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ABSTRACT 

This study examined ancient exhumed channel belts from the Cretaceous Ferron 

Sandstone, Notom Delta in south-central Utah. Extensive plan view exposures with local 

vertical cliff exposures allowed documentation of channel belt dimension, migration 

pattern (translation versus expansion) and facies architectures. The cliff exposures allow 

documentation of channel fill thickness and bedding structure that were used in 

paleogeographic and paleohydraulic reconstructions. Paleocurrent measurements are 

consistent within one depositional unit (such as a unit bar or channel belt) and can be 

used to infer channel flow and bar migration patterns. Four hundred and eight 

paleocurrent directions were integrated with grain-size measurements to reconstruct the 

3D facies architecture of the ancient channel belts. Based on the presence of distinct 

types of inclined strata of large scale foresets and the channel sinuosity (1.01-1.44.) 

measured from the paleographic map, the formative river of the point bar complex was 

interpreted to be a low sinuosity river. The point bar complex consists of four successive 

component point bars and shows a migration pattern that changes from expansion to 

translation with increasing sinuosity. By using empirical equations, average channel 

depth and channel width were determined to be 1.7m-3.6m and 23m-89m respectively. 

Channel width (around 50m) as measured from abandoned channel lags falls into this 

range. The large variation of channel belt width may be a result of increasing channel 

dimension due to increasing sinuosity. Therefore, empirical equations for calculating 
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paleohydraulic parameters are generally applicable but need further refinement for 

specific river types. Bar thickness measured from vertical outcrops range from 5.4m to 

6.3m which gives a much narrower range of 47 to 59 m for the channel width estimation. 

The discharge of the formative river is estimated to be 115 m
3
/sec to 387 m

3
/sec. 

Grain-size variation shows a distinct coarsening trend from inner bar to outer bar at both 

the scale of individual point bars and the meander loop complex. Because of the absence 

of extensive shale drapes between each point bar, petrophysical heterogeneity introduced 

by grain-size variation of sand and directional permeability anisotropy introduced by 

different types of cross bedding will be the main type of heterogeneity. The grain-size 

distribution shows a more complicated pattern compared to previous models and the 

resulting fluid flow pattern is expected to be more complex as well. Finally, the major 

controls on the formation of low sinuosity river are gradient, sediment supply, and bank 

erosion, although high frequency climate changes are interpreted to be responsible for the 

filling of the whole incised valley system. The fluvial style is a bed-load to mixed-load, 

high net-to-gross river system with limited suspended content in the flow.  
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CHAPTER 1 INTRODUCTION 

1.1 Previous work on meandering rivers and point bars 

Meandering river studies encompass a variety of fields such as geomorphology, fluid 

mechanics, river engineering, ecology and sedimentology (Güneralp et al., 2012). 

Geologists’ concerns are related to meandering channel formation and evolution 

mechanics (Schumm and Khan, 1972; Hickin, 1974; Jin and Schumm, 1986; Smith, 1998; 

Peakall et al., 2007; Duan and Julien, 2010), architecture of ancient meander belts (Willis, 

1993a; Li et al., 2010), characteristics of associated deposits of meandering rivers 

(McGowen and Garner, 1970; Ghazi and Mountney, 2009), and the development of 

fluvial facies models (Galloway and Hobday, 1996; Bridge, 2006). Research on 

meandering rivers is carried out through flume tests (Schumm and Khan 1972; Smith, 

1998; Peakall et al., 2007), mathematical modeling (Bridge, 1977; Willis, 1989; Willis, 

1993b; Sun et al., 2001a; Sun et al. 2001b; Willis, 2010; Duan and Julien, 2010), ancient 

outcrop studies (Ghazi and Mountney, 2009; Li et al., 2010), and studies of modern 

meandering rivers (Hooke and Yorke, 2011; Kasvi et al., 2012).  

Point bars or scroll bars are formed at the convex banks in response to the migration of 

meander channels. Early studies focused on descriptions of sedimentary structures and 

bedding architecture of point bars from trenches and cores of modern point bars (Frazier 

and Osanik, 1961; Boersma et al., 1968; Jackson, 1976; Levey, 1977), outcrops of ancient 

deposits (Puigdefabregas and Vliet, 1977; Nijman and Puigdefabregas, 1977), or both 
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(McGowen and Garner, 1970). The types of sedimentary structures present in these early 

studies are usually parallel laminations and different forms of cross beds. There was no 

standard nomenclature regarding cross beds, and different names were assigned to similar 

features, such as festoon cross bedding (Frazier and Osanik, 1961), trough-filling cross 

bedding and foreset cross bedding (McGowen and Garner, 1970), and large scale foresets 

(Boersma et al., 1968). This also reflects the complexity of the internal structures of 

different point bar deposits. Some studies were carried out to study how different types of 

cross bedding were generated by the migration of 2D subaqueous sand waves (Allen, 

1965) or 3D mega-ripples (Boersma et al., 1968). The large scale structure epsilon cross 

stratification (Allen, 1963) consisting of sigmoidal shaped heterolithic sand bodies has 

long been recognized as indicative of point bars. 

Facies models of meandering rivers were then developed with emphases on bedding 

architecture, vertical profiles, and plan view geometry (Allen, 1965; McGowen and 

Garner, 1970; Galloway and Hobday, 1996; Bridge, 2006). Fine-grained point bar models 

usually show fining upward profiles and structures built by dunes and ripples with a plan 

view topography of scrolls of ridges and swales, while coarse-grained point bar models 

suggest presence of more chute bars and chute channels (McGowen and Garner, 1970; 

Galloway and Hobday, 1996). Bridge (2006) also addressed the unit bar as a fundamental 

element. These models provide rough qualitative predictions of the different features to 

expect in certain point bars. However the complexity of nature often shows exceptions, 
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such as the presence of transverse bars in a point bar (Levey, 1977) as fundamental point 

bar elements, which contradicts the Galloway and Hobday model (1996). The results of 

this study also show the inadequacy of these idealized qualitative models in describing 

particular point bar deposits. Therefore, a quantitative point bar facies model is still in 

high demand (Bridge, 2006; Pranter, 2007).  

To answer some of the addressed questions towards ancient fluvial deposits, this study 

examined the Notom Delta of the Ferron Sandstone, which preserves the fluvial deposits 

in the rock record and contains not only well exposed cliff faces of both dip and strike 

orientations but also some plan view exposures of ancient channel belts. The 3D facies 

architecture established in this study provides a thorough case study on ancient fluvial 

deposits to better characterize fluvial facies models. 

