the outcrop belt are not directly related to the size of the channels that 

formed it. When c o n s i d e ~ g  the size of an individual channel, M e r  (1973) proposed a 

reiationship between the channel width, the bankfull height and the dip of accretion beds 

with the channel (Figure II-1 1). Applying Leeder's formula and using a maximum 

channel height of 12m and an average dip of 10' (Ainsworth and Walker, 1994). the 

bankfull width of the channel systems is on the order of 102m. This is reasonable for an 

individual distributary c haunel. 

It is therefore concluded that there is no evidence for the channel complex to be 

representative of an incised valley system. The subsurface mapping of Rahmani (1988) is 

probiematic in that it groups different facies and channel units into a single large channel- 

Iike body. This gives the illusion of a single broad incision rather than what it realiy 

represents; a complex series of small, migrating channels that each exhibits a distinct 

sedimentological character. 



FIGURE II- 10 Cornparison of DnimtieUer estuarine cornplex to other, 

su bsurface valley complexes. 

A) Map of Rahmani (1988) showing the distribution of estuarine deposits in the 

Drumheller area. 

B) Map of vaiiey complexes in the Lower Cretaceous Glauconitic Member of the 

MannviUe Group showing similar scale as the Dnimheiler examples (hm Wood and 

Hopkins, 1992). 





FIGURE II-1 1 Scale of individual channel units in Willow Creek. 

A) Method for calculating the width of a paieochannel based on the banldull height and 

the dip of the accretion k d s  (Lader, 1973). 

B) Application of Leeders' formula to the deposits of channel unit 2, yielding a 

paleochannel bankfull width of approximatel y 102m. 



Bankfull Height (h) @ 12rn 
Dip of Accretion Surfaces (8) @ 10' 

I Calculated Paleochannel Width = 102m 



WILLOW CREEK CaANNELS AS DELTAIC DISTRIBUTARIES 

Dairymple (1992, fig. 29A) sumrnarized the typical sedimentary succession of a 

fluvial distributq in a tide-dominated deltaic system (Figure II-12% this papa). They are 

compnsed of a coarsening upwards basal section consisting of prodeltaic fines overlain 

by coarse delta kont sediments. These units are sharply and erosively overlain by 

fluviaVdistributary channel deposits that exhibit a fining upward character that are 

overlain by accretionary bank deposits and, in humid climates, delta plain coals. The 

section at RDV- 1 a (Figure II-1 2b), at the mouth of Willow Creek represents an aimost 

identical succession as the idealized section mentioned above. 

DESCRIETION OF MEASURED SECTION RDV- 1A 

The base of the section is composed of heterolithic, coarsening upwards, 

prodeltaic fuies (Allomember A of Ainsworth, 1994). These sedhents are sharply 

overlain by what are interpreted to be delta front sands as exposed at the Hoodoos 

Recreation Area. The upper portions of the prodelta are characterked by large-scde bal1 

and piiiow structures (Figure II- 13a). Kuenen (1 965) experimentally demonstrated that 

this type of feature is consistent with rapid loading of sand ont0 a muddy, unconsolidated 

substrate (Figure II- 13b). 

The contact is traceable bashward at East Coulee where the overlying sands 

contain abundant swaley and hummocky cross stratification and trace fossil suites 

cons is ting of Cylindrichnus, Ophiomorpha, Rosseiia and Macaronichnus. This storm- 



FIGURE II- 12 Verticai sequene generated in a h i v i a i  cbtributary as compareà to 

the outcrop exposwe at the Hoodoo5 Reereation area 

A) Typical fluvial distributary of Dalrymple (1992). 

(B) Vertical sequence of a measured section at the Hooàoos Recreation Area (location 

nomenclature after Ainsworth, 1994). 

(C) Outcrop photo showing uppermost portion of channel system at the Hoodoos 

Recreation Area- 
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FIGURE II- 13 Soft sediment deformation s t ~ c t u r e s  in delta front sediments at the 

Hoodoos Recreation area. 

A) Bal1 and pillow structures comprised of sandstones that have sunk into underlying 

finer-grained sediments. (85cm ice axe for scale at base of leftmost structure). 

B) Succesive stages of formation of bal1 and pillows in unstable sediment from a 

laboratory e x  perimen t ( from Kuenen. 1 965). 





dominated environment is the result of wave reworking of the delta front. This highlights 

the lateral facies variability in deltaic settings. At the Hwdoos Recreation Area 

deposition is in a fluviallydominated, tidally-influenced sertïng. The same depositional 

environment is wave-domùlated lOkm basinward at East Coulee. Deltaic systems can 

show facies complexity due to localized variations in sedimentary processes as suggested 

by Bhattacharya and Walker ( 199 1). 

At the Hoodoos Recreation Area, The large hoodoo is capped by an incision lag 

generated by distributary channels cutting into the delta front. h a l l y  this is dernarcated 

by an 80cm thick, weil-cemented siltstone pebble conglomerate. This surface is mappable 

for over 1 km landward where it changes character into a thin (dm scale) sideritized 

pebble horizon (see Figure II- 14). 

Overlying this surface are two, stacked distribumy channel facies associations 

consisting of fining upwards, trough cross-bedded sandstones. The two uni& are 

distinguishable on the basis of a discordant inclined bounding discontinuity separating the 

units and a pink diagenetic staining in the lower unit (channel 1 of Ainsworth, 1994). In 

conuast, the upper unit (charme12 of Ainsworth, 1994) is characteristicaily compnsed of 

bright, white sandstone- Broad Diplocrarerion have been coilected fiom unit 1 while no 

trace fossils were observed in unit 2. While both uni& contain trough cross bedding, unit 

2 is distinctive due to the muddy, heterolithic bedding with tidal rythmites, M S  bedding 

and soft sediment deformation stmctures (cf. Figure 11-15). Unit 1 exhibits an upward 

shallowing in the dip of the M S  suggesting channel abandonment (Figure II- 16). 

Separating the two units is a sharp, incIined surface interpreted to represent the 

reactivation of a distributary subsequent to the abandonment of the unit 1. The angular 



FIGURE II- 14 Variabüity dong the basal surface of the distributory chsnnel system. 

A) Laminateci, silutone pebble congiomerate at the base of fluvial distributaxy system at 

the Hoodoos Recreation area The clasts are derived h m  the underlying laminateci 

siltstone-mudstone prodelta sediments. 

B) Base of the distributary system 1.5 km landward of the Hoodoos Recreation Area at 

locality HO-2 of Rahmani (1988). Here the surface is comprised of a heavily sidente- 

cemented ironstone pebble horizon (15cm scale). 





FIGURE II-15 Characteristics of WWow Creek distributary channe1 deposits. 

A) Bank coiiapse blwks comprised of laminated sandstone and mudstones incorporateci 

into coarser-grained channel sandstones. 

B) Convolute bedding interpreted as downslope slumping on a pointbar. Note how the 

defonnation is confined to a discrete interval within the overd pointbar succession. Solid 

portion of staff is 50cm. 

C) Wedge sets within pointbar deposits caused by m u e n t  readjustment of point bar 

surfaces. 

D) Concentration of imbricated, rounded siderite pebbles deposited on a lateral accretion 

surface in a heavily cemented sandstone concretion. 





FIGURE II46 Complex chanwl architecture at Eoodoas Recreation Area. 

This photo shows a marked discontinuity between two discrete channel units. Previous 

workers did not observe the lower unit, channel la- It shows evidence of channel 

abandoment near the top in the form of verticaily aggradational muddy fil.. The photo 

also shows sedimentation on the delta plain and is capped by regionaiiy extensive coal O. 





discordance is a result of the two dimensional representation of a point bars in the second 

unit migrahg at an oblique angle to those in the k t .  

The channel units pass verticaliy into a 1 Sm thick dark grey carbonaceous rich 

shale containing small coalified mots (Figure II-17). The shale is overlain by coal O which 

has a sharp, irregular base comprised of 1 cm thick carbnaceous rich sandstone that 

passes verticaliy into the coal. The basal carbonaceous rich sandstone is representative of 

abundant clastic input prohibithg coal development in an environment otherwise 

conducive to coal formation in a delta plain setticig. 

