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ABSTRACT 

 

 

Two disparate sedimentological and stratigraphic models have been presented for 

the interpretation of the Upper Cretaceous, Sites Member of the Cortina Formation. This 

study addresses these discrepancies and proposes a unifying model. The first model is a 

qualitative-based interpretation of depositional environment by Ingersoll (1978), which 

focuses on analysis of process facies- and sedimentary body-scale attributes. The second 

model, presented by Murray et al. (1996), is statistically-based and exclusively focuses on 

sedimentation event-scale attributes. Ingersoll (1978) interpreted the Sites Member as a 

series of asymmetric, thickening- and coarsening-upward turbidite packages. However, 

Murray et al. (1996) interpreted the Sites Member to represent a turbidite sequence in 

which sedimentary event beds thin-upward as commonly as they thicken-upward. In this 

study the methods and results of Ingersoll (1978) and Murray et al. (1996) were reproduced 

and an integrated hierarchical stratigraphic framework is presented.  

One continuous sedimentological section, totaling 223.2 m, of the middle Sites 

Member was measured along the northern bank of Cache Creek, California, and was used 

to classify sedimentary process facies, sedimentation events, and sedimentary bodies. A 

three-fold hierarchical stratigraphic framework was constructed by correlating upsection 

changes in these sedimentary attributes. 

Low-order cyclicity, defined by a regional interpretation of depositional 

environment, shows that the middle Sites Member represents a component of an overall 

prograding submarine fan system. Intermediate-order cyclicity, defined by changes in 

subenvironment, shows that the middle Sites Member represents longitudinal oscillations 

within the unconfined outer fan environment. High-order cyclicity, defined by statistical 

analysis, is representative of autogenic compensational lobe stacking. If any of these 

scales of cyclicity are interrogated in isolation, a unique and misrepresentative 

interpretation is likely. These three orders of cyclicity combine to form an integrated 

hierarchical stratigraphic framework that resolves the interpretive discrepancies between 

Ingersoll (1978) and Murray et al. (1996). Additionally, it was determined that at the 

event bed-scale, multi-scale and coincident, allogenic and autogenic mechanisms are 

responsible for hierarchical nested cyclicity. Therefore, event bed thickness is an 

unreliable criterion for interpretation of profile position and for cycle definition. Instead, 

grain size is a more consistent proxy for profile position and changes in system energy. 



1 

 

INTRODUCTION 

 

 

Turbidites represent discrete sedimentation units that can be used to evaluate the 

magnitude and frequency of submarine events generated by Earth surface processes. 

Turbidite-dominated outcrops are extensively studied because those deposited in 

submarine channels and lobes constitute the major portion of submarine fan sequences, 

which have been globally recognized as significant hydrocarbon reservoirs (Shanmugam 

and Moiola, 1988). Some examples of major (> 33 million barrels of oil equivalent), deep-

water (>500 m water depth), turbidite-dominated hydrocarbon fields include: Thunder 

Horse and Mad Dog in the Gulf of Mexico Basin (offshore United States); Roncador, 

Marlim, and Albacora in the Campos Basin (offshore Brazil); Scarab-Saffron in the Nile 

Delta Basin (offshore Egypt); Ormen Lange in the Møre basin (offshore Norway);  Agbami 

and Bonga in the Niger Delta Basin (offshore West Africa); Dalia, Girassol, Hungo, 

Kissange, and Rosa in the Lower Congo Basin (offshore West Africa); and others 

(Pettingill and Weimer, 2001). One-dimensional (1D) wireline subsurface profiles and core 

samples are the most common, and sometimes the only, subsurface data sources available 

for characterization, exploration, and development of these reservoirs. In order to upscale 

1D data and make basin-scale inferences about submarine depositional environments and 

the complex sedimentary architecture of which they are comprised, the use of depositional 

models are required. 

Models derived from the study of ancient deep marine outcrops, rather than modern 

deep marine environments, rely principally on analysis of vertical stratigraphic sequences 

for reconstruction of submarine depositional environments. These vertical sequences are 
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comprised of a hierarchy of sedimentary attributes, including: process facies, 

sedimentation units, and sedimentary bodies, which record sedimentation processes 

operating at three graduated scales. In order to ensure identification of the correct scalar 

relationship between a sedimentological process and the resulting depositional response, a 

hierarchical multi-attribute approach to vertical sequence analysis is prudent.  

 

Statement of Problem 

 

 

The depositional environment of ancient deep-marine turbidite sequences has 

dominantly been interpreted using a qualitative-based model; however, statistically-based 

models have supported contradictory interpretations of the same turbidite sequences.  

Comparatively, the qualitative-based model focuses on the analysis of process facies- and 

sedimentary body-scale attributes, whereas the statistically-based approach exclusively 

focuses on sedimentation event-scale attributes. This study presents an alternative 

approach to interpreting depositional environment, which is derived by integrating the 

unique scales of analysis underpinning quantitative and qualitative models into a 

hierarchical sedimentary and stratigraphic framework.  

 

Deep Marine Depositional Model Concepts 

 

 

Despite the multitude of model variations published since the classic submarine fan 

facies model concept was introduced by Mutti and Ricci-Lucchi (1972), all models 

subdivide the submarine fan environment into inner fan, midfan, and outer fan. In summary 

(Fig. 1), the inner fan facies association is characterized by large, gravel to sand, channel-
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fill deposits encased in overbank deposits that are composed of mudstone or thinly 

interbedded sandstone and mudstone. The midfan facies association is characterized by 

lenticular, coarse-grained, channel-fill sandstone bodies encased by fine-grained, 

interchannel deposits.  The outer fan facies association, which is the focus of this study, is 

dominated by non-channelized depositional sandstone lobes interbedded with finer-grained 

and thinner-bedded fan fringe deposits. These depositional lobes, located at the mouths of 

the midfan distributary channels, are sheet-like sandstone bodies.  

The vertical sequence in which the above-described deposits stack to form the 

sedimentary architecture of their respective environments (Mutti and Ricci-Lucchi, 1972) 

are commonly characterized with respect to up-section changes in grain size and thickness. 

As described by Ricci-Lucchi (1975), a sequence can be subdivided into a series of four 

possible types of cycles: uniform or irregular, isolated, simple, and complex (further 

subdivided into multiple or composite). The trend of cycles can be described as asymmetric 

(further designated as thickening- or thinning-upward and coarsening- or fining-upward), 

symmetric, or undefined. Note that Ricci-Lucchi (1975) originally characterized cycles 

with respect to changes in vertical thickness of the coarse sand division of turbidite 

deposits, not the entire event bed deposit. In previous literature, some authors refer to 

thinning- and thickening-upward cycles as positive and negative cycles, respectively. 

Original definitions and graphic examples for each of the above-described cycles and cycle 

trends can be found in Figure 2 (Ricci-Lucchi, 1975). Each of the cycles discussed above 

can occur at multiple temporal and spatial scales within a single sequence. First order 

cycles (also referred to as turbidite suites) occur at the scale of the entire basin fill (Ricci-
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Lucchi, 1975). The mechanisms governing first order cyclicity are allocyclic and may 

include: basin subsidence, tectonic-driven basin reorganization, change in sea level, or 

change in sediment supply. Second order cycles (also referred to as turbidite 

megasequences; Ricci-Lucchi, 1975) occur at the scale of an individual depositional 

environment. Third and fourth order cycles occur at the scale of sedimentary bodies and 

event beds, respectively. Hierarchical nesting of higher order cycles (smaller-scale) within 

lower order cycles (larger-scale) can generate superimposed trends that may be difficult to 

deconvolve and interpret.  

Common to all submarine fan depositional models, a turbidite sequence deposited 

in a midfan environment is interpreted as being comprised of a series of asymmetric fining- 

and thinning-upward cycles, which record a combination of vertical aggradation, channel 

migration, and channel abandonment processes (Ricci-Lucchi, 1975). In contrast, an outer 

fan sequence is interpreted as characteristically exhibiting a series of asymmetric 

coarsening- and thickening-upward cycles, as a combined result of lobe progradation and 

aggradation (Fig. 1). Due to the inherent ambiguity and subjectivity of qualitatively 

defining the beginning and end of a cycle (cycle boundaries), the above model-based 

interpretations have become the subject of significant controversy.  

For example, Walker (1978) demonstrated that recognition of vertical bed thickness 

trends is arbitrarily dependent on the interpreter’s choice of a cycle boundary (Fig. 3).  

Hiscott (1981) suggested that vertical bed thickness trends seen in randomly generated 

(Monte Carlo Simulations) turbidite sequences were similar to, and as common as those 

seen in the actual turbidite sequence studies (Fig. 4). Such criticisms have served to grow 
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the body of literature addressing the application of various geostatistical tools in the fields 

of sedimentology, stratigraphy, and petroleum geology (Sestini, 1970; Mutti and 

Ghibaudo, 1972; Ricci-Lucchi, 1975; Ricci-Lucchi and Valmori, 1980; Ghibaudo, 1980; 

Ghibaudo, 1981; Hiscott, 1981; Walker, 1984; Heller and Dickinson 1985; Davis, 1986; 

Waldron,1987; Rock, 1988; Lowey, 1992; Murray, 1992; Chester, 1993; Rothman, et al., 

1994; Murray et al., 1996; Chen and Hiscott, 1999; Carlson and Grotzinger, 2001; Talling, 

2001; Sylvester, 2007; and others). 

 

Case Study: Upper Cretaceous Sites  

Member of the Cortina Formation, California 

 

 

Data-Rich Qualitative Model 

 

 Ingersoll (1978) conducted an outcrop study of 15 turbidite sequences deposited 

along the west side of the Upper Cretaceous Sacramento forearc basin, California (Fig. 5). 

Each profile captured sedimentological data including: bed thickness, sedimentary 

structures, and grain size (from which 7 facies types were identified; Table 1). Vertical 

thickness trends were qualitatively identified by visual outcrop inspection and it was 

unclear as to whether he was evaluated facies, event beds, or bodies. Sandstone-to-shale 

ratios and Walker’s ABC Index (P1) (Walker, 1976) were also calculated. From these 

observations, Ingersoll (1978) interpreted the depositional environment (Table 2) for each 

of the 15 measured sections, which were the basis for his newly proposed submarine fan 

facies model (Fig. 6A). Using this approach, Ingersoll (1978) qualitatively interpreted the 

Sites Member of the Upper Cretaceous Cortina Formation at Cache Creek (Fig. 5) as a type 

outcrop exposure comprised of a series of asymmetric, thickening- and coarsening-upward 
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turbidite packages deposited in a progradational, lobe-dominated, mid- to outer-fan 

transitional setting in the Sacramento forearc basin (Fig. 6B). The weakly to unconfined 

nature of this environment promotes enhanced depositional preservation and reduces 

sedimentary body diversity. As such, the Sites Member outcrop at Cache Creek has been 

the focus of numerous statistical turbidite event bed thickness studies, which were used as 

the bench mark for the this study.  

 

Quantitative Statistical Model  

 

Statistical analyses (Murray, 1992; Murray et al., 1996; Chester, 1993, 1994) of 

turbidite event bed thickness (coarse and fine divisions included), on a combined 1D 

sedimentological profile, totaling approximately 500 m, were conducted to mathematically 

test Ingersoll’s (1978) assertion that the Sites Member is comprised of a series of vertically 

stacked, asymmetric, thickening- and coarsening-upward turbidite packages. Murray 

(1992; 1996) exclusively analyzed a 236 meter (m) interval in the middle of the Sites 

Member, and Chester (1993; 1994) conducted analyses on the lower 500 m of the Sites 

Member, including the measured section from Murray (1992; 1996). Statistical tests 

conducted in both studies included: Monte Carlo adaptation of runs analysis (Murray, 

1992; 1996), linear regression analysis, and Waldron’s test for asymmetry (Waldron, 

1987). Chester (1993) uniquely contributed a spectral analysis of the Cache Creek 

sequence.  

Chester (1993) conducted runs analysis on the cumulative 500 m section at Cache 

Creek and yielded the same results (slightly lower confidence) as those presented by 

Murray (1992). The strongest non-random trends identified were small- scale, alternating 
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thick- and thin-bedded turbidite bundles and the presence of both quasi-symmetrical, 

thickening- and thinning-upward cycles in nearly equal proportions. A combination of 

short-term variations in the magnitude of turbidity flows and deposition by multi-scalar 

processes were advanced as an explanation for these two trends. 

Results of linear regression analysis of the middle Sites (236 m) revealed a 

thickening- and fining-upward global trend (Murray, 1992). The average turbidite bed 

thickness increased upward from 19 centimeters (cm) at the base of the middle Sites to 48 

cm at the top of the middle Sites Member, and the average maximum grain size of turbidites 

decreased from medium- to fine-grained. These results (Murray, 1992) stand in contrast to 

linear regression analysis of the composite 500 m sequence (Chester 1993), from which a 

global, thinning- and fining-upward trend was identified. Murray (1992) noted that the 

global thickening-upward trend was due to an increase in the thickness of Ta divisions, 

rather than a consistent increase in other Bouma divisions. Chester (1993) suggested that 

the trend reversal from thickening- to thinning-upward was likely caused by inclusion of 

the thick, amalgamated sandstones beds in the lowermost 30 m. Finally, spectral analysis 

(Chester, 1993) of the lower and middle Sites (500 m) revealed strong, non-random 

periodicities on the order of 25-40 beds. Weakly defined nested cyclicity was noted, but 

dismissed as insignificant because these smaller-scale periodicities could not be identified 

as non-random by comparison with a randomly shuffled sequence.   

Irrespective of any discrepancies in the results from the studies of Murray (1992; 

1996) and Chester (1993; 1994), both concluded that that the Sites Member at Cache Creek 

is not comprised of a succession of thickening- and coarsening-upward cycles, as proposed 
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by Ingersoll (1978), and that subjective identification of turbidite thickness trends can be 

misleading.  As such, alternate conclusions were suggested by Murray et al. (1996) and 

Chester (1993): 1) if the Ingersoll (1978) model is accurate, then the Sites Member may 

not represent a lobe-dominated, progradational, submarine, outer fan environment; 2) that 

the Ingersoll (1978) model is too simple to accurately explain a dynamic system; or 3) that 

the statistical tools applied were ineffective in evaluating a dynamic system.  

 

Hypothesis 

 

 

This study seeks to reconcile the seemingly disparate interpretations presented in 

the qualitative model-based study of Ingersoll (1978) and the statistical model-based 

studies by Chester (1993) and Murray et al. (1996) by constructing a three-fold hierarchical 

sedimentary and stratigraphic framework from which depositional environment can be 

interpreted. A number of steps were taken in order to test this hypothesis, including: 

1) Recent concept developments in deep-marine sedimentology were 

incorporated into the definition of, and overall sedimentological analysis 

of process facies-, sedimentation event-, and sedimentary body-scale, 

attributes.  

2) A sedimentary hierarchy was constructed using the above three scales 

of sedimentary attributes.  

3) Two independent interpretations of the Sites Member depositional 

environment were made; one based on the fan facies model presented 
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by Ingersoll (1978) and the other based on the statistical model presented 

by Murray et al. (1996).  

4) The results of the statistical analysis were evaluated within the context 

of a sedimentary hierarchy, and an interpretation of the Sites Member 

depositional environment was made.  

5) An alternate interpretation of the Sites Member depositional 

environment was made based on the newly presented sedimentary 

hierarchy constructed in this study.  

Additionally, this study identifies the presence of a previously undocumented 

progressive unconformity within the Sites Member. Because the primary subject of this 

study was not focused on a structural analysis of the Cache Creek outcrop, the timing and 

nature of structural growth along this unconformity is unknown. However, if the Sites 

member was synkinematically deposited, then the detailed sedimentological analysis 

presented herein also contributes to our understanding of multi-scalar depositional 

responses, with respect to actively growing progressive unconformities occurring in the 

submarine fan environment of a forearc basin.  
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Table 1. Facies table describing Facies A-G as described by Ingersoll (1978) (After Mutti and Ricci-Lucchi, 1972; Walker and Mutti, 

1973; and Ricci-Lucchi, 1975).  

1
0
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Table 2. Characteristics of fan facies associations as described by Ingersoll (1978). 

Designation of paleoenvironments was constructed based on 1) Comparison of previous 

fan models by Mutti and Ricci-Lucchi (1972, 1975); Walker and Mutti (1973); Ricci-

Lucchi (1975); and Mutti (1977) and the associated field studies; 2) analysis of GVG 

lithostratigraphic units and their attributes including a. thickness; b. facies (see table 1) 

proportions; c. Sandstone/shale ratio; and d. Walker’s ABC Index (P1) (see Walker, 

1967,1970 for detailed explanation); 3) vertical and lateral facies trend analysis; and 4) 

Synthesis of regional relations. Facies types marked in parenthesis indicate that they are 

not primary within the facies association. Facies noted within the general characteristics 

descriptions are presented in order of highest to lowest facies proportions. See Table I for 

detailed description of facies. See Ingersoll (1978) for definition of the shelf environment.    
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Figure 1. Idealized schematic vertical turbidite sequence of a prograding submarine fan. 

CT = classical turbidites; MS = massive sandstones; PS = pebbly sandstones; CGL 

conglomerate; DF = Debris Flow; SL = Slump. Arrows indicate grouping of upward-

thickening sequence (THICK-UP) and upward-thinning (THIN-UP) sequences (Modified 

after Walker, 1978 and 1984). Facies A, B, C, D, and F are facies equivalents of the Walker 

Classification using Ingersoll (1978) facies classification. See Table I for detailed facies 

definitions.  
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Figure 2. Variations of thickness trends predicted to be present in vertical turbidite sequences. Figure modified after Ricci-Lucchi 

(1975)

1
3
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Figure 3. Original turbidite sequence from Mutti and Ghibaudo (1972), reinterpreted by 

Walker (1978) to demonstrate that depending on where the base of the cycle is picked, the 

originally negative cycle (white bars) can be reinterpreted (stippled bars) as positive cycles.  
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Figure 4. Figure from Hiscott, 1981 showing original turbidite section and negative 

thickness trend interpretation from Ghibaudo (1980) compared to two randomly generated 

sequences. Random sequences were generated by shuffling the thicknesses of the original 

section (Ghibaudo, 1980). The two random sequences exhibit similar negative cycles to 

that of the original suggesting that the original trends cannot be accepted as nonrandom.  
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Figure 5. Regional geologic map of the Upper GVG (Great Valley Group) geologic unit 

contains the Cortina Formation which is subdivided into Venado (blue), Yolo (yellow), 

Sites (red) and Funks Members (Funks Member not mapped), and their boundaries are 

approximate (mapped in the field). The lime green box marks the map extent presented in 

Figure 10. Inset map shows geologic map of California (modified after USGS geologic 

map of California). Only city locations referenced in text are included. Black box marks of 

regional map extent. Figure modified after Dickenson (2008) and interactive topographic 

base layer from DeLorm.  
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Figure 6. (A) Submarine fan model (Ingersoll, 1978; modified after Ricci-Lucchi, 1975). CM = channelized Midfan; F = Fan Fringe’ FC = Fan Channel; IC = Interchannel Area; IF = Inner Fan; L = Depositional Lobe; LS = 

Lower Slope; MF = Midfan, OF = Outer Fan; OVB = Overbank Area; PS = Passive or Prograding Slope; SA = Slump Accumulation; SC = Slope Channel; SS = Slump Scar; US = Upper Slope. (+) and (-) indicates divisions 

of the fan that exhibit positive and negative cycles respectively. See Table II for detailed description of each environment and subenvironment. Colored boxes correspond to colored boxes in part (B), which highlights the 

environmental interpretation of the Sites Member of the Cortina formation, at Cache Creek, California. (B) Schematic stratigraphic section of the Upper Cretaceous Great Valley Group, at Cache Creek, Northern California, 

Sacramento Forearc Basin (Modified after Ingersoll, 1976; Plate 2). = thickening-upward (negative) sequence; = thinning-upward (positive) sequence. (C) 1D sedimentological profile of the Sites Member, not including the 

upper 215 m or the lower 236 m (Chester, 1994). Middle Sites (238m) data from this report except intervals from 207.1-213.7 m and 223.1-238.7 m are inset data from Murray (1992). 

1
7
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GEOLOGIC SETTING 

 

 

The north-south trending Sacramento forearc basin of northern California (Fig. 5) 

was created during Mesozoic—Cenozoic time through subduction of the Farallon Plate 

beneath the North American Plate (Fig. 7A and 7B). The Franciscan Complex consists of 

multiple sub-parallel tectonic assemblages that were accreted by successive westward 

underthrusting, and forms the western boundary of the basin. The Sierra Nevada Batholith, 

which forms the root of the Cordilleran magmatic arc, bounds the eastern flank of the basin 

(Dickinson, 2008).  The Great Valley Group (GVG) comprises one of the thickest and most 

complete upper Mesozoic sections in North America (Lachenbruch, 1962). It is 

continuously exposed along the western margin of the Sacramento Valley, California, from 

its northern limit at Redding to its southern limit at Coalinga (Ingersoll et al., 1977; Fig. 

5). Due to the asymmetric nature of the basin, the sediment fill dramatically thickens to the 

west (Moxon et al., 1987; Fig. 8).  Barring localized structural deformation, the GVG is a 

structurally uncomplicated, east-dipping homocline (Ojakangas, 1968), and the 

stratigraphic record is uninterrupted. 

The Late Jurassic and Early Cretaceous strata exhibit singularly longitudinal 

(southward) paleocurrents (Ojakangas, 1968; Swe and Dickinson, 1970), corresponding 

with a north to south down-slope sediment transport direction. During the Late Cretaceous, 

sediment dispersal, sedimentation rates, and basin architecture of the GVG were largely 

governed by widening and shallowing of the basin driven by Laramide-forced shallowing 

of the subduction slab angle (Moxon and Graham, 1987; Fig. 7C). Late Cretaceous 

paleocurrents became bimodal in nature, trending in both transverse (southwesterly) and 
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longitudinal directions (Ojakangas, 1968; Swe and Dickinson, 1970; Fig. 7E). 

Subsequently, the corresponding basin deposits record an east to west transition from the 

shelf (present in the Sierra Nevada foothills) to basin floor (Ingersoll et al., 1977). The 

provenance shift from Early to Late Cretaceous time is further supported by petrofacies 

studies (Dickinson and Rich, 1972) that demonstrate a temporal and spatial (west to east) 

compositional graduation from dominantly andesitic, to mixed intermediate plutonic and 

volcanic, to predominantly felsic plutonic sediment sources.  

Maximum sedimentation in the submarine fans was occurring throughout the 

Cenomanian and Coniacian ages. As basin dimensions increased to the maximum extent 

(Coniacian – Maastrichtian) the available sediment was more widely dispersed, which 

resulted in higher sediment accumulation in the deltaic and shelf environments to the east, 

and coincident broadening of individual fans from reduction of sediment accumulation in 

the fan environments (Ingersoll, 1979). In addition to post-Coniacian sediment 

redistribution, there was also a reduction in the volcanic and plutonic activity that served 

to further reduce sedimentation rates in the fan environment.  Marine deposition in the 

basin trough was ultimately supplanted by nonmarine deposition in the mid-Tertiary 

(Hackel, 1966).  

The GVG stratigraphic nomenclature is inconsistently addressed in literature and 

to avoid confusion, I have adopted Kirby’s (1943) texturally defined stratigraphic 

nomenclature (Fig. 9). The Upper Cretaceous Sites Member of the Cortina Formation, 

deposited along the western edge of the Sacramento Valley, is the focus of this study. From 

base to top, the Cortina Formation is subdivided into the Venado, Yolo, Sites, and Funks 
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members. The Venado Sandstone and Sites Sandstone members compose the majority of 

sandstone within the Cortina Formation. Sandstone composition ranges from 22-35% 

quartz, 31-39% feldspar, and 27-47% lithics sourced from a combination of volcanic and 

felsic plutonic terrains (Dickinson and Rich, 1972).  

 

Study Area 

 

 

The Sites Member of the Cortina Formation comprises approximately 700 m of 

continuous turbidite sequence that was deposited approximately 200 kilometers (km) from 

its northwestern sediment source. It is orthogonally dissected by and fully exposed along 

Cache Creek (Kirby, 1943) and Highway 16, approximately 75 km northwest of 

Sacramento, CA (Fig. 10). For clarity in discussing the data presented in this study, the 

Sites Member outcrop will be referred to in subdivisions, the lower (266 m, from 

stratigraphic base of the Sites Member), middle (~240 m) and upper Sites Member (~215 

m, to the stratigraphic top of the Sites Member) (Fig. 11). Approximately 100 m into the 

middle sites (~366 m above stratigraphic base) there is a notable, but poorly documented 

unconformity (Fig. 11), after which the average dip of bedding gradually shallows from 

approximately 71˚ to 48˚ (Fig. 12; Table 3).  The lower Sites section, described by Chester 

(1994), and middle Sites Member section, described by Murray (1992), were collected 

along the north riverbank and were cumulatively reported to include 30 m of covered 

intervals.  The upper Sites is exposed along the road cut, south of the river (Fig. 10). 
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Sedimentology and Stratigraphy of  

the Sites Member (Cortina Formation) 

  

The lowermost 30 m (Fig. 13) of lower Sites is uniquely characterized by medium- 

to fine-grained, normally graded, massive, thick-bedded, turbiditic sandstones that contain 

dish structures and other fluid escape features (Chester, 1994). The sandstones are 

commonly amalgamated and have flat to loaded bases, but evidence of scour and erosion 

is rare. The presence of 10-20 cm coarse- to very coarse-grained basal intervals is also 

common. Average sandstone bed thickness is 1-2 m thick, and when mudstone layers are 

present they are typically less than 10 cm thick. Lowe (2004) interprets 90% of these 

deposits as S3 division sandstones, which is equivalent to the Bouma TA division, as having 

been deposited from high-density turbidity currents. He also notes the rare occurrence of 

thin, planar-laminated to sweeping low-angle, cross-stratified intervals (S1 division; Lowe, 

1982). Though previously undocumented, this interval is also uniquely characterized by 

the highly fractured, and concretion-rich (≤ 1 m in diameter) nature of its deposits (Fig. 