 

1.2 Geological setting 

The Ferron Sandstone Member of the Mancos Shale Formation, is made up of a series of 

delta complexes that prograded into the Western Interior Seaway during the Late 

Cretaceous (Turonian) (Fig.1). It overlies the Tununk Shale Member and is topped by the 

Blue Gate Shale Member (Fig.2). The Notom Delta, located in the central-east Utah, is 

one of three Ferron wedges. 

A detailed sequence stratigraphic framework of the Notom Delta has been developed by 

Li (2011) and Zhu et al. (2012). They recognized 6 sequences which comprise 18 
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parasequence sets and 43 parasequences. Sequence 1 and 2 are non-marine in origin and 

are interpreted as incised valley deposits, while sequences 3 to 4 are fluvial-deltaic in 

origin (Fig.3).  

The upper most sequence consists of a compound incised valley system (Li and 

Bhattacharya, 2013). Li (2010) completed a regional correlation of two incised valleys 

from outcrops in Neilson Wash. Detailed facies architecture revealed the changes in 

fluvial style present within each valley. Both of the valley fills show a vertical facies 

transition from fluvial, to tidal, and back to fluvial facies, which is interpreted to be the 

result of changes in local valley slope driven by high-frequency climate change (Li et al. 

2010). 
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Figure 1. Regional paleogeography (modified from Bhattacharya and Tye, 2004). 
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Figure 2. A: regional cross section of the Cretaceous wedge (modified from Barton et al., 

2004). B: regional stratigraphic column of the study area (Henry Mountain Region) and 

it’s relationship with Wasatch Plateau (modified from Peterson and Ryder, 1975)  
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Figure 3. Regional stratigraphy (Li et al., 2011). The studied outcrop is above the 

confined valley system of fluvial sequence 1. 

 

1.3 Study area and methodology 

The study area of this research lies at the north of the Fremont river and southeast of 

Factory Butte with extensive plan view exposures of an ancient channel belt (Fig.4). Four 

major sand bodies can be distinguished on plan view image (Fig.5) and are labeled 

number 1 through 4. Sand bodies 2 and 3 are also exposed vertically at the south margin 

of the outcrop belt where 6 sections were logged (Fig.6).  
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Figure 4. Regional map and location of the Notom Delta, Ferron Sandstone belt (modified 

form Li, et al., 2010). The red line marks the location of cross section in Fig.3. 
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The outcrop study (both cliff and plan view) is focused on describing basic sedimentary 

features from bedding structures to bar forms, to channel wavelength and sinuosity. A 

paleogeographic map was reconstructed based on paleocurrent measurements, which in 

turn are exclusively determined by rib and furrow structures (Potter and Pettijohn, 1963). 

Fluvial style is well interpreted using the methods of Willis (1993a) and Li et al. (2010) 

and confirmed by the plan view paleogeography. Paleo-hydraulic parameters of meander 

belts can be calculated using empirical equations from Ethridge and Schumm (1977), 

Lorenz et al. (1985), Bridge and Mackey (1993), Bridge and Tye (2000), Leclair and 

Bridge (2001), Bhattacharya and Tye (2004), and Pranter (2007). Grain-size distribution 

was measured from 1105 points on top of the point bar complex. Data points of grain-size 

and sorting are projected in Arcgis®. Interpolation was done with spatial analysis tools 

box in Arcgis®. 
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Figure 5. Study area. Major sand bodies are marked umber 1 to 4. Large white rectangle 

marks the location of Fig. 6 and small white rectangle marks the location of Fig.20F. 
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Figure 6. Vertical cliff face which exposes the south margin of the outcrop belt. Cross 

section are labeled by AA’, BB’, CC’, and DD’ and marked by white lines. Measured 

sections are labeled by number 1 through 8 and marked by yellow dots. 
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CHAPTER 2 ARCHITECTURE OF THE CHANNEL BELT 

2.1 Lithofacies description 

Miall’s lithofacies classification (1996) was used to describe the facies in the studied 

outcrops. Minor modifications were made and additional facies was introduced to better 

characterize the facies types and associated sedimentary structures. 

Facies 1 Coarse- to fine-grained large scale foreset-dominated sandstone（Sf） 

Description 

This facies shows large scale foresets (Fig. 7A), which are characterized by alternating 

very fine- and coarse-grained layers (Fig. 7C, D). Each individual layer is about 0.5 cm 

thick. The boundaries between layers are either obscure or sharp contacts with inverse or 

normal grading (Fig.7D). In dip view, foresets have concave upward or straight inclined 

profiles while some show listric or sigmoidal profiles (Fig.7A). Individual foresets are 

continuous through the sets and do not terminate against each other in dip view. In strike 

view, boundaries of sets can be distinguished by grain-size jumps and the presence of 

granule-sized grains at the base of the upper set. Individual foresets extend from several 

decimeters to meters in strike view.  



13 
 

 

Figure 7. A: large scale foresets. B: fining upward succession from large scale foresets to 

small scale trough cross bedding. C: alternating coarse- and fine-grained layers. D: 

alternating medium- and fine-grained layers. 

Interpretation 

The mechanisms forming these large scale inclined strata involved migration of unit bars. 

Similar structures have been interpreted by Hartkamp-Bakker and Donselaar (1993) and 
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Boersma et al. (1968). The large foresets are formed by avalanching of bed-load 

sediments along the leeside of unit bars. Each individual foreset was formed by tongue 

shaped avalanching sediments, which have limited lateral extent so that the foresets are 

not very continuous in strike section. Upper flow regime plane beds formed by low 

amplitude bed waves (Bridge and Best, 1997; Best and Bridge, 1992) can be ruled out 

because the strata are inclined up to 30° to 40° on dip section (Fig.7A). 

 

Facies 2 Medium to fine-grained trough cross-bedded sandstone (St) 

Description 

This facies is dominantly medium-grained sandstone. The thickness of sets usually ranges 

from 3 cm to 20 cm (Fig.8A). The cross-bed sets can be grouped into medium scale and 

small scale trough cross beds. For small scale trough cross beds, most set thicknesses fall 

into the range of 4 cm to 9 cm. For medium-scale trough cross beds, set thickness is 

usually 14 cm to 20 cm. At some locations, this facies overlies facies Sf with a gradual 

change of structures and grain size or a sharp contact. Fossils are absent within this facies. 