The placement of the boundary of Aliomenbers A and B in the area around the 

Hoodoos Recreation Area leads to the coafusion of the continuity of the vertical 

succession of facies. Ainsworth (1994) placed the A/B boundary at the top of the 

prodeltaic fines and made it coincident with a sequeace boundary. Although the contact is 

sharp locally, it is gradational in other localities. It is based on the assurnptioa that the 

sand on mud contact represents the floor of an incised vailey complex (see above). In bis 

framework, al1 of the sand beneath coal O was grouped into a single unit despite the 

presence of the intraformational congiomerate several meters above the aiiomember 

boundary and the variable nature of the individual fills. 

In surface orientated stratigraphie frameworks, caution must be taken not to 

arMxiaily subdivide geneticaily related sequences. It is the contention of this work that 

allomember B of Ainsworth is not a valid subdivision and that the strata between and 



FIGURE II47 Delta plain deposits capping disMbutug chamel system at the 

H d m  Recreation Area. 

A) Flat- lying delta plain shales capping the distributary channel sequence. 

B) Coalified root (arrowed) in delta plain shales. 





including the prodeltaic muds and coal O is a single geneticdy related succession. The 

incision demarcated by the intraforrnationai conglomerate resulted from the autocyclic 

incision of deltaic distributaries into a delta front. The measured section at RDV-la 

exemplifies the predictable vertical progression of facies reflected in a prograding tidally- 

influenced deltaic setting. This is consistent with the sedimentological and ichnological 

analysis that shows the channel systems are prograding M e r  past the shoreline through 

t h e  (see above) which is expiained by the continued progradation of the overail deltaic 

package. 

APPLICATION TO SUBSURF'ACE EXPLORATION AND PRODUCTION OF 

ESTUARINE RESERVOIRS 

In general, estuarine depositional systems are composed of a complex array of 

facies that could potentidy pose difficulties in subsurface reservoir evaluation. This 

work WU bnefly touch on the implications these complexities present when assessing in 

place reserves. Of considerable importance to this are subsurface mapping and correlation 

practices in estuarine reservoirs that prohibit a clear understanding of facies variability. 

Rahmani (1988) traced the Horseshoe Canyon Formation valley system into the 

subsurface approximately 40km up dip. The major channel was mapped at widths 

between 5 and 12km. He also showed a tripartite subdivision of facies dong the channel 

axis (See Figure II-lOa). 

The subsurface component of this data is questionable. Most of the inferred 

system is unconstrained by data points. The estuarine tmnk is also shown to contain a 



large distributary (on the order of 3 km wide) that drains into the major channel. This 

would potentially add complexities within the system and disnipt the idealized tripartite 

subdivision. These factors plus the fact that the outcrop component of this system shows 

interna1 complexity suggest that the facies map presented by Rahmani (1988) is highiy 

schematic in that it artificially groups facies associations. 

From a resemoir production standpoint, the intemal heterogeneities within 

Wiilow Creek charnel 2 effectively compartmentalize this unit Perhaps deviated drilling 

could maximize penetration of the more permeable sands but water floods would likely 

bypass a significant volume of pay. These problems do not exist in channel units 1,3 and 

4. It is therefore unwise to map al l  of these units as a homogeneous rock body in the 

subsurface. 

Wood and Hopkins (1992) mapped a complex association of incised valleys in the 

Ghconite Formation in southeastern Alberta (Figure II-lob ). One of the valley systems 

is mapped to a maximum width of approximately lOkm and extended in a north-south 

direction for 70 km. The potential of a valley system of this size containing homogeneous 

strata is aimost non-existent. It more likely composed of a complex array of facies and 

facies associations; only some of these wiil constitute reservoir units. This is likely 

responsible for the complex water flood response observed by Hopkins et al. (199 1). The 

lateral extent of the vailey complex is not necessarily related to the amount or distribution 

of reservoir facies. More detailed mapping is needed to delineate the reservoir unit5 

within the valiey system. 

Both cases emphasize that detailed sedimentological examinations are required to 

elucidate the internai complexities within estuarine reservoirs. This requires close weli 



spacings and tying in existing core to geophysical log signatures to increase the accuracy 

in mapping and reserve calculation. 

CONCLUSIONS 

Evidence for a regionaliy extensive unconformit. in the marginal marine basal 

Horseshoe Canyon Formation is lacking. The sedimentary succession is confomable and 

more representative of laterally and vertically stacked, tidally-influenced, fluvial 

distributaries in a progradational deitaic setting. A measured section at the H d w s  

Recreation Area shows prodeltaic fines sharply overlain by delta front sands. The sharp, 

erosive nature of the contact appears to be localized, as the facies change is gradational 

basinw a d  This precludes any interpretation suggesting the contact is unconformable. 

Furthemore, the stratigraphie section exactly corresponds to the vertical facies 

succession expected in a progradational deltaic setting. 

Delta front sands are sharply and erosively uuncated by a series of dismbutaxy 

channel deposits. The contact between these facies is locally demarcated by a 20-80cm 

thick siltstone pebble conglornerate that thins in a palaeolandward direction. Distributary 

channel deposits pass verticaily into rooted, grey carbonaceous shaie which is overlain by 

a regionally correlatable cod. This interval conforms to vertical successions in ideaiized 

fluvial-distributary facies models. The basal portion of the succession at the H d w s  

Recreation Area is therefore regarded as confomable and represents autocyclic processes 

operating within a prograding deltaic setting. This is contrary to the suggestions of 

Ainsworth (1994) that the systern represents an iacised v a e y  cornplex. 



This work fin& that Rahmani (1988) was correct in suggesting that the system 

represented a tidally influenced distrîbutary system. In fact, Shepheard and Hills ( 1 970) 

fmt suggested that the basa) Horseshoe Canyon Formation represented a deltaic system 

and identifieci environments k m  the prodelta to the delta plain. 

The application of allostratigraphy to these strata hinders the clear recognition of 

the vertical facies successions by imposing artificial boundaries in confonnable strata. 

Allostratigraphic correlation focuses on extemal mechanisms to generate stratigraphicali y 

significant bounding discontinuities. In modem deltaic settings complex interna1 

processes generate abrupt facies changes across sharp boundaries. These autocyclic 

processes occw on a higher frequency than the allocyclic ones and thereby often overprint 

the longer duration cycles. Curent stratigraphie methodology emphasizes bounding 

discontinuities. Care must be taken to account for variation wirhin depositional systems 

and not relegate ail sharp, erosive contacts as reflections of relative base level changes. 
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CHAPTER III 

PERSPECTIVES ON THE SIGNIFICANCE OF 
TEREDOUTES OCCURRENCES IN THE UPPER 

CRETACEOUS, MARGINAL MARINE DEPOSITS OF 
SOUTHERN ALBERTA 

By docwnenting climatic conditions such as seasonality and relative pnecipitation 

in a geographic area and by examining the corresponding floral and faunai assemblage, 

modern ecologists are able to establish ecological zonations. Appiying uniformitarian 

theory, palaeoecologists may infer prevailing palaeoclimatic conditions in stratigraphie 

successions bearing fossi1 wood, as many types of wood present in modem communities 

have ancestors known fkom the fossil record. In this way fossil wood has long given 

geologists and pdaeontologists insight into many aspects of palaeoecology and 

paiaeoctimatology (Francis, 1986). 

The same can be said for the trace fossils of organisms that bore into wood. Many 

of the wood-borers that leave characteristic trace fossils have distinct ecological controls 

that limit their distribution. By observing the borings of these creatures in in situ fossil 

wood, constraints are placed on possible depositional environments. In some cases, wood 

may provided a medium of preservation that allow trace fossils to pass into the rock 

record where evidence of the activity of the trace-makers would otherwise go undetected. 



Two groups of creaures that produce characteristic wood borings are pholad and 

teredinid bivalves. In addition to being prevalent globaiiy in modern settings, they aiso 

have widespread geographicai distribution in the rock record. As a result, many reports of 

their trace fossiis (Teredolizes) exist h m  various formations worldwide (see Table IiI- 1). 