13).  

Excluding its lowermost 30 m, the lower Sites is lithologically similar to the middle 

Sites interval. The middle Sites exhibits a striking slope and bench topography that 

becomes more weakly defined as bedding attitude shallows above the unconformity (Fig. 

11). Benches dominantly correspond with medium- to thick-bedded, erosional based, 

normally graded, medium- to fine-grained, laterally continuous, massive to variously 

stratified, turbiditic sandstone event beds with thin mudstone caps. Turbidite event beds 

range in thickness from a few cm to 3 m, with an average thickness of 40 cm, and have 

high sandstone-to-shale ratios, rare m-scale erosional features, and commonly exhibit bed 
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amalgamation features. Recessed slopes are generally, but not exclusively, more thinly 

bedded (<30 cm) muddy intervals, composed of muddy sandstones, thin turbiditic 

sandstones (dominantly bottom absent) and siltstones, and mudstones of both turbiditic and 

pelagic origin.  Muddy intervals become thinner and sandier upsection.  

Turbidite event bed deposits, which constitute 81% (by thickness) of the middle 

Sites Member, are dominantly comprised (73% by thickness) of fine- to medium-grained 

massive sandstone (Bouma, 1962; TA division) with a very coarse maximum grain size. 

Twenty-one percent of the massive sandstones show pervasive dewatering features. Two 

percent (by thickness) of turbiditic events contain mudstone pebble to granule mudstone 

intraclasts and 2% exhibit horizontal stratification at the base. By proportional thickness, 

planar-laminated (Bouma, 1962; TB divisions) and ripple-laminated (Bouma, 1962; TC 

divisions) sandstones are uncommon in turbiditic deposits (3%, 1% respectively) and 

across the entire middle Sites Member (4%, 1% respectively). Planar laminated sandstones 

tend to be poorly formed, and ripple-laminated sandstones are commonly soft sediment 

deformed by loading of overlying sandstone units. Variously stratified siltstones and 

mudstones (Bouma, 1962; TD and TE divisions) cumulatively compose 19% of turbidite 

deposits by proportional thickness.  

The upper Sites Member is exposed along the Highway 16 road cut along the 

southern bank of Cache Creek (Fig. 10). Barring the uppermost 40 m (approximately), the 

upper Sites is the thinnest-bedded interval (Fig. 14), exhibiting numerous bedding 

angularities and sharp-topped sandstone beds. There is also a notable increase in mass 

transport deposits, sole marks, and trace fossils (Ingersoll, 1977). The uppermost 40 m of 
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the Sites Member is the only interval that has thick-bedded sandstone of comparable scale 

to the lower Sites (Fig. 15).  Ingersoll (1977) notes the presence of southwesterly 

paleocurrent indicators.  

 

Depositional Environment 

 

 

Ingersoll (1977; 1978) interpreted the Sites Member at Cache Creek as a 

progradational, coarsening- and thickening-upward, fan facies association deposited within 

or near the basin axis (Fig. 6B). The thinned off-axis lobe margins are located to the south 

near Grapevine Pass, and to the north near Putah Creek (Ingersoll, 1977). The supporting 

facies association sequence, from base to top, is documented as a transition from the basin-

plain deposits of the underlying Yolo Shale, to the midfan outer fan transition of the lower 

Sites, to the distal outer fan of the middle Sites, to a midfan interchannel (or fan flank near 

the base of the slope supported by presence of mass transport deposits) of the upper Sites, 

and to the channelized midfan of the upper-most Sites to the lower-slope of the Funks shale 

(Fig. 6B) This interpretation remains the most widely accepted hypothesis for the 

depositional environment of the Sites Member.  
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Table 3. Seventy-Eight strike and dip data measurement sorted by dip from highest to lowest and subordinately by meterage 

from lowest to highest. Trend shows progressive shallowing of bedding attitude up-section. Colors mark dip domains. See Figure 

11 for stereonet plot. 
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Figure 7. (A) Map of western U.S. Cordillera showing the location of major Paleozoic-Mesozoic tectonic elements. GA - 

Permian-Triassic Gloconda allochthon, RMA- Devonian to Mississippian Roberts Mountain allochthon, CNTB - Cretaceous 

central Nevada fold-and-thrust belt, GRA – Grouse Creek-Raft River-Albion core complex, RH - Ruby-East Humboldt core 

complex, SR - Snake Range core complex (from Druschke et al., 2011; modified after Smith and Gehrels, 1994; Wyld, 2002; 

Wells and Holsch, 2008; and Dickinson, 2008). (B) Schematic paleogeographic block diagram looking northeast, showing north 

end of Great Valley forearc basin during Early Cretaceous (early Hauterivian). Franciscan trench along the left margin of diagram 

represents, subduction of oceanic lithosphere beneath Klamath terranes and Coast Range ophiolite, which underlies the Great 

Valley Group (GVG). Sierra Nevada magmatic arc is east of forearc basin. Diagram illustrates relations prior to extensive 

transgression of Klamaths. Note mixing of Klamath-derived and northern Sierra derived detritus in northwest part of forearc 

basin (Adapted from Bertucci 83, after Gardner et al., 2012). (C) Schematic map illustrating widening of Great Valley forearc 

basin. Approximate positions of migratory boundaries are show in green for the Early Cretaceous (125 Ma), in red for the the 

mid-Cretaceous (100 Ma), and in blue for the Late Cretaceous (75 Ma). Positions of western boundary at migratory trench-slope 

break marking the inner limit of active subduction are inferred from easternmost extent of successively younger strata within 

Franciscan Complex. Position of eastern boundary of Great Valley Group primarily from subsurface information. Positions of 

Sierran magmatic front from western limits of radiometric dates for Sierra Nevada plutons (Everden and Kistler, 1970) (Modified 

after Ingersoll, 1982). (D) Schematic cross sections of northern California from formation of the Coast range ophiolite behind 

an east-facing intraoceanic arc (Mid Jurassic) to termination of the Great Valley forearc by conversion to transform margin 

(Neogene). Vertical arrows are reference points for each cross section and indicate location of present outcrop of the Great Valley 

Group along the west side of the Sacramento Valley. The Green and blue arrows correspond to Figure C. Stippled pattern - upper 

slow discontinuity; TBS - trench slope break; pink lines - foothill suture (Modified after Ingersoll, 1982). (E) Maps (a-d) showing 

paleocurrent directions and evolution of paleobathymetry in the Sacramento Valley during the Late Cretaceous. Map c represents 

the Late Coniacian during which the Sites Member of the Cortina Formation was deposited. Dark gray - Outcrop distribution of 

the Great valley strata; light gray - Cenozoic cover/ Sierra terranes. The Cache Creek, Redding, and Chico sections were sampled 

for detrital zircon analysis. All paleocurrent data from Ingersoll (1979); paleobathymetric contours from Williams (1997). Figure 

modified after DeGraaff-Surpless et al., (2002).  
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Figure 8. Schematic cross section of the Sacramento Forearc Basin. Note asymmetric nature of basin fill. GVO = Great Valley 

Ophiolite. Position of cross section corresponds to the A-A’ line marked on the Figure 5 California Sate map inset. Figure from   

Lowe et al., (2004).
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Figure 9. Correlation chart of the Upper Cretaceous Great Valley Group, and age equivalents, Sacramento Valley. Each column is numbered with correspondence to the references list. Column 16 is represents the nomenclature 

honored in this report after Kirby (1943),William (1997) and Ingersoll (1999). Figure modified after Ingersoll (1976). 
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Figure 10. Simplified geologic map of Cache Creek study area showing measured section traces and bedding attitudes. Areal image is 

overlain by topographic map and dashed lines mark approximate lithostratigraphic subdivision boundaries of the Upper Great Valley 

Group, Cortina Formation. Inset map shows simplified geologic regional map (modified after Dickenson, 2008; interactive topographic 

base layer from DeLorme), corresponding with figure 5, and black box marks of study area map extent.
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Figure 11. View looking north at river-cut exposure of the Upper Cretaceous, lower and middle Sites Member, of the Cortina Formation at Cache Creek, totaling ~500 m of stratigraphic section. Lowermost ~30 m of the Sites 

Member is not shown in this figure (see figure 13). Shaded regions highlight dip domains and colors correspond to Figure 12 and Table 3 (strike and dip values are averaged values for each domain). The contact between Dip 

Domains 3 and 4 marks the base of the marker bed which can be tied to the road cut. Meterage is marked at a 20 meter interval. The white line marks the first expression of the apparent unconformity. The blue line marks the 

actual path along which the section was measured. Measured section data is from this report, except for intervals between 207.1-213.7 m and 223.1-238.7 m which are insets from Murray’s (1992) measured section. At the 

bottom of the photo the red line marks section measured by Chester (1994); the green line marks section measured in this study; and the orange line marks section measured by Murray (1992). 
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Figure 12. Steronet of 75 poles to planes plotted in the southern hemisphere. Colors 

correspond with Table 3 and Figure 11 dip domains. Note decreasing dip trend up-section 

but nonlinear, us-section strike trend. 
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Figure 13. (A) Photo looking north at thick-bedded, highly amalgamated, highly fractured, concretion- and sand-rich stratigraphic base 

of Sites Member. Red dashed line marks the Yolo-Sites Member contact. Red box indicates location of photo inset. (B) Yellow stars 

mark large iron concretions and blue lines highlight structurally shattered fracture pattern that cross-cuts bedding.  
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Figure 14. (A) Photo panel looking southeast at road cut exposure, along highway 16 of the thin-bedded upper Sites member, excluding the uppermost ~40m. Photos B and C captures a ~30 meter thick highly deformed interval, 

located at the top of the road cut section (cannot be seen in the photo panel), that is interpreted as a mass transport deposit. Photo D is a zoomed in image of a smaller-scale mass transport deposit near the base of the road cut.  
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Figure 15. Photo looking north at the thick-bedded upper most ~40m of the Sites Member
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METHODS 

 

 

Data Collection 

 

This study was conducted as a sub-project of the Geological Analogs and 

Information Archive (GAIA) research project, and fellow members of the GAIA team 

aided in data collection over the course of two field sessions in 2012 and 2013. One 

sedimentological section, totaling 223.2 m, of the Upper Cretaceous, middle Sites Member 

was measured along the northern bank of Cache Creek (Fig. 10 & 11; Appendix A), using 

a Jacob’s staff to measure section thickness. The starting point for measurement was tied 

to the 0 m mark on the section presented by Murray (1992), and is referred to as the base 

of the middle Sites Member. Due to safety constraints, 2.1 m of section was not measured 

between 132.8 m and 134.9 m, which is referred to as the gully (Fig. 11). Murray (1992) 

also had a 7.7 m “no data” interval in the same location. Due to time constraints, 6.7 m of 

section was not measured between 207.1 m and 213.85 m, but Murray (1992) successfully 

collected these data. Based on a detailed, comparative analysis (Appendix B), a high-

confidence correlation was established with Murray’s (1992) measured section which 

allowed me to  patch the 6.7 m “no data” interval with Murray (1992) measured section 

data. The lower Sites Member interval, measured by Chester (1994), was purposefully not 

re-measured due to uncertainties in its structural complexity, and consequently, these data 

are treated as lower confidence.  

As the section was measured, a suite of sedimentary attributes (Table 4) were 

collected and hand drafted at cm-scale on standardized section sheets (scale: 1 in = 1 m). 
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The sedimentary attributes recorded include: maximum and mean grain size; sorting; 

grading; primary and secondary sedimentary structures; clast abundance, size, composition 

and distribution; abundance of carbonaceous material and distribution; paleoflow 

indicators; bedding orientation; morphology and lateral continuity of bedding surfaces 

(geometry); and thickness of facies, event beds, and bodies. Additionally, 39 hand samples 

were collected from the outcrop including: one turbiditic sandstone; six carbonaceous-rich, 

wavy laminated sandstones; nine muddy sandstones; and 23 mudrock samples (Table 4). 

Billets and thin sections were made by National Petrographic Services, Inc. of hand 

samples including: one turbidite sandstone; three carbonaceous-rich, wavy laminated 

sandstones; three muddy sandstones; and 11 mudrocks. 

 

Graphic Log Components 

 

 

 Fifteen sedimentary process facies were identified based on the spectrum of 

hydrodynamic conditions that the sedimentary attributes collected were interpreted to 

record at the time of deposition. Thin sections were also used to for micro-scale scrutiny 

of the proposed facies classification. Next, five unique successions of vertically stacked 

facies (also referred to as event beds) were identified; each representing unique sediment 

transport processes by which the Sites Member turbidite sequence was deposited. 

Classification criteria for these event classes were synthesized from a variety of 

depositional models including those presented by: Lowe (1982), Bouma (1962), Talling et 

al. (2012), and Ochoa et al. (2013). Finally, six sedimentary body types were classified 
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based on the geometric attributes and upsection distribution of both processes facies and 

event beds.  

Using Canvas 9™, the field-drafted section was digitized (Fig. 16). Each attribute 

was given either a letter annotation or symbol and the recorder bed layers were color-coded 

according to the facies that were interpreted to represent the suite of attributes contained 

within them. Event bed (5 types; 492 total beds) and sedimentary body (6 types; 54 total 

bodies) interpretations were then added to the digitized section, where the bottom and top 

boundary of each were scored and color-coded in a columns to the right and left of the 

measured section, respectively.  

 

Basic Quantitative Analysis 

 

 

Sedimentological section data were converted into their numerical definitions and 

compiled in an Excel spreadsheet (Appendix C) for quantitative analyses. A number of pie 

charts representing the proportions and spatial distribution of various attributes binned by 

larger- scale sedimentary attributes were constructed. 

 

Statistical Analysis 

 

 

Using a variety logic statements in Microsoft Excel (Appendix D), the exact method 

for runs analysis (Murray, 1992; 1996) was adopted, with exception to the omission of 

Monte Carlo simulations as a test for randomness. As such, the runs calculated from the 

measured section recorded in this study, was compared to the Monte Carlo simulations 

results of Murray et al., (1996) to evaluate randomness. By maintaining the test and method 
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of Murray et al., (1996), and applying it to the same stratigraphic section, any discrepancies 

in the test results could be confidently attributed to differences in the data input. This 

comparison will help future investigators value the time spent in detailed data collection 

and incorporation of concept developments in literature addressing facies and event bed 

classification criteria.  

 

Structural Analysis 

 

 

A Brunton compass was used (14.6 degrees from north, magnetic declination) to 

measure the orientation of bedding in 10 m intervals, and/or at points of apparent change. 

A total of 114 measurements were taken and 75 measurements were incorporated into a 

dip domain analysis. Measurements taken on low-confidence surfaces, including erosional 

or soft sediment-deformed surfaces were not included in this analysis. Extreme outliers 

were also omitted. The highest confidence measurements were entered into a Microsoft 

Excel worksheet and sorted by decreasing dip values and subordinately by order of 

stratigraphic occurrence (Table 3). Four dip domains, across the middle and upper Sites 

were identified and color coded. Using RockWare StereoStat software, the poles to planes 

of the color-coded strike and dip measurements were plotted in the southern hemisphere of 

a stereonet, which nicely highlights nonlinear strike trends (Fig. 12).  

 

Photo Panel Mapping 

 

 

Using a Cannon digital single-lens reflex camera, fixed on a GigaPan EPIC© 

camera mount, a series of hundreds of photos, at 200x zoom, were taken incrementally in 
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rows and columns across the combined lower and middle Sites (500 m) river cut exposure, 

and separately across the upper Sites (~215 m) road cut exposure. Using GigaPan stitch© 

software, the images were seamlessly stitched into a single gigapixel panorama for each of 

the two outcrop locations (Fig. 11 and 14).  These photo panels were then used to plot the 

measured section data and to map sedimentary bodies. Sixty-six additional photos at the 

facies, event, body, hand sample, and photomicrograph-scale have been tied to the 

measured section and compiled in a photo catalogue (Appendix E).  

GPS data were collected in order to tie photo panels, section data, rock sample 

locations, and other data points of significance to a 1:4,000 scale, geo-referenced, 

topographic map with an aerial imagery overlay (courtesy of USGS). GPS data were 

collected in the World Geodetic Coordinate System of 1984 (WGS84) datum and were 

projected using Teale Albers Equal Area Projection in the Northern American Datum of 

1983 (NAD83) Zone 6. Integration of photo panel and map data provides a powerful 

geospatial framework in which spatial relationships, identified via statistical and structural 

analyses, and stratigraphic distribution of sedimentary attributes across the outcrop can be 

visualized. 
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Table 4. Comparison of sedimentological attributes collected, classification criteria, and scientific contributions made, in this study, Murray (1992), and Chester (1994). The highlighted columns represent the three classification 

schemes presented in this study and highlighted rows correspond with the attributes included in their respective classification criteria.  All information regarding previous work is noted in red and a red backslash is used to 

denote a difference between the two previous studies. 

3
9
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Figure 16. Workflow diagrams for digitizing field data into a graphic log. RGB values for 

color- coded facies, event types, and sedimentary bodies are given below the example 

measured section and graphic log. Symbols and annotations for various sedimentary 

attributes are shown on the lower right. 
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SEDIMENTOLOGY 

 

 

Introduction 

 

 

Establishing the process mechanics governing deep marine sediment transport and 

deposition is crucial to understanding deep marine architecture and resource potential. In a 

deep marine, lobe-dominated environment, unconfined sediment gravity flows (SGFs) 

punctuated by times of quiescence and sediment suspension fallout are the primary 

sedimentation agents. The term sediment gravity flow refers to a momentum-driven flow 

comprised of a fluid-sediment mixture that is responsible for delivering and redistributing 

sediment in the deep sea (Middleton and Hampton, 1973; Lowe, 1982). The qualifier term, 

multipartite, refers to multiple coexisting and gradational regions within a single flow, 

which are largely defined by the dominant sediment support mechanism operating within 

them. A flow can be divided into three general regions, including: the Newtonian turbulent 

wake, non-Newtonian laminar head, and body of the flow that serves as a transition zone 

(Gardner et al., 2008; Haughton et al., 2009; Fig 17). Additionally, over the course of the 

flow there will be mass transfer between the flow and ambient fluid, and the seafloor 

gradient will shallow as the flow reaches the basin floor. Both cause changes in flow 

composition and behavior. As such, a SGF is a dynamic continuum in which both 

Newtonian and non-Newtonian rheologies can coexist within a single flow. 

 

Newtonian vs. non-Newtonian 

 

The relationship between the rate of shear stress and strain is used to characterize 

flow rheology. Newtonian sediment-fluid mixtures lack inherent strength, and their 
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behavior is defined by an approximately linear relationship between strain rate and applied 

stress (Shanmugam, 2000; Fig. 18). Therefore, any amount of applied shear stress results 

in instant deformation, which generates turbulence. Because stress decreases from a 

maximum at the head of the flow to a minimum at the tail, many turbulent-driven flows 

exhibit normal grading (Middleton and Hampton, 1973). Through experimental 

determination, the Reynolds number (Re), which is a dimensionless mathematical 

expression of the ratio of inertial to viscous forces, must be greater than 2000 for initiation 

of turbulence (Boggs, 2006 p. 22; Fig 18). In contrast, non-Newtonian sediment-fluid 

mixtures have an inherent internal yield strength and exhibit a plastic rheology 

(Shanmugam, 1996) for which the stress-strain relationship is nonlinear. Plastic rheology 

can result from a number of causes: cohesive forces, grain friction, hindered settling, or 

dispersive pressure. Deposits from non-Newtonian flows may show various styles of weak 

or partial grading however grading tends to be significantly less common than in 

Newtonian flow deposits (Mulder and Alexander, 2001; Shanmugam, 2002; Sumner et al., 

2009; Baas et al., 2011; Talling et al., 2012a). 

 

Sediment Entrainment, Transport, and Deposition 

 

There are three co-varying processes that operate within, and on a sediment-fluid 

mass to initiate, maintain, and eventually impede flow. Gravity is the principle agent 

responsible for applying shear stress to a mass on an inclined plane (the slope) and adds 

momentum to the flow to keep it going, even on a flat basin floor surface (Bagnold. 1962). 

Once a particle is set in motion, sediment support mechanisms including turbulence, 

dispersive pressure, pore fluid pressure, and cohesion, are the agents that act to maintain 
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sediment in suspension by providing upward forces on particles that counteract 

gravitational acceleration (Middleton and Hampton, 1973). In turn, this allows sediment to 

be transported farther by acting lateral forces.  

Turbulence is characterized by disturbance and disorder, where momentum is 

transferred in three dimensions. Turbulence is responsible for bedform migration by way 

of bedload traction processes, which results in a variety of sedimentary structures. 

Turbulence also plays a dominant role in mass transfer between a flow and the surrounding 

ambient fluid, and between the flow and the underlying muddy substrate (Mulder and 

Alexander, 2001). Dispersive pressure occurs as a result of momentum transfer between 

particles undergoing grain collision. Kinetic sieving is a response to dispersive pressures 

acting in high density flows with a variety of grain sizes. The dispersion of grains results 

in a preferred downward movement of relatively small grains through the spaces between 

the larger grains (Boggs, 2006; p. 22-31). Pore fluid pressure occurs when fluids occupy 

pore space and reduce normal settling stress. Dispersive and pore fluid pressure are two 

processes that can generate inverse grading.   

Flow cohesion is produced by clay minerals (40 to 10 µm; McAnally et al., 2007), 

which inherently have electrostatic surface charges that attract to form clay matrix via 

colloidal bonding (Coussot, 1995). The concentration of cohesive mud in a flow largely 

controls flow viscosity and whether a flow will exhibit turbulent or laminar behavior (Amy 

et al., 2006). If the concentration is high enough to dampen turbulence, the flow will exhibit 

laminar flow behavior, resulting in abrupt en masse deposition in which density segregation 

of grain generally does not to occur (Baas et al., 2011).  
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Finally, friction, and gravity are the principle agents working to retard the lateral 

movement of the flow. Friction operates at the bottom and top of the flow as it interacts 

with the underlying muddy substrate and ambient fluid, respectively. Friction also occurs 

at the front of the flow as the flow works to displace the fluid in front of it. 

 

Sedimentary Hierarchy 

 

Erosion and transport of sediment generates a scalar and temporal hierarchy (Fig. 

19) of sedimentary responses that are physically manifested by sedimentary deposits 

including: hydrodynamic sedimentary process facies, sedimentation events, and 

sedimentary bodies. Process facies, which are the fundamental building block of the 

sedimentary hierarchy presented herein, record the longitudinal structure of a single 

sedimentation event passing over a depositional site. Therefore, unique vertical sequences 

of facies compose the sedimentation event deposit, whereas sedimentary bodies, the largest 

scale attribute in this sedimentary hierarchy, record the composite signature of multiple 

sedimentation events. Finally, sedimentary bodies stack to form the sedimentary 

architecture that defines a depositional environment, and therefore, unique groupings of 

sedimentary attributes at all three scales can be used to make inferences about depositional 

profile position.  The remainder of the sedimentology chapter will address each level of 

the sedimentary hierarchy individually, in an effort to identify the appropriate scale 

process-response relationships.  
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Hydrodynamic Sedimentary  

Process Facies Classification 

 

 

In this study, the deep marine sedimentation model presented by Talling et al., 

(2012b), which synthesizes process facies models by Bouma (1962), Lowe (1982), and 

Piper (1978), was modified and used to define 15 sedimentary facies in the Upper 

Cretaceous, middle Sites Member at Cache Creek (Fig. 20). Facies definition criteria were 

based on a suite of sedimentary attributes (Table 4) including: maximum and mean grain 

size, clast composition, percent matrix, sorting, grading, and primary/secondary structures 

and their stratal surfaces. These sedimentary attributes were used to infer flow velocity, 

viscosity, density, and grain support mechanisms at the time of deposition. Sedimentary 

structures (primary and secondary), sorting, grading, and percent composition of mud were 

used to infer sediment support mechanisms. Primary sedimentary structures, grain size, 

and erosional features provided clues about flow velocity. Grain size also serves as a proxy 

for flow density and sediment concentration.  Finally, the percent composition of mud and 

fine sand matrix, and the presence, size, distribution, and composition of clasts were used 

to infer viscosity.  

Process facies can fundamentally be subdivided into four groups (Table 5): 1) facies 

that record layer by layer deposition of clean sand under damped turbulent conditions 

caused by high sediment concentrations; 2) facies that record layer by layer deposition of 

clean sand under fully turbulent conditions, allowing for unhindered settling and bedload 

reworking; 3) those deposited by en masse consolidation of a flow under dominantly 

laminar or exclusively laminar flow conditions; and 4) those deposited by non-sediment 
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gravity flow related processes. Note that in this study, the contact between massive 

sandstone and plane parallel-laminated sandstone intervals is being treated as the boundary 

between high- and low- density facies (adopted from Bouma, 1962). The color and number 

coding assigned to each facies, with one being the highest energy facies and eight being 

the lowest energy facies, are summarized in Figure 17. Both are used consistently in all 

figures referring to facies. The numbers plotted on the multipartite flow structure diagram 

(Fig. 17) correspond to the 15 process facies types and indicate the approximate position 

within a flow where each facies forms. In the following detailed discussion of each facies 

type, all references made to grain size, proportion occurrence, and proportional thickness 

are graphically presented in Figure 21.  