Mud chips, wood logs, and pebbles can be seen at the base of the sandstone (Fig.8B). 
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Figure 8. A:trough cross-bedded sandstone. The head of the hammer marks the sharp 

boundary between facies St above and Sf below. B: base of facies St. 

Interpretation 

Trough cross bedding is formed by migration of sinuous crested dunes (Miall, 1996; 

Ashley, 1990). The formative dunes migrate directly over the base of the sandstone or 

over unit bars. In the latter case, when dunes were climbing up the stoss side of unit bars, 

they supplied sediments that avalanched down the lee side of unit bars. As the flow 

waned, the unit bar stopped growing and dunes climbed over the crest of unit bar to the 

lee side of unit bars with a gradual change of sedimentary structure from large scale 

inclined strata (facies Sf) to trough cross beds (Fig.7B).  
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Facies 3 Medium to fine-grained planar cross-bedded sandstone (Sp) 

Description 

This facies contains fine- to medium-grained, tabular sets of cross-bedded sandstone (Fig. 

9). Set thickness ranges from 3 cm to 9 cm. Each coset contains 3 to 12 cross sets and 

shows an overall fining upward trend. The set boundaries are dipping upstream with a 

gentle dip angle of about 10°, which is opposite to the dips of foresets. The whole 

succession is about 2 to 3 meters thick. Mud chips and carboniferous clasts can be found 

at the lower part of the facies. This facies is capped by facies Sr and overlying facies Fm 

and Fl. 

 

Figure 9. Planar cross-bedded sandstone. The schematic drawing at right shows the set 

boundaries and part of the foresets of the planar cross-bedded sandstone. 

Interpretation 

Planar cross-bedded sandstones were formed by straight-crested dunes or 2D dunes 

(Miall, 1996; Ashley, 1990). The overall thickness of the planar cross-bedded sandstone 
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suggests that the formative flow has a shallow depth when compared to the large scale 

inclined strata and the flow speed might be slower (Miall, 1996).  

Facies 4 Very fine-grained ripple cross-laminated or parallel-laminated sandstone 

(Sr) 

Description 

This facies consists of very fine-grained sandstone with ripple cross laminations or 

parallel laminations (Fig. 10). This facies can be found above facies Sp or associated with 

facies Fl. Set and coset thickness is about 3cm and 10cm respectively. This facies is 

laterally continuous and can be traced for about 50 m in individual exposure. Parallel 

laminations are usually found above ripple cross-laminated laminations and show some 

plant root fossils. 
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Figure 10. Ripple cross-laminated and parallel-laminated sandstone. 

Interpretation 

The facies were formed by migration of ripples and are closely related to overbank 

deposits and abandoned channel deposits. For over bank deposits, ripple cross 

laminations were formed from suspended sediments, which is mutually erosive and are 

termed “type A” ripple by Jopling and Walker (1968). As for the abandoned channel 

deposits, “type B” ripples are responsible for the formation of climbing ripples where 

stoss side of ripples were partly preserved (Miall, 1996). The formative river carried 
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abundant fine sand and silt (Miall, 1996), especially during abandonment (Ghazi and 

Mountney, 2009) after the channels were blocked by channel bars. 

 

Facies 5 Parallel laminated siltstone or mudstone (Fl) 

Description 

This facies is closely associated with facies Sr (Fig. 11). The vertically alternating pattern 

of facies Fl and facies Sr is common. This facies consists of both mud and silt with an 

upward coarsening trend, which shows a corresponding decrease of mud content. It also 

shows vertical sections that contain only laminated mudstone or siltstone with no distinct 

grading. Set and coset thickness is about 5cm-10cm and 30cm-40cm respectively. Plant 

material is abundant within this facies. Amber has been found within this facies. This 

facies is also present at the contact of major lateral accretion sand bodies, which consist 

of facies St. 
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Figure 11. Parallel laminated siltstone or mudstone with soft sediment deformation. 

 

Interpretation 

This facies is mostly present within over bank deposits. They were formed during waning 

flow stages. When formed between major lateral accretion sand bodies, this facies marks 

the boundary between two successive major flood stage and their associated flood 
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deposits.  

Facies 6 Massive mudstone or siltstone (Fm) 

Description 

This facies is characterized by massive mudstone with interbedded layers of siltstone or 

massive siltstone with interbedded layers of mudstone. Soft-sediment deformation can be 

seen at some locations. This facies is associated with facies Sf, Sp, St, and Fl with 

erosional or conformable contacts. Plant fragments are abundant within this facies. When 

underlain by sandy facies Sf, Sp, and St, the top of the Fm facies is covered by dark 

reddish to brownish colored iron stone with Beaconites trace fossils (Fig.12).  

 

Figure 12. Beaconites trace fossil present below the bottom of Fm facies. 
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Interpretation 

The Fm facies is interpreted to be deposited in a vegetated flood plain environment such 

as overbank, abandoned channel, or lake settings. The main setting for this facies is 

abandoned channels, some of which became lakes or flood plain ponds (Miall, 1996). 

Soft-sediment deformation was due to rapid sedimentation of suspended sediments, 

especially when silts or sands were deposited on mud. 
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2.2 Bedding architecture  

Three bedding diagrams have been completed based on photo mosaics along the cliff face 

at the south margin of the outcrop.  

Cross section A 

Description 

Cross section A is east-west oriented, and exposes the south margin of sand bodies 2 and 

3 (Fig.13). Cross section A mainly contains Sf and St lithofacies with some Sr, Fl, and 

Fm at the east margin of the cross section. From bottom to top, the sedimentary structures 

change from large scale foresets to small scale cross bedding and to medium scale cross 

bedding (Fig.7B). The upper part of Sf facies shows a general fining upward trend while 

the lower part shows a coarsening upward trend with inter-bedded mud layers of Fm 

facies at the base. The overall thickness of the sand body is about 5m to 6m. Paleocurrent 

directions, measured from rib and furrow structures of the St facies at the upper part of 

the cross section, are dominantly pointing NNE. The dip directions of the beds of the 

large scale foresets are nearly towards the east. The Sf facies has a sharp erosional 

contact that separates the underlying Fm facies and a succession of Fm, Fl, and Sr facies 

to the east. Sand body 3 lies on top of sand body 2 and the boundary is marked by a grain 

size jump and presence of granule or pebble sized mud chips at the base of sand body 3. 
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Interpretation 

The paleocurrent direction and the dip direction of large scale inclined beds are nearly 

perpendicular to each other, which indicates the sand bodies are laterally accreting 

macroforms (Miall, 1996). The succession of Fm, Fl, and Sr facies at the right of the 

cross section is interpreted to be over bank deposits. The sharp contact between facies Sf 

and the over bank facies is interpreted to be the cut bank. Thus, sand bodies 3 and 2 are 

point bars that formed at the inner bank of the channel. The presence of large scale 

foresets, which were formed by unit bars indicates the compound nature of the point bars 

(Bridge, 2006; Bridge and Lunt, 2006). 