Despite the abundance of literatuxe regarding these occurrences, many are ody 

mentioned in passing, often as a component of facies descriptions. Works pertaining to 

the implications of these borings in terms of stratigraphic applications arr relatively few 

(Bromley et al., 1984 and Savrda, 199 1 a&b, 1993). 

While not presuming to be exhaustive, this work is meant to demonstrate the 

salient aspects of stratigraphic and palaeoenvironmentai interpretations based on the 

occurrences of Teredolises in Campanian and Maastnchtian strata of southem Alberta and 

also on neoichnological investigations h m  the West Coast of North America (see Figure 

m- 1). 

THE ICHNOFACIES CONCEFI' 

The concept of facies was first used in "comparative lithology" by Walther (1894) 

to "make genetic comparisons" of the qualities of a rock and to place the highest 

emphasis on those quaiities which were imparted at the time when the rock was fmt 

formed. He recognized that the prirnary qualities of a rock were highly dependent on "the 

sum of the meteorological and oceanographical conditions for inorganic and organic 

processes" and therefore, the climate can be infemd from these primary quaiities 

(Walther, 1894, p. 977; translation from Middleton, 1973). Facies are descriptive and 



FIGURE DI- i Location maps for the Terehlires occurrences considered in tbis study. 

A) Map of a portion of southem Alberta showing the locations of the East Coulee and 

Iddesleigh Teredolites sites (labeled with asterisks-* ) 

B) Map of the nonhwestern United States showing the location of Wiliapa Bay, 

Washington and Coos Bay, Oregon (arrowed). 





should not in themselves imply an environmentai interpretation. In general. a facies 

should represent "lithologic, structural and organic aspects detectable in the field" (de 

Raaf er al., 1965). Due to the fact that the deposition of a facies is intimately linked to its 

environment of deposition, facies have a mappable extent and a predictable relationshîp 

to lateraily adjacent facies. 

Similarly, trace fossil assemblages were recognized to consist of recurring suites 

of traces characterizing siIililar types of behavior indicative of specinc environmental 

settings (Seiiacher, 1967). Further, several suites of trace fossiis were shown to be 

characteristic of a specific substrate condition. These are the Trypunires ichnofacies, 

charactens tic of M y  lithifieci substrates (Frey and Seiiacher, 1 980); the GlossifUngites 

ichnofacies characteristic of fïrn~, semilithifxed substrates (Frey and Sedacher, 1980 and 

Pemberton and Frey, 1985); and the Teredolites ichnofacies, characteristic of woody or 

xylic substrates (Bromley et al., 1984). 

These trace fossil suites are of particular use to the stratigrapher because they 

provide insight into substrate conditions, such as texturai consistency, prevalent at the 

t h e  of colonization. As substrate condition can often be demonstrated to be a function of 

allocyclic changes through burial and exhumation, many of these trace fossil occurrences 

demarcate stratigraphicaliy significant surfaces (i. e. Bromley , 1975; Bromiey et al., 1984 

and Pemberton and MacEachern, 1995). 

The Teredolites ichnofacies (Bromley et al., 1984) is substrate-controiied in that it 

only pertains to assemblages of traces that occur in wood substrates. If a thorough 

examination can place the occurrence into a tightiy constrained sedimentological and 

stratigraphic framework, the geologist receives a rare glimpse into aspects of physical and 



ecological parameters at the time of deposition. W e  ichnofacies names are often based 

on predominant traces within a given assemblage, the Terehlites ichnofacies is not 

exclusively represented by the ichnogenus Teredolites; Thalassinoides, Diplocraterion 

and Psilonichnus are also occasional constituents (i. e. Dam, 1990). 

Whiie the occurrence of isolated pieces of bored wood within a stratal package 

has potential implications for palaeoenviromnental reconstruction, their stratigraphic 

value may be questionable. In order to be effective as stratigraphie indicators, occurrences 

of Teredolites must be shown to be representative of in situ woodgrounds and not isolated 

occurrences of the ichnogenera in allochthonous clam. This is a not a trivial distinction, 

especialiy in genetic stratigraphic studies. 

TRACES OF ORGANISMS THAT BORE INTO WOOD 

Trace fossil names should not ascribe to an identity of the trace maker, inferred or 

othemise (Pemberton and Frey, 1982). Accordingiy, they shodd be erected solely on the 

bais  of morphological characters. Similarly, the subdivision of an ichnogenus into 

ichnospecies is also accomplished solely on the basis of morphologie variation of the 

trace fossils in question. One c m  encounter problems if undue presumptions are made 

regarding the identity of the trace maker. Strictly speaking, ichnologically-supprted 

environmental interpretations are not based on trace fossils themselves but, rather, the 

ichnologists' perception of what actualiy made the trace. 

Many modem organisms bore into wood and it is reasonable to assume they did 

so in the geologic past. Crebar and Ash (1 990) illustrateci pocket rot in extant 



Metasequoia glypros~oboides and documented similar attack in Upper Triassic trees in 

Arizona The traces of many "modem" organisms have been documented in the rock 

record. The work of mites has been reported in the Pennsylvanian (Cichan and Taylor, 

1982 and Labandeira et al., 1997) and Lower Pennian (Goth and Wilde, 1992); termites 

in the Upper Cretaceous (Rohr, 1984); beetle larvae in the Tertiary (Brues, 1936); and 

beetles and wasps in the Pleistocene (Kiinger et ai., 1984). ïhese trace fossiis excavated 

in w& indeed span a vast amount of geological tirne. 

Taxonomicaiiy, Genise (1995) erected four new ichnogenera based on insect 

borings in permineraiized plant material fkom the Upper Cretaceous of Argentina. Current 

research trends in non-marine ichnology make it likely that future studies wili document 

many more traces in wood created by a host of organisms. 

This work will focus on the borings of pholad and teredinid bivalves. They 

presently are the most numerous of reported trace fossils in wood. In general, they are 

distinctive and easiiy differentiable fiom the traces of other invertebrates. The activity of 

wood-boring bivalves has been noted £rom xylic substrates as old as the Jurassic (Moore, 

1870 and Kelly, 1988b) and continue to be common in Recent marine to marginal marine 

se ttings . 

SYSTEMATIC ICHNOLOGY 

The taxonomy of trace fossils attributed to w o o d - b o ~ g  bivalves was reviewed by 

Keily and Bromley (1984) who recognized a single valid ichnogenus, Teredolities 

Leymene. They also recognized two ichnospecies: T. chvatus Leymerie and Teredolites 

long~ssimus Keily and Bromley. A brief summary of these ichnospecies is given below. 



Teredolites chatus Leymerie 1842 

Diagnosis: Clavate borings predominantly perpendicular to the grain in woody 

substrates having lengthfwidth ratio-usually less than 5. (Kelly and Bromley, 1984) 

Remarks: Such borings are produced today by species of Manesia. Fossil 

occupants of these traces include Martesia and Opertochasma. 

Teredolites longissimus Keiiy and Bromley 1984 

Diagnosis: Clavate borings predominantly paralle1 to the grain in lignitic substrate 

having length/width ratio usually greater than 5. Commonly sinuous to contorted (Kelly 

and Bromley, 1984). 

Remarks: Commonly lined with calcite, the thickness of which increases towards 

the aperture. Borings of the teredine shipworms which include those of Teredo itself, fa11 

within this ichnospecies. Juvenile fonns p a s  through a phase having the morphology of 

T. clavarus. 

EVALUATION OF TEREDOUTES ICHNOSPECIES DIFFERENTIATION BASED 

ON THE ECOLOGY OF MODERN WOOD-BORING BIVALVES 

lmperative in the study of trace fossils is the reaiization that any two similar trace 

fossils could have been created by entirely different organisms that exhibited similar 

behavior patterns. Aiso of paramount importance is recognizing that any given creature 

may create numerous differemt traces as a function of varying behavior. Complicathg 

matters htnher, the same creature, exhibithg the same bebaviorai patterns, can create 



different traces based on differences in substrate consistency (Bromley and Fürsich, 

1980). As a result, an understanding of neoichnology is vital to meaningful interpretations 

of trace fossils in the rock record. This study is intention* limited to ecological 

parameters as they affect modem wood-boring bivalves because they are generaliy 

regarded as the creatures responsible for producing the most abundant and easily 

recognizable trace fossils in wood. 