 

Mudstone Intraclast-Bearing Sandstone (1) 

 

 

Description. Clast-bearing sandstones are moderately to poorly sorted, structureless 

to weakly laminated/stratified sandstones containing a fine upper- to medium-grained sand 

matrix and 5-20% pebble- to granule-sized, silt-dominated, clay-bearing, mudstone 

intraclasts (Fig. 22A-C). Pocks along the surface are also treated as evidence for the 

presence of intraclasts that have been post-depositionally weathered out (Fig. 22C). 

Elongate to lenticular intraclasts, exhibiting a preferred orientation parallel to bedding 

surfaces, are dominantly concentrated in up to 15 cm thick horizons (Fig. 22A and B). 

These horizons can be found at the base, top, or in the middle of greater massive sandstone 

units and are common along transitions between massive to laminated/stratified facies. The 

position of a clast horizon largely dictates the nature of coarse tail grading in the greater 
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sedimentation unit. Also, multiple horizons may occur in a single sedimentation unit.  The 

basal contacts of sandstone units with discrete clast horizons are sharp to erosional, and 

upper contacts are sharp. Thicker intervals, up to 1 m thickness, are uncommon and tend 

to exhibit a more chaotically dispersed, subangular mudstone intraclast population. 

Dispersed mudclast intervals also tend to have an irregular weathering pattern, sharp bases, 

irregular upper contacts, and patch (irregular) sorting.  Though there are several mudstone 

intraclast-bearing sandstones, those containing greater than 5% are rare in proportional 

occurrence (3%) and thickness (2%), but they are important indicators of slope to basin 

profile position and event magnitude. 

 

Interpretation.  The presence of mudstone intraclasts suggests that deposition was 

from a high-concentration, under capacity turbulent flow. Turbulence promotes erosion of 

the muddy substrate at the head of the flow and the under-capacity nature of the flow allows 

incorporation of mudstone intraclasts (Mutti, 1992). As flow steadiness decreases and near-

bed sediment concentration increases from high suspended-load fallout rates, the 

dispersive grain-to-grain pressures driving bedload transport become suppressed by direct 

suspension sedimentation (Walker, 1978), resulting in the deposition of  structureless   

sandstone    (Lowe, 1982). Fluids caged between the rapidly depositing grains elutriate and 

serve as a support mechanism for previously incorporated mudstone intraclasts (Nichols, 

1995). Clasts specifically organized in a basal horizon may be evidence for event 

amalgamation if seen in concert with other amalgamation indicators, which will be 

discussed in more detail in the event classification section. Multiple clast horizons within 

one event may be evidence for flow surging (Lowe, 1982). This facies is equivalent to S1 
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division of Lowe (1982; Fig. 20). The thicker intervals with chaotically dispersed 

mudclasts, irregular (patchy sorting), flat bases, irregular weathering, and injected upper 

contacts may be equivalent to the clean sand debrite, DCS division,  of Talling et al. (2012), 

which is interpreted to form by “post-depositional convection during static settling of a 

high-concentration, partly liquefied suspension.” Due to the controversial nature of this 

concept, this facies was not adopted for this study.  

 

Horizontally Stratified Sandstone (2) 

 

 

Description. Horizontally stratified sandstones are moderately to poorly sorted, 

containing fine upper to coarse sand grains, and occur in 40-100 cm intervals. Strata are 

horizontal to sub-horizontal and cm-spaced (0.5-15 cm) (Fig. 22D). Although bed-scale 

grading is weakly normal to absent, both inverse (Lowe, 1982) and normal grading (Talling 

et al., 2012a) may occur within the cm-scale stratification sets. Bedding planes may be 

accentuated by organic and micaceous drapes, lending to the appearance of dark (dark-gray 

to occasionally brownish-red) to light banding, and clast horizons are commonly present 

at the base or top of the stratified interval.  Stratified sandstones occur at the base of thick-

bedded, sandstone-dominated sedimentation units and are rare in proportional occurrence 

(1%) and thickness (2%).  

 

Interpretation. Spaced stratification is generated in a high-concentration, unsteady, 

turbulent flow. The bedload is being fed by a rain of coarse material (with fluctuating 

settling rates) from above, which forms a basal particle layer dominated by dispersive 

pressure. During periods when suspension settling rates are moderate and fluid shear forces 
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are greater than grain collisional forces, sediment bypass and grain segregation will occur. 

During periods when suspension settling rates are high, and fluid shear forces are less than 

grain collisional forces, the basal layer will freeze and collapse, resulting in deposition. 

Stratification is therefore the record of sequential alternation between collapse and laminar 

shearing of near-bed layers in a high-density flow (Lowe, 1982; Sohn, 1997).  This facies 

is equivalent to the S2 division (Fig 22) of Lowe (1982) and the TB-3 division of Talling et 

al. (2012). This facies is indicative of a slope proximal position (Talling et al., 2007).    

 

Structureless Massive Sandstone (3A) 

 

 

Description. Structureless massive sandstones (Fig. 22E) have an average grain size 

of fine lower to medium, and a coarse upper maximum grain size. Structureless sandstones 

are moderately- to well-sorted, exhibit both fine and coarse-tail normal grading, and 

occasionally present a granule-sized basal layer (up to 10 cm thick). Some thick 

structureless units appear massive, with little to no grading in the mean grain size 

population. However, upon closer examination, many can be discerned as two separate 

units with maximum grain size breaks as evidence. Framework grains are sub-rounded to 

sub-angular and less than approximately 5% mud in matrix is common. Upward increase 

of mud in the matrix and less than 5% floating mud clasts is a common theme.  Upper 

contacts are sharp and correspond with a grain size break when overlain by thin mud caps, 

but may be more gradational when overlain by sandstones with tractive structures. Lower 

contacts are also sharp, irregular, and erosional when directly underlain by mudstone. 

Structureless, massive units are dominantly present at the base of events, have an average 
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thickness of 40 cm and an upper thickness range of 286 cm, and are the dominant facies by 

proportional occurrence (22%) and thickness (48%).   

 

Interpretation. In a high-density, over-capacity, unsteady turbidity current, hindered 

settling is the dominant sediment support mechanism (Arnott and Hand, 1989; Allen, 

1991). As turbulence is increasingly suppressed by rapid, direct suspension sedimentation, 

shear forces will eventually be overcome, resulting in a partial to complete collapse of the 

basal granular layer (Lowe, 1982).  Thick-bedded, massive sandstones may also be 

generated by rapid deposition from a prolonged and non-uniform, quasi-steady, high-

density turbidity current (Kneller and Branney, 1995). This facies is equivalent to the S3 

division of Lowe (1982) and the TA division of Bouma (1962; Fig. 20).        

 

Soft Sediment Deformed Massive Sandstone (3B) 

 

 

Description. Soft sediment deformed (SSD) massive sandstones have an average 

grain size of very fine upper to fine, and a coarse upper maximum grain size. SSD 

sandstones exhibit moderate to poor sorting, fine-tail normal grading and occasionally 

coarse-tail inverse grading in cases where less than 5% mm to cm-scale mud intraclasts are 

concentrated toward the top. Similar to structureless massive sandstones, some thick SSD 

units appear massive, with little to no grading in the mean grain size population. However, 

upon closer examination, many can be discerned as two separate units with maximum grain 

size breaks as evidence. SSD sandstones commonly show an upward decrease in induration 

and sorting and a strong increase in mud content, such that it becomes difficult to determine 

if the facies has transitioned to muddy sandstone facies (5A or 5B). SSD sandstones are 
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differentiated from structureless massive sandstones (3A) by their more irregular 

weathering pattern and by the presence of dewatering structures including pipes, dishes, 

load structures, flame structures, mounded tops, consolidation laminations, convolute 

laminations, and injections, that discontinuously disrupt or completely destroy depositional 

structures (Fig. 22F). Consolidation laminations tend to be more widely spaced than in 

horizontally stratified sandstones (2). Upper contacts are dominantly irregular, and basal 

contacts are sharp with exception to a more gradational basal contact when linked to 

massive structureless sandstone (3A). SSD sandstone intervals units are dominantly 

present at the base of events, have an average thickness of 32 cm, and an upper thickness 

range of 232 cm. Though they are the fourth most commonly occurring facies type (7%), 

SSD sandstones are the second most prevalent facies by proportional thickness (13%).  

Note that as structural deformation becomes more pervasive in the middle Sites (above 100 

m’s from the section base), it becomes increasingly more difficult to distinguish and 

classify facies 1-3B.  

 

Interpretation. When an external agent puts additional pressure on a sediment-fluid 

mixture, the increased pore pressure causes water to move and try to escape upward. As 

the water moves, the grains reorganize and settle past one another in a response-process 

called liquefaction. Fluidization is another process-response caused by pore fluid pressure, 

where grains flow laterally when pressure is increased on the interstitial pore fluid, turning 

the once firm grain packing into a soupy liquid. A combination of post-depositional or 

penecontemporaneous fluidization, liquefaction, and shear processes are responsible for 

deformation or complete destruction of primary structures and results in development of 
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the above described secondary structures (Nichols, 1995). Though the process responsible 

for the massive nature of this facies is different than that of massive structureless sandstone 

(3A), this facies is also considered equivalent to the S3 division Lowe (1982) and the TA 

division Bouma (1962; Fig. 20), because evidence of its primary depositional process has 

largely been destroyed.        

 

Plane-Parallel Laminated Sandstone (4A) 

 

 

Description. Millimeter-spaced, low-angle to plane-parallel laminations (PPL) are 

formed in well-sorted, normally graded, very fine upper to fine lower grained sandstones 

with an average thickness of 13 cm. Centimeter-scale intervals occasionally alternate with 

cm-scale laminated bundles (Fig. 23A). PPL sandstones with an average thickness of 20-

50 cm may also occur but are unique in that they exhibit weak to no grading, may have 

mm-scale mudclasts concentrated along laminations, and are associated with slightly 

coarser (medium to coarse-lower) grain sizes. Both finer- and coarser-grained PPL 

intervals commonly overly massive sandstones, but the former is associated with a sharp 

grain size break at the facies transition. Soft sediment deformation of laminations in concert 

with laminae drapes, composed of carbonaceous and silt/clay material, makes this facies 

difficult to discern from facies 4C (cm-banded, wavy-laminated, carbonaceous, silty 

sandstone). A distinction is best made by lower concentrations of carbonaceous material 

(<3%) and the presence of sharp, planar, basal, and upper contacts. PPL intervals are 

relatively uncommon in proportional occurrence (6%) and thickness (4%).  
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Interpretation. Finer-grained PPL are formed in low-density, high-velocity, 

turbulent flows in the upper stage plane bed regime, with low aggradation rates (Arnott and 

Hand, 1989). In this case, laminations record bedload traction within a viscous sublayer 

over a smooth bed, causing migration of low-amplitude bedforms (Bouma, 1962; Allen, 

1984; Harms, 1979). Color alternations are likely caused by lower density materials falling 

out of suspension via turbulent instabilities (sweeps).  Planar laminations formed by this 

process are equivalent to the TB-1 division (Talling et al., 2012a) and the TB division 

(Bouma, 1962). 

Talling et al., (2012) classifies the coarser grained PPL as separate sandstone facies, 

the TB-2 division, because he attributes its formation to a different process. Coarser-

grained PPL are formed in high-concentration, waning depletive, turbulent, flows, where 

rapid sediment fallout from the overlying flow increases the near-bed sediment volume 

concentration to approximately 10-35% (Leclair and Arnott, 2005; Sumner et al., 2008). 

The near-bed layer sharply transitions to a lower concentration interval. Under these 

conditions, hindered settling caused by grain interactions dominates. As turbulence is 

dampened, the basal part of the layer locks up first, while the upper part of the layer is still 

being driven by higher shear velocities from the overlying flow. Sediment within a layer 

can be sheared laterally for a short distance, producing planar laminations through crude 

sorting (Sumner et al., 2008). Due to the ambiguous field criteria for defining this facies 

boundary, PPL sandstones will be grouped together as a singular TB facies as defined by 

Bouma (1962; Fig. 20). 
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Asymmetrical Ripple Cross-Laminated Sandstone (4B) 

 

 

Description. Low angle, asymmetrical, ripple cross-laminations (ARL) occur in 

very fine-grained, moderately- to well-sorted, normally graded sandstone (Fig. 23B). 

Foresets may occur in isolated formsets or as stacked cosets. Angle of climb ranges from 

sub-critical to super-critical and occasionally exhibits top truncation. Lower contacts are 

sharp to gradational, and upper contacts are dominantly gradational. Most ARL intervals 

are poorly formed and are commonly draped with slit-clay and carbonaceous material, 

which can be discerned from facies 4C (cm-banded wavy-laminated, carbonaceous silty 

sandstone) by lower concentrations of carbonaceous material (<3%) and more sharply 

defined foreset boundaries. ARL intervals have an average thickness range of 8-30 cm. 

ARL intervals underlain by PPL sandstone tend to be thicker than those occurring as 

isolated thin-bedded events. This is an uncommon facies in both proportional occurrence 

(2%) and thickness (1%).  

 

Interpretation. ARL sandstone is formed under lower flow regime conditions 

common in low-velocity, low-concentration, waning depletive, turbulent flows (Harms, 

1979) that pass over a hydraulically smooth bed. This phenomenon allows for the 

formation of a viscous sublayer and subsequent ripple bedform migration (bedload 

traction) within the viscous sublayer (Jackson, 1975). Variation in climb-angle is indicative 

of the sedimentation/bedform migration rate ratio, where low sedimentation rates are 

associated with low angles of climb (Allen, 1970). Isolated, ripple-laminated thin beds 

likely occur due to deposition from the sand-depleted head and body of a small magnitude 
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event, which are common in the fan and fan fringe environment (Mutti, 1977; Mutti, 1992). 

Rippled bed caps are more likely associated with deposition from the tail region of a large 

magnitude event (Bouma, 1962; Mutti, 1992). When migration rate is much greater than 

the deposition rate, the stoss slope is eroded away and top-truncation of lee slope occurs. 

During short periods of shear velocity decrease, due to turbulent instabilities, carbonaceous 

material is deposited as foreset drapes by suspension fallout (Ashley et al., 1982).  This 

facies is equivalent to the TC division (Bouma, 1962). 

 

Wavy-Laminated, Carbonaceous, Silty Sandstone (4C) 

 

 

Description. Carbonaceous-rich, wavy-laminations (low-angle to plane-parallel) 

occur in normally graded, very poorly sorted sandstones and siltstones, with a grain size 

population ranging from silt- to medium-sized grains (Fig. 23C-F). Sometimes these 

deposits are silt-dominated and sand-bearing, and sometimes they are sand-dominated and 

silt-bearing. Abundant (3-30%) outsized (medium-grained) carbonaceous fragments are 

concentrated along, and oriented parallel to, lamination surfaces. Carbonaceous 

laminations are commonly interbedded with cm-scale intervals of carbonaceous-poor, 

siltstone to very fine sandstone intervals. Mudstone intraclasts (mm-scale) may also be 

present along lamination surfaces. Though laminations may appear wavy, definitive set 

boundaries are impossible to discern in the field. Wavy-laminated intervals never occur 

below clast-bearing (1), stratified (2), or thick massive sandstones (3A, 3B), but they occur 

in variable positions relative to all of the other facies types. Wavy-laminated intervals may 

also occur as isolated, thin-bedded intervals with mudstone caps. When directly underlain 
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by 1-3B, the basal contacts are sharp, but when underlain by other facies the basal contact 

is more gradational in both lithological nature and grain size. The upper contact is 

dominantly gradational. Wavy-laminated, carbonaceous intervals have an average 

thickness of 8 cm and maximum thickness of 37 cm. This facies is important due to its 

significant proportional occurrence (13%) and thickness (6%), and because it is poorly 

described in previous literature.  

 

 Interpretation. Wavy-laminated, carbonaceous-rich siltstone/sandstones are 

deposited from waning depletive, turbulent flows during the collapse of the turbulent wake 

(Fig. 17). Turbulent instabilities, including turbulent eddies (flow expansion) and patches 

(flow collapse), drive sediment exchange between the sandy basal layer and the diluted 

cloud, which contains fines, muds, micas, and carbonaceous particles  (Lowe and Guy, 

2000; Kling, 2006; Sumner et al., 2009). The wavy-laminated bands are recording periods 

of flow expansion and resulting low-concentration traction deposition. 

Carbonaceous/micaceous/mud drapes along wavy laminations are recording periods of 

flow collapse, resulting in inter-granular frictional freezing and turbulent suppression 

(Ashely, et al., 1982).  Although it is possible that the wavy appearance resulted from 

bedform migration, it may also have formed by penecontemporaneous or post-depositional, 

differential compaction. The highly unstable nature of these flow conditions is likely 

responsible for the variety of positions that it are found within an event. Therefore, this 

facies is being treated as a poly-modal transitional facies between TC and TD divisions 

(Bouma; 1962) and the TE-1 division (Talling et al., 2012a; Fig. 20). 

 



57 

 

Intraclast-Bearing, Muddy Sandstone (5A)  

 

 

Description. Muddy sandstone intervals, up to 70 cm thick (20 cm average) are very 

poorly sorted with a silt-rich, clay-bearing matrix that supports very fine to very coarse 

lower sand grains, and up to 15% granule- to cobble-sized intraclasts composed of silt-

dominated, clay- and occasionally carbonaceous-bearing mudstone. Intraclasts organized 

in discrete horizons tend to have a more elongate shape and concentrate toward the top or 

bottom on the interval, generating coarse-tail inverse or normal grading, respectively (Fig. 

24 A and B). If clasts are evenly disseminated throughout the muddy sandstone interval, 

the clasts tend to be slightly more subangular and the overall interval lacks grading. 

Irrespective of the nature of clast distribution, the fine-tail population is dominantly 

ungraded, with exception to the rare occurrence of basal fine-tail inverse grading in the 

lowermost 5-10 cm of the deposit and weak fine-tail normal grading in the top few cm of 

the deposit. An irregular weathering pattern and weakly defined secondary fluidization and 

liquefaction structures such as pipes, dishes, and wavy laminations are common. These 

intervals may occur at the top of turbiditic sandstone beds and exhibit irregular basal 

contacts, sometimes interrupted by sandstone injections. Clast-bearing, muddy sandstones 

are always capped by well-sorted, very fine sand to silt intervals, except in cases of erosion 

by the subsequent event. Upper contacts are undulatory and sharp. Clast-bearing, muddy 

sandstones compose 6% of the total outcrop in both proportional occurrence and thickness. 

 

Interpretation. A high concentration of mud in the sandstone matrix implies that the 

flow had an elevated fluid viscosity and reduced matrix permeability and hydraulic 
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diffusivity, at the time of deposition. These conditions promote laminar flow via slow 

dissipation of excess pore pressure, rather than inertial grain collision. Additionally, the 

presence of mudclasts in matrix-rich sandstone suggests that deposition occurred via en 

masse settling from a moderate-strength cohesive debris flow. Moderate strength implies 

that yield strength is sufficient to support sand- and granule-sized clasts, yet yield strength 

is sufficiently low to produce <1 m thick deposits in low-gradient environments (Talling 

et al., 2012a). Although the flow was laminar at its time of deposition on the basin floor, 

in order for the debris flow to reach the basin floor, it most likely began as an under-

capacity, high-density, and high-viscosity turbidity current as it passed over the steeper 

sloped topography. As the flow rips up and incorporates mud particles and mudstone 

intraclasts from underlying muddy substrate, the flow’s overall mud fraction is increased. 

As a result, cohesive forces overcome turbulent forces and induce flow deceleration and 

collapse (Bass et al., 2009). Therefore, mudstone intraclast-bearing muddy sandstones 

record flow transformation from a turbidity current to a debris flow (Amy and Talling, 

2006; Haughton et al., 2003; Talling, 2013).  

Though en masse deposition largely dictates that density segregation of a 

heterogeneous grain population (via differential settling) will not occur and that the 

resulting deposit will not exhibit grading (Middleton and Hampton, 1973, Sumner et al., 

2009), there are four processes that can explain the variability of grading observed in this 

outcrop. First, the concentration of clasts at the top or bottom of the deposit, and the 

resulting coarse-tail grading, can be generated by density differences between the clast and 

matrix, allowing for outsized clasts to segregate from the surrounding sediment matrix 
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(Talling et al., 2012a). Second, mixing along upper surface of the debris flow may produce 

a more dilute turbulent wake that can rework and sort the top of the debris flow (Mulder 

and Alexander, 2001). This process is therefore responsible for weak, fine-tail, normal-

grading observed in the upper few cm of some deposits and can also be responsible for 

shear structures and laminations observed at the top of the deposit. Third,  in situ 

consolidation may persist after the flow comes to a rapid halt (freezes), allowing for post-

depositional settling and segregation of sand from the laminar plug (Shanmugam, 2002; 

Sumner et al., 2009; Baas et al., 2011). This process can generate weak normal-grading in 

the lowermost part of the deposit. Finally, basal inverse grading can be generated by the 

process of kinetic sieving (Legros, 2002) and may record zones of intense basal shear 

(Talling et al., 2012a). Basal shear could also be responsible for weakly formed laminations 

observed at the base of some deposits. This facies is equivalent to the intermediate-strength, 

cohesive debrite, DM-2 division (Talling, et al., 2012; Fig 20).  

 

Muddy Sandstone (5B)  

 
 

Description. Mudstone intraclast-deficient (<2%), muddy sandstones are very 

poorly sorted, consisting of a silt-rich, clay-bearing matrix that supports a subordinate very 

fine- to very coarse-grained sand population and up to 30% macerated carbonaceous 

material (Fig. 24C-E). These deposits have an average thickness of 16 cm, maximum 

thickness of 73 cm, exhibit weak normal-grading and are occasionally well-cemented. 

Weakly defined secondary fluidization and liquefaction structures such as pipes and dishes 

are common, and occasional discontinuous and poorly developed laminations may occur 

at the base or top of the interval. Basal contacts are irregular and upper contacts are 
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irregular, sharp, and occasionally graded. Clast-deficient, muddy sandstones may occur 

above clast-bearing, muddy sandstones and clean, massive sandstone, or they occur as an 

isolated facies with a mudstone cap. Muddy sandstones compose 4 % of the middle Sites 

Member in proportional occurrence and thickness. 

 

Interpretation. High-density and high-viscosity, en masse flow deposits record flow 

transformation of turbidity currents as mud and carbonaceous material from the upper part 

of the flow collapse upon deceleration, causing increased concentration at the base of the 

flow and in turn, cohesive forces dominate over shear forces (Talling et al., 2012a). 

Processes responsible for various types of grading and the development of secondary 

structures are detailed in the intraclast-bearing muddy sandstone (5A) interpretation 

section. This facies is equivalent to the low-strength, cohesive debrite, DM-1 division 

(Talling et al., 2012a; Fig. 20). 

 

Intraclast-Bearing Muddy Siltstone (6A) 

 

 

Description. Ungraded, poorly indurated, poorly sorted, muddy siltstones are 

comprised of a silt- and mud-dominated matrix that supports very fine-grained, sub-

rounded to angular sand grains and <2% pebble- to granule-sized, silt-dominated, clay-rich 

mudstone intraclasts. Contacts are irregular and gradational. This facies was only 

documented three times. Two occurrences are 5 cm thick and one is 32 cm thick, which 

cumulatively comprises <1% of the middle Sites Member in proportional occurrence and 

thickness.  
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Interpretation. Intraclast-bearing, muddy siltstones are deposited from the 

collapsing wake of a waning-depletive turbidity current that has deposited its sand fraction 

up-dip. Up-dip deposition of the coarse fraction causes the flow to become under-capacity, 

which promotes erosion and incorporation of the muddy substrate. Incorporation of mud 

increases flow concentration and cohesive forces, which further decelerates flow velocity 

to a threshold where flow collapses (when shear velocity is less than settling velocity), flow 

transformation is induced. Finally en masse deposition occurs (Iverson, 1997; Haughton et 

al., 2009).  

 

Muddy Siltstone (6B)  

 

 

Description. Moderately sorted, poorly to moderately indurated, ungraded, 

structureless, muddy siltstones are comprised of a silt-dominated, clay bearing matrix that 

supports floating, very fine lower sand grains and rare (<1%) mm-scale mudstone flecks. 

This facies is only documented five times and is always less than 12 cm in thickness. 

Muddy siltstones may be present as a gradational cap to an underlying muddy sandstone 

(delineated by changes in matrix framework grain size), exhibiting a planar to irregular 

basal contact and wavy upper contact. Muddy siltstones may also be present as an isolated 

thin bed with a planar basal contact and wavy upper contact.  

 

Interpretation. Muddy siltstones are deposited from late-stage collapse of the upper 

part of an unsteady, waning-depletive, sand depleted, low-density turbidity current. As the 

course fraction is preferentially deposited up-profile, flow competence is decreased (when 

shear velocity is less than settling velocity) and mud particles can no longer be maintained 
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in suspension, leading to collapse of the upper part of the flow (Middleton, 1976). Sudden 

homogenous dispersion of mud matrix into the near-bed layer increases concentration, 

suppresses turbulence, and drives a rapid transformation from turbulent to cohesive flow 

behavior, finally resulting in en masse deposition (Iverson, 1997). Low intraclast 

concentration is further evidence of non-erosionally-driven flow transformation. This 

process is indicative of long run-out lengths and therefore, common in distal or fan fringe, 

basin plain event beds (Ricci-Lucchi and Valmori, 1980; Talling et al., 2004). This facies 

is equivalent to the very low strength fluid mud, TE-3 division (Talling et al., 2012a), which 

was adopted from Piper (1978).  