 

Cross section B 

Description 

Cross section B is predominantly north-south oriented except the north part which is 

nearly east-west oriented. Cross section B also shows sand bodies 2 and 3 (Fig.14). It 

contains lithofacies Sl, St and Fm. From bottom to top, the sedimentary structures also 

change from large scale foresets to small scale cross bedding and to medium scale cross 

bedding. Paleocurrent direction is generally NNE. Most beds of the large scale foresets 

are nearly parallel to the set boundaries, which are oriented nearly parallel to the 

paleocurrent directions. The bottom part of facies Sl shows some beds with concave up 

bases, which the underlying beds truncate. The boundary of sand bodies 2 and 3 can be 
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distinguished by a sharp facies change from Sf to St (Fig.8A ) and an abrupt grain size 

jump from medium to fine. The boundary between sand bodies 2 and 3 in this section is 

different from that in cross section AA’ in that the overlying facies are different.
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Interpretation 

Cross section B shows a strike view of the lateral accretion macroforms. The concave-up 

shaped bases of some beds are interpreted to be scours that were later filled by unit bars. 

The boundary between sand bodies 2 and 3 is different compared to the boundary in cross 

section A. The facies distributions indicate that unit bars were formed at the margin of 

point bar 3 towards the channel, and dunes dominate the more inner part of point bar 3. 

 

Cross section C 

Decription 

Cross section C is predominantly SSW-NNE oriented. Lithofacies present in this section 

include Sp, Sr, St, and Fm (Fig. 15). From C to C’, the sedimentary structures for the 

sand body change from medium scale trough cross bedding to planar cross bedding and 

back to medium scale trough cross bedding. The overall thickness of the sandstone ranges 

from 1m to 3m. Paleocurrent direction is generally NNE. The sand body has an erosional 

contact with the underlying Fm facies. The Fm facies below the sandstone is 

characterized by interbedded siltstones, plant fragment fossils, and soft sediment 

deformation. The top of the section is also dominated by facies Fm except on the NE side 

where no facies Fm is present and facies St dominats. The base of the Fm facies is 

underlain by dark reddish to brownish colored iron stone. Beaconites trace fossils have 

been found on these surfaces.
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Interpretation 

The lower Fm facies is interpreted to be lake deposits and the upper Fm facies is 

interpreted to be a mud plug which formed after channel abandonment. The sandstone 

between the mud facies is interpreted to be channel fill. The change of sedimentary 

structures, from planar cross bedding to trough cross bedding indicates that the formative 

dunes changed from straight-crested to sinuous-crested dunes (3D dunes). Since the sand 

body thickness is similar for facies Sp and the adjacent facies St, the flow speed was 

expected to be slower for 2D dunes (Miall, 2006). It is also possible that the strengthened 

secondary flow along the channel was responsible for such a change. The contrast in sand 

body thickness between the channel fill and point bars shown in cross sections A and B 

indicates that the channel fills present in cross section C mark the crossover area of a 

channel bend (Willis and Tang, 2010). The medium scale trough cross bedded sandstone 

formed at the left of section is interpreted to be a mid-channel bar.  

 

Cross section D 

Description 

Cross section D is north-south oriented (Fig.6). It contains facies Sl and Sp. From bottom 

to top, the sedimentary structures also change from planar cross bedding to large scale 

foresets. Paleocurrent direction is generally NE. The set boundaries of the cross beds of 

Sp facies are dipping south, which is opposite to the paleocurrent direction. Most beds of 
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the large scale foresets are nearly parallel to the paleocurrent directions. The whole 

section well exposed the mid-channel bar introduced in cross section C.  

Interpretation 

The Sp facies in this section is the same unit as the Sp facies in section C. Therefore, the 

Sp facies in this section is also interpreted as the channel fill at the crossover area of the 

channel bend. Moreover, the Sp facies shows upstream accretion according the 

paleocurrent direction and the dip of the cross beds. The Sf facies was formed by unit 

bars and shows downstream accretion. 
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Overall cross-sectional view facies architecture 

Description 

This cross section, shown in figure 16 integrated all 7 measured sections logged on the 

cliff face along the south margin of the outcrop (Fig.6, Fig. 17). The measured sections 

are evenly placed regardless of the actual distance between them. The transition from 

channel fill to point bar 2 is gradual, with deepening of the erosional base of the sand 

body. The facies architecture has been discussed in previous cross sections except for 

measured section 3. Measured section 3 shows another type of contact between point bars 

2 and 3. The contact is a 20 centimeter thick very fine grained unit with inter-bedded silt 

layers and mud drapes (Fig. 18). The contact shows variations compared to those present 

in cross section AA’ and BB’ in terms of associated facies and sedimentary structures. 

This contact also shows an overall increase in grain size. From section 1 through 7, the 

paleocurrent direction shows a systematic change from ENE to NNE. 
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Figure 18. Contact between point bar 2 and 3 at measured section 3.  