Due to the econornic impact wood-borers have on modtm sea-based 

transportation systems, a large body of research exists that attempts to identify controls on 

the pests' distribution (Le. Quayle, 1992). Wood-borers have also been documented to 

pose a threat to mangrove swamps (Barkati and Tirmizi, 1991) and as such can locaiiy 

have a potentially large environmental impact. 

There are severai environmental controls on the distribution of modem wood- 

boring bivalves. Salinîty, temperature, and a supply of wood appear to be the most 

significant- Both pholads and teredinids are exclusiveiy marine. They can tolerate 

brackish conditions but salinities Iess than 9 or 10 ppt are lethai and uaiform, normal 

marine salinities were found to be most conducive to rapid growth (Greenfield, 1952). In 

San Francisco Bay, teredinids were almost wiped out during a p e n d  high rainfall and 

spring runoff, but came back in full force once salinities retumed to normal (Ricketts et 

al., 1992). 

Temperature may also be a limiting factor in teredinid and pholad bivalve 

distribution. Greenfield (1952) noted an ïncrease in p w t h  rate of terediniàs in higher 

temperature waters. Hoagland and Turner (1980) showed a sub-tropical species of 



shipworm thriving near the warm water discharge of a nuclear power generating station in 

an otherwise temperate environment. 

Based on examination of the borings of modem wood-boring bivalves, incipient 

T. clavaîus can often be linked to the borings produced by pholad bivalves (Savrda and 

Smith, 1996). Some species are also rock-borers, and may create the hard ground 

equivaient ichnogenus Gasrrochaemlites in the rock record. Marresia has even been 

observed boRng into lead shielding on power cables in Florida (Springer and Beeman, 

1960). As these organisms are essentiaily filter feeders, the maintenance of an open 

communication with the woodhvater interface exhibits a major control on the geometry of 

borings. In general, they subtend into the substrate in a subvertical fashion perpendicular 

to the grain of the wood, are relatively shaliow and may be intertwined around the borings 

of their neighbors. 

In contrast, teredinids bore primarily parallel to the grain of the wood. In addition, 

a proportionately longer set of siphons than pholads aiiows teredinids to penetrate deeper 

into wood resulting in a more sinuous boring morphology. This d o w s  teredinids to 

colonize wood nearer where the w d  enters surroundhg sediment (in the case of wharf 

pilings or tree stumps). Some forms gain an appreciable amount of sustenance from 

digesting wood with filter feeding playing a somewhat secondary role (Andersen, 1983). 

'This type of behavior is more typical of incipient T. longissimus. 



FACTORS INFLUENCING BORING MORPHOLOGY 

Several factors serve to control the ultimate expression of associated borings in 

the rock record. The density of colonizattion, wood types (i.e. softwood verses hardwd) ,  

the degree of compaction (in the case of peat horizons) and diagenetic factors such as 

siderite cementation are al1 important 

As large nwnbers of bivalve lama typically colonize substrates, the competition 

for space is a major factor in the sumival of wood-boring bivalves. This leads to 

crowding witbin the substrate, especidy as the bivalves enlarge their domiciles. Since 

Teredolites seldom intersect, the overcrowding usuaiiy manifests itself as intertwining 

and contortion of the borings. In the modem, this overcrowding may result in decreased 

growth rates of individuals (Tsham et al., 195 1). 

As the nwnber and size of individuals within a substrate increases, so does the 

degree to which the borings becorne crowded. Under these conditions the response of the 

bivalves changes £rom the passive response of random avoidance to active avoidance. In 

this case, the lack of substrate may cause branching of individual borings as the bivalve 

backs up and bores in a different direction in the search of unexploited substrate (Savrda 

and Smith, 1996). Calcite linings may also be secreted dong the length of the boriag in 

response to substrate overcrowding. This may be done in an attempt to stop the 

communication of fluids between adjacent tubes, as the interstitial substrate becornes 

increasingly thin (Turner, 197 1 and Turner and Johnston, 197 1 ). These linings are only 

associated with specirnens of T longissimus. 



T. longissimus aiso appears to be more common in allochthonous deposits (Le. 

Plint and Pickerill, 1985 and see Table IU- 1, this work) where relatively smail xylic 

clasts are colonized and the amount of substrate available to each organism is diminished. 

In these situations overcrowding is common (often enhanced by the m u e n t  diminutive 

size of the clasts king colonized) resulting in highly contorted b o ~ g s .  The degree to 

which any given trace is contorted is often enhanced by burial compaction. 

Examptes of T. clavaus commonly occur in substrates such as exhumcd pcats at 

marine flooding surfaces and sequence boundaries (FS/SB). Where they occur in dense 

numbers, the borings show contortion around one another, though to a lesser degree than 

do those specimens of T. lorigissimus. This may be due to the fact that the primary 

cornpetition for space is limited to the vertical plane, as these borings remain essentiaily 

vertical. In the case of exhumed peats, the substrates commonly have undergone 

compression prior to exhumation thus pst-colonization deformation of the borings is 

relatively minor upon reburial. Those specimens of T. clavatus o c c h g  in isolated logs 

do, however, aiso show compactional deformation. 

The common critenon to differentiate the two species of Teredolites is based on a 

ratio of the length of the boring to the diameter (Kelly and Bromley, 1984). Ratios less 

than 5: 1 are considered to be representative of T. clavatus, while those above it are ailied 

with T. longissimus. As the previously mentioned enviromentai factors impart controls 

on the resultant boring morphology, it is not desirable to attempt to Iink a certain boring 

morphology to a specific trace-making organism as pointeci out by Pemberton and Frey 



The clavate nature of both teredinid and pholad borings arises due to growth of 

the bivalve as it penetrates the woody substrate. As the animal grows larger, the diameter 

of the boring increases accordingiy. The result is a boring that is larger in diameter at its 

termination than at the point of initiation. This cbaractenstic morphology is the norm 

providing that rates of growth exceed those of penetration. In practice, many examples of 

T. longissimus fail to show the expected clavate morphology. In examples of modem 

wood fkom Willipa Bay, Washington, extrernely long, narrow borings (length to diameter 

ratio 20: 1) are quite common. 

There are biological mechanisms that explain deviation from the predicted clavate 

rnorphology. In general, teredinids penetrate wood very rapidly; up to 2cm in a month 

(Isharn er al., 195 1 ) .  Lf the mature penetrates the wood reiatively quickly, the resultant 

boring may be excavated too quickly to reflect the growth of the borer- This rnay be the 

expected n o m  in softwoods. Similarly, if the organisms have very slow growth rates, a 

similar, non-clavate boring may be produced. The second alternative, though relateci to 

the fmt, seems less likely as most wood boring organisms are fairly short lived and have 

rapid growth rates, especially as juveniles Wcketts et al., 1994). 

Substrate consistency also has a large effect on the resultant trace fossil 

morphology. The competency of the substrate is the major factor in differentiating the 

allied forms of Thalassinoides (soft), Spongeiiomrpha (finn), and Ophiornorpha 

(shifting). Evans (1968) found variation in morphology of clavate borings as a function of 

substrate coherence in the modem. 

These environmental and behavioral considerations have taxonomie implications. 

The manifestation of slightly different behavior may result in the ichnoiogist assigning 



the trace to one ichnospecies in favor of another. In Iight of this, perhaps an equaliy 

relevant method for àifferentiating between the-two ichnospecies would be to consider 

the change in diameter of a boring dong its length. In general, T. cluvatus would show an 

overall greater change in diameter dong its length than T. longissimus. This recognizes 

how the interplay between substrate condition and the behavior of the trace maker play 

crucial roles in the morphoIogica1 expression of the resultant trace. 

PRESERVATIONAL CONSIDERATIONS 

Teredolites occurrences encompass a wide variety of settings and preservational 

styles (Figure III-2). Of the numerous occurrences fiom the Cretaceous Interior of North 

Amenca, very few preserve any shell material or remuants of calcitic tube linings. This 

leaves much speculation as to a definitive identification of the trace maker. Even if vdves 

were preserved, they are not particularly usefbl in species identification (Tumer, 1969). 