 

Plane-Parallel Laminated Siltstone (7A)  

 

 

Description. Normally graded, well-sorted, plane- to wavy-parallel laminated 

(PPL) siltstones are comprised of dominantly silt-sized particles and may have a very small 

fraction of very fine lower sand grains (Fig. 25A).  PPL siltstones are dominantly part of 

the event bed cap (11- 50 cm thick) of the larger sand-rich unit, usually underlain by ripple-

laminated sand/siltstones with sharp or gradational, planar basal contacts and gradational 

upper contacts. PPL siltstones may also be present as a very thin (1-5 cm thick), isolated 

events, which is more common in slope intervals. Laminae exhibit dark/light grey color 

alternation and less than 5% carbonaceous material may be concentrated along bedding 

planes. PPL siltstones compose 3% of the middle Sites Member in proportional occurrence 

and 2% of the total section thickness.  
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Interpretation. Though PPL siltstone deposits have been reported in outcrops 

around the world, their process origin remains controversial. Harms et al. (1965) attributed 

deposition of PPL siltstone to lower stage-plane bed conditions in a high-velocity, low-

density, turbulent flow, but PPL have only been produced in coarser-grained flume 

experiments. Talling et al. (2012) postulates that as a flow decelerates and transitions from 

ripples to a plane bed, the upper most parts of the ripple crest could be planed off, producing 

planar laminations. Lowe (1988) advanced the hypothesis that PPL siltstone is formed 

when the duration of bedload reworking is too short for the formation of ripples in a waning 

dilute flow. The latter two hypotheses also have yet to be experimentally validated. This 

facies is equivalent to the TD division (Bouma, 1962; Fig. 20) and cannot be distinguished 

from a cohesive mud-dominated PPL (TE-1) division (Piper, 1978) without laboratory grain 

size analysis.  

 

Ripple Cross-Laminated Siltstone (7B)  

 

 

Description.  Asymmetric ripple cross-laminated (ARL) siltstones are well-sorted 

and normally graded.  Foresets may occur as isolated formsets or stacked cosets. The angle 

of climb is dominantly super-critical Fig. 25B) and occasionally sub-critical. Lower 

contacts are sharp to gradational, and upper contacts are dominantly gradational. Most 

rippled intervals are poorly formed and commonly deformed by soft sediment deformation 

processes (loading from above units or dewatering from the parent sandstone body), 

making identification of super critically climbing ripples difficult to discern from soft 

sediment-deformed, wavy, parallel laminations. ARL siltstone intervals dominantly occur 
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as part of a mudstone cap for thick sand-rich events or as isolated thin-bedded events. ARL 

siltstones have an average thickness of 4 cm, maximum thickness of 13 cm, and are rare in 

proportional occurrence (2%) and thickness (<1%).  

 

Interpretation.  ARL siltstone is formed by the same process as ARL sandstone (4B) 

and as such, is the fine-grained equivalent of Facies 4B, herein, and the TC division 

(Bouma, 1962; Fig. 20).  

 

Silt-Dominated, Clay-Bearing Mudstone (7C)  

 

 

Description. Well-sorted, silt-dominated, clay-bearing massive mudstones may 

contain up to 3% very fine lower grains and/or carbonaceous material (Fig. 25C).  Due to 

the overall fine-grained nature of the deposit, it may be impossible to discern if the deposit 

is normally graded or if grading is absent. Massive mudstone deposits are light to medium 

gray (occasionally iron-stained), poorly indurated, and exhibit an irregular to knobbly 

weathering pattern. Massive siltstone intervals dominantly occur as part of a mudstone cap 

for every event type, baring erosionally amalgamated events, and may also occur as 

isolated thin-bedded events. Massive siltstones have an average thickness of 6 cm, 

maximum thickness of 35 cm, and are significant in proportional occurrence (29%) and 

thickness (11%).  

 

Interpretation.  When shear velocity is greater than settling velocity, normally 

graded, silt-dominated, clay-bearing event bed caps are deposited from the tail of waning, 

low-density turbidity currents (Middleton, 1993; Ochoa et al., 2013) when isolated thin-
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beds are deposited from the sand-depleted head of a low-density turbidity current (Mutti, 

1977).  Based on outcrop observations, discerning the process differences between a 

massive siltstone and muddy siltstone (6A) may be nearly impossible, as it is simply a 

difference in percent composition of cohesive mud. The process interpretation proposed 

in this study establishes its equivalence to the TE division (Bouma, 1962) and groups the 

TE-2&3 divisions of Piper (1978), which are segregated based on the presence or absence 

of grading (Fig. 20).  

 

Clay-Dominated, Silt-Bearing,  

Ungraded Mudstone (8)  

 

 

Description.  Massive and ungraded, clay-dominated, silt-bearing mudstones, also 

referred to as hemipelagic mudstones, are well-sorted, poorly indurated, and dark grayish-

black in color (Fig. 25D). This facies is often associated with burrowing and dominantly 

occurs in muddy, slope-forming intervals. Massive, clay-dominated sandstones have an 

average thickness of 13 cm, maximum thickness of 40 cm, and are uncommon in 

proportion occurrence (2%) and thickness (1%).  

 

Interpretation. Massive and ungraded, clay-dominated, silt-bearing mudstones are 

deposited by gravity-driven settling of a combination of biogenic and terrigenous fine-

grained sediment through the water column during times of depositional quiescence 

(Ochoa et al., 2013). Therefore, this facies is not genetically linked to any SGF processes.  
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The Event Bed Concept 

 

 

Event bed deposits, also referred to as a sedimentation event, represent the 

intermediate-scale attribute in a sedimentary hierarchy (Fig. 19). Event bed deposition 

occurs at the temporal and spatial scale of a single sediment gravity flow (Campbell 1967) 

for which flow density, viscosity, velocity, sediment support mechanisms, and near-bed 

sedimentation processes responsible for deposition are recorded by the facies that comprise 

them. The arrangements in which these facies vertically stack, referred to as a facies 

assemblage, to build an event bed, records the longitudinal structure of the flow and its 

passes over a single point through time. In this study, event bed deposits were first divided 

into three categories based on dominant near-bed sedimentation processes: A) events that 

exclusively record layer by layer deposition of cohesionless sand from a turbulent flow 

(turbidity current) B) those deposited in part by en masse consolidation of a debris flow, 

and in part by turbulent flow (hybrid flow event); and C) those deposited by non-sediment 

gravity flow related processes.  

 

Turbidity Currents  

 

 

Static Multipartite Sediment Gravity Flow Structure. As mentioned earlier, 

sediment gravity flows are multipartite in that they can be divided into three general regions 

including the head, body, and wake (Fig. 17). Each region is largely defined by the different 

sediment support mechanisms that dominate within them. The coarsest fraction of sediment 

is carried near the base (head) of the flow. This region exhibits a non-Newtonian rheology 
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and is interpreted as a high density turbidite and/or debris flow, where hindered settling 

and grain collision dampen or complete suppresses turbulence. In the case where 

turbulence is damped by high near-bed sediment concentrations and the mud fraction is 

sufficiently low, deposition from the head of the flow occurs by repeated collapse of the 

near-bed layer. If turbulence is completely suppressed by sufficiently high concentrations 

of noncohesive particles, or there is sufficient concentration of mud in the sediment fluid 

mixture, sediment will not segregate and en masse deposition will occur. Mud, even at very 

low concentrations, can greatly affect flow rheology and the nature of deposition. The 

relationship between mud concentrations and depositional style will be elaborated on in 

the upcoming discussion of debris flows. The finest fraction of sediment is carried nearer 

the top (wake) of the flow which exhibits a Newtonian rheology, and sediment is 

dominantly supported by turbulence. This region is interpreted as a lower density classical 

turbidite in which layer by layer deposition via unhindered settling promotes particle 

segregation, and results in normally graded deposits. If settling velocities are sufficiently 

low, shear stress forces will initiate bedload traction resulting in the generation of 

bedforms. The head and wake of the flow are separated by a transitional region, called the 

body, where a combination of Newtonian and non-Newtonian rheologies can coexist 

(Gardner, 2003; Gardner et al., 2008; Haughton et al., 2009; Fig. 17).  

 

Longitudinal Flow Structure. As turbidites progressively aggrade beneath a moving 

current, the lowest parts of an event bed are deposited from the faster moving, and higher 

density frontal parts of the flow, and successively higher parts of the bed are deposited 

from successively lower density and slower moving parts of the flow. These velocity and 
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density differentials define longitudinally partitioned flow regions (the longitudinal flow 

structure), that are recorded in the vertical structure (vertical facies assemblage) of an event 

bed deposit (Kneller and McCaffrey, 2003). Note that because an event bed only represents 

the flow structure at a single point through time, it is possible, if not likely, that the same 

event bed at a different position along the longitudinal flow path will exhibit a different 

suite of sedimentary attributes. Therefore, when studying ancient turbidite outcrops, a 

variety of sedimentary attributes, detailed below, can be used to interpret the longitudinal 

density and velocity profile of individual flows, which ultimately can be used to make 

inferences about the slope-to-basin profile position of the depositional site.   

The longitudinal density structure of a flow is defined by capacity-driven 

deposition, where flow capacity is defined as a shear velocity independent-limit of 

sediment per volume that can be maintained in suspension. The finite amount of turbulent 

kinetic energy, per unit volume, in a flow ultimately governs the capacity limit of a flow.  

The presence or absence of, and vertical position of erosional surfaces, clasts, and grain 

size breaks are the sedimentary attributes used to make inferences about the longitudinal 

density profile of a flow, sediment bypass and flow surging.  

The longitudinal velocity structure of a flow represents changes in flow velocity 

through time, referred to as flow steadiness. In turn, changes in flow velocity largely govern 

competence-driven deposition, where flow competence is defined by the relationship 

between shear velocity and sediment suspension thresholds. When shear velocity is less 

than the suspension threshold for the largest grain size fraction in the flow, deposition 

occurs. The sedimentary attributes used to infer the longitudinal velocity profile (flow 
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steadiness) of a flow include, the vertical grain size profile (grading) and vertical position 

of sedimentary structures. 

On a short time-scale, turbulent flows are inherently unsteady due to the behavior 

of large turbulent eddies that define them (Kneller et al., 1999). These turbulent instabilities 

may generate deposits exhibiting an alternation between diffuse banding and internal scour 

surfaces which record fulgurations between erosional and depositional periods (Lowe, 

1982).  On a longer-time scale turbulent flows may demonstrate quasi-steady, waning, or 

waxing flow conditions. Deposits from waning flows will exhibit normal grading and 

various components of the Bouma Sequence (Bouma, 1962) as bed shear stress and shear 

velocity respond to variations in flow velocity. Ungraded, poorly-sorted, and massive 

sandstone deposits may be evidence for flow steadiness (Kneller and Branney, 1995). 

However, this same deposit can also be produced by rapid collapse of the entire head or 

body producing a deposit that is about as thick as the flow height (Kneller and McCaffrey, 

2003), and differentiating between the two flow conditions may be difficult when limited 

to observations of ancient deposit.     

Finally, flood-initiated waxing flow can result in a variety of event bed deposits 

that are dominantly controlled by profile position (Mulder et al., 2003). Proximal event bed 

deposits are more likely to record deposition during waxing flow in the form of an inverse 

grading and potentially by an inverted Bouma Sequence (Kneller, 1995). Proximal deposits 

may also record a bypass surface at the top of the inversely graded interval, or in extreme 

cases, may completely erode away the inversely graded interval, if waxing flow strength 

increases to a high enough degree. Over time, waxing flow is generally followed by waning 
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flow recorded by an overlying normally graded interval. As the flow reaches a more distal 

basin position and the velocity peak works its way to the front of the current the waxing 

phase becomes progressively less marked until there may be not record of inverse grading 

at all (Kneller and McCaffrey, 2003). In this case, an event bed will look more like a 

normally graded, TB-TE Bouma sequence, making it difficult to discern whether event bed 

deposition was from the late-stage waning period of an initially waxing flood-initiated 

event or from a low density surge-initiated event.   

 

Debris Flows 

 

Debris flows are laminar (or weakly turbulent) flows in which sediment is 

supported by mechanisms other than turbulence including, a combination of cohesive 

matrix strength, buoyancy, grain to grain interactions, and excess pore fluid pressures 

(Talling et al., 2012a). Debrites, also referred to as a laminar plug, are the resulting deposits 

of en masse deposition from a debris flow. At the event scale, debrite deposits are 

comprised of at least one debritic facies type (facies 5A, 5B, 6A, 6B, herein), and some are 

additionally comprised of a variety other non-debritic of facies types. In the later event bed 

case, the term linked turbidite-debrite (Talling et al., 2004) is used to denote that deposition 

was from a single flow event comprised of both a debris flow and turbidity current; termed 

a hybrid flow (Haughton et al., 2009). In the upcoming discussion on different mechanisms 

for flow transformation, it will be demonstrated how the term linked turbidite-debrite may 

not accurately capture the depositional variability in event beds deposited by hybrid flows.  

The debrite component of a hybrid event bed represents a continuum of flow 

behaviors in response to changes in cohesive debris flow strength (Marr et al., 2001; 
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Talling et al., 2012b). Cohesive strength of ancient deposits is measured by the relative 

abundance of mud content in the debrite matrix, and by the presence or absence of outsized 

clasts.  Based on the above notion, Talling et al. (2012) and Talling (2013) recognize seven 

gradational subdivisions of debris flows including; strong cohesive debris flow; moderate-

strength cohesive debris flow; low-strength cohesive debris flow; very low-strength fluid 

mud flows; poorly cohesive debris flows; and non-cohesive debris flows (Figure 26; from 

Talling et al. 2012). Further discussion of debris flows will be limited to the subject of 

moderate- to low-strength cohesive debris flows, as they are the most relevant debris flow-

types in the characterization of the middle Sites Member Cache Creek outcrop.   

 

Cohesive Debris Flows. Cohesive debris flows exhibit sufficient cohesive strength 

to at least support sand grains and their deposits are comprised of a mud-rich sand matrix 

(> ca 20% volume cohesive mud (< 30 µm)) (Amy et al., 2006). Debris flow mobility and 

debrite deposit thickness are largely governed by matrix strength, sea floor gradient, total 

flow volume, and lubricating processes acting on the flow margins. Through experimental 

determination, it has been demonstrated that as flow strength decreases, thickness, run-out 

distance, and the maximum supported clast size a debrite deposit also decreases (Talling et 

al., 2013). Additionally, higher-strength debris flow mobility is more strongly influenced 

the processes of hydroplaning, whereas the mobility of lower-strength debris flows are 

more strongly influenced by flow mixing with the surrounding sea water (Talling et al., 

2002). Talling (2013) proposes a number of depositional models that explain various 

processes by which cohesive debrites may be deposited on the distal basin floor. Model 1 

discusses deposition by strong cohesive flows via non-transformational processes (Fig. 
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27A). Models 2 and 3 (Fig. 27B and C) present depositional scenarios from moderate- to 

low-strength cohesive flows via transformation-related processes.  

 

Models of Distal Debrite Deposition 

 

 

Model 1: Non-Transformational. A very thick (> 10 m and up to 10’s of m), high-

volume, high-strength (100 to >1000 Pa), high viscosity, low permeability debris flow, 

traveling at high velocities, has the potential maintain a laminar flow state as it reaches low 

seafloor gradients (ca <0.1˚) (Talling et al., 2012a). Under these flow conditions, debrite 

deposits are characteristically clast-rich events for which there is no genetic relationship 

with the chance occurrence of an underlying turbidite interval (Talling et. al, 2012). The 

very-strong cohesive matrix-strength of these flows commonly reduces flow mobility and 

their resulting deposits are largely restricted to continental slope (Piper & Normark, 2009). 

However, a few records of outsized, high-strength debris flows have been recorded in 

submarine fan sequences (Gee et al., 1999). 

Though very-strong cohesive matrix flow strength is closely associated with low 

flow mobility, Talling (2013) explains how distal debrite deposition via non-

transformational flow processes may only be possible in debris flow with high-cohesive 

matrix strength (Fig. 27A). Essentially, high-cohesive strength reduces the effects of flow 

mixing and dilution (Talling et al., 2002), reducing the chance of inducing turbulence and 

flow transformation, and allowing the flow to maintain the entire grain size population en 

masse, while it bypasses more proximal locations. Additional, high-cohesive strength and 
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corresponding high-viscosity/ low-permeability prolongs the process of hydroplaning 

before the basal lubricating fluid injection is re-mixed into the body of the flow.   

Hydroplaning, a basal flow lubrication process, may occur when the downward 

directed weight of a debris flow is less than the dynamic pressure developing at the nose 

of the flow, causing a layer of sea water to be injected beneath the head of the flow. This 

layer of seawater acts to lubricate the interface between the flow and seafloor, ultimately 

promoting flow mobility (Mohrig et al., 1998). If shear rates along the base of the flow are 

sufficiently high, some amount of mixing between injecting sweater layer and the flow will 

occur, resulting in a lubricating basal layer comprised of a low- concentration sediment 

fluid mixture (Ilstad et al., 2004). This variation of hydroplaning is referred to as basal 

shear wetting. However, based on experimental studies, it has been determined that 

regardless of the composition of the lubrication basal layer, only the head of a debris flow 

will be effected by hydroplaning processes, for a short distance (few tens of cm’s), before 

the lubricating basal layer is reincorporated into the body of flow by shear mixing (Mohrig 

et al., 1998). Due to the characteristically higher rates of flow mixing and dilution that 

occur in low-strength cohesive flows, hydroplaning processes play a greater role in the 

flow mobility of high-strength, rather than low-strength cohesive debris flows.  

 

Hybrid Flow Transformation. The majority of debrite deposits interpreted as having 

been deposited in a low gradients (<0.1˚), distal basin position are characteristically <2 m 

in thickness, may or may not contain clasts (<1 m in length) and, partially or fully encased 

by genetically linked turbidite intervals (Talling et al., 2004; Haughton et al., 2009; Talling 

et al., 2012b). The thickness and limited clast size of these deposits is indicative of 
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moderate- to low-strength cohesive debris flow (ca <0.1-100 Pa) (Talling et al., 2012a). 

These flows are highly prone to flow mixing and dilution, which in part promotes flow 

mobility while coincidently reducing the role of hydroplaning, and also highly reduces the 

likelihood of reaching the basin floor without undergoing flow transformation. Talling 

(2013) presents two scenarios by which distal debrite deposition occurs via hybrid flow 

transformation: erosionally-driven transformations (Fig. 27B); and non-erosional 

transformations (Fig 27C).   

Whether or not a hybrid flow results in the deposition of an event bed recording the 

passage of both laminar (debrite) and turbulent flow (turbidite) components over the same 

given point, depends on the complex interplay between a number of spatially and 

temporally, co-varying parameters including: proportion of mud in sediment load at the 

time of initiation, seafloor gradient over which the flow passes, flow capacity, flow 

velocity, flow viscosity, flow volume, flow thickness, and cohesive flow strength. Hybrid 

event bed deposits comprised of a clean basal sandstone and debrite interval will be herein 

referred to as a linked turbidite-debrite deposit (Haughton et al., 2009), and the more 

general term, hybrid event bed, will be used when the event bed is lack a clean, basal 

sandstone interval. Examples of unique hybrid flow processes resulting in the deposition 

of linked turbidite-debrite event beds are provided in the below summary of Models 1 and 

2 (Talling et al., 2013). On the other hand, debrites lacking a linked basal sandstone are 

interpreted to have been deposited by late-stage flow transformation and flow collapse for 

both Models 2 and 3.  
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Model 2: Erosionally-Driven Flow Transformation. As an initially under capacity 

turbidity current erodes and incorporates material from the underlying muddy seafloor 

substrate, the newly introduced mud fraction will dampen the effects of turbulence and 

eventually initiate local flow transformation to a laminar debris flow (Fig. 27B).  Debrites 

deposited in this fashion are likely to be clast-bearing, where the clast composition 

corresponds to the low organic content mud composition of the seafloor. In the cases where 

these clast-bearing debrites are underlain by a structureless sandstone interval, it is likely 

that deposition of the basal sandstone occurred via late-stage settling of sand through the 

laminar debris flow, rather than by a front running turbidity current; this is because a front 

running turbidity current would create a barrier between the flow and seafloor, preventing 

seafloor erosion (Shanmugam, 2002; Sumner et al., 2009).   

 

Model 3: Non-Erosional Flow Transformation. Non-erosional flow transformation 

(Fig. 27C) is largely driven by flow deceleration (≤ several tens of cm s-1, dependent on 

mud fraction) (Talling, 2013) and reduced fluid shearing as the flow path reaches the more 

unconfined, lower gradient outer fan position. More specifically, as deposition of the coarse 

grain fraction is deposited from the  initial turbidity current, the remaining flow becomes 

enriched the in mud content, which in turn increases cohesive flow strength,  and dampens 

turbulence at reduced flow speeds. Flow transformation, of this nature, may preferentially 

initiate in the finer-grained, slower-moving rear of the flow.  

The low cohesive strength flows indicative of non-erosional flow transformation 

may lend to two different processes.  In one case, irrespective of whether transformation 

initiated in the rear of the flow or instantaneously from late-stage collapse of the sand-
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depleted turbulent flow, the low cohesive strength of the debris flow component will be 

short-travel, as dictated by the extremely low velocities required to prevent mixing. On the 

other hand, if transformation initiates at the rear of an initially high density turbidity 

undergoing vigorous turbulence at the head of the flow, the flow head may protect the 

trailing debris flow from mixing, ultimately allowing for the debris flow to run-out for 

longer distances. Similarly, the debris flow component may be able to run-out long 

distances if the initial flow had great enough mud fraction to initiate a relatively early-stage 

flow transformation, but the mud fraction was sufficiently low to permit rigorous mixing 

at the front of the debris flow, again protecting the trailing debris flow.  

Distinction between the above described process variations will be nearly 

impossible to discern in a one dimensional outcrop, because the deposits resulting from 

each of these processes are very similar. The front running turbidity current results in 

deposition of a basal high-density turbidite interval, which will be overlain by a relatively 

thin (<1m), clast-deficient (barring sparsely disseminated mm-scale clasts), debrite 

interval. The only way in which the debrite interval may contain larger scale clasts is if 

clasts, introduced at the time of flow initiation, were being supported by very high-strength 

turbulence. Even still, debrites are likely to be clast-deficient because, most clasts would 

be broken down by such extreme turbulent conditions. Finally, the event is likely to be 

capped by a low-density turbidite which was generated by some amount of mixing at the 

front or along the top of the weakly cohesive debris flow component.  
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Event Bed Classification Rationale  

 

 

Due to the one-dimensional nature of the Cache Creek outcrop longitudinal changes 

within individual event beds, such as facies composition, thickness, flow steadiness, and 

flow uniformity cannot be directly evaluated.  As such, characterization and interpretation 

of event beds herein, is limited to the inferences that can be draw from vertical facies 

assemblages. Note that it will be assumed that all flows are depletive.  In total five event 

types classified in this study of the middle Sites Member at Cache Creek including: three 

types of turbidite events, one hybrid event type, and one hemipelagic suspension-settling 

event type (Fig. 28). The following sections will provide event definition criteria for each 

event type, rationale for subdivision of turbidite events, and rationale for grouping of debris 

flow events. Additionally, a number of challenges faced in defining event beds will be 

addressed including: mudstone discrimination, event bed amalgamations, and flow 

surging. Criteria for consistent treatment of ambiguous event cases will be presented for 

the purpose of reproducibility, and alternate event bed interpretations can be found on the 

detailed measured section (Appendix A).  

 

Subdivision of Turbidite Event Beds 

 

Turbidity currents were subdivided into three event types based on flow density: 

Type I: high-density turbidity currents; Type II: low-density turbidity currents; and Type 

III: high- to low-density turbidity currents.  Type III events were newly introduced in this 

study for the purpose of emphasizing the variety of vertical facies arrangements that can 

be generated by the density continuum expressed in turbidity currents. Boundaries between 
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event types were arbitrarily assigned values based on the proportional thickness of high- 

vs. low-density facies comprising the event, where the boundary between high- and low-

density facies types is marked at the transition between the massive (TA) sandstone interval 

and the plane parallel-laminated sandstone interval (TB) (Bouma, 1962).  

Type I events (Fig. 29A) are comprised of ≥ 75% coarse grained, high-density 

facies (table 5) deposited as a result of repeated collapse of a high concentration near-bed 

layer where hindered settling is the dominant sediment support mechanism Lowe (1982). 

Type II events (Fig. 29B) are comprised of less than 5% high-density facies. Type II events 

characteristically lack a basal TA division and are dominated fine-grained, low-density 

facies (table 5) that are deposited as a result a fully turbulent flow via unhindered 

differential settling of larger and smaller grains Bouma (1962). Finally, Type III events 

(Fig. 29C) are comprised of 5-75% high-density facies, and are simply defined as turbidite 

event containing relatively equal proportions of high- and low-density facies. Type III 

events are best compared to the full Bouma Sequence (Bouma, 1962).  

The majority of turbidite event beds are comprised of facies assemblages that are 

vertically organized from bottom to top in order of decreasing density, and therefore it has 

been assumed that 1) the middle Sites Member represents a deep-water system dominated 

by surge-like, waning sediment gravity flows; and 2) the middle Sites Member was 

deposited is a relatively distal profile location where flows have enough time to attenuate 

and form longitudinally separated head, body, and flow regions. 
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Grouping of All Debris  

Flows into Hybrid Flow Events 

 

Event beds comprised of at least one debrite facies (Table 5) were initially classified 

using the debris flow classification criteria presented in Talling et al. (2012) (Fig. 26). Of 

the various debris flow types presented therein, the middle Sites Member only contains 

deposits corresponding with cohesive debris flows, which were further subdivided into 

high-, intermediate-, and low-, and very low-strength cohesive debris flows that account 

for mud matrix strength and the presence or absence of outsized clasts. Out of the 117 event 

beds in the middle Sites Member that contained a cohesive debrite component, none of 

debrite intervals were greater than 73 cm thick nor did any contain large clasts (up to 5 

cm), therefore eliminating high-density cohesive debrites from the classification scheme 

presented herein.  