Interpretation 

This cross section confirms the facies architecture interpreted from the bedding diagrams 

and corresponding facies architecture analyses. The cliff face exposes the upstream 

margin of the channel fills and margins of point bars 2 and 3. From the cross-over area to 

the point bar, the average scale of sedimentary structures increases because the water 

depth increased as the talwag cuts deeper (Willis and Tang, 2010; Bridge and Mckey, 

1993). 
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2.3 Plan view facies architecture 

Description 

Facies St shows the widest distribution in plan view (Fig.19). The south margin of the 

outcrop shows some complexity of facies associations. The most southwesterly part of 

the outcrop is the lobate-shaped sand body A of facies St and Sf with a bilateral accreting 

bedding style. It is followed by facies Fm to the northeast, which is characterized by dark 

reddish to brownish colored ironstones at the top. It has an elongate shape, is 50m in 

width, and is more than 100m in preserved length. To the northeast of facies Fm, 

lobate-shaped sand body B can be distinguished (Fig.19, Fig.20C, D, E, F). This 

particular sand body is composed of a single set of large scale foresets with beds dipping 

at the angle of repose. Sand body C is a very fine-grained sand sheet underlying sand 

body B. It is around 30 meters long, 10 to 20 meters wide, and shows parallel bedding 

(Fig.20E). From south to north of the whole outcrop, paleocurrent distribution shows a 

systematic change from ENE to NNW (Fig.21). Paleocurrent directions are consistent 

within each sand body and across the entire outcrop without any abnormal orientations.  



 

37 
 

 

Figure 19. Plan view facies distribution. Major sand bodies are marked by white dashed 

lines and labeled 1 to 4. Minor sand bodies are marked by white dashed lines and labeled 

A, B, and C. 
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Figure 20. A: cut bank of the channel bend. B: rib and furrow structure. C: St facies and 

the east side of sand body B. D: beds within sand body B are dipping at the angle of 

repose. E: sand body B and sand body C (sand body C is about 30 cm thick). F: lobate 

shaped sand body B (location of this sand body is marked in Fig. 5). 
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Figure 21. Plan view paleocurrent distribution. 

 

Interpretation 

The dominance of facies St indicates that dunes were the main type of bedform present at 

the top of the channel belt during deposition, especially for the 4 major sand bodies with 

plan view exposures. However, such a high percentages of facies St is not presented at 

deeper depths (Fig.13, Fig.14) when the formative flow has greater flow depth (Bridge et 

al., 1986; Bridge et al., 1995; Bridge et al., 1998). The complexity of facies associations 
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at the south margin of the outcrop indicates the presence of an abandoned channel, which 

is also confined by the cut bank (Fig.20A) in cross section A. The elongate shape of the 

Fm facies suggests that it is a mud plug deposited after abandonment of the channel. The 

first lobate-shaped sand body is interpreted to be a mid-channel bar, due to the 

observation of bilateral accretion. The second lobate-shaped sand body is a well 

preserved unit bar. The lee side of the unit bar avalanched into the channel forming 

steeply inclined strata (Bridge, 2006).  

 

2.4 Paleogeography 

The plan view paleogeography is reconstructed based on paleocurrent measurements and 

facies distribution. The sandstone deposits in this outcrop were formed by a single 

channel bend through time. Four stages of channel bend evolution have been identified, 

which correspond to the four major sand bodies exposed in plan view (Fig.5, Fig.22). 

Through stage 1 to 3, the channel mainly experienced expansion with an increase of 

sinuosity (1.01-1.35). The sinuosity of the channel bend during stage 1 measured on the 

paleogeographic map (Fig.22A) is 1.01 which indicates a straight reach within the fluvial 

system. The plan view narrowly shaped point bar 1 is, from a standard terminology point 

of view, an alternate bar that formed before the channel increased its sinuosity. After 

stage 1, the alternate bar changed the flow dynamics, which increased the effect of 

secondary flow to generate point bar 2 (Fig.22B). From stage 2 to stage 3 (Fig.22C), the 
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effect of secondary flow maintained, or even increased, as the channel bend became more 

sinuous, probably due to the erosion of a concave bank and deposition on the convex 

bank. The sinuosity continued to increase from stage 3 to stage 4 from 1.35 to 1.44 and 

the bend wavelength greatly increased as the channel showed a significant downstream 

migration (Fig.22D). Then, the channel was obstructed by mid-channel and unit bars and 

was abandoned (Fig.22E-F). The mid-channel bar was possibly initiated by a chute 

channel of the upstream bend, which delivered sediments to the entrance of the studied 

bend. Similar cases of channel abandonment associated with bar formation within 

channels have been documented both in flume study (Peakall, et al., 1997) and modern 

fluvial studies (Bridge and Lunt, 2006; Bridge, et al., 1986; Ashworth et al., 2011; 

SamBrook Smith et al., 2006).  
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Figure 22. Paleogeography reconstruction of the studied channel belt. 
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2.5 Discussion on the facies architecture of the channel belt 

In several aspects, the point bar facies architecture described in this study differs from 

some classical qualitative models for point bars formed by meandering rivers (Allen 1963; 

McGowen and Garner, 1970; Galloway and Hobday, 1996) in several aspects. 1) the 

absence of heterolithic strata and extensive over bank deposits, and 2) vertical facies 

associations with limited facies variations. On the contrary, the point bar facies 

architecture in this study shows some similarities with braided river facies models 

(Bridge and Lunt, 2006) and low sinuosity rivers (Bridge et al., 1986; Bridge et al., 1995; 

Bridge et al., 1998): 1) very limited fine grained deposits within the major sand bodies, 2) 

presence of large scale inclined strata, 3) abundant unit bars, and 4) channel abandonment 

processes. 

The presence of channel fills confirms Donselaar and Overeem’s point bar model (2010). 

Their model indicates that channel base deposits will connect each individual point bar to 

significantly increase the connectivity of the whole channel belt, even when the channel 

is partly filled after abandonment by mud plugs. 

Mud plugs bave been considered to indicate the full preservation of the channel fill (Li et 

al., 2010). However, in this study, the mud plug is a localized feature, which is confined 

within the upstream section of the channel bend. It indeed helps to preserve the channel 

base deposits underneath it, but the preservation potential of the entire channel belt may 

be influenced more by aggradation rate (Willis and Tang, 2010).
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CHAPTER 3 HETEROGENEITY 

Heterogeneity within fluvial deposits may act as baffles or barriers to fluid flow in 

hydrocarbon reservoirs (Miall 1985; Pranter et al., 2007). During reservoir simulation, 

the amount and distribution of heterogeneity significantly affects the resulting fluid flow 

pattern, break through time, sweep volume, and sweep efficiency (Pranter et al., 2007). 

Thus, the characterization of heterogeneity within fluvial deposits is crucial for 

hydrocarbon production plan design. Heterogeneity exists at different scales, such as the 

six hierarchical levels of heterogeneity proposed by Jordan and Pryor (1992). 