Pailets are the most diagnostic structure in the identification of pholads and teredinids but 

rarely seem to survive the fossilization barrier. 

The excellent preservation of Teredolites from the Eocene of the U.K. (i.e. 

Huggett and Gaie, 1995 and Gaie, 1995) is unlike that in the Cretaceous of North 

America. Despite the common occurrence of the trace fossil, with three notable 

exceptions, neither sheii material nor calcitic tube linings fiom teredinid bivalves have 

been documented to be preserved in the Upper Cretaceous strata of North Amenca 

(see Table III-1). Brodey et al. (1984) noted the presence of an imprint of one valve of 

the pholad Martesia at the end of one of the sideritized borings in the Maastrichtian 



FIGURE Iür2 Various modes of presewation in Teredoes from the Ho-hoe 
Canyon Formation. 

A) Diminutive T. clavatus in sideritized sand in a transgressive lag. The extremely s m d  
size (2-3m.m in diameter) represents the initial development of these traces. 

B )  Relict T. longissimus. Individual borings main a dusting of carbonaceous material on 
their exterior. There is no other evidence of the original wood in the sample. This 
corresponds to the ghost log-ground of Savrda (1 993). 

C) T. Zongissimus excavated into the top of a thin cody layer. A sirnfiar Teredolites 
occurrence in the Blackhawk Formation of Utah was referred to Thalassinoides by 
Kamola (1985, Figure 13). 

D) Photo of a thin-section through a series of T. ciavaîzu. The borings are sand-filled and 
contain some larger pyrite and mudstone fragments visible in the borings at the bottom 
left. Pnmary lamination is stiil visible in the coal (black) at the right of the photo. Field of 
view is approximately 7cm. (Courtesy of D.A- Eberth) 

E) Silicified log in estuarine channe1 deposits with sand-fiiled T. clavatus. The entire iog 
is approximately 3m in length. 

F) Cross-section view of log in figure (E) showing dense concentration of sand-fded 
borings. 

G) Relict "log" containhg sideritized T. clavat~cs. No original wood remains and the 
position of the "log" is infemd from the concentration of b o ~ g s .  

H) Close-up of a portion of the "log" in figure (G). 

I) Detail of an individual T. clavotur in figures (G) and (H) showing the relict grain of the 
wood into which the boring was excavated (Zenoglyph of Brornley et al., 1984). 

J) Valve of Martesia preserved at the distal temination of a T. clavarus. (from 
Bromley et al., 1984). 





Horseshoe Canyon Formation (Figure III-2J). The second occurrence is the only other 

known published example of this type of preservation in the Lower Cretaceous Bluesky 

Formation of North-central Alberta in the Peace River Oil Sands (Hubbard et al., 1999; 

Figure 18c). In this deposit, sheIl material is present within the borings (Figwe IU-3a). 

Another, unpublished occurrence has been brought to my attention by C.J. Coiium 

in the Upper Cretaceous Badheart Formation. In these deposits, both sheU material and 

calcitic tube-linings are present (Figure IlI-3b). Both of the latter two examples scem have 

extenuating diagenetic circumstances that may lead to this abnormaliy good preservation. 

The Peace River Oil Sands deposit preserves primary aragonite of bivalve sheiis 

throughout the Formation (Hubbard, 1999) whiie the Badheart Formation contains 

chamsosite ooids and has been interpreted as king deposited near cold water seeps 

(Collom, pers. comrn.). B y exarnining worldwide occurrences of Teredalites, KeUy, 

1988b ectioed the facs that the boriags are far more numerous than the bivalves 

thernselves. 

There may be a valid diagenetic explanation for the notable absence of calcitic 

material associated with the trace rnakers. The vast majority of the North Amencan 

occurrences of Teredolites occur in deltaic settings that contain abundant coals. Under 

these conditions, acidic groundwaters would be the nom and therefore preservation of 

the aragonitic shells would rarely be expected. This nasoning was used to explain the 

conspicuous absence of calcareous foraminifera in the Horseshoe Canyon Formation by 

Wall (1976). 



FIGURE III-3 Preservation of sheU material in Teredolifes from the Cretaceous of 

Albe- 

A) Sheil material (arrowed) fkom teredinid bivalves in Terehlites langissimus excavated 

into coaly laminae from the Bluesky Formation (Lower Cretaceous) in the Peace River oil 

sands deposit. Photo courtesy of S.M. Hubbard. 

B) Pholad sheils (arrowed) in Teredolites clavaîus fiom the Badheart Formation 

(Coniacian). Most borings also have preserved calcareous tube linings (white rims around 

borings). Samples courtesy of C.J. Collum. 





Sidente cementacion is a common mode of preservation of Teredolites in the 

Horseshoe Canyon Formation. Specimens of 7'. clavatus are typically fiiied with a coarse 

sand fa. This sand contains abundant microvertebrate material such as shark teeth, and 

fish spines and scales. Cernentation probably occuned as a result of organic-rich fiuids 

moving through high porosity and pemeability sand. This early cementation would serve 

to limit post depositional compaction of these traces. 

Many other specimens are highty defonned. This is iikely due to lithostatic 

compaction. It also appears to be more prevalent in s d e r  specimens and many of the 

specimens assigned to T. longissimus. A high degree of compactional deformation has not 

been observed in sidentized traces suggesting the cementation occurred very early 

diageneticd y. 

STRATIGRAPHIC APPLICATIONS 

The presence of bored xylic substrates has commonly been used as a 

palaeoenviroamental indicator in post Jurassic rocks (Le. Shanley and McCabe, 1990; 

Shanley et al., 1992). In the case of woodgrounds, exhumed peat deposits formed in 

coastal swamps are often laterally continuous and colonization of these substrates 

typicaily is the result of lowstand erosion and subsequent marine flooding. These surfaces 

c m  be valuable stratigraphic indicators. 

Bromley ( 1970) noted that modem rock boring bivalves are primarily restricted to 

shailow water. Turner (1973) reported wood-boring pholad bivalves at a depth of 1830m 

but these creatures are more abundant and proliferate in shallower waters if for no other 



reason than a better source of wood in nearshore environments. Lewy (1985) concurred 

and concluded that the development of extensive hardground bored surfaces would be 

limited to shaliow water. This relationship also appears reasonable for wood-bonng 

bivalves. 

Two markedly different concepts have arisen aiding in the snidy of wood boriags. 

Woodgrounds (sensu Bromley et al., 1984) and log-grounds (sensu Savrda et al., 1993) 

both attempt to place the borings in a wfûi context but usage of the t e m  in current 

lierature shows poor understanding of the intended usage. A review of the concepts is 

therefore deemed necessary. 

THE WOODGROU'ND CONCEPT 

The term woodground was introduced by Bromiey et al. ( 1984) in establishg the 

Teredolites ichnofacies fkom a locality in the Horseshm Canyon Formation of southern 

Alberta. Teredolites occur at the base of a mud-filled channel where lowstand erosion 

locaüy exhumed a peat substrate (Figure III-4). The woodground represents a mappable 

surface demarcated by a dense concentration of pholad bivalve borings. S tratigraphicaüy, 

the erosive base of the channel represents a sequence boundaryl flooding surface 

compnsed of coeval lowstand and transpssive surfaces of erosion. 

The unconformity is demarcated by sidentized Teredolites clavarus that penetrate 

as deep as 8cm into the underlying coal seam. Above this surface, the basal 

channel fil1 consists of a l m  thick upper medium-grained, trough cross-bedded sandstone 

that contains abundant coalified ripup clam originating fiom the upper surface of the 



Figure m-4 Development of a Teredolites association at a bounding surface in the 

Horseshoe Canyon Formation in southern Alberta, 

A) Mud-filled channel at East Coulee. Base of the channe1 rests erosively on îhe top of a 

coal seam. 

B) Close up view of basal vdiey fdi where a thin transgressive sandstone erosively 

overhes the coal. Sands are trough cross-bedded and contain abundant coalifed rip ups 

(axe is 85cm in length). 

C) Teredolites clava~us excavated into the top of the coal. The trace-maker was the 

pholad bivalve Mortesia sp. (see Figure lU-2J). 