Intermediate-strength cohesive debris (DM-2) flows are characterized as clast-rich 

(can be greater than 1m in length) and are distinguished from low-strength cohesive debris 

flows (DM-1), because the latter is finer-grained and clast-deficient, with the exception of 

rarely disseminated mm-scale clasts (Talling et al., 2012a) (Fig 26D and E). In the middle 

sites member both clast-bearing (facies 5A) and clast-deficient (facies 5B) cohesive 

debrites were identified; however, clasts were rarely greater than a few cm’s. Therefore, if 

it can be inferred that the cohesive strength of facies 5A represents some cohesive strength 

that is transitional between the intermediate- and low-cohesive strength debrites presented 

by Talling et al. (2012). This study treats the differences between the cohesive strength of 

facies 5A and 5B as negligible with respect to their interpreted depositional processes. 

Instead, any event containing a 5A or 5B facies interval will be interpreted as having a low-
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strength cohesive flow component, with the understating that facies 5A represents the 

upper end member, and facies 5B represents the lower end member of cohesive strength.  

The definition criteria for very low-strength flows, also referred to as fluid mud 

(Talling et al., 2012a) (Fig.26C), requires the collection of higher resolution observations 

than were possible in the field. As such, field discrimination between process facies 7C, 

deposited by turbulent processes, and 6B, the equivalent of fluid mud, is nearly impossible, 

such that fluid mud events were eliminated from the event classification presented herein. 

In hindsight, merging the process facies 7C and 6B would be a justifiable course of action.  

Poorly cohesive debris flows (DCS) (Fig. 26B), and non-cohesive debris flows 

(DVCS) (Fig. 26B) were also not considered herein, because insufficient data was collected 

to distinguish theses event types from high-density turbidite events dominantly comprised 

of coarse grained intraclast bearing (facies 1) sandstone and massive sandstone (facies 3A). 

Figure 30 presents 13 event beds, currently classified as high-density turbidites and 

debrites, which are good candidates for future reassessment and possible event type re-

assignment to a poorly- or non-cohesive debris flow event.  

The final consideration made in classifying event beds containing a cohesive 

debrite interval was to determine whether the process governing deposition was strictly 

laminar (debris flow event) or if the flow contained a both laminar and turbulent flow 

components (hybrid flow event). It can be interpreted by default that all of the event beds 

comprising a debrite interval, identified in the middle Sites Member, were deposited as a 

result of hybrid flow transformation, based on these two observation: 1) the middle Sites 

Member was deposited in a relatively distal basin position; and 2) all debrites deposited in 
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the middle Sites Member are <1m-thick and were generated by flow transformation of from 

an initially turbulent flow into a low-strength cohesive debris flows. In conclusion, 

sufficient evidence has been provided to classify all events containing a cohesive debrite 

interval, a Type IV hybrid flow event. 

 

Turbiditic Mudstones vs.  

Hemipelagic Mud Depositional Events 

 

Turbidite event beds commonly include both a sandy interval and a mudstone cap.  

Non-turbiditic mudstones may also overly a turbiditic event but are deposited by processes 

unrelated to the underlying event, and are in themselves a unique event. Therefore, defining 

an event bed and recording its true thickness, is partially dependent on establishing a 

genetic link between the mudstone and the underlying turbidite (Hesse, 1975).  The field 

criteria used in this study was adopted from Ochoa et al. (2013), where color, texture, 

bioturbation, and primary structures were identified as the key attributes for mudstone 

discrimination. Dark greyish-black, well-indurated, structureless mudstones exhibiting a 

relatively high degree of bioturbation are the ideal candidate for Type V hemipelagic mud 

depositional events. Note that pervasive structural deformation in the Cache Creek outcrop 

significantly reduced the confidence of these interpretations.  

 

Amalgamation Surfaces:  

Single or Multiple Events? 

 

The process of event bed amalgamation occurs as one event flows over and erodes 

the mudstone cap of previously deposited event bed. This process is physically recorded as 

a surface that separates the remaining sandstone interval of the underlying eroded deposit 
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and the basal sandstone interval from the newly deposited event bed. These surfaces are 

commonly highlighted by dewatered contacts, subtle grain-size breaks, and rip up-clast 

horizons (Hodgson et al. 2006). However, there are three other processes that can generate 

surfaces similar to those resulting from erosional event bed amalgamation including: 1) 

high-density turbidity currents with sufficient matrix strength (Shanmugam, 2000) and/or 

dispersive pressure (Lowe, 1982); 2) flow reflection off of local seafloor topography; and 

3) bed-shearing. All of these amalgamation processes, barring flow reflection, have been 

interpreted as mechanisms for generation of apparent amalgamation surfaces observed in 

the middle Sites Member, and therefore reflected flows will not be further discussed.  

Generation of mudclast horizons by high-density turbidites occurs within the time-

scale of a single-event (Fig. 31A), whereas lateral bed amalgamation by erosion (Fig. 31B) 

and tectonic shearing (Fig. 31C) are processes that operate on a multi-event time scale. As 

such, incorrect interpretation of these processes and/or inconsistent treatment of these 

surfaces can significantly skew the results of event bed thickness analyses. Single-event 

processes are discernable from their multi-event counterparts, because they tend to exhibit 

a progressive but pulsed upward fining texture, where the maximum grain size above the 

apparent amalgamation surface is always be finer than the maximum grains size of lowest 

interval. On the other hand, multi-event amalgamation processes characteristically exhibit 

maximum grain size jumps at the base of amalgamation bound intervals that are greater 

than the maximum grain size of the underlying event. However, this may not be the case if 

the event above the amalgamation surface coincidently has a maximum grain size equal to 

or less than the mean grain size at the top of the lower event, or less than the maximum 
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grain size of the overall lower event. In said situation, there are several subordinate 

identification criteria listed in Table 6.  

 

Late-Stage Flow Surge vs.  

Thin, Low-Density Turbidite Events 

 

The term flow surging is used to describe flows that exhibit an oscillating decline 

in velocity, capacity, and competence, where each surge is marked by an abrupt velocity 

increase (progressively diminishing) followed by gradual deceleration (Lowe, 1982). Flow 

surging that initiates after the majority of the coarse fraction has been depleted from the 

flow can result in deposition of a succession of over-all finning- and thinning-upward 

laminated thin-beds (1-5 cm) separated by mudstone intervals, making late-stage flow 

surges difficult to discern from very-thin, low density turbidites. In an effort to treat these 

seemingly ambiguous cases with consistency, a set of identification rules were established 

herein, which can be found in Figure 32.  

 

Characterization & Interpretation  

of Middle Sites Member Event Beds 

 

 

Type I: High-Density Turbidity Current.  

 

Type I events, which comprise 58% of the middle Sites Member by proportional 

thickness and 38% by occurrence (Fig. 28D and E), are comprised of >75% non-cohesive, 

high-density facies (facies 1-3B), and are dominantly overlain by a thin, finer-grained, low-

density interval including facies 4A-7C. Fifty-three percent (by proportional occurrence) 

of the low-density event bed caps are comprised of massive and weakly to ungraded facies 

types (facies 7C), which are deposited from late stage suspension sedimentation from the 
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rear of the flow and the remaining 47% are laminated very fine-grained sandstone to 

siltstone. Planar laminated intervals (facies 4A; Bouma, TB) comprise 5% of Type I events 

by proportional occurrence and 3% by thickness (Fig. 33).  Forty-three percent of the 

planar-laminated facies are medium grained and exhibit weakly normal to no grading; 

characteristics that make them good candidates for the high-density which might be good 

candidates for the TB-2 division (Talling et al., 2012a). The remaining 57% planar laminated 

intervals are fine grained, normally graded, and their basal contact with the high-density 

interval is marked by a sharp grain size break. Based on the persistent occurrence of a sharp 

grain size break along the transitional surface between high- to low-density facies, above 

which all of the low-density facies are comprised of very-fine to silt sized grains, and the 

high proportion of ungraded, massive, low-density event bed caps it can be inferred that 

sediment bypass trends were prevalent (Talling et al., 2012a).  

Based on the previously stated assumption that all event types are depletive, the 

vertical arrangement of facies and the grain size profile were used to determined that 63% 

of Type I events are waning-depletive, 28% quasi-steady-depletive, and 1% waxing-

depletive. Depletive events were defined by normal grading and an upward succession of 

high- to low density facies. Uniform flows were defined by lack of grading and facies 

homogeneity, and accumulative flows were defined by basal inverse grading and/or a 

partially inverted Bouma Sequence.  

The average thickness of high-density turbidity currents is 67 cm (Fig. 28B) and 

43% of high-density turbidites are <40 cm thick. Type I events have an average grain size 

of fine upper to medium lower and a very coarse upper maximum grain size (Fig. 28C).  
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High density turbidites that are <40 cm thick correspond with the lower end of the Type I 

event grain size range documented (very fine upper). It is currently unclear as to the process 

by which such thin-bedded structureless sandstone deposits may have been deposited on 

such a distal basin position. The answer to this question may have something to do with 

flow volume, however, such inferences cannot be made within the limitations of this 

dataset. Due to the highly pervasive structural defamation seen in the Cache Creek outcrop 

sedimentary structures were often difficult to discern, therefore, one might alternatively 

explain the occurrence of uncharacteristically thin high-density events as having 

misidentified. 

Throughout the entire middle Sites Member, 145 events are bound by at least one 

amalgamation surface, and of those 70% of the events were Type 1. Thirty-four Type I 

events are bound by an amalgamation surfaces along the bottom contact, 44 along the top 

contact, and 23 events were bound on the top and bottom by amalgamation surfaces. This 

observation in combination with the identification of numerous bypass indicators, the 

highly tabular geometry of Type I events (at the outcrop-scale), and the absence of greater 

than m-scale erosion suggests that the  high-density turbidites observed  in the middle Site 

Member were deposited in the unchannelized midfan/outer fan transitional zone   

 

Type II: Low-Density Turbidity Current 

 

Type II events, which constitute 5% of the middle Sites Member by proportional 

thickness and 15% by occurrence (Fig. 28D and E), are dominantly comprised of thin and 

fine-grained, low-density facies (4A-7C) (Fig. 33). The average thickness of low-density 

turbidity currents is 15 cm (Fig. 28B), the average grain size is very-fine, and the maximum 
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grain size is fine-upper (Fig. 28C). Though low-density turbidites are in part defined by the 

lack of a basal high-density interval, facies 3A and 3B cumulatively comprise 10% of Type 

II events by proportional occurrence and 6% by thickness. Thirteen occurrences of facies 

3A were observed: two occurred out of sequence (not at the base), nine occurred as very 

thin (1-5 cm thick) isolated beds, with a proportionally thicker mudstone cap; and two 

occurred as less than 5 cm basal intervals. These were identified as type II events because 

as mentioned previously, identifying sedimentary structures in such thin intervals was 

beyond the scale of confident resolution. In all of the cases where a 3B interval was present, 

the corresponding measured description (Appendix A) notes the presence of relict, soft-

sediment deformed sedimentary structures. Finally, type II events exhibit weakly normal 

to normal grading and their stacking patterns resemble dominantly traditional Bouma 

(1962) arrangements. As such, Type II event beds are interpreted to record waning-

depletive flow conditions, under which deposition occurred from the head and body of a 

depleted turbidity current, rather than from the slow, low-density wake and bypass of the 

higher density bodies (more common on slope positions).  

 

Type III: High- to Low-Density Turbidity Current 

 

Type III events, which constitute 18% of the middle Sites Member by proportional 

thickness and occurrence (Fig. 26B and C), exhibit the most proportional facies distribution 

(Fig. 33). The ratio of high- to low-density facies is 35:65, which implies that this event 

type truly captures an intermediate flow density condition. The average thickness of high-

to low- turbidity currents is 44 cm (Fig. 28B), the average grain size is very fine upper and 

maximum grain size is very coarse upper (Fig. 28C). Finally, 77% of Type III events record 
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waning-depletive flow conditions, and the remainder record quasi-steady to waning-

depletive conditions. Five event beds record a full Bouma sequence indicating loss of flow 

confinement and shallowing of seafloor gradient as flows reach the basin floor, which 

results in deceleration, loss of turbulence, and rapid, unhindered deposition of the 

remaining grain size population.  

 

Turbidite Event Bed Summary 

 

 By subdividing turbidite events into three separate classes, a thorough spectrum of 

deposits recording variable flow density was captured. Type I and II events both exhibited 

low facies diversity and limited grain size diversity, which is indicative of their end 

member density conditions, and suggestive of their depositional profile positions. The 

relationship between Type I, II, and III events can be explained with respect to the relative 

position of their depositional sites along the slope to basin profile (Figure 33). The coarser-

grained high-density head of the flow began depositing its load first, and nearer to the slope, 

while the finer grain size fraction, comprising the lower-density tail of the flow, bypassed 

the proximal depositional site and continued farther onto the basin floor. Type III events 

represent an intermediate depositional profile position between Type I and II.  

 

Type IV: Low-Strength  

Hybrid (Turbulent/Cohesive) Flow 

 

One hundred and seventy-seven Type IV events, constituting 18% of the middle 

Sites Member by proportional thickness and 24% by occurrence, were recorded in this 

study (Fig. 28D and E). The average thickness of hybrid flow event is 37 cm. However, 

Type IV events show the widest event thickness range with a maximum of 331 cm and a 
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minimum of 37cm. The average grain size of the debrite interval is very-fine grained, with 

a very-coarse grained maximum sand grain size, and a maximum clast size that rarely 

exceeds 10 cm in length (Fig. 28C). All of these properties support the interpretation of a 

low-strength cohesive debris flow.  

Twenty-two Type IV event beds (12%) contain a linked basal sandstone interval, 

and are referred to as linked turbidite-debrite beds (Fig. 34A). Fifteen (68%) of the linked 

turbidite-debrite event beds are clast-bearing, and interpreted as having been deposited by 

erosionally-driven hybrid flow transformation (Model 2), whereas those containing a clast-

deficient debrite component (7 beds; 32%) were deposited by non-erosional hybrid flow 

transformation (Model 3). The basal sand intervals associated with clast-bearing debrites 

were generated by late-stage settling of sand through the laminar plug. The basal sand 

interval associated with clast-deficient debrites was generated by a front running high-

density turbidity current. 

The remaining 95 (88%) Type IV event beds lack a clean basal sand interval and 

they are referred to as bottom-absent hybrid event beds. Fifty-seven of the bottom-absent 

hybrid event beds are clast-bearing and 38 are clast-deficient. (Fig. 34 A). Bottom-absent, 

clast-bearing debrites represent deposition by erosionally-driven, late-stage flow 

transformation (Model 2), where sufficient mud was incorporated into the flow to instigate 

rapid en masse deposition and prevent late-stage convection settling. Alternatively, the 

erosionally-driven transformation may have occurred after the entire coarse fraction had 

been depleted, and as such, there was no remaining sand available for late-stage convention 

settling.  
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Bottom-absent, clast-deficient debrites are deposited by non-erosional, late-stage 

flow transformation of the out-running low density wake and tail of a high-density turbidity 

current as it decelerates (due to a sufficiently shallow seafloor gradient) to the point where 

turbulence can no longer persist. Deposition of this nature requires the debris flow 

component to outrun the turbidity current. However, the distance by which a debris flow 

continues beyond the turbidity current will likely be very short, due to low flow velocities. 

Much like turbidite event beds, the thickness, grain-size, and facies assemblage of hybrid 

event beds, recording flow transformation, correlate to relative positions along a 

depositional profile. In general thicker and coarser grained linked hybrid turbidite-debrite 

event beds are deposited nearer the slope, and whereas thinner- and finer grained bottom-

absent hybrid events are deposited in a more distal position (Fig. 34B).  

 

Type V: Suspension Settling  

Hemipelagic Mud Depositional Event 

 

Hemipelagic mud depositional events, which constitute 1% of the middle Sites 

Member by proportional thickness and 5% by proportional occurrence, are exclusively 

comprised of hemipelagic mudstone facies (Facies 8; Fig. 28D and E).  By definition of 

the hemipelagic mudstone facies, the grain size of Type V events is limited to the lower 

silt range and clay sized grains. Hemipelagic mud depositional events record deposition by 

the process of gravity-driven suspension settling.  The thicknesses of hemipelagic 

mudstone deposits ranges from 2-40 cm-thick, with an average thickness of 14 cm (Fig. 

28B). However, due to the to the exceedingly low rates of sediment accumulation 

associated with suspensions settling processes, these thin deposits represent substantially 
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more time than thicker flow-related deposits. Additionally, the basin conditions required 

for deposition of Type V events are mutually exclusive with the depositional conditions 

required for event Types I-IV, and therefore the presence, thickness, and distribution of 

Type V event has significant implication for flow-related event frequency.   
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Table 5: Facies grouping based on similarities in near-bed sedimentation processes and 

dominant sediment support mechanisms.  
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Figure 17. Simplified sedimentary process facies classification scheme for the Sites Member of the Cortina formation, at Cache Creek, northern California. Facies are organized in order of the hydrodynamic energy required to 

generate a given deposit, decreasing from 1 to 8. Note the direct correlation between energy and grain size. A schematic diagram of a multipartite subaqueous flow (modified after Gardner, Gardner et al., 2003) is shown in the 

red box. Regions within multipartite subaqueous flows are defined largely by the different sediment support mechanisms that dominate, and all boundaries are transitional allowing for the possible generation of multiple facies 

within one sedimentation event. The coarsest fraction of sediment transport is dominantly carried near the base (head) of the flow and is interpreted as a high density and/or debris flow, whereas the finer fraction is carried 

nearer the top (wake) of the flow and is interpreted as a lower density classical turbidite.
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Figure 18. Graph showing rheological (stress-strain relationships) difference between 

Newtonian fluids and Bingham plastics, where Newtonian fluids represent turbidity 

currents that do not exhibit strength and Bingham plastics represent debris flows that do 

exhibit strength. The Reynolds number is a dimensionless criterion for the threshold 

between Newtonian flows and Bingham plastics. This figure is from Shanmugam (2000), 

and the graph was compiled from several sources including: Dott (1963); Enos (1977); 

Pierson and Cost, (1987); Phillips and Davies (1991); Middleton and Wilocock (1994). 
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Figure 19. Sedimentological hierarchy of stratigraphic metrics recording fluctuations in energy. Physical size scale increase from top to 

bottom. Figure adapted from Gardner (2012).
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Figure 20. (A) Facies classification scheme from presented in this study as compared to Lowe 

(1982); Bouma (1962); Talling et al., (2012); and Piper (1978). Flow type, deposit type, near-

bed sedimentation process, and sediment support mechanism associated with each facies is 

included. (B) Generalized relationships between deposit type, total sediment concentration, 

and relative fractionation of sand and mud in the flow. Criteria used to place boundaries 

between flow types are marked adjacent to the hashed line boundaries. Double-headed arrows 

indicate flow types that may form a continuum as key parameters vary. The thick grey line 

highlights deposits included in the Bouma (1962) sequence. Figure modified after Talling et 

al., (2012a).
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Figure 21. Summary of facies identified in the middle Sites Member at Cache Creek. (A). Pie chart showing the proportional 

occurrence of each facies type.  (B) Pie chart showing the proportional thickness of each facies. (C) Multi-variable bar graph 

showing facies thickness (cm) characteristics.  The green bars represent the cumulative thickness of that each facies type 

occurring in the entire outcrop and the values correspond to the y-axis scale on the left. The top and bottom point of the grey line 

running through each green bar corresponds to the maximum and minimum facies thickness. The X overlaid on each green bar 

represents the mean facies thickness.  The grey line and grey X values correspond with the y-axis on the right. (D) Multi-variable 

chart showing facies grain size (µm) characteristics.  The top and bottom point of the grey line corresponds to the maximum and 

minimum facies grain size. The X overlaid on each grey line represents mean facies grain size. The table below the (C) and (D) 

provide the number values for the data plotted above. 
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Figure 22. Outcrop photos of coarse grained high-density, sandstone facies 1 – 3B, deposited from layer by layer collapse of the 

near-bed layer due to high near-bed sediment concentrations, which cause hindered settling and dampens ore completely 

suppresses turbulence. Section meterage where each photo was taken is marked in white text (Appendix A; Figure 10). Notations 

below each photo indicate facies equivalents to facies presented depositional models by Bouma (1962) and Lowe (1982). Photos 

A-C: examples of clast-rich sandstones. Photo A: shows clasts concentrated in a horizon. Photo B: zoomed in image of the clast 

horizon in photo A. Photo C: chaotic and disseminated clast distribution. Pock marks represent clasts that have been weather out 

post-depositionally. Photo D: cm-spaced horizontally stratified sandstone with repeated inverse grading in between bedding 

planes. Photos E-F: examples of massive sandstones. Photo E: depositionally structureless sandstone. Photo F: Soft-sediment 

deformed sandstone showing disrupted nature of original sedimentary structures (over-steepened anticlinal laminations). In some 

cases structures may be completely destroyed.  
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Figure 23. Outcrop- and hand sample-scale photos of normally graded, fine-grained, 

laminated, low-density sandstone facies 4A-4C deposited by turbulence-drive size 

segregation and incremental (layer by layer) deposition (at low-fall out rates) via 

unhindered settling in concert with bedload reworking by shear forces. Section meterage 

and sample numbers recording where each photo was taken is marked in white text 

(Appendix A; Figure 10). Notations below each photo indicate facies equivalents to facies 

presented in depositional models by Bouma (1962) and Talling et al., (2012). Photos A: 

plane parallel-laminated sandstone. Photo B: asymmetrical ripple-laminated sandstone. 

Photos C-F: outcrop- and hand sample-scale examples of cm- spaced, wavy-laminated, 

carbonaceous, silty sandstones, showing variations in orientation of bedding planes ranging 

from low-angle to wavy.   
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Figure 24. Outcrop- and hand sample-scale photos of fine-grained, matrix-rich “muddy 

sandstone” facies 5A-5B deposited by en masse settling of sediment without size 

segregation due to sufficient cohesive strength from high clay concentrations. Section 

meterage and sample numbers recording where each photo was taken is marked in white 

text (Appendix A; Figure 10). Notations below each photo indicate facies equivalents to 

facies presented in depositional models by Haughton et al., (2009) and Talling et al., 

(2012). Photo A: hand-sample scale photo showing clasts with semi-organize distribution 

and orientation in a mud-rich matrix. Photo B: outcrop photo of muddy sandstone 

containing cm-scale mudclasts, and exhibiting an irregular weathering pattern. Photos C-

E: outcrop- and hand sample-scale examples of mudclast-deficient muddy sandstones with 

varying abundance of carbonaceous material.   
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Figure 25. Outcrop-scale photos of mudstone facies. Photos A – C: examples of turbiditic siltstone facies 7A-7C, respectively 

all of which are deposited by turbulence-drive size segregation and incremental (layer by layer) deposition (at low-fall out rates) 

via unhindered settling in concert with bedload reworking by shear forces. Section meterage where each photo was taken is 

marked in white text (Appendix A; Figure 10). Notations  below each photo indicate facies equivalents to facies presented in the 

Bouma Sequence (1962). Photos A: plane parallel-laminated siltstone. Photo B: super-critically climbing ripple-laminated 

sandstone. Photo C: massive, light gray, silt-dominated, clay-bearing siltstone. Photo D: example of massive, dark gray, clay-

dominated, silt-bearing mudstone deposited by gravity-driven settling of sediment through the water column. This is the only 

facies type deposited by processes unrelated to sediment gravity flows.  
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Figure 26. Summary of different debris flow types showing transport phase, depositional 

phase and deposited characteristics modified after Talling et al., (2012). 
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Figure 27. Summary diagram for submarine cohesive flow behavior and resulting deposits 

including deposition by flow transformation and deposition by strictly debris flows.  

Models presented in order of decreasing cohesive strength from A – D. (A) Strong cohesive 

strength. (B) Intermediate cohesive strength. (C) Low cohesive strength. (D) Generalized 

model for lowest cohesive strength fluid flow, referred to as fluid mud. Figure from Talling, 

(2013).
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Figure 28. Summary of event sedimentation event bed types and event properties identified in the middle Sites Member at Cache 

Creek. (A) Event bed classification summary diagram and examples of each event type from measured section (Appendix A). 

(B) Event thickness (cm) chart. (C) Event grain size (µm) chart. The top and bottom point of the grey line corresponds to the 

maximum and minimum values; the X overlaid on each grey line represents mean values; and the table below each graph the 

number values for the data plotted above; for chart (B) and (C) respectively. Pie charts show the proportional thickness (D) and 

proportional occurrence (E) of each event type. 
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Figure 29. Summary of transport phase, depositional phase and deposit characteristics of 

turbulent flow events types I, II, & III Table to left shows classification scheme presented 

in original figure (modified after Talling et al., 2012a), compared to facies presented herein 

in the colored boxes.
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Figure 30. Thirteen event beds in the middle Sites Member, Cache Creek, have been identified as potential candidates for event 

classification reassignment. Some of these event beds are currently classified as Type I: high-density turbidite events, and others 

are currently classified as Type IV: hybrid events, however they exhibit many of the depositional characteristics of poorly 

cohesive (DCS) debris flow types en sensu Talling et al., (2012). Further outcrop observations must be collected in order make 

a conclusion. 
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Figure 31. Diagram showing 3 processes that can generate an apparent event bed amalgamation surface, which is characteristically expressed as a convolute contact and/or mudstone intraclast horizon. Processes included are 

those limited to a basin floor setting with no local topography. (A) High-density turbidity current with sufficient matrix strength (Shanmugam, 2000) or dispersive pressure (Lowe, 1982) to support outsized buoyant mudstone 

intraclasts near the top of the bed. This surface is generated within the duration of a single event. (B) Lateral event bed amalgamation, via erosion, and (C) bed shearing processes occur over the duration of multiple events. 