Intermediate scale (mesoscopic and macroscopic) heterogeneity is mostly important 

during hydrocarbon production (Miall 1988; Pranter et al., 2007). At the reservoir scale, 

Dreyer et al. (1993) also suggest that heterogeneity is usually present at the boundaries of 

different architectural elements. While reservoir heterogeneities are controlled by factors 

such as grain size, grain sorting, diagenesis, dissolution, permeability anisotropy, and 

internal structures of cross sets (Jones et al., 1987; Anderson, 2005), this study focuses on 

the petrophysical heterogeneity and lithological heterogeneity in terms of shale drapes 

and grain-size variation, respectively. 

3.1 Lithological heterogeneity 

The dominant lithology of the point bar deposits is sandstone. Shale formed within the 

point bar complex shows very limited extent, both in plan view and along vertical 

exposures. The only location that shows evidence for shale deposition is within the point 
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bar contact at the south margin of the point bar complex (Fig. 17, Fig. 18). The influence 

of shale drapes in fluid flow and reservoir characterization are discussed by Mast and 

Potter (1962), Hewitt and Morgan (1965), Richardson et al. (1978), and Pranter et al. 

(2007). In general, shale drapes reduce vertical permeability and force the fluid to flow 

parallel to the drapes. Therefore, the extent of shale is important for developing 

deterministic reservoir models (Pranter et al., 2007). In this study, the exact dimension of 

the shale drape is difficult to determine, because of the limited cross sectional exposure. 

However, shale drapes associated with point bar contacts are not a consistent feature at 

the upstream part of the channel bend, and do not extend from the upper to middle of the 

point bar in a cross sectional view. Therefore the ability of the shale drapes to influence 

fluid flow is probably very limited and localized in this case. 

3.2 Petrophysical heterogeneity 

Standard tests will be required to determine the petrophysical properties, such as 

permeability. In the meantime, since permeability is strongly related to grain size (Dodge 

et al., 1971; Bread and Weyl, 1973; Hartkamp-Bakker and Donselaar, 1993; Pranter, 

2007), the plan-view grain-size variation and directional grain-size pattern within the 

sedimentary structures documented in this study are used to render a rough prediction of 

the corresponding permeability pattern.  

Sandstone in nature is hardly homogeneous at the reservoir scale whenever anisotropy is 

introduced by directional depositional features or sedimentary structures (Mast and Potter, 
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1962; Dodge et al., 1971; Weber, 1982). The dominant sedimentary structure in the 

sandstone is trough cross bedding formed by dunes, and large scale foresets formed by 

unit bars. For trough cross beds, the maximum directional permeability is parallel to the 

dip of the beds while minimum directional permeability is perpendicular to the beds 

(Dodge et al., 1971). Therefore, the maximum directional permeability of trough cross 

beds will be more or less parallel to the paleocurrent direction, if the formative dunes are 

in equilibrium with the flow condition (Bridge and Tye, 2000). For the large scale 

foresets formed by unit bars, similar results can be inferred for the directional 

permeability. Large scale foresets contain alternating fine- and coarse-grained layers (or 

foresets) which were formed when flow fluctuated around some critical values (Weber, 

1982). Vertical permeability will be limited as a result of such heterogeneity 

(Hartkamp-Bakker and Donselaar, 1993). However, the unit bars show foresets with 

width around 1 to 10 meters. The foresets are continuous in strike section (Fig. 14) and 

some are truncated by upper trough cross beds on dip section (Fig. 8A). As a result, the 

maximum permeability may be parallel to the strike section, which is in turn parallel to 

the paleocurrent direction (Fig. 23). The heterogeneities described here occurred at 

boundaries equivalent to Miall’s first- or second-order bounding surfaces within basic 

architectural elements, including lateral accretion deposits and sandy bed forms (Miall, 

1988; Miall, 1985). 
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Figure 23.  Schematic diagram shows the possible maximum permeability direction 

within trough cross beds and large scale cross beds which is parallel to the paleocurrent 

direction. 

Plan-view grain-size distribution shows a coarsening trend from inner bar to outer bar on 

both the scale of an individual point bar and the whole channel bend (Fig. 24, Fig. 25). 

There is also a downstream fining trend at both scales. The abnormally fine-grained 

deposits present at the entrance of the bend were associated with channel abandonment 

facies. The Willis and Tang model (2010) predicts that where the deepest channel can cut, 

the coarsest grains will be deposited just a little downstream of the channel bend apex. 

The plan-view grain-size distribution in this study shows that the coarsest grains were 
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documented upstream of the bend apex (Fig. 24, Fig. 25). The Willis and Tang model is 

not necessarily wrong, because the grain size distribution in this study represents the top, 

or upper part, of the point bar complex, rather than the base, or lower part, of the channel 

bend. Moreover, since the channel bend experienced a major expansion from stage 3 to 

stage 4, and the cross sections show a fining upward trend (Fig.13, Fig.14), more coarse- 

or even very coarse-grained deposits are expected at the base or lower part near the 

present bend apex. The interpolated grain-size contour (Fig. 25) based on Kriging 

Interpolation provide a more general trend of plan-view grain-size variation. The 

grain-size variation here is a little more complicated than what Pranter et al. (2007) 

assume in their model, which was used to test the influence of heterogeneity on fluid flow. 

Therefore, the permeability pattern and resulting fluid flow pattern, break through time, 

sweep volume, and sweep efficiency could be correspondingly influenced.
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Figure 24. Plan view grain size distribution                   

 

Figure 25. Plan view grian size contour. Dotted lines mark the major sand bodies. 
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CHAPTER 4 PALEOHYDROLOGY 

4.1 Overview on empirical equations 

Empirical equations for calculating paleohydrological parameters, such as channel width 

and channel depth, are developed to estimate channel dimensions, when limited 

subsurface data are available (Lorenz et al., 1985; Bridge and Mackey, 1993a; Bridge and 

Tye, 2000; Bhattacharya and Tye, 2004). Early attempts at estimating channel dimension 

used fluvial sand body thickness with empirical relations to calculate channel belt width 

or channel width ( Ethridge and Schumm, 1977; Collinson, 1978; and Lorenz et al., 1985). 