D) T. Iongissimus excavated into wood ripups in the transgressive sandstone. These 

clasts were probably colonized in a more basinward locality and were washed shoreward 

and ultimately incorporateci into the basal channel fU. The probable trace-maker was a 

teredinid bivalve. 





peat mat. Many of the wood clasts are orientated dong trough cross beds and contain T. 

longissimus. These clasts in the basal channel !Xi are not in situ and o d y  retain 

stratigraphic value due to their close proximity to the regional unconformity. They are not 

considered part of the woodground assemblage. Confusion has arisen over this 

distinction. Dewey and Keady (1987) described bonxi wood on lateral accretion surfaces 

in estuarine channels in the Eutaw Formation in Mississippi as woodgrounds. These 

occurrences are not in situ peat horizons. they are bored clam. This is an impmper 

application of the woodground concept. The occurrences are more akin to the log-gmund 

of Savrda et a1.(1993). 

THE LOG-GROUMI CONCEPT 

Trace fossils are regardeci as excellent environmentai indicatoa because they are 

almost exclusively fomed in situ. Savrda ( 1993) used the term "log-ground" when 

descnbing any piece of wood that exhibits borings. The concept of considering a piece of 

wood ro represent a substrate condition is highiy problematic. A log npresents a unique 

"substrate" condition because the colonized media are fully transportable. An example 

from a cored interval through the Lower Cretaceous Grand Rapids Formation of Alberta 

demonstrates this as the weU intersected a log that contains diminutive Teredolities 

(Figure III-5). This log is clearly not in si- and emphasizes the fact that as presently 

described, the term log-ground has iittie environmentai or stratigraphic value. 

The term log-ground (Savrda et al.. 1993) overemphasizes the significance of Teredolites 

associations. This is markedly different fiom, and against the intent of, the term 



FIGURE III-5 Teredoitcs -bord from the Grand Rapids Formation, weii 

13-101-21W4 at a depth of 269m. 

A) Core photo of bored log. Growth rings in the tree are visible as are quartz-filled 

fractures. It is bored around its perimeter suggestiog that it was colonized whiie floating. 

The borings are filied with sandstone from the surrounding unit. 

B) Detail of photo (A). 

(WeU location courtesy of Inciraneel Raychaudhuri) 





wood-ground as introduced by Bromley et al. (1984). Wood-ground was introduced to 

represent a distinct substrate condition, differentiable h m  both soft-growd and hard- 

ground substrates whereas Tereddites-bored wood often merely represents bored xylic 

clasts within a given facies- 

In this light, a newly proposeci, descriptive and non-cumbersome definition of a 

log-ground would read as foiiows: " A facies characterized by an abundance of bored 

w d  Not limited to Teredolites, the boring activity of crustaceans, and attachent scars 

and b o ~ g s  of bryozoans and sponges is also sirmificant. By the very nature of the 

deposit, the wood is recognized as being transported (aliochthonous). It M e r s  from a 

woodground (sensu Bromley et al., 1984) in this respect. 

Log-grounds can be a useful descriptor when describing facies characterized by 

abundant bored wood. ft is suggested that this is a more useful defuiition of log- ground 

and usage in the context of isolated pieces of bored wood be abandoned and simply 

referred to as ' k r e d  wood". 

Many of the cited "log-grounds" are acknowledged by the authors to be 

dochthonous (i. e. Savrda, 199 1,1993; Plint and Pickerill, 1985; Mikulas, 1993). They 

are merely facies associations thaî contain abundant wood. While many of these logs are 

in fact bored, their stratigraphic significance is diminished due to the fact that they are 

commonly transported. This makes the environmental and stratigraphic significance of 

these clasts highly questionable. The presence of bored wood need not be indicative of 

the environmental conditions where the clast is incorporated into the stratal package, 

rather it depicts the conditions prevaient at the time and place where the clast was 

colonized. 



Plint and Pickerill(1985) used the lack of tidal structures such as biniodal 

palaeocurrent indicators, paired rnud drapes and bioturbation to discount a tidal origin for 

the Bracklesham Formation in southern England and cited the occurrence of Teredolites - 

bored wood as evidence for a non-marine Teredolites. Many of these so-cailed 

"diagnostic critena" for tidal influence strata are conspicuously absent even in modem 

tidally influenceci sediments. 

In this case, negative evidence is not conclusive in supporting the interpretation of 

the Bracklesham Formaùon as representing a strictly fluvial system. In coeval deposits to 

the east of the study area of P h t  and Pickerill(1985), the authors pointed out that 

''typical" estuarine structures are present in equivaient strata adjacent to the study area. It 

is perhaps more usefid to think of the environmental setting of the Terehlites 

occurrences as the upper (freshwaterdominated) portions of an estuary rather than as a 

fluvial channel setting. From a biological perspective. it is more parsimonious to interpret 

that the wood was washed upstream from a marine or brackish source (possibly during 

transgression) than for teredinid bivalves to be flourishing in the non-marine. This also 

appears to be the case in the Six-Mile Canyon Formation in Utah where rafted logs occur 

at the base of a fluvially dorninated channel incised into offshore mudstones (Schwans 

and Carnpion, 1997). 

Plint and Pickerill(1985) also described a lignite from the same beds. Based on a 

lack of a rooted surface and associated palaeosol, the lignite was interpreted to be 

comprised of drifted plant debns. These xylic clam were not colonized in situ and 

therefore any environmental interpretation based on their occurrence is not justined. This 



is not a woodground (sensu Bromley et al., 1984) but more akin to a log-ground (this 

paper) 

Like any trace fossil assemblage, it is imperative that the occurrences of bored 

wood be used in a tightly constrahed context based on a detaiied sedimentologic and 

stratigraphie framework. The presence of isolated b o r d  wood fragments is not directiy 

indicative of marine influence, especiaily in cases where the xylic material can be 

demonstrated to be of allochthonous origin. The only pieces of data that an occurrence of 

this nature directly implies is that either the depositional system in question contains a 

co~ec t ion  to a marine source such as in upper estuarine settings or that it was eroded out 

of older, adjacent settings. 

Savrda ( 199 1 b) Mced the occurrence of xylic substrates and/or Teredolites to 

transgressive systems tracts. Although most occurrences reported in the literaîure are 

found at or near aansgressive surfaces (often as transgressive la&, the predominant 

occurrence of bored-wood in the transgressive systems tract may be more a matter of 

serendipity than a unique indicator. Savrda et al. ( 1993) attributed an abundance of bored- 

wood to increased influx of xylic material on transgression. 

Estuarine sediments commonly contain bord wood but this is a function of 

proximity to a source of plant matenal and relatively high sedimentation rates enabling 

burial and preservation of the wood. These clasts have a higher preservational potential 

during transgression due to increasing accommodation. 

In eonaast, lowstands typicaüy are characterized by subaeriai erosion and non- 

deposition as a result of lower accommodation. Subsequently, thick and extensive 

lowstand systems tracts are statistically rare in the rock record. The low accommodation 



results in little preservation potentiai for bored wooà and it may be nearly completely 

destroyed by boring organisms pnor to burial. 

Whiie the position of bored wood in stratal packages may be intrinsic to sea level 

fluctuation, it is imperative to realize that there are taphonomic controls that make it 

mcult to separate preservational potential fiom a perceived aîlocyclic adjustment. Like 

many aspects of geology, it is not always about what happened, but more ones 

interpretation based on what is preserved 

A Fossil "Log-ground": The Empire Formation, Coos Bay, Oregon 

The Eocene Empire Formation exposed at Fossil Point, Oregon provides an 

example of a mappable log-ground. A trace fossil assemblage that includes 

Schaubcylindrichus s p., Rosselia s p. and Ophiomorpha mhsa provides evidence of 

shoreface deposition. The sediments also contain sparsely distrïbuted yet abundant xylic 

clasts in the form of coalified wood. Much of the wood contains b o ~ g s  that would be 

assignable to both T. clavaîus and T. longissimw (Figure III-6). 

There are several lines of evidence that attest to the transported nature of the 

wood. Paleocurrent analysis based on the orientation of the long axis of the wood shows 

there is a bimodai distribution, consistent with a transporteci assemblage. Although 

several specimens reach several meters in length, the majority are on the order of 50cm 

long. The diminutive size coupled with the sparse distribution suggests that the wood was 

transported seaward and incorporated into the shoreface at the present outcrop locality. 