Distinguishing depositional characteristics for field discrimination between single event and multi-event process are noted to the left of each event bed example (from measured section; Appendix A). The dashed line indicates 

that process B and C can share all of the listed responses. AS = amalgamation surface. SSD = soft sediment deformed. vC = very coarse. 
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Figure 32. List of depositional characteristics for field discrimination between late-stage, 

fine-grained flow surges and thin-bedded, low-density turbidite event beds. Field criteria 

compiled herein for the purpose of consistent treatment of ambiguous thin beds. 

Diagrammatic examples of ambiguous thin bedded intervals are from Appendix A.    
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Figure 33. Facies tract model (modified from Lowe, 1982) showing the relationship 

between facies proportions observed in Type I, II, and III non-cohesive turbidite event beds 

and spatial location along a depositional profile. Therefore, down-profile correlation of 

event bed facies arrangements can lend insight into proximal and distal sedimentation 

region locations. Note that without long distance correlation, it may be difficult to discern 

the appropriate upstream facies tracts because the distal expression for Type I-IV events 

are essentially the same (see distal event bed profile presented in hybrid flow facies tract 

in Figure 34). R2-3 and S1-S3 correspond to Lowe (1982) high-density turbidity current 

facies model. TA-E correspond to the Bouma (1962) divisions. Facies equivalents used in 

this study are noted in the legend.
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Figure 34. (A) Table and pie charts summarizing proportional occurrence and thickness of facies comprising Type IV hybrid flow 

events. (B) Facies tract model (modified from Talling, 2013) showing variability in the depositional response to longitudinal flow 

transformation for intermediate-strength, and low-strength unidirectional hybrid turbulent-cohesive flow events (Type IV events) along 

the depositional profile. LSDF = Low-strength debris flow deposits. ISDF = Intermediate strength debris flow. HDTC = High-density 

turbidite event deposit. LDTC= Low-density turbidite event deposit. SS = sandstone. Event bed examples are from Appendix A. 
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SEDIMENTARY BODY ANALYSIS 

   

Introduction 

 

 

Sedimentary bodies, also referred to as architectural elements (Miall, 1985), 

represent the largest scale attribute in the sedimentary hierarchy (Fig. 19). There are five 

basic sedimentary body types including channelforms, wedgeforms, lobeforms, drapes, 

and mass transport deposits, which are defined by their fill (compositional attributes), 

bounding surfaces (geometric attributes), and geometry. The proportion of facies and 

events contained within a single sedimentary body (compositional attributes), record time-

averaged hydraulic energy at the time of deposition and lend insight into the range of 

depositional processes governing body fill. Any body type may be comprised of a single, 

or more commonly, multiple stacked events. Much like event beds, the composition and 

geometry that define sedimentary bodies are indicative of relative profile position; 

corresponding seafloor gradient, and state of confinement (Gardner et al., 2003). For 

example, confined, partially confined, and unconfined flow conditions are typically host to 

channelform, wedgeform, and lobeform bodies, respectively.  

Mass transport deposits, channelform and wedgeform bodies each have unique 

geometries, and form at a scale that should be observable within the middle Sites Member 

outcrop exposure. Mass transport deposits tend to be irregularly shaped and internally 

deformed (Dott, 1963). Channelforms exhibit a concave up geometry and wedgeforms 

have a wedge geometry (Satur, et al., 2000). None of these geometries are observed in the 

middle Sites Member outcrop, and therefore, will not be discussed in further detail.  
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Lobeforms and drapes are both defined as laterally extensive depositional bodies 

with characteristically tabular geometry. However, these body types are indicative of 

starkly different basin conditions and they can be distinguished by their composition. 

Drapes compositionally differ from lobeforms because they are comprised of organic-rich, 

silt-sized or finer components that show evidence for geochemical alteration (Johnson et 

al., 2001; Hodgson et al., 2006). Drapes are interpreted to represent extended periods of 

time for which basin floor depositional rates are lowest resulting in fan abandonment and 

sediment starvation (Carr and Gardner, 2000). During these periods of sediment starvation 

the primary sediment source is fine-grained, biogenic material that has settled through the 

water column (Ochoa et al., 2013), which may be interlaminated with low frequency and 

low magnitude sediment gravity flows. Therefore, drape deposition is not restricted to 

flow-related depositional process, or unconfined environments. Consequently, drapes 

exhibit the longest stratigraphic correlation length. 

Comparatively, lobeform bodies are constructional, sheet-like to slightly convex-

up features comprised of turbidite and debrite deposits that reached the unconfined basin 

floor. The subtle convex-upward geometry, generated by lobe aggradation and/or lobe 

progradation and retrogradation, inherently constructs adjacent depositional lows which 

are progressively healed by succeeding flows. Therefore, the succeeding flow will form a 

sediment thick in the adjacent depositional relief, and thin or desist along the lobe crest. 

The principal autogenic controls on deepwater sedimentation include: (1) lateral offset and 

compensational stacking of lobes, (2) channel migration, switching and avulsion, and (3) 

longitudinal translation of the channel-lobe transition zone (Gardner et al., 2008). In turn, 
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autogenic processes are further controlled by larger-scale allogenic processes such as 

tectonic and climate modulations.  The depositional response to these complexly 

interrelated processes is recorded as lobe – interlobe couplets that exhibit a sheet-like 

geometry similar to that of each of its infilling event bed components (Reading, 1996 p. 

432).  

The purpose of this chapter is to twofold. First, semi-quantitative, observation-

based classification criteria for the variety of sedimentary body types present in the middle 

Sites Member will be presented. Second, the middle Sites Member depositional 

environment will be interpreted within the framework of the sedimentary hierarchy and the 

submarine fan model presented by Ingersoll (1978). Note that the term Facies (Table 1) 

and Facies Association (Table 2) used by Ingersoll (1978) is equivalent to the term 

sedimentary body and depositional environment, respectively, used in this study.  

 

Sedimentary Body Classification 

 

 

All of the sedimentary bodies observed in the middle Sites Member exhibit laterally 

extensive, tabular geometries (at the scale of the outcrop), baring a few shallow erosional 

features (<1 m). Approximately 90% of these tabular bodies are fine- to coarse-grained, 

medium- to thick-bedded, and sand-rich. The remaining 10% of bodies also exhibit tabular 

geometries, are thinly-bedded, silt-dominated, lack incisional features, and have a 

relatively low abundance of rippled facies, bioturbation, volcanic ash, and concretions. 

These observations suggest that the more thinly-bedded and finer-grained sheet bodies are 

neither interchannel deposits nor classic drape deposits. Instead, it can be inferred that the 
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middle Sites Member is strictly comprised of lobeform bodies, with broad spectrum of 

grain sizes and event bed component thicknesses.  

Six types of lobeform bodies were identified in the middle Sites Member. The 

attributes used to define unique lobe types included: bedding geometry, sand-to-shale 

ratios, presence of erosional surfaces and bypass indicators, facies proportions, event bed 

proportions, and grain size. All discussion of sedimentary body geometry described herein 

is limited to the scale of the outcrop, and thickness measurements strictly represent 

thickness recorded in the line of the measured section (see Fig. 11; blue line = section 

trace). Lobe boundaries and total lobe thickness are defined by: a change in depositional 

characteristics that persists for greater than 30 cm or the presence of three consecutive 

event beds that are uncharacteristic of the lobe’s depositional type. Less than 30 cm 

intervals are regarded as a component of a larger composite lobeform, and are interpreted 

to record very high frequency system modulations. In the proceeding sections all references 

made to grain size, proportional thickness of facies and event bed types, and body thickness 

are provided on Figure 35.   

 

Type 1: Sand-Rich Lobeform  

 

 Sand-rich lobeforms are defined as having a gross lithology comprised of greater 

than 80% sandstone. The event beds that stack to form sand-rich lobeforms are highly 

amalgamated, fine-upper to coarse-grained, Type I, high-density turbidite events (76%), 

with tabular geometries. The highly amalgamated nature of sand-rich lobeforms results in 

low preservation of mudstone event bed caps and generates a very blocky to massive 

appearance. Intervals meeting these criteria are further subdivided into thick- and thin-
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bedded, sand-rich lobeform bodies. Thick-bedded lobeforms (Type 1A lobeform) are 

defined as intervals dominated by greater than 40 cm thick event bed deposits, and thin-

bedded lobeforms (Type 1B lobeform) are dominated by less than 40 cm thick event beds 

(Talling, 2001).   

 

Thick-Bedded (Type 1A).  Type 1A lobeforms are the most common lobe type (21 

total occurrences), constituting 58% of the middle Sites Member by proportional thickness.  

The total thickness of these thick-bedded turbidite packages ranges from 1.5-15 m, with an 

average thickness of 6 m. Type 1A lobeforms are dominantly comprised of Type I events 

(74%), followed by 13% Type III and 12% Type IV events. As such, the dominant process 

facies are coarse-grained sandstones (79%), including massive, stratified, and clast-bearing 

sandstones. Laminated sandstone facies cumulatively constitute 9% of Type 1A lobeforms, 

and muddy sandstones account for an average of 5% of the total lobe thickness. Type 1A 

lobeforms contain the greatest number of amalgamation surfaces (up to 9 occurrences per 

sedimentary body), as compared to other types of lobeform bodies. This lobeform is 

equivalent to Facies B, barring the presence of channelization (Ingersoll, 1978; Table 1). 

Out of the 21 total occurrences of Type 1A lobeforms, there was only one instance in which 

a clear thickening upward trend was identified and six instances where very weak and 

ambiguous thickening upward trends were identified. On the whole, the internal 

organization of Type 1A lobeforms was irregular.  

 

Thin-bedded (Type 1B). Thin-bedded, Type 1B lobeforms are the third most 

common lobe type (5 total occurrences), constituting 10% of the middle Sites Member by 
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proportional thickness.  The total thickness of these turbidite packages ranges from 2-8 m, 

with an average thickness of 4.5 m. Type 1B lobeforms are comprised of slightly less Type 

I event beds (62%), and slightly more Type III (20%) and Type IV (17%) events, than 

observed in Type 1A lobeforms. The corresponding process facies include 58% high-

density facies (facies 1, 2, 3A, and 3b). The proportional thickness of laminated sandstone 

facies is consistent with Type 1A lobeforms (9%), however, the proportional thickness of 

muddy sandstone increases by 7% (12% total). Type 1B lobeforms also have a lower 

occurrence of amalgamation surfaces (up to 3 per body), and a variety of event bed stacking 

patterns. Out of the five occurrences of Type 1B lobeforms, one exhibited a thinning-

upward trend, two were thickening-upward (one was weakly trending), and two bodies 

exhibited irregular to symmetrical trends. This lobeform is equivalent to Facies C 

(Ingersoll, 1978; Table 1). 

 

 Interpretation. The sand-rich, and course-grained nature of Type 1A and 1B 

lobeforms record relatively high-frequency deposition from high-density turbidity 

currents, and are indicative of the most proximal depositional profile position observed in 

the middle Sites Member. However, lack of incisional features suggests that these 

lobeforms were restricted to the unchannelized, distal mid- to outer fan regions, down dip 

of the fan’s main channel feeder systems. Type 1A and 1B lobeforms are primarily 

differentiated by the thicknesses of event beds that stack to form them. The thick-bedded 

and massive nature of Type 1A lobeforms is indicative of lobe axis deposition, rather than 

the finer-grained, laminated deposits observed in the fan fringe environment (Hodgson et 

al., 2006). The low abundance of rippled facies and persistent planar bedding geometries 
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observed in Type 1B lobeforms, rules out interchannel, channel margin, or channel mouth 

deposition in the midfan region (Mutti, 1977). A large number of high frequency processes 

may be responsible for deposition of medium-thick beds in the mid-outer fan transitional 

zone. For example, a localized reduction in the sediment source volume generating lower 

magnitude, high-density flows (Mutti et al., 1999). Alternatively, course-grained thin-beds 

can be generated by sediment bypass of the flow’s fine sediment fraction, which can be 

driven by changes in slope gradient, or composition of sediment source.  

 

Type 2: Sand-Bearing Lobeform  

 

Sand-bearing lobeforms are defined as having a gross lithology of 60-80% 

sandstone. These lobes are comprised of the highest proportion of medium- to fine-grained, 

Type III and IV events (high- to low density turbidites and hybrid beds, respectively). The 

frequency of event bed amalgamation within these bodies is intermediate. Type 2 

lobeforms are equivalent to Facies C (Ingersoll, 1978; Table 1). Like sand-rich lobeforms, 

sand-bearing lobeforms have also been subdivided into thick- and thin-bedded, sand-rich 

lobeform bodies, referred to as Type 2A and 2B lobeforms, respectively.  

 

Thick-Bedded (Type 2A). Type 2A lobeforms are the least common lobe type (2 

total occurrences), constituting 4% of the middle Sites Member by proportional thickness.  

The total thickness of these thick-bedded, sand-bearing turbidite packages ranges from 2–

6 m. Type 2A lobeforms are comprised of 23% Type I event beds, 42% Type III events, 

and 23% Type IV events. The corresponding process facies include: 44% high-density 

sandstone facies, 18% laminated sandstone facies, 26% muddy sandstone facies, and 12% 
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mudstone facies. There were no amalgamation surfaces observed within the two 

occurrences of Type 2A lobeforms. Out of the two occurrences of Type 2A lobeforms, one 

exhibited a weak thinning-upward event bed thickness trend and the other was 

symmetrical.  

 

Thin-Bedded (Type 2B). Thin-bedded, Type 2B lobeforms are the second most 

common lobe type (12 total occurrences), constituting 19% of the middle Sites Member by 

proportional thickness. The total thickness of these turbidite packages ranges from 0.5 - 

6.4 m with an average thickness of 3.4 m. Type 2B lobeforms are comprised of less Type 

III events (23%), approximately the same proportional thickness of Type IV (33%), and 

slightly more Type I (36%) events than observed in its thick-bedded counterpart (Type 2A 

lobes). Type 2B lobes are additionally comprised of 6% Type II, low-density turbidite 

events, which are very rare in Type 2A lobes (≤ 1%). The corresponding process facies 

include: 45% high-density sandstone, 12% laminated sandstone, 21% muddy sandstone, 

and 21% mudstone facies. Type 2B bodies unexpectedly exhibit more frequent 

amalgamation surfaces than Type 2A lobeforms, up to four per body, with an average of 

one per body. Four Type 2A lobeforms exhibited a weak thickening-upward event bed 

thickness trend, four exhibited weak thinning-upward trends, four had irregular internal 

thickness trends, and one showed a clear thinning upward trend.  

 

Interpretation. Type 2A and 2B lobeforms represent the finer and more distal 

depositional expression of up-dip, high-density flows, which build Type 1A and 1B lobes, 

that have continued flow further onto the outer fan (Johnson et al., 2001; Straub and Pyles, 
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2012).  This interpretation is supported by the high proportion of distal debrites and the 

increased abundance of laminated facies. Much like thin-bedded, sand-rich lobes, thin-

bedded, sand-bearing lobes can also be indicative of a variety of midfan channel-related 

depositional processes; however, the low abundance of rippled facies and persistent planar 

bedding geometries do not support deposition in these environments (Mutti, 1977).   

   

Type 3, Silt-Dominated Lobeform 

 

Silt-dominated lobeforms are defined as having a gross lithology comprised of 40-

60% sandstone, and constitute 6% of the middle Sites Member by proportional thickness 

(8 total occurrences). Total body thickness ranges from 30 cm to 5.5 m, with an average 

thickness of 1.5 m, however the events that comprise them are typically less than 20 cm 

thick. Silt-dominated lobeforms may contain a few sparsely distributed outsize beds; 

however, a lobe boundary is not drawn unless greater than three consecutive beds, with a 

sandstone interval greater than 20 cm-thick, are present. Type 3 lobeforms are comprised 

of the most diverse facies association with very fine-grained event types including: 23% 

Type I, 27% Type II, 10% Type III, 35% Type IV, and 5% Type V events. The 

corresponding process facies include: 20% high-density sandstone, 28% laminated 

sandstone, 18% muddy sandstone, and 44% mudstone facies. This facies assemblage is 

equivalent to Facies D (Ingersoll, 1978; Table 1).  

 

Interpretation. Silt-dominated lobeforms are interpreted as having been deposited 

from dominantly low-density, depletive flows in the unconfined distal fan, immediately 

down dip of the fan’s sandstone pinchout (Johnson et al., 2001). This type of lobeform 
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corresponds with deposition on the fan fringe, or interlobe regions as a lobe axis laterally 

compensates to accommodate for aggradational topography (Mutti and Sonino, 1981) and 

other autogenic processes noted above. Isolated, outsized beds that may be contained 

within silt-dominated lobeforms are interpreted to represent uncharacteristically high-

magnitude beds that largely bypassed proximal depositional sites and transported a higher 

volume of coarse grains farther into the basin (Ricci-Lucchi and Valmori, 1980).  

 

Type 4, Clay-Bearing Lobeform  

 

Clay-bearing lobeforms are defined as having a gross lithology comprised <40% 

sandstone, and constitute 3% of the middle Sites Member by proportional thickness (6 total 

occurrences). Total body thickness ranges from 0.5-2 m, with an average thickness of 1 m. 

Event beds that stack to comprise a clay-bearing lobeform are less than 20 cm thick. Type 

4 lobeforms are comprised of the greatest percent of Type II (46% by proportional 

thickness) and Type 5 (21%) events out of all of the body types, followed by 27% thin-

bedded Type III events, and 5% thin-bedded Type I events. However, note that the 

distribution of Type V events between Type 4 bodies is uneven. Two out of the six 

occurrences of Type 4 lobeforms contain significant (46% and 25%) proportions of 

hemipelagic mud depositional event (Type V) beds, and the remaining four occurrences 

contain very few to no Type V events. The corresponding process facies include: 72% 

mudstone facies by proportional thickness, followed by 14% low-density laminated facies, 

13 % high-density sandstone facies, and 1% muddy sandstone facies. Two out of the six 

occurrences of Type 4 lobeforms exhibit thickening-upward event bed thickness trends, 
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three exhibit thinning-upward cycles, and one is irregular. This facies association is 

equivalent to Facies G (Ingersoll, 1978; Table 1). 

 

Interpretation. The two Type 4 lobeforms containing high proportions of Type V 

events may record relative periods of condensation across the fan system. However, their 

moderate clay fraction, and lack of ash and concretions, in combination with limited 

outcrop exposure precludes these bodies from being interpreted as drape bodies marking a 

basin-wide system shutdown. Instead, Type 4 bodies irrespective of their proportional 

comprisal of Type V events, are interpreted to represent deposition from the outrunning 

fine-grained wake of turbulent flows that come to rest downdip of the siltstone pinchout of 

fans (Johnson et al., 2001). This lobeform corresponds with the fan fringe-basin plain 

transition zone.  

 

Unique Intervals 

 

 

 There are four unique intervals that have currently been classified as lobeforms 

based on the above described criteria; however they are highly deformed, and 

understanding the mechanisms governing deformation may lend further resolution to the 

interpretation of the depositional environment of the middle Sites Member. There are 

several possible processes that can generate these deformed deposits including: 1) local 

undercutting of channel bank deposits and subsequent channel bank failure indicative of 

channelized inner or midfan regions (Dott, 1963); 2) gravity-driven slope failure and 

subsequent mass transport of sediment along a discrete basal shear layer, or multiple 

internal shearing planes, generate deformed resedimentation deposits, also referred to as 
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slump deposits. Slump deposits are characteristic of slope proximal facies associations 

(Dott, 1963); 3) original depositional characteristics are overprinted by post-depositional, 

multi-event-scale, soft sediment deformation; and 4) original depositional characteristics 

are overprinted by post-depositional structural deformation. Unlike deformation by mass 

transport processes, deformation by post-depositional process is not indicative of a 

particular submarine environment. Therefore, misinterpretation of deformed deposits could 

result in egregious misinterpretations of the depositional environment.  

Though a high confidence interpretation of the deformed intervals observed in the 

middle Sites Member cannot be made within the limitations of the collected data, a brief 

description of each interval will be provided. The first interval occurs between 128 m and 

133 m in the measured section (Appendix A) and is comprised of several highly deformed 

event beds, with angular and irregular bedding geometries (Fig 36A).  The location of this 

interval occurs at the base of the gully (Fig. 11), which coincides with the intersection of 

the apparent unconformity and line of measured section. This interval exhibits several soft 

sediment deformation features, including a column-shaped sandstone injectite and 

mudstone injections into overlying sandstone beds. The second deformed interval occurs 

between 167 m and 170 m (Appendix A) and overlies an approximately 1 m-thick, silt-

dominated interlobe deposit, which could serve as a low-competence glide plane. This 

interval exhibits soft sediment features, including two decimeter-thick sandstone injections 

that cross-cut sandstone and mudstone layers. Additionally, a vascular network of mm-

thick, cross-cutting sandstone injections are also observed within undulatory and 

discontinuous mud layers (Fig. 36B). The third deformed interval occurs between 178 m - 
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183 m (Appendix A). In addition to exhibiting irregular bedding geometries and the 

presence of mudstone injections which cross-cut sandstone layers, this interval is also 

highly fractured. The base of this interval is comprised of several thin hybrid event bed 

deposits, which may serve as a low competence glide plane (Fig. 36C). Finally, the fourth 

interval occurs between 191 m and 193 m on the measured section (Appendix A). This 

interval exhibits the most complex arrangement of mudstones which cross-cut sandstone 

layers that exhibit soft sediment deformation (Fig. 36D).  

Later examination of outcrop photos allowed for identification of bedding 

continuity up the ridge for the third and fourth deformed intervals, which were not visible 

from the line of measured section.  Therefore, the third and fourth deformed intervals are 

more likely to have been generated by soft sediment deformation processes. Lateral 

continuity of the event beds within the first and second deformed intervals could not be 

established and both exhibit a combination of deformational features that support mass 

transport, soft sediment deformation, and structural deformation processes. It is possible 

that the deformation was generated by a combination of these processes. Further 

investigation of these intervals is required to resolve this matter. For the purpose of this 

study, it will be assumed that all of the unique intervals were lobeforms subjected to some 

form of deformation.   

 

Depositional Environment  

   

The data presented in this study suggests that the middle Sites Member represents 

a lobe-dominated turbidite sequence deposited within the unconfined, outer fan 



123 

 

environment based on the Ingersoll (1978) submarine fan model (Table 2; Fig. 6).  

Lobeform types were presented in order of decreasing total thickness, grain size, flow 

density, flow magnitude, erosional strength, and event bed thickness, which corresponds 

to increasingly distal depositional profile positions within the outer fan environment (Fig 

35C and D). Four distinct profile positions including, the mid to outer fan transition zone, 

distal outer fan, outer fan interlobe (off-axis), and outer fan fringe, were recognized, each 

of which is interpreted to represent an outer fan subenvironment.  Cumulatively, sand-rich 

(Type 1) and sand-bearing (Type 2) lobeforms constitute the majority of the submarine fan 

fill by volume, and silt-dominated (Type 3) and clay-bearing lobeforms (Type 4) constitute 

the majority of interlobe and fan fringe fill by volume. The sedimentological analysis and 

accompanying interpretation presented herein is closely aligned with that of Ingersoll 

(1978), who also suggested that the middle Sites Member was deposited in the outer fan 

environment. Ingersoll (1978), additionally interpreted the outer fan to be characterized by 

a series of progradationally-driven upward-thickening cycles. This criterion will be 

addressed in detail in the forthcoming chapter.
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Figure 35. (A) Summary of sedimentary attributes of the 6 lobeform types identified in the middle Sites Member including various grain size averages, thickness measurements of the bodies, and total thickness of each 

of the facies and event bed components. (B) Pie chart showing the proportional thickness of each lobeform body type present in the middle Sites Member. (C) Depositional model for the Site Member from Ingersoll 

(1978) with lobeform body type numbers marked in their interpreted profile position, where US = upper slope; LS = lower slope; PS = passive or prograding slope; SC = slope channel; SS = slump scar; SA = slump 

accumulation; FC = fan channel; OVB = overbank; IF = inner fan; MF = midfan; CM = channelized midfan; OF = outer fan, IC = interchannel; F = fan fringe; L = depositional lobe; (+) = parts of the fan characterized 

by thinning upward or positive cycles; (-) = part of the fan characterized by thickening upward or negative cycles. (D) Series of pie charts depicting the proportional thickness of facies (top row) and events (bottom row) 

recorded in each body type. The depositional profile position is interpreted to increase in distance from the slope from left to right.  
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Figure 36. Four examples of highly deformed intervals that may represent mass transport deposits or soft sediment deformation on a multi-event scale. Example A and B occur in Dip Domain 2 and examples C and D 

occur in dip Domain 3. The top picture for examples A-C are at the largest scale and the red boxes marked on them indicate the area of focus for the zoomed in pictures below.   
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STATISTICAL ANALYSIS 

 

 

Introduction 

 

 

Reconstruction of deep marine fan environments (including the inner, mid, and 

outer fan) is possible by analysis of vertical stratigraphic turbidite sequences. A series of 

asymmetric fining- and thinning-upward cycles, are commonly interpreted to record a 

combination of vertical aggradation, channel migration, and channel abandonment 

processes occurring in the mid and inner fan environments (Ricci-Lucchi, 1975). In 

contrast, an outer fan sequence characteristically exhibits a series of asymmetric 

coarsening- and thickening-upward cycles, as a combined result of lobe progradation and 

aggradation (Walker, 1984; Fig. 1).  