These approaches can provide a rough estimation, but several problems render the 

estimation very imprecise (Bridge and Mackey, 1993a): channel sinuosity, geometry, 

discharge, and sediment supply are not taken into account, and preserved sand body 

thicknesses may not represent the maximum thickness at the bend apex. Statistical 

approaches that use regression expressions to relate channel depth to channel belt width 

(Field and Crane, 1978; Bridge and Mackey, 1993a; Bridge and Mackey, 1993b) 

attempted to overcome these problems and incorporate modern and ancient data from 

published literature to provide more reliable estimations, with errors that are statistically 

acceptable (Bridge and Mackey, 1993a). This study tested some of the equations in the 

previous literature on the plan view exposure and enabled calculated paleohydrological 

data to be compared with measured data, especially in the case of channel width. 
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4.2 Dimension of the channel 

Two methods are used and compared in this study to calculate paleohydraulic parameters. 

Method 1 calculates the parameters based on cross-set thicknesses and method 2 

calculates them from the average thickness of the sand body. The results of both methods 

are listed in table 1 and table 2 respectively. 

For method 1, 306 sets of cross-bed thickness were measured over point bars 2, 3, and 4 

at randomly selected points. Point bar 1 was not measured for cross bed thickness 

because the relief was too small. Flow depth is calculated based on techniques from 

Bridge and Tye (2000), Leclair and Bridge (2001), Leclair (2002): 

hm = αβ (1), 

β ≅ sm/1.8 (2), 

α = 4 − 8 (3), 

hm = 2.22β1.32 (4), 

d hm⁄ =6~10 (5), 

d = 11.6hm
0.84 (d=flow depth) (6), 

hm = 5.3β + 0.001β2 r2 = 0.94 (7) 

where hm is the mean dune height, α is a proportionality coefficient, β is the mean 

value of the exponential tail of the probability density function for topographic height 

relative to a datum, sm is the mean cross-set thickness, and d is the mean flow depth. 

Equation (3) is not used because dune height calculated from it has a relatively large 
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range. Equation (5) is used to provide a relatively narrow range of channel depth 

prediction instead and it applies to all types of river dunes (Bridge and Tye, 2000). 

Cross-set thickness is calculated from equation (7). Equation (7) is based on compiled 

published data and it is the regression expression of all the data included with an α value 

of 5.3. Equation (1) is a simplified version of equation (7). 

This technique is used because (1) small scale cross beds in the study area are dominantly 

formed by dunes, (2) the scale of dunes are proportional to flow depth, and (3) dune 

height can be calculated from the preserved cross bed thickness (Leclair and Bridge, 2001, 

Leclair, 2002) 

Channel width and channel belt width are calculated from Bridge and Mackey, (1993a) 

and Bridge and Mackey (1993b): 

Wc = 8.88dm
1.82 (8), 

cbw = 59.9dm
1.8 (9), 

where Wc is the channel width, cbw is the channel belt width, and dm is the mean 

channel depth. The results show large variations (table 1). 

Table 1. Paleohydraulic parameters estimated from method 1 
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Method 2 is more straightforward and used the thickness of the sand body as the channel 

maximum depth. Mean channel depth and channel width can be calculated from: 

D=0.585D*/0.9 (10), 

W=1.5W* (11), 

where D is mean channel depth, D* is maximum channel depth or sand body thickness, 

W is channel width，and W* is the width of the inclined surface of a point bar. The 

coefficient 0.585 in equation (10) is determined from experiments (Schumm and Khan, 

1972), and 0.9 is an arbitrary number picked to compensate for the compaction effect. 

Allen (1960) proposed a very rough point bar model which states that a point bar 

occupies two third of the channel width, which equation (11) is based on. However, in the 

field, it is hard to measure the width of a point bar at its bend apex because the outcrop 

locations are usually oblique to the channel axis. This methods provides a narrow range 

of channel depths (3.5m-4.1m) and widths (47m-60m) because the input sand body 

thicknesses are measured within two point bars at close locations that vary in a very small 

range  (5.4m-6.3m). The channel width indicated from the width of mud plug (around 

50m) is very close to the estimated values (47m-60m). 

The discharge of the formative river is estimated from Bhattacharya and MacEachern 

(2009): 

Qw=U*A (12), 
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where U is the flow velocity estimated from bed phase diagram based on flow depth and 

grain size, A is the cross sectional area of the channel, which is calculated by multiplying 

mean channel depth and mean channel width. We used the results from method 2 to 

calculated the paleo-diacharge, which is about 115 m
3
/sec to 387 m

3
/sec. 

Table 2. Paleohydraulic parameters estimated from method 2 and regional study results 

 

Li et al. (2011) applied similar techniques to study the paleohydrology of the incised 

valley systems on the top sequence of Ferron Sandstone within the trunk valley and their 

results are shown in table 2. Comparing the sand body thickness, average channel depths 

and average channel widths of this study to that from more regional scale, the local 

channel dimension of the studied channel belt is about half of the average river dimension 

within the underlying trunk valley. Considering the big scale contrast, the local channel is 

interpreted to be a distributary channel of the Notom Delta system. An explanation that it 

is a tributary channel can be ruled out, because tributary channels are usually within an 

incised valley. Tidal influence is minimal, since no marine trace fossils or typical inclined 

heterolithic strata of tidal influence were found (Musial et al., 2012, Hubbard et al., 

2011). 
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CHAPTER 5 DISCUSSION 

5.1 Evolution of the channel bend 

Hickin (1974) suggests that the critical value of the ratio of the radius of channel 

curvature to channel width (𝑟𝑚/𝑤) controls the channel migration and the pattern of 

evolution for high sinuosity rivers. Such an approach was based on a quantitative analysis 

of modern fluvial systems and the controls on meander evolution such as slope, sediment 

supply, river discharge, and bank erosion, were not taken into account. Despite the lack of 

explanation of the above mentioned intrinsic controls, Hickin’s study provides a general 

model of meander evolution, indicating that channels migrate downstream or laterally to 

maintain a constant 𝑟𝑚/𝑤 value which is around 2. Flume tests (Schumm, 1977, Jin and 