Figure III-6 TeredOlitcs occurrences in the Empire Formation, F d  Point, Oregon. 

A) Two essentidy parallel logs displaying different boring morphologies. A carbonized 

log containing T. chvatus (below hammer handle) Lies next to a log that contains aimost 

no original wood and is entirely b o d  with T. hgissimus wttom center). 

B) Rose diagram showing the long axis orientation of 41 pieces of wood in the Empire 

Formation. Strong bimodal distribution provides evidence of the transported nature of the 

wood kgmen&. 

C )  T. longissimuc in a segment of a carbonized log (Ruler is 15crn). 

D) X longissimus in a s m d  wood fragment preserved in a scallop sheii. 





Modem "Log-grounds": Willapa Bay Washington and Panama City, Florida 

The log-ground concept can be useful if one c m  demonstrate that the wood in 

question is in situ or has wdergone minimal transportation. This is the case in Willapa 

Bay, Washington where forested low-lying swrunps are undergohg coastal ravinement 

(Figure IiI-7). The remnant root systems of large trees are ultimately king  incorporated 

into the modem beach Colonization of this wood by teredinid bivalves and isopds is 

prevalen t . 

This assemblage comprises a complex association of both transported wood 

fragments as well as truaks of trees that have undergone minimal transport. The 

occurrence of this wood as a function of wave ravinement at the beach horizon would 

represent a useful stratigraphic horizon (a transgressive surface of erosion) if it were to 

p a s  into the rock record. 

A similar woodground scenario was reported by Burgess (1977) a mile and a half 

off the coast of Panama City, Florida in sixty feet of water. Slash pine trees were 

observed to be standing uprïght on the sea floor at an average density of one tree per m2. 

The wood was observed to be heavily bred above the mud line. As these ûees onginated 

from terrestrial sources, Burgess was able to infer that sea level has nsen approximately 

20 meters in this area. The wood was carbon dated at 28000 years old. They are in situ 

and mark the former position of a forest. The trees were reported to be unmineralized but 

if they pass through the fossilization barrirr, the b o r d  stumps signify a significant 

s tratigraphic surface. 



FIGURE III-7 Development of modern and ancient log-grounds in transgressive 

settings. 

A) Wave-eroded ciiffs undercutting trees in WiUipa Bay Washington. This mechanism 

for supplying wood into marine settings supports the observation of Savrda (1993) that 

transgressions are often characterized by pulse of xylic material. People in center 

foreground provide scale. 

B) Wave-tossed timber, The Met, Willapa Bay, Washington. This represents an 

accumulation that is not in situ. This materiai would represent a transgressive lag if it 

were to pass into the rock record. 

C) Allocthonous, bord logs (arrowed) comprishg the basai portion of a transgressive 

s ystems tract. Teteablites clavatus (arrowed) excavated into the wooà (inset). Lower Six- 

Mile Canyon Formation, Six Mile Canyon, near Sterling, Utah. This corresponds to the 

U6 sequence boundary of Schwans and Campion, 1997. 





TEREnorJTFS AS AN INDICATOR OF CONCEALED BED JOCTIONS AND 

THE AMALGAMATION OF ICHNOLOGICALLY DEMARCATED SURFACES 

Autocthonous woodgrounds represent surfaces that enable stratal packages to be 

evaluated in an allostratigtaphic framework. Hi&-frequency base level changes may be 

responsible for generating sedimentologicaiiy and stratigraphicaily cornplex surfaces. The 

juxtaposition of surfaces due to multiple burial and exposure events can produce complex 

ichnological tiering relationships in palimpsest substrates (Lavigne et al., 1998). Two 

examples have been chosen to demonstrate important stratigraphie concepts that have not 

been applied previously to Teredolires. 

AMALGAMATED SURFACES; DINOSAUR PARK FORMATION, IDDESLEIGH, 

ALBERTA 

A locality near Iddesleigh in southem Alberta (see Figure ID-1) can be interpreted 

as an amalgamation of Teredolires surfaces (Figure III-8 &b). The Judith River Group 

outcrops throughout southem Alberta. Ai the top of the Red Deer River Valley near 

Iddesleigh, it records the transition from the fluvial-estuarine deposits of the Dinosaur 

Park Formation to the upper coaly portion referred to as the Lethbridge Cod Zone that 

marks the initial phase of the Bearpaw transgression. 

At this locality, brackish bay deposits erosioaally overly a coal. The bay deposits 

are characterized by heterolithic sandstone and mudstone layers and contains diminutive 

Planolites with a sharp. erosional base with abundant coal npups. Into the top of the mal 



Figure KU-8 (AB) W-und association fiom the Dinosaur Park Formation near 

Iddesleigb, Alberta, 

A) Bedding plane view of amalgamated suites of Teredolites. The surface is 

characterized by T- cluvam (large boring) subtending into a coal. Above this, T. 

longissimus occw as clusters of essentially paralle1 borings interpreted to represent 

individual pieces of bored wood accreted onto the surface demarcated by the T. davatus. 

B) Tracing of figure (A) showing the relationships of individuai borings. 

FIGURE IU-8 (C,D,E) Concealed bed junction demarcated by Teredolites clovaîus, 

Horseshœ Canyon Formation, Dnimheller, Alberta. 

C) Core sample fiom weii 14-07-24-18W4 showing brackish deposits overlying a thin 

veneer of coal. 

D) Bedding plane view at the base of sample (C) showing the distal terminations of T. 

cluvarur, often identified on the basis of residual coal rinds on the edges of the borings. 

E) Tracing of sample (D) showing the position of the numerous borings. 





are excavated a low-density suite of hi@y compessed Z clmatus. A second suite of 

higher density 7'. longissimus is also present- Occurrences of 7'. longissimus are 

dominated by borings that nin parallel to the grain of the wood. These traces consist of 

clusters of essentially parallel borings. With respect to each other however, the clusters do 

not show a clear preferential orientation. 

The larger, clavate borings are interpreted to represent an autochthonous woodground. 

The randomiy oriented T. 1ongisshu.s are excavated into pieces of allochthonous w d  

that were colonized in marine conditions as flotsam and deposited in their present 

location. 

Examined in an ailostratigraphic context, the occurrence is representative of 

coeval lowstand and transgressive surfaces of erosion. Transgressive erosioa exhumed a 

buried, coastal peat. Initial transgression flooded this horizon with brackish water 

allowing colonization by the T. c l a v a ~  trace-making organism (probably a pholad 

bivalve). Coastai ravinement also supplieci abundant wood to the basin (senru Savrda et 

al., 1993) in the f o m  of both plant materiai fiom the bterland and woody material 

eroded off of the top of the coal. This wood became colonized as flotsam by the T- 

longissimus trace-making organism (probably a teredinid bivalve). 

As transgression continued, coastal onlap began and bond wood was deposited on 

the top of the colonized peat. The area became fuily inundated and the brackish bay 

succession was deposited. Examined in this context, the complex trace fossii assemblage 

c m  be explaineci as an expression of relative base level fluctuations. The occurrence of 

the T. clavatus represents a autochthonous woodground (sensu Bromley et al., 1984) 



while the occurrences of T. longissimrcs represents an aiiochtbonous log-ground (this 

paper) - 

CONCEALED BED JUNCTIONS; HORSESHOE CANYON FORMATION, 

DRUMHELLER, ALBERTA 

Complications to ichnofacies modek &se due to erosiond removal of colonized 

substrates. Often this results in the preservation of the lower portions of burrows without 

the preservation of the s&e that they subtend from. Referred to as concealed bed 

junctions (Simpson, 1970), they are identified primarily on the basis of a contrast of 

burrow fül to the surrounding matrix. 

In the Horseshoe Canyon Formation, T. clavatus occurs in cored intervai in a weil 

located at 14-07-24-18W4 at a depth of 123m (Figure IiI-8 c,d,e). The traces occur on a 

bedding plane consisting of a 3mm coal laminae. The bedding plane contains the Icm in 

diameter distal terminations of the borings. Since wood-boring bivalves attach to wood 

substrates as spat and enlarge the boring throughout their Iives, it is unreasonable to 

assume that the smaU laminae would have provided enough substrate to sustain the 

colony of bivalves until they reached the growth stage represented. 