Using a submarine fan facies model (Fig. 6A), Ingersoll (1978) qualitatively 

interpreted the Sites Member as a series of asymmetric, thickening- and coarsening-upward 

turbidite packages deposited in a progradational, lobe-dominated, mid- to outer-fan 

transitional setting in the Sacramento forearc basin (Fig. 6B). Murray, et al., (1996) 

conducted statistical analyses of turbidite event bed thickness (coarse and fine divisions 

included), on the middle Sites Member, in order to quantitatively test Ingersoll’s (1978) 

assertion. Murray, et al., (1996) concluded that the Sites Member at Cache Creek is not 

comprised of a succession of thickening- and coarsening-upward cycles, as proposed by 

Ingersoll (1978), and instead that turbidite event beds were vertically arranged in sequences 

that that thin-upward as commonly as those that thicken-upward.  As such, the following 

alternate conclusions were suggested by Murray et al. (1996): 1) if the Ingersoll (1978) 
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model is accurate, then the Sites Member may not represent a lobe-dominated, 

progradational, submarine, outer fan environment; 2) that the Ingersoll (1978) model is too 

simple to accurately explain a dynamic system; or 3) that the statistical tools applied were 

ineffective in evaluating a dynamic system.  

 As stated previously, the data presented thus far supports Ingersoll’s (1978) 

interpretation that the middle Sites Member is a lobe-dominated sequence having been 

deposited in the mid- to outer-fan transitional setting. This chapter presents a statistical 

analysis, called Monte Carlo adaptation of runs analysis, for Type I, II, and III turbidite 

event beds (352 total turbidite events), as a test for the presence and nature of  turbidite 

event bed thickness trends in the middle Sites Member. Raw data used for statistical 

analyses are compiled in Appendix D. This analysis was chosen because it was also used 

by Murray et al., (1996), as a tool to interrogate the assertion made by Ingersoll (1978) that 

the Sites Member was comprised of a series of upward thickening cycles. Therefore, 

replication of these statistical methods allows for comparative analysis.  

 

Method 

 

 

Murray (1992; 1996) identified a number of sedimentary attributes (Table 4), from 

which 3 event types were recognized, including: turbidites (collectively equivalent to Type 

I, II and III events), slurry beds (broadly equivalent to Type IV events), and hemipelagic 

marine shales (equivalent to Type V events). However, statistical analyses by Murray 

(1992; 1996) exclusively addressed turbidite event bed thickness. It is important to note, 

for the purpose of later discussion, that turbidite thickness analysis by Murray (1992; 1996) 
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includes both the coarse and fine divisions of the turbidite event bed.  To provide a 

representative analysis the statistical analyses presented herein also exclusively address 

turbidite event bed thickness.  

Monte Carlo adaptation of runs includes two types of runs tests: runs about the 

median (RAM), and runs up and down (RUD). RAM, which is most effective for 

identifying bundling of highs (thick beds) and lows (thin beds), is determined by comparing 

the thickness of each turbidite event bed to the median thickness of the entire section (Fig. 

37; Chester, 1993). If a bed thickness is less than or equal to the median thickness, the bed 

is coded with a 0, and if it is greater than the median thickness, the bed is coded with a 1.  

RUD is most useful in identifying thickening- and thinning-upward cycles (Chester, 1993). 

Traditionally, RUD is determined by comparing the thickness of each bed to the thickness 

of the successive bed (Rock, 1988, p. 210).  However, the Monte Carlo adaptation of runs 

dictates that the thickness of each successive bed is compared to the median thickness of 

the following three beds, which reduces high-frequency noise in the data set (Murray et al., 

1996; Fig. 38). If the bed thickness is less than the median thickness of the three succeeding 

beds, the bed is coded as a 1, and if it is greater than the median, it is coded as 0.  

A run is defined as an unbroken string of 1’s or 0’s. The number, length, and 

arrangement of runs are used to characterize a sequence. In order to determine if a turbidite 

event bed sequence exhibits random or nonrandom event bed thickness trends the number 

of RAM, number of RUD, number of long RUD (arbitrarily chosen as a run greater than 

four), and the length of the longest RUD are calculated for the original measured section. 

These values are then compared to the average and minimum number of RAM and RUD 



129 

 

yielded from 100 Monte Carlo simulations (randomly shuffled sequences) of the original 

sequences.  In general, a sequence exhibiting randomness will generate a large number of 

short runs (Fig 37A), whereas if the sequence has non-random event bed thickness trends, 

the test results will yield a small number of long runs (Fig 37B).  Therefore, if the number 

and length of RAM and RUD yielded from the original sequence are sufficiently lower and 

longer than those calculated for any randomly generated sequence, the original sequence 

is identified as non-random.  

Using a variety of logic statements in Microsoft Excel (Appendix D) the runs 

method presented by Murray (1992; 1996) was replicated, barring the omission of Monte 

Carlo simulations as a test for randomness. As such, it is important to state that herein, 

randomness of all statistically identified trends is determined by comparing runs results 

from the actual section with the runs results from the 100 shuffled sequences presented by 

Murray (1992; 1996).  

 

Results 

 

 

A summary of statistical results referred to in this section is compiled in Table 6. 

The number of RAM for Cache Creek was 135, which is significantly less than the 

minimum (160) and average RAM (192) calculated from the shuffled sequences. The 

number of RUD in the measured section was 166, which is also significantly lower than 

the minimum (186) and average RUD (208) calculated from the shuffled sequences. One 

hundred and seventy-seven thickening-upward transitions and 175 thinning-upward 

transitions were identified. There were a total of six long runs up, meaning that there were 
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six intervals containing four or more consecutive beds that thicken-upward, and the longest 

run up was five. There were a total of 22 long runs down (equal to or greater than 4 

consecutive beds), and the longest run down was 7.  Despite some differences in event bed 

definition, these results are consistent with those of Murray et al., 1996. 

 

Interpretation 

 

 

RUD 

 The low number of RUD suggests that thickening and thinning trends identified in 

the middle Sites Member are non-random. Although there are two more total thickening-

upward than thinning-upward transitions, there are 16 more long thinning-upward runs 

(Table 6). Consequently, the middle Sites Member cannot be conclusively interpreted as 

dominated by either asymmetrical thickness trends of a thickening- or thinning-upward 

nature. Instead, thickness trends appear to be relatively symmetrical or ambiguous at the 

event bed scale. A number of variables may be responsible for the deposition of 

uncharacteristic event bed thickness in the outer fan environment. For example, 

topography, erosional processes, and significant sediment volume bypass in the mid to 

outer fan transition zone may generate a thin but coarse-grained deposit. Additionally, 

multi-scalar nesting of trends is also a likely cause for the complex thickness signature 

observed at the event bed-scale. As such, event bed thickness is an unreliable criterion for 

interpretation of profile position, and for definition of cycles at the event bed-scale.  
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RAM 

 

The low number of RAM implies that the middle Sites Member, exhibits a strong, 

non-random grouping of thick and thin turbidite packages. The thick bedded packages are 

interpreted to correspond with course-grained, Type 1 and 2A composite lobeforms, and 

the thin-bedded packages correspond with fine-grained, Type 2B, 3, and 4 composite 

lobeforms. Alternation between coarse- and fine-grained grained composite bodies (lobe – 

interlobe couplets) is interpreted to record compensational lobe switching being driven by 

autogenic mechanisms. Therefore, the highest discernable order of cyclicity within the 

middle Sites Member occurs at the sedimentary body-scale, rather than the event bed-scale.  
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Table 6. Runs analysis of turbidite event beds in the middle Sites Member at Cache Creek. 

Red text represents results from measured section presented in this study. Black text 

represents results from Murray (1992). Black text preceded by ** represents results of runs 

analysis of 100 sequences that were generated by randomly shuffling the original turbidite 

sequence measured by Murray (1992).  
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Figure 37. Example of runs calculations and summary statistics for a hypothetical sequence 

that exhibits:   A) packaging of thin and thick beds without local trends; B) local thickening-

upward trends. (Modified after Murray, 1992). 
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Figure 38. Hypothetical bed thickness sequence exhibiting a thickening-upward trend 

overprinted by high-frequency noise. Red data points highlight run couplets with no 

thickness change caused by noise. In order to reduce noise. Murray (1992) applies a 

smoothing technique for which the run values of 1 and 0 are redefined as bed thickness is 

≤ or >, respectively, than the median of the following 3 beds. Figure modified after Murray, 

1992). 
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STRATIGRAPHAY 

 

 

Introduction 

 

 

The Upper Cretaceous Cortina Formation was deposited along the western edge of 

the Sacramento Forearc Basin during a time of high mean-annual temperatures (Saul, 

1986), and correspondingly high global sea level (Barron, 1981, 1983). From base to top, 

the Cortina Formation is subdivided into the Turonian Venado Sandstone, Yolo Shale, 

Coniancian Sites Sandstone, and Funks Shale members (Fig. 9). During Late Cretaceous 

deposition of the Sites Member, the Sacramento Forearc Basin was widening (Moxon and 

Graham, 1987) and the basin floor was thought to have a simple bathymetric profile 

(Ojakangas, 1968). Petrofacies studies (Dickinson and Rich, 1972) and paleocurrent 

analysis (Ojakangas, 1968; Swe and Dickinson, 1970) confirm that the sediment source 

during the Late Cretaceous time was singular, and that its provenance had shifted from the 

volcanic arc represented by the basement complex of the present-day Klamath Mountains 

to that of the present day Sierra Nevada. The depositional sink was distally located 

approximately 200 km from the sediment source.  

Ingersoll (1978) interprets the Cortina Formation stratigraphic sequence to record 

a transition in depositional environment from the basin-plain (Yolo), to the mid- to outer 

fan transition region (lower Sites), to the outer fan (middle Sites), to the midfan 

interchannel region (upper Sites), to channelized midfan (upper-most Sites), to lower-slope 

deposits (Funks; Fig. 6B). Regional subsurface correlations presented by Moxon (1990) 

indicates southward progradation and offlapping of the basin sediment fill throughout the 
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Late Cretaceous, which is consistent with regional stratigraphic interpretations by Ingersoll 

(1978). The Venado Sandstone and Sites Sandstone members compose the majority of 

sandstone within the Cortina Formation. Sandstone composition ranges from 22-35% 

quartz, 31-39% feldspar, and 27-47% lithics sourced from a combination of volcanic and 

felsic plutonic terrains (Dickinson and Rich, 1972).  

Based on the hierarchy of sedimentary attributes presented thus far (process facies, 

sedimentation events, and sedimentary bodies), this study supports the regional-scale 

interpretation, asserted by Ingersoll (1978); that the middle Sites Member is a lobe-

dominated turbidite sequence, deposited in the unconfined, outer fan environment. 

However, statistical analyses presented in this study and by Murray et al., (1996), do not 

support that the middle Sites Member exhibits thickening-upward cyclicity at the event bed 

scale. This chapter presents a possible explanation accounting for outer fan deposition that 

is not defined by thickening-upward event bed cyclicity. 

 

Hierarchical Approach to Stratigraphic Analysis 

 

 

This study newly contributes a threefold hierarchical stratigraphic framework for 

the middle Sites Member at Cache Creek based on the correlation of changes in multiple 

sedimentary attributes. Rather than solely focusing the study on event bed thickness, the 

analysis herein incorporates changes in grain size, process facies, event bed types and 

thicknesses, sedimentary body types, and stacking patterns. These changes document the 

evolution of the outer fan subenvironments including the mid to outer fan transition zone, 

distal outer fan, outer fan interlobe (off-axis), and outer fan fringe. The steeply dipping 
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nature of the bedding and limited outcrop height results in a stratigraphic interpretation that 

emphasizes vertical, rather than lateral sequence analysis. Despite outcrop limitations, 

reconstruction of deep marine fan environments is possible by multi-scale vertical 

sequence analysis. The vertical arrangement of sedimentary bodies, which represents the 

composite depositional record of process facies and event beds, records changes in 

depositional environment through time. The nature of these changes are thought to be 

cyclic and hierarchical, and are dictated by a combination of internal (autogenic) and 

external (allogenic) basin controls.  

Autogenic cycles can be generated by several mechanisms operating within deep-

water systems. For example, channel switching, migration, and avulsion instigate 

longitudinal translation of the channel-lobe transition zone; which in turn, forces lateral 

offset and compensational stacking of lobes (Gardner et al., 2008). As sedimentation on 

the partially confined to unconfined basin floor builds aggradational topography, these 

autogenic process spatially dictate compensational refocusing of sedimentation. This 

generates cyclic sedimentation patterns within the sedimentation region as active sites of 

sedimentation are repeatedly transform into inactive ones. As such, autogenic cyclicity can 

be inferred to operate on a relatively high-frequency time scale corresponding to 

sedimentation events and lobe-interlobe coupling. In contrast, allogenic controls on 

sedimentation including climate, eustasy, and tectonics, more directly govern sediment 

source, event magnitude and event frequency (Gardner et al., 2008). Allocyclicity occurs 

on a lower-frequency time scale, and corresponds to shifts in depositional environment and 

subenvironment.  
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It is important to note that allogenic and autogenic processes are not mutually 

exclusive, but rather they commonly operate in coincidence, resulting in compounded and 

nested cyclicity. In order to deconvolve this complex signature, three orders of stratigraphic 

cyclicity have been established (high, intermediate, and low). High-order cyclicity is 

interpreted from the statistical analysis, runs about the median (RAM), at the sedimentary 

body-scale. Intermediate-order cyclicity is interpreted from the depositional, model-based 

analysis at the sub-environment-scale; and low-order cyclicity is interpreted from a 

literature review of the regional, formation-scale geology.  

 

Stratigraphic Cycle Definition 

 

A stratigraphic cycle is defined based on the correlation of hierarchical changes in 

sedimentary attributes that are interpreted as corresponding to changes in flow frequency 

and/or magnitude (Gardner et al., 2008). Grain size is the most direct proxy for profile 

position and system energy, which is illustrated by the facies tracts on Figure 33 and 34.   

On a gently sloping seafloor, intervals that record greater preservation of fine-grained 

deposits correspond to low-frequency and/or low-magnitude sedimentation periods. 

Coarse-grained intervals with abundant bypass indicators correspond to high-frequency 

and/or high-magnitude sedimentation periods. Cycle boundaries are defined at points 

where sedimentation conditions alternate from high- to low-frequency and/or magnitude. 

Low-order cycle boundaries are represented by thicker accumulations of fine-grained 

sediment than they are at higher order cycle boundaries. However, cycle boundaries of all 

orders are comprised of some combination of fine-grained and debrite-rich, Type 2B Type 

3, and/or Type 4 lobeform bodies, with an approximate minimum thickness of 2 m.  
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All cycles identified in the middle Sites Member are comprised of three phases that 

represent increasing (waxing), maximum, and decreasing (waning) frequency and/or 

magnitude of sedimentation (Fig. 39A). The arrangement of these phases within each cycle 

is semi-symmetrical (Fig. 39B). Those cycles that exhibit a more asymmetric trend are 

interpreted to record sudden changes in basin conditions. Like cycle boundaries, phase 

boundaries are also defined where sedimentation conditions alternate from high- to low-

frequency and/or magnitude. However, phase changes are recorded by more subtle changes 

in gross lithology, grain size, and other sedimentary attributes, resulting in a more 

qualitative and subjective delineation (Fig. 39C). This hierarchical approach to 

stratigraphic correlation broadly conforms to the BCFS and AIGR model of systems energy 

stratigraphy (Gardner et al., 2003; 2008).  

 

Orders of Cyclicity 

 

High-Order Cycle 

 

Based on statistical analysis (runs about the median, RAM) presented in the 

previous chapter, the highest discernable order of cyclicity is interpreted to occur at the 

scale of sedimentary bodies. RAM analysis revealed a statistically significant trend in the 

alternation of thickly- and thinly-bedded packages. The thick-bedded packages are 

comprised of coarse-grained, Type 1A, 1B, and 2A composite lobeforms, and are 

commonly coincident with prominent sandstone bench topography. Such sandy intervals 

are interpreted to record outer fan, lobe axis deposition. Type 2B, 3, and 4 lobeforms 

correspond with the thinner-bedded and muddier, recessed slope topography. These 
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intervals are interpreted to record interlobe, or lobe fringe deposition. Alternation between 

coarse- and fine-grained composite bodies (lobe – interlobe couplets) is interpreted to 

record compensational lobe switching being driven by autogenic mechanisms. Six and a 

half high-order cycles were identified in the middle Sites Member (H1-H6; Fig. 40). The 

half cycle is not geologically significant, but rather marks the end of available data. Cycles 

H3 and H6 (Fig.40) are examples of more strongly asymmetric cycles, that are interpreted 

to represent rapid lobe switching. Upsection (vertical) changes in sedimentary attributes 

and the stacking pattern of high-order cycles are used to characterize the intermediate-order 

cycles in the following section.  

 

Intermediate-Order Cycle 

 Intermediate-order cyclicity is interpreted to occur at the scale of depositional 

subenvironments, and as a result of allogenic forcing. There is one complete intermediate-

order cycle in the middle Sites Member, which is comprised of a waxing, maximum, and 

waning phase (IWX2, IMX2, and IWN2, respectively; Fig. 40). Phase boundaries (IPB1 

and IPB2; Fig. 40) are coincident with the dip domain boundaries (Fig. 11, 40, and 41A). 

More specifically, IPB1 occurs at the dip domain boundary between Domain 1 and 2, 

which also marks the intersection of the progressive unconformity with the line of 

measured section. Though timing of deformation related to the unconformity is unknown, 

it appears to play a significant role in the expression of the sedimentary architecture of the 

middle Sites Member today. IPB2 is located at the boundary between Domain 2 and 3 (Fig. 

40). As such, IWX2 is contained within Domain 1, IMX2 within Domain 2, and IWN2 

within Domain 3 (Fig. 40). Two partial intermediate-order cycles are also present within 
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the middle Sites Member with one at the base and one at the top (IWN1 within Domain 1 

and IWX3 within Domain 3 respectively; Fig 40). Although partial cycles are limited by 

the extent of the measured section, their interpretation is possible with the incorporation of 

field observations and previous studies. The three interpreted domains, and the 

intermediate-order cycle phases that comprise them, are outlined below in stratigraphic 

order from the base to the top of the measured section. 

 

Domain 1. Domain 1 extends from zero to 100 m on the measured section 

(Appendix A; Fig. 11, 40). This domain is uniquely expressed by its bench and slope 

topography (Fig.41A), and is comprised of the IWN1 and IWX2 phases (Fig. 40). Based 

on previous literature (Ingersoll, 1978; Chester, 1993; Lowe, 2004) the stratigraphic base 

of the Sites Member (lowermost 30 m) has been interpreted to have been deposited in the 

unchannelized mid- to outer-fan transitional zone (Fig. 13). Above this interval, bedding is 

generally noted as medium- to thick-bedded with few to no erosional indicators, and is 

interpreted to record deposition in the outer fan environment. The interval between the base 

of the middle Sites Member (0m mark; true basal phase boundary unknown) and the 37 m 

mark is interpreted to record a waning phase in the outer fan (IWN1; Fig. 40). The IWN1 

phase is comprised of two high-order cycles and as the first cycle boundary (ICB1; Fig. 

40) is approached the high-order cycles become increasingly muddy and finer-grained. 

This interval has the highest proportion of both clay-bearing and debrite event beds, and 

turbidite event beds are medium- to thin-bedded, with well-preserved mudstone caps. 

Combined, these observations suggest an increasingly distal depositional profile position 

and waning energy conditions (fan retrogradation).  
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The interval between 37 and 100 m is interpreted as the waxing phase (IWX2; Fig. 

40) of the only complete intermediate-order cycle observed in the middle Sites Member. 

The IWX2 phase is also comprised of two high-order cycles with well-preserved, but 

commonly thicker event beds (Fig. 41B). The most salient trend in IWX2 is a gradual 

thinning-and finning-upward of slope-forming lobeforms in concert with a thickening- and 

subtle coarsening-upward trend of bench-forming lobeforms. Slope intervals also exhibit 

an upsection compositional transition from a more thinly-bedded, muddy sandstone-

dominated composition, to a cleaner, sandstone-dominated composition. These trends 

suggest waxing system energy in the outer fan environment and overall fan outbuilding. 

Therefore, the cycle boundary (ICB1) between IWN1 and IWX2 phases is interpreted as 

the turnaround from outer fan retrogradation to progradation, likely representative of high-

frequency allogenic forcing.  

 

Domain 2. Domain two extends from 100 m to 178 m on the measured section 

(Appendix A; Fig. 11, 40) and is interpreted as the maximum energy phase (IMX2; Fig. 

40) of the only complete intermediate-order cycle observed in the middle Sites Member. 

IMX2 entirely comprises Domain 2, which is in turn comprised of one and a half high-

order cycles. Event beds within IMX2 are consistently the thickest-bedded and coarsest-

grained, frequently amalgamated, and highly-deformed (partially soft-sediment deformed 

and fractured), relative to event beds in Domains 1 and 3 (Fig. 41C). The extreme 

deformation seen in Domain 2 is likely related to the apparent unconformity that 

corresponds to the basal phase boundary (IPB1) seen on Figures 11 and 40. Infrequent 

preservation of event bed mudstone caps and abundant amalgamation surfaces is 
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suggestive of high-energy conditions where bypass and erosion of the fine-grained 

sediment fraction is occurring. As such, this interval is interpreted to represent the 

unchannelized mid- to outer fan subenvironment. Because this phase overlies a waxing 

phase (IWX2; Fig. 40), the sequence is interpreted as representing either progradation or 

aggradation.  

 

Domain 3.  Domain 3 extends from 178 m to the top of the measured section 

(Appendix A; Fig. 11, 40) and is comprised of the waning phase of the only complete 

intermediate-order cycle (178 – 208 m) and the waxing cycle (208 – 223m) of the 

uppermost, partial intermediate-order cycle (IWN2 and IWX3 phases, respectively; Fig. 

40). The IWN2 phase is uniquely characterized by an overall decrease in event bed 

thickness, an increase in fine-grained facies, and the occurrence of multi-event-scale 

deformational intervals (Fig. 36C and 36D). IWN2 is similar to IWN1 except it is 

consistently less-muddy and coarser-grained, resulting in a less prominent bench and slope 

topography (Fig. 41D), and a briefer waning phase. 

The turnaround between waning system energy, represented by IWN2 phase, and 

waxing system energy, represented by the IWX3 phase, is marked by the IPB2 phase 

boundary (Fig 40). Above the IPB2 phase boundary event beds increase in thickness, and 

muddy sandstones become rare. IWX3 is very similar, in all respects, to the IWX2 phase 

in Domain 1 (Fig 40). The top of the IWX3 phase could not be identified in this study 

because it does not occur within the limits of the measured section. In order to assign a 

depositional profile position to the incomplete IWX3 phase, it is important to understand 

its relationship to the overlying upper Sites Member. Based on previous literature 
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(Ingersoll, 1978; Lowe, 2004) and field observations, the portion of the upper Sites 

Member that outcrops along the Highway 16 road cut (Fig. 14), represents the most 

consistently thin-bedded and fine-grained interval in the greater Sites Member. As such, 

the upper Sites Member can be interpreted to have been deposited in either the midfan 

interchannel (slope fan) environment or the outer fan – basin plain transition zone.  

It is unlikely that the upper Sites Member represents an outer fan – basin plain, 

transitional depositional sequence based on the following observations. In addition to being 

thinly-bedded, the upper Sites Member is also unique in that it exhibits numerous bedding 

angularities, sharp-topped sandstone beds, and has a notable increase in mass transport 

deposits, sole marks, and trace fossils (Ingersoll, 1977). These observations are 

uncharacteristic of basin plain deposits, which would instead exhibit highly uniform and 

planar bedding surfaces due to its unconfined nature (Mutti, 1977). Furthermore, in order 

for a mass transport deposit to reach the distal and unconfined basin plain, it must be 

assumed that the basin is sufficiently narrow for the axial transportation of sediment to 

result in the deposition of a fan system directly adjacent to the slope. In such a case, slope-

related deposits, such as mass transport deposits, could flow onto the margin of the distal 

outer fan and basin plain (Fig. 42 D). In order to test this hypothesis, paleoflow 

measurements need to be collected to determine the origin of the mass transport deposits. 

Finally, the uppermost 40 m of the Sites Member, overlying the road cut (Fig. 15), 

has been interpreted as a channel deposit in the midfan region. Therefore, if it was assumed 

that the upper Sites Member was recording deposition in the basin plain environment, a 

complicated depositional history would be required to account for the resulting non-
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Waltherian succession in which the outer fan – basin plain transitional zone would be 

overlain by channelized mid-fan deposits (Fig 42B). For all of the above reasons, it has 

been concluded that the upper Sites Member more likely represents interchannel deposits 

in the mid-fan environment, and in turn that the IWX3 phase capping Domain 3 records 

deposition on the non-channelized mid- to outer fan transitional zone.  