Schumm, 1986, Peakall et al., 2007) looked into slope and bank erosion as a control of 

meandering river formation. Schumm (1977) suggested that slope is critical in developing 

different plan view river forms, while Peakall et al. (2007) and Jin and Schumm (1986) 

addressed the importance of cohesive materials, such as clay in both floodplain and 

suspended flows in meandering channel formation. The meander channels generated in 

these tests were at the early stages of meander evolution (Duan and Julien, 2010) and did 

not evolve into high sinuosity channels with a fixed slope, sediment supply, and flow 

discharge. Therefore, it is important to distinguish high sinuosity (meandering) rivers and 

low sinuosity rivers in terms of hydrological conditions and structures of associated 

deposits. 
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The channel in this study is undoubtedly a low sinuosity river since the highest sinuosity 

measured from stage 4 is 1.44. The Calamus river (Nebraska) is an analog of a low 

sinuosity river, and the scale of the Calamus river is very similar to that of the ancient 

formative river in this study, however the geological setting is distinct (Bridge et al., 1986; 

Bridge et al., 1992; Bridge et al., 1995; Bridge et al., 1998). The Calamus river point bar 

or braided bar deposits show large scale inclined strata at the lower part of the active 

channel belt with overlying small to medium scale cross bedding (Bridge et al., 1986; 

Bridge et al., 1995; Bridge et al., 1998) that are similar to this study except the over bank 

deposits, such as peat and mud layers, are more developed in the Calamus river. The 

ancient channel belt, in this study, shows limited silt or mud deposits in both channel and 

floodplain, indicating an origin of low suspended flow (Peakall et al., 2007; Jin and 

Schumm, 1986). The low sinuosity channel belt formed on top of fine grained deposits, 

interpreted here to be lake or over bank facies. As soon as the channel migrated to the 

point where fine grained facies were absent, and the underlying sand deposits were 

eroded by the channel at the cut bank, large amounts of sand started to be deposited in the 

channel in the form of unit and mid-channel bars, which later caused channel 

abandonment. Therefore, we hypothesize that the lack of adequate cohesion of the bank 

sediments, required to develop or maintain higher sinuosity, is part of the reason that the 

channel was abandoned after stage 4.  

Since most flume and theoretical models intend to develop a high sinuosity channel from 
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an initially straight channel (Jin and Schumm, 1986; Peakall et al., 2007; Duan and Julien, 

2010; Willis, 2010), it is necessary to point out that the continuum of river plan view 

form development may be very hard to define because the plan view form of a river 

changes along with the hydrological conditions and the local geological setting. Although 

the hypothetical model from Galloway and Hobday (1996) suggests that the fluvial 

system evolves through bed-load, mixed-load, and suspended-load styles, I hypothesize 

that a fluvial system will maintain its depositional style for a long period during 

geological time as long as gradient, discharge, tectonic activity, and climate remain stable. 

Furthermore the transition from one style to another will be swift compared to the whole 

fluvial evolution and the sedimentary record of the transition will be wiped out during 

later stages of evolution of fluvial system. Thus, it is difficult to find a similar type of 

sedimentary structures of a point bar from low sinuosity rivers in a high sinuosity fluvial 

system where heterolithic epsilon cross strata or scrolls of ridge and swale topography 

dominate, or vice versa. Some fluvial systems may show different plan view geometries 

due to discharge fluctuation, but the thalwag of the channel remains the same and the 

nature of the fluvial style is not changed. 

Therefore, low sinuosity rivers, or the meandering reaches of braided rivers, show 

migration patterns and channel evolution mechanics which resemble meandering rivers, 

in that they require fine-grained material to retain or increase sinuosity. However, the 

types of deposits and associated sedimentary structures are distinct from meandering 
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rivers in that mid-channel bars and amalgamated unit bars are much more common in low 

sinuosity rivers and braided rivers. 

5.2 Fluvial style and controls 

The study area lies at the top of the Ferron Sanstone. The youngest incised valley systems 

have been studied by Li et al. (2010). They interpreted the upper fluvial system of incised 

valley 1 to be a low sinuosity river system, which agrees with the result of this study. 

High frequency climate change driven by low amplitude eustatic fluctuation has been 

indicated as the driving force for the origin of the incised valleys (Li et al., 2010). As for 

an individual channel belt, the time needed to develop the studied channel bend should be 

at least one order less (103~104  yr) compared to the time need to fill the whole 

valley(104~105 yr) (Li et al., 2010). The time for the studied bend to form is even less 

because high sinuosity was not reached before the channel was abandoned. Therefore, 

climate and tectonic condition could be considered as being stable over such a short time 

period. In addition, since channel dimensions calculated from empirical equations show 

that the hydrological conditions were similar during stage 2 to 4, we can conclude that 

gradient, sediment supply, and bank erosion are more important controls for the 

development of this particular channel belt than climate and tectonics. 
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CHAPTER 6 CONCLUSIONS 

The plan view of exposed ancient fluvial deposits on the top of the Ferron Sandstone 

provide an outcrop analog for low sinuosity rivers. The point bars in this study share 

similarities with the point bars formed by both meandering and braided rivers in terms of 

sedimentary structures, facies architectures, and mechanics of formation. The key 

conclusions are: 

(1) Point bars in low sinuosity rivers are formed mainly by amalgamated unit bars and 

migrating dunes. The newly introduced lithofacies Sf is indicative of unit bar 

formation, which commonly takes place in low sinuosity or braided river settings. 

(2) Channel abandonment rate was rapid, with the formation of unit bars and 

mid-channel bars that blocked the entrance and upstream part of the channel bend. 

(3) Petrophysical heterogeneity introduced by grain-size variation of sand will be the 

main type of heterogeneity. 

(4) The paleohydraulic paarameters calculated form empirical equations match the plan 

view measurements, such as channel width. However the range of estimations 

calculated from these equations are too wide to be precise. The thickness of sand 

body is a more reliable type of data to use during estimations of paleohydraulic 

parameters, especially flow depth in this study. 

(5) Low sinuosity river can evolve in the same ways as meandering channels do with 

adequate cohesive material within the over bank deposits or extensive floodplain 
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deposits underlying the active low sinuosity channel belt. Bank erosion is crucial in 

controlling the plan view geometry and migration pattern of the channel bend. The 

type and architecture of the associated deposits of low sinuosity river resemble those 

of braided rivers.  

The conclusions present in this study help to link meandering and braided fluvial systems 

and to better characterize qualitative 3D facies model of low sinuosity river. More 

quantitative models are still needed to fully understand the processes that are associated 

with different end members of fluvial systems and to make these facies models more 

applicable to subsurface aquifers or hydrocarbon reservoirs. 
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APPENDIX 

     

Figure 26. Max cross set thickness contour.  
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Figure 27. Max cross set width contour. 

 