This surface is more parsimoniously interpreted to represent an erosiond remnant 

of an originally thicker coal deposit. Peat horizons provide a resistant substrate that 

mitigates the downcutting of channel deposits as in the case of the mud-fded channel 

described by Brorniey et a1.(1984). Whiie this relationship acts as a predktive tool it does 



not imply woody substraîes cannot be erosionaiiy thuined duing either û-ansgressive 

erosion or fluvial downcutting. 

DEVELOPMENT OF COMPOSITE ICHNOFABRICS IN W C  SUBSTRATES 

In modem woody substrates, there are a plethora of organisms that occupy 

abandoned teredinid borings. In RriUapa Bay, Washington, crealures such as rnussels, 

crabs, polychaetes and isopods can be 6requently observed occupying boRngs as refuge 

habitats. Aiso as many incipient-Teredolites become fded with organic-rich sediment 

soon after abandonment, the potential for other organisms to rework the sediment infi  is 

high. 

Miller (1996) suggested a sabellariid polycheate origin for sand-lined tubes found 

within pholad-bord driftwood. The specimens were collected fkom kaches in North 

Carolina after a series of tropical storms. He postulated that this might be a mechanism to 

produce composite ictinofabrics in Teredolites. Similar specimens were collected fiom 

the West Coast in Willapa Bay, Washington that show similar sabellariid polycheate 

tubes constmcted in abandoned borings attributed to the teredinid bivalve Bunkia sp. 

(Figure III-9a). This would suggest that sabellarid "squatters" are not uncommon in the 

modem and uphold Miller's conjectures regarding the rock record. 

Small(7mm diameter), sideritized T. clavarrcs fiom the Horseshoe Canyon 

Formation (CampanianmiIaastrichtian) of southem Alberta may represent a fossil example 

of this relatioaship. The composite ichnofabric is expressed as smail2mm tubes within 

the T. clavarus. They are recognized on the bais of higher degree of resistance to erosion 



and slightly coarser grain size. They are interpreted to represent sand-lined tubes within 

the borings (Figure III-9b). 

Meyers and Reynolds f 1957) noted that fungal attack weakens wooà in the present 

day and makes it more susceptible to aitack by bivalves. Certain types of fungi attack 

wood during the winter thereby weakening it and enable boring bivalves to colonize it 

when they proliferate in the late spring. Fungai attack on wood is documenteci in the rock 

record fi.=. ~rebar  and Ash, 1990). The destruction of wood tissues by huigi could aiso be 

a component of a composite ichnofabric involving Teredolites. 

CONCLUSIONS 

When assessing the stratigraphic significance of any trace fossil assemblage it is 

imperative that it be done in conjunction with a detailed sedimentological ftamework. 

Trace fossiis are generaüy regarcied as excellent environmental indicators because they 

are almost exclusively in situ. As Teredolites are excavated into pieces of wood that are 

fully transportable, the stratigraphic and environmental sipuficame of the b o ~ g s  is 

drastically diminished. 

Pholad and teredinid bivalves are typical Terehlites-trace makers. These 

organisms are exclusive to marine and slightly brackish waters. Due to the 

transportability of the colonized wood, these clasts cm be found in depositional senings 

that are distinctly different fkom the environment of colonization. The occurrence of 

Teredoiiies within a stratal succession does not attest to marine deposition, merely a 

comection to a marine source. 



FIGURE UI-9 Modem analogue and ancient example of the development of cornplex 

ichnofabric in Teredolites. 

A) Modem bored wood h m  Willapa Bay, Washington. Arrows highlight sand h e d  

tubes of sabeUariid polychaetes occupying the boring as a refuge habitat. 

B) Composite ichnofabnc consisting of Terehlites clavatus that is reburrowed, resulting 

in a fabric similar to one that would be expected if the specimen in (A) above were to 

pass into the rock record. Sample is fkom the Maastrichtian Horseshoe Canyon 

Formation, at East Coulee, Alberta. 





Woodgrounds are mappable horizons characterized by borings into a substrate 

composed of wood and/or peat. They cm occur at surfaces that c m  have stratigraphic 

significance because woody substrates are difficult to erode and bounding surfaces often 

bottom out on such horizons. In contras& log-grounds have been defined as any piece of 

wood that exhibits borings. This concept has incorrectiy placed the significance of the 

trace fossil on a single specimen rather than on the assemblage of wood and associated 

traces. In the same way that an isolatcd shell is not a shell bank, neithcr is a single piece 

of w d  a woodground. 

It would be more beneficial to define log-grounds as accumulations of bored 

wood. Like woodgrounds, these can be useful in stratigraphic studies, as bored wood may 

be concentrated at surfaces such as transgressive surfaces of erosion or sequence 

boundaries. This usage also maintains a hierarchical ranking that is usefd and distinct 

from the related woodground concept. 

While many studies have deait wiîh morphology of bivalve borings in wood, few 

have focussed on the potential stratigraphic significance. Teredolites can occur in 

complex associations representing coeval surfaces. Wood substrates provide a horizon 

that is resistive to erosion. It is therefore quite reasonable to suspect that these surfaces 

may be prone to multiple reexposures, and the sedirnentologist should be aware that 

these surfaces represent temporal discontinuities that may or may not be of stratigraphic 

simcance. 
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CHAPTER IV 

SUMMARY AND CONCLUSIONS 

This thesis has sought to examine aspects of the sedimentology and ichnology of 

marginal marine depositional systems as they pertain to genetic stratigraphic studies. 

Ichnological models, particularly substrate-contrded, provide a powerful tool when 

applied synergisticaliy with detaiied sedimentological and stratigraphical studies 

ichnofacies (Pemberton and MacEachem, 1995). 

Chapter II examined the basal Horseshoe Canyon Formation and found that 

estuarine deposits reflect deposition in deltaic distributary channels. This is in contrast to 

Ainsworth (1994) who considered the channels to be part of a larger incised valley 

complex. Incised vaUey complexes are an important concept to emerge in genetic 

stratigraphic studies. Recgonition of these systems is often aided by ichnological studies 

(MacEachem and Pemberton, 1994). It is imperitive that sufficient evidence exists to 

invoke this mode1 however. The outcrops in the Lower Horseshoe Canyon Formation do 

not contain sufficient evidence of an unconfonnity. 

At the Hoodoos Recreation Area, the interval consists of a coarsening upward 

succession of interbedded siltstones and mudstones sharply overlain by relatively massive 

sandstones reflecting a sharp progradation of delta front sandstones over prodelta fines. 

This contact is not an unconformïty as implied by Ainsworth (1994) and therefore does 

not represent a sequence boundary. 



The delta front sandstones are sharply and erosively overlain by a siitstone pebble 

congiomerate that represents the base of a distributary channel system. The distributq 

system contains four previously described channel units that are distinguished on 

sedimentological and ichnoiogical critenon. This work has also identified a nfth channel 

unit beneath the four previously described ones. The addition of this unit does not 

funhentally change the interpretation of the origin channel system. 

The interpretation of these uni& does not requùe invoking ailocyclic processes to 

explain the geometxy of the outcrop units. The succession exactly conforms to the 

idealistic succession expected in fluvial distributaq systems. 

Chapter III deals with the stratigraphic simiificance of the trace fossil Teredolities. 

This trace has frequently been viewed with a "stamp coiiector" mentality, with very few 

snidies placing the m e s  into a stratigraphic context. With the intoduction of the 

woodground concept, the work of Bromiey et al. (1984) pioneered the application of 

Teredolites occurrences in genetic stratigraphy. 

The introduction of the term "log-ground" by Savrda and King (1993) clouds the 

usefulness of the presence of borings in xylic substrates. Due to the fact that many wood 

subsmtes such as isolated logs are M y  transportable, their straiigraphic signincance is 

minimal. As opposed to regarding an isolated piece of bore wood as a "log-gound, the 

term should be reserved for concentrations of bored logs such as at transgressive surfaces 

of erosion. 
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