 

Low-Order Cycle 

Low-order cyclicity is interpreted to occur at the scale of depositional 

environments, which roughly correspond with formation member boundaries within the 

Cortina Formation of the Great Valley Group. A change in profile position and 

environment is interpreted to occur as a result of allogenic forcing. Herein, low-order 

cycles are defined based by the vertical arrangement of intermediate-order phases 

presented in the previous section (Fig. 40), and by previous literature addressing regional 

stratigraphy (Fig. 9). The Yolo Member of the Cortina Formation records deposition on 

the basin plain, overlain by outer fan deposits of the lower and middle Sites Members, 

which are further overlain by the upper Sites Member mid fan deposits, and finally capped 

by the Funks Member lower slope deposits (Fig. 42A). This total sequence only comprises 

the waxing phase (progradational package) of a single low-order cycle. Therefore, the 

middle Sites Member constitutes a small fraction of a low-order cycle, and the 

identification of low-order cycle boundaries falls outside the scope of this study.  
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Figure 39. Diagram showing the schematic definition of a stratigraphic cycle used to 

characterize the middle Sites Member stratigraphy.  (A) Each shape and its orientation 

represents a system energy phase within a complete stratigraphic cycle, where wax = 

waxing (triangle with downward pointing apex); max = maximum (rectangle); and wan = 

waning (triangle with upward pointing apex) system energy. (B). The attenuation of each 

phase is suggestive of the rate at which deposition and system energy changes. (C)  

Diagram illustrating the difference between phase and cycle boundaries in a vertical 

sequence of stratigraphic cycles.
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Figure  40. Shown from left to right is an interpretation of depositional environment for the middle Sites Member, stratigraphic cycles (high-, intermediate-, and low-order cycles), a composite measured section and corresponding 

elementary sedimentary bodies, and a series of pie charts showing changes in facies, event, and body proportions within each zone. Dashed lines mark domain boundaries and color coding for each attribute is seen in the legend 

below. The number marked at the center of each pie event proportions pie chart represents the number of each body type occurring within its respective domain. The double red asterisks symbol marks potential drape intervals 

where the highest proportion of clay facies are present. H1 = high-order cycle 1; H2 = high-order cycle 2; H3 = high-order cycle 3; H4 = high-order cycle 4; H5 = high-order cycle 5; H6 = high-order cycle 6; IWN1 = 

intermediate-order waning phase 1; ICB1 = intermediate-order cycle boundary  1; IWX2 = intermediate-order waxing phase 2; IPB1 = intermediate-order phase boundary 1; IMX2 = intermediate-order  maximum energy phase 

2; IPB2 = intermediate-order phase boundary 2; IWN2 = intermediate-order waning phase2; ICB2 = intermediate-order cycle boundary 2; IWX3 = intermediate-order waxing phase 3.  
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Figure 41. (A) View looking north at river-cut exposure of the Upper Cretaceous, middle Sites Member with dip domains (see also Figure 12 and Table 3) marked along the base of the photo. Meterage is marked at a 50 meter 

interval. Measured section data is from this report, except for intervals between 207.1-213.7 m and 223.1-238.7 m which are insets from Murray’s (1992) measured section. (B) Event beds in Dip Domain 1 are medium- to 

thick-bedded and have well preserved mudstone caps. (C) Event beds in Dip Domain 2 are highly amalgamated due to poor preservation of mudstone event caps (D) Dip Domain 3 is characterized by consistently thinner 

bedding than Domains 1 and 2, and the increased occurrence of deformed intervals which could be interpreted as mass transport deposits or soft sediment deformation at a multi-event scale (see Figure 36C and D). 
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Figure 42. (A) Schematic temporal sequence, corresponding to the depositional model illustrated in (C) that shows changes in depositional subenvironment for which the road cut was interpreted to represent the midfan 

interchannel environment. (B) Schematic temporal sequence, corresponding to the depositional model illustrated in (D) that shows changes in depositional subenvironment for which the road cut was interpreted to represent the 

outer fan basin plain transition zone. This interpretation requires the presence of a non-Waltherian jump, represented by the X’d square, in between the road cut and the overlying channelized uppermost 40 m (top) of the Sites 

Member. (C) Depositional model for interpretation of the Sites Member from Ingersoll (1978). (D) Alternative depositional model accounting for the occurrence of mass transport deposits in Domain 3, and in the upper Sites 

Member. See Figure 6 caption for definition of model abbreviations. 
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DISCUSSION AND CONCLUSIONS 

 

 

In this case study of the Upper Cretaceous, Sites Member of the Cortina Formation 

the apparent discrepancies between two models for the sedimentological and stratigraphic 

interpretation of the Sites Member are addressed and a model that resolves and combines 

aspects of each is proposed. The first model is a qualitative-based interpretation of 

depositional environment by Ingersoll (1978), which is focused on the analysis of process 

facies- and sedimentary body-scale attributes, whereas the second model is a statistically-

based approach used by Murray et al. (1996) exclusively focused on sedimentation event-

scale attributes. Ingersoll (1978) interpreted the Sites Member as a series of asymmetric, 

thickening- and coarsening-upward turbidite packages deposited in a progradational, lobe-

dominated, mid- to outer-fan transitional setting. However, Murray et al. (1996) interpreted 

the Sites Member to represent a turbidite sequence in which sedimentary event beds thin 

upward as commonly as they thicken upward. Herein, an alternative approach to 

interpreting depositional environment has been presented. This approach was derived by 

integrating the unique scales of analysis underpinning quantitative and qualitative models 

into a hierarchical (multi-scale) sedimentary and stratigraphic framework. In doing so, the 

seemingly disparate interpretations of the Sites Member depositional environment 

presented by Ingersoll (1978) and Murray et al. (1996) can be integrated into a single, 

comprehensive model. 
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Sedimentary Hierarchy 

 

 

Three scales of sedimentary attributes were characterized into a sedimentary 

hierarchy (Fig. 19) that included: hydrodynamic sedimentary process facies, sedimentation 

events, and sedimentary bodies. In this model process facies stack to form sedimentation 

event deposits, sedimentation events stack to form sedimentary bodies, which in turn stack 

to form the sedimentary architecture that defines a depositional environment. At all three 

scales, unique groupings of sedimentary attributes can be used to make inferences about 

depositional profile position  

 

Hydrodynamic Process Facies 

 

A total of 15 process facies (Fig. 17), which are the fundamental building blocks of 

the sedimentary hierarchy (Fig. 19), were defined. Table 5 subdivides processes facies into 

four groups: 1) facies that record layer-by-layer deposition of clean sand under damped 

turbulent conditions, caused by high sediment concentrations; 2) facies that record layer 

by layer deposition of clean sand under fully turbulent conditions, allowing for unhindered 

settling and bedload reworking; 3) those deposited by en masse consolidation of a flow 

under dominantly or entirely laminar flow conditions; and 4) those deposited by non-

sediment gravity flow related processes. Unique vertical arrangements of these process 

facies were then used to classify types of sedimentation events, which represent the 

intermediate-scale attribute of the sedimentary hierarchy (Fig. 19).  
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Sedimentation Event 

 

Event bed deposition occurs at the temporal and spatial scale of a single sediment 

gravity flow (Campbell 1967), for which flow density, viscosity, velocity, sediment 

support mechanisms, and near-bed sedimentation processes responsible for deposition are 

recorded by the facies that comprise them. The five event bed types classified fit into the 

following three categories based on dominant near-bed sedimentation processes: 1) events 

that exclusively record layer by layer deposition of cohesionless sand from a turbulent flow 

(turbidity current; including event Types I, II, and III); 2) those deposited in part by en 

masse consolidation of a debris flow, and in part by turbulent flow (hybrid flow event; 

Type IV); and 3) those deposited by non-sediment gravity flow related processes (Type V; 

Fig. 28). 

By subdividing turbidite events into three separate classes, a thorough spectrum of 

deposits recording variable flow density was captured. Type I and II events both exhibited 

low facies diversity and limited grain size diversity, which is indicative of their end 

member density conditions. The relationship between Type I, II, and III events can be 

explained with respect to the relative position of their deposits along the slope to basin 

profile (Figure 33). The coarser-grained high-density head of the flow began depositing its 

load first, and nearer to the slope, while the finer grain size fraction, comprising the lower-

density tail of the flow, bypassed the proximal depositional site and continued farther onto 

the basin floor. Type III events represent an intermediate depositional profile position 

between Type I and II. Much like turbidite event beds, the thickness, grain-size, and facies 

assemblage of hybrid event beds (Type IV), recording flow transformation, correlate to 
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relative positions along a depositional profile. In general, thicker and coarser-grained, 

linked hybrid turbidite-debrite event beds are deposited nearer the slope, whereas thinner- 

and finer grained bottom-absent hybrid events are deposited in a more distal position (Fig. 

34B).  

Hemipelagic mud depositional events (Type V) only constitute 1% of the middle 

Sites Member by proportional thickness. However, due to the exceedingly low rates of 

sediment accumulation associated with suspension settling processes, these thin deposits 

represent substantially more time than thicker, flow-related deposits. Additionally, the 

basin conditions required for deposition of Type V events are mutually exclusive with the 

depositional conditions required for event Types I-IV, and therefore the presence, 

thickness, and distribution of Type V events has significant implication for flow-related 

event frequency.  

  

Sedimentary Body 

 

Sedimentary bodies represent the largest scale attribute in the sedimentary 

hierarchy (Fig. 19). The proportion of facies and events contained within a single 

sedimentary body (compositional attributes), record time-averaged hydraulic energy at the 

time of deposition. All of the sedimentary bodies observed in the middle Sites Member 

exhibit laterally extensive and tabular geometries, lack incisional features, and have a 

relatively low abundance of rippled facies, bioturbation, volcanic ash, and concretions. As 

such, the middle Sites Member is interpreted to represent a lobe-dominated turbidite 

sequence deposited within the unconfined, outer fan environment.  
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Six types of lobeform bodies, with a broad spectrum of grain sizes and event bed 

component thicknesses, were identified in the middle Sites Member. Lobeform types were 

presented in order of decreasing average total thickness, grain size, flow density, flow 

magnitude, erosional strength, and event bed thickness, which corresponds to increasingly 

distal depositional profile positions within the outer fan environment (Fig 35C and D). Four 

distinct profile positions including, the mid to outer fan transition zone, distal outer fan, 

outer fan interlobe (off-axis), and outer fan fringe, were recognized, each of which is 

interpreted to represent an outer fan subenvironment. Cumulatively, sand-rich (Type 1) and 

sand-bearing (Type 2) lobeforms constitute the majority of the submarine fan fill by 

volume, and silt-dominated (Type 3) and clay-bearing lobeforms (Type 4) constitute the 

majority of interlobe and fan fringe fill by volume.  

 

Statistical Analysis 

 

 

The absence of asymmetrical thickening-upward event bed trends, determined by 

RUD, and the presence of alternating thick and thin-bedded packages, determined by 

RAM, in the middle Sites Member, stands in agreement with statistical trends interpreted 

by Murray et al. (1996). In turn, statistical interpretations of event bed thickness in this 

study, stand in contrast to event bed thickness trends interpreted in the submarine fan model 

of Ingersoll (1978). However, barring the event bed thickness criterion for definition of the 

submarine outer fan environment, all other qualitative sedimentological analysis agree with 

the Ingersoll (1978) model.  
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Unlike Murray et al (1996) suggests, these seemingly disparate conclusions do not 

serve as evidence that the middle Sites Member was not deposited in the outer fan 

environment, that the Ingersoll (1978) model is entirely incorrect, or that the statistical 

analyses are not sufficiently sophisticated to model a dynamic system. Rather, it suggests 

that stratigraphic cyclicity cannot be defined by event bed thickness, and further, that event 

bed thickness cannot be used as a diagnostic criterion for the outer fan environment when, 

quantitatively or qualitatively analyzed and interpreted in isolation of additional supporting 

sedimentary attributes. A number of variables may be responsible for the deposition of 

uncharacteristic event bed thickness in the outer fan environment. For example, 

topography, erosional processes, and significant sediment volume bypass in the mid to 

outer fan transition zone may generate a thin but coarse-grained deposit. Additionally, 

structural outcrop complexities, pervasive soft sediment deformation, and the relatively 

frequent occurrence of amalgamation surfaces increases the uncertainty in event bed 

definition and may ultimately mask depositionally governed event bed thickness trends 

that statistical analyses are meant to define. As such, event bed thickness is an unreliable 

criterion for interpretation of profile position, and for definition of cycles at the event bed-

scale. Instead, grain size is a more consistent proxy for profile position and changes in 

system energy.  

 

Stratigraphic Hierarchy 

 

 

In order to reconcile the interpretations presented in the qualitative model-based 

study of Ingersoll (1978) and the statistical model-based studies by Murray et al. (1996), 
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the three-fold hierarchical stratigraphic framework presented was based on the correlation 

of changes in multiple sedimentary attributes. Rather than solely focusing the study on 

event bed thickness, the analysis herein incorporated changes in grain size, process facies, 

event bed types and thicknesses, sedimentary body types, and stacking patterns. Grain size, 

however, was the primary attribute that defined stratigraphic cyclicity. 

The middle Sites Member was interpreted to be comprised of six and a half high-

order, one intermediate-order, and one partial low-order cycles, where each cycle consists 

of three phases that represent increasing (waxing), maximum, and decreasing (waning) 

frequency and/or magnitude of sedimentation (Fig. 39A). The arrangement of these phases 

within each cycle is semi-symmetrical (Fig. 39B). Based on statistical analysis (runs about 

the median, RAM) the highest discernable order of cyclicity is interpreted to occur at the 

scale of sedimentary bodies as a result of autogenic forcing. Intermediate-order cyclicity is 

interpreted to occur at the scale of depositional subenvironments, and as a result of 

allogenic forcing. Therefore, intermediate-order cyclicity is broadly parallel to the second 

order cycles (also referred to as turbidite megasequences) defined by Ricci-Lucchi (1975). 

Low-order cyclicity is interpreted to occur at the scale of depositional environments, which 

roughly correspond with formation member boundaries within the Cortina Formation of 

the Great Valley Group. A change in profile position and environment is interpreted to 

occur as a result of allogenic forcing, and therefore, low-order cycles are broadly 

comparable to first order cycles (also referred to as turbidite suites) defined by Ricci-

Lucchi (1975). The allocyclic mechanisms governing first order cyclicity may include: 
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basin subsidence, tectonic-driven basin reorganization, change in sea level, or change in 

sediment supply.  

 

Comparative Analysis 

 

 

The vertical and hierarchical arrangement of high-, intermediate-, and low-order 

cycles illustrated in Figure 40, suggest that the entire middle Sites member is part of the 

waxing phase of an overall prograding submarine fan system, represented by the Great 

Valley Group. The Yolo Member of the Cortina Formation records deposition on the basin 

plain, which is overlain by outer fan deposits of the lower and middle Sites Members, 

which are further overlain by the upper Sites Member mid fan deposits, and finally capped 

by lower slope deposits of the Funks Member (Fig. 42A). Therefore, at the scale of low-

order cyclicity, this interpretation is in agreement with the Ingersoll (1978) model.  

Within the middle Sites Member, the intermediate-order cycles are interpreted to 

represent longitudinal oscillations of submarine fan subenvironments. From base to top, 

the five intermediate-order cycle phases that comprise the middle Sites Member include 

IWN1, IWX2, IMX2, IWN2, IWX3, which are interpreted to record deposition in the distal 

outer fan, proximal outer fan, non-channelized mid- to outer fan transitional zone, outer 

fan, and non-channelized mid- to outer fan transitional zone, respectively. At the scale of 

intermediate-order cyclicity, the middle Sites Member also exhibits an overall progradation 

of submarine fan subenvironments, and is consistent with the Ingersoll (1978) model. 

However, at the scale of high-order cyclicity, the middle Sites Member is interpreted to 

exhibit six complete, and semi-symmetrical cycles in which both progradation and 
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retrogradation occurs. Therefore, if the middle Sites Member was only analyzed at the scale 

of high-order cyclicity or finer (event bed-scale), as was the case in the statistical analysis 

of Murray et al. (1996), the middle Sites Member would not be interpreted to represent a 

prograding submarine fan. Additionally, it can be assumed that at the event bed-scale, 

multi-scale and coincident, allogenic and autogenic mechanisms are responsible for 

hierarchical nested cyclicity in the sedimentary record. The nested cyclicity likely 

contributes to the complex event bed thickness trends identified in the analysis of Murray 

et al. (1996), and this study.  As such, it can be concluded that the discrepancies in 

interpretations of the middle Sites Member depositional environment made by Ingersoll 

(1978) and Murray et al., (1996) were simply an issue of improper comparison of different 

process and response scales.   

 

Future Work 

 

 

Despite the similarities in field criteria used herein with those by Murray (1992) for 

identification of hemipelagic marine events (including, darker color, greater fissility, and 

lower silt content than turbiditic shales), Murray (1992) identified 148 more hemipelagic 

mud depositional events, comprising 9.86 meters more of the middle Sites Member, than 

were identified in this study. This stark discrepancy in identification of hemipelagic events 

(Type V) suggests that the field-based criterion for the discrimination of deep marine 

sediment gravity flow-related mudstone deposits and mudstone deposits from gravity-

driven settling of hemipelagic detritus through the water column, is subjective. When 

conducting statistical analyses of event bed thickness trends in turbidite sequences, such as 
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those presented in this study, the question remains, can event bed thickness inaccuracies 

related to low resolution field criterion for mudstone discrimination, change statistically 

defined event bed thickness trends in a significant way? Because one of the principle 

motivations for statistical event bed thickness trend analysis is to establish quantitatively 

validated predictive rules for characterization and modeling of sedimentary basin 

architecture, future work addressing the above question may prove worthwhile. Previous 

studies in mudrock discrimination (Ochoa et al., 2013) recommend laboratory analyses 

including, x-ray diffraction (XRD) and field emission scanning electron microscopy 

(FEM) for determination of mineralogy and clay fabric, respectively. However, caution 

must be advised in pursing FEM analysis of the mudrock samples collected, as structural 

deformation may largely destroy or overprint the original micro-fabric indicators.  

This study identifies the presence of a previously undocumented progressive 

unconformity within the Sites Member. Because the primary subject of this study was not 

focused on a structural analysis of the Cache Creek outcrop, the timing and nature of 

structural growth along this unconformity is unknown. However, if the Sites member was 

synkinematically deposited, then the detailed sedimentological analysis presented herein 

contributes to our understanding of multi-scale depositional responses, with respect to 

actively growing progressive unconformities occurring in the submarine fan environment 

of a forearc basin. Additionally, further evaluation of structural outcrop complexities may 

provide context for thickness trends that cannot be exclusively explained by depositional 

mechanisms.  

 

 



160 

 

 

 

 

 

 

REFERENCES CITED 



161 

 

Allen, J.R.L., 1970, The sequence of sedimentary structures in turbidites with special 

 reference to dunes: Scottish Journal of Geology, v. 6, p. 146–161. 

 

Allen, J.R.L., 1984, Parallel lamination developed from upper-stage plane beds: A model 

based on the larger coherent structures of the turbulent boundary layer: Sedimentary 

Geology, v. 39, p. 277-242. 

 

Allen, J.R.L., 1985, Principles of Physical Sedimentology: London, George Allen and 

 Unwin, 272 p.  

 

Allen, J.R.L., 1991, The Bouma division A and the possible duration of turbidity currents: 

 Journal of Sedimentary Petrology, v. 61, p. 291-295.  

 

Amy, L.A., and Talling, P.J., 2006, Anatomy of turbidites and linked debrites based on 

long distance (120 x 30 km) bed correlation, Marnoso-Arenacea Formation, 

Northern Apennines, Italy: Sedimentology, v. 53, p. 161-212. 

 

Arnott, R.W.C. and Hand, B.M., 1989, Bedforms, primary structures and grain fabric in 

the presence of deimnet rain: Journal of Sedimentary Petrology, v. 59, p. 1062-

1069. 

 

Ashley, G.M., Southard, J.B., and Boothroyd, J.C., 1982, Deposition of climbing-ripple 

 beds: a flume simulation: Sedimentology, v. 29, p. 67-79. 

 

Baas, J.H., Best, J.L., Peakall, J. and Wang, M., 2009, A phase diagram for turbulent 

transitional and laminar clay suspension flows: Journal of Sedimentary Research, 

v. 79, p. 162–183. 

 

Baas, J.H., Best, J.L. and Peakall, J., 2011, Depositional processes, bedform development 

and hybrid flows in rapidly decelerated cohesive (mud-sand) sediment flows: 

Sedimentology, v. 58, p. 1953–1987. 

 

Bagnold, R.A., 1962, Auto-suspension of transported sediment; Turbidity currents: 

Proceedings of the Royal Society of London: Mathematical and Physical Sciences, 

Series A, v. 265, p. 315-319. 

 

Barron, E.J., 1981, An ice-free Cretaceous? Results from climate model simulations: 

 Science, v. 22, no. 4494, p. 501-508. 

 

Barron, E.J., 1983, A warm, equable Cretaceous; the nature of the problem: Earth Science 

 Reviews, v. 19, p. 305-338. 

 

Boggs, S., 2006, Principles of sedimentology and stratigraphy: Upper Saddle River, New 

 Jersey, Pearson Prentice Hall Pearson Education, Inc., fourth edition, 688 p.  



162 

 

 

Bouma, A.H., 1962, Sedimentology of some flysch deposits: a graphic approach to facies 

 interpretation: Amsterdam, New York, Elsevier, 168 p.  

 

Campbell, C.V., 1967, Lamina, laminaset, bed and bedset: Sedimentology, v. 8, p. 7-26. 

 

Carlson, J. and Grotzinger, J.P., 2001, Submarine fan environment inferred from turbidite 

 thickness distributions: Sedimentology, v. 48, p. 1331-1351. 

 

Carr, M., and Gardner, M.H., 2000, Portrait of a Basin-Floor Fan for Sandy Deepwater 

Systems, Permian Lower Brushy Canyon Formation, West Texas, in A. H. Bouma, 

and C. G. Stone, eds., Fine-Grained Turbidite Systems and Submarine Fans: AAPG 

Memoir 72/SEPM Special Publication 68, p. 215-231. 

 

Chen, C., and Hiscott, R.N., 1999, Statistical analysis of turbidite cycles in submarine fan 

 successions; tests for short-term persistence: Journal of Sedimentary Research, v. 

   69, p. 486-504. 

 

Chester, T.L., 1993, Analysis of Vertical Cyclicity Patterns in a Submarine Fan Sequence, 

in Graham, S.A., and Lowe, D.R., eds., Advances in the Sedimentary Geology of 

the Great Valley Group, Sacramento Valley, California: Pacific Section, Society of 

Economic Paleontologists and Mineralogists, Book 73, p. 19-29. 

 

Chester, T.L., 1994, Analysis of vertical cyclicity patterns in two sediment gravity flow 

sequences [M.S. thesis]: Stanford University, 169 p. 

 

Coussot, P., 1995, Structural similarity and transition from Newtonian to non-Newtonian 

behaviour for water-clay suspensions: Physical Review Letters, v. 74, p. 3971 

3974. 

 

Davis, J.C., 1986, Statistics and Data Analysis in Geology: New York, John Wiley and 

Sons, second edition, 646 p. 

 

Degraaff-Surpless, K., Graham, S.A., Wooden, J.L., and McWilliams, M.O., 2002, Detrital 

 zircon provenance analysis of the Great Valley Group, California: Evolution of an 

 arc forearc system: Geological Society of America Bulletin, v. 114, no 12, p. 1564- 

 1580. 

 

Dickinson, W.R., 2008, Accretionary Mesozoic-Cenozoic expansion of the Cordilleran 

continental margin in California and adjacent Oregon: Geosphere, v. 4; no.2; p. 

329-353. 

 

Dickinson, W.R., and Rich, E.I., 1972, Petrologic intervals and petrofacies in the Great 



163 

 

Valley Sequence, Sacramento Valley, California: Geological Society of America 

Bulletin v. 83, p. 3007-3024. 

 

Dott Jr., R.H., 1963, Dynamics of subaqueous gravity depositional processes: American 

 Association of Petroleum Geology Bulletin, v. 47, p. 104-128. 

 

Enos, P., 1977, Flow regimes in debris flow: Sedimentology, v. 24, p. 133-142. 

 

Gardner, M.H., 2012, Field Excursion Guidebook to Miocene Deepwater Outcrops: 

Eastern Taranaki Basin, North Island, New Zealand: Volume 1: Introduction 

Geological Analogs and Information Archive (GAIA) Field Conference, 120 p. 

 

Gardner, M.H., J.M. Borer, J.J. Melick, N. Mavilla, M. Dechesne, and R.M. Wagerle, 2003, 

Stratigraphic process-response model for submarine channels and related features 

from studies of Permian Brushy Canyon outcrops, West Texas, in Mutti, E., 

Steffens, G.S., Pirmez, C., Orlando, M., and Roberts, D., eds., Turbidites: models 

and problems: Marine and Petroleum Geology, v. 20, no. 6-8, p. 757-787. 

 

Gardner, M.H., Borer, J.M., Romans, B.W., Baptista, N., Kling, E.K., Melick, J.J., 

Wagerle, R., and Carr, M.M., 2008, Stratigraphic models for deep-water 

sedimentary systems, in Schofield, K., Rosen, N.C., Pfeiffer, D., and Johnson, S., 

eds., Answering the Challenges of Production from Deep-Water Reservoirs: 

Analogues and Case Histories to Aid a New Generation: Gulf Coast Section, 

Society of Economic Paleontologists and Mineralogists Foundation, 28th Annual 

Bob F. Perkins Research Conference, p. 77–175. 

 

Gardner, M.H., N. Atwood, B. Anderson, T. Jester, and J. Ochoa, 2012, Tectonic 

stratigraphy of convergent plate boundaries: A holistic perspective from Paleozoic 

to Cenozoic deepwater systems of western North America and the Gulf of Mexico: 

Abstract for poster presentation at AAPG nation meeting, April 22-25, 2012, Long 

Beach CA. 

 

Gee, M.J.R., Masson, D.G., Watts, A.B. and Allen, P.A., 1999, The Saharan debris flow: 

an insight into the mechanics of long run out submarine debris flow: 

Sedimentology, v. 46, p. 317–335. 

 

Ghibaudo, G., 1980, Deep-sea fan deposits in the Macigno Formation (Middle-Upper 

Oligocene) of the Gordana Valley, Northern Apennines, Italy: Journal of 

Sedimentary Petrology, v. 51, p. 1021-1026. 

 

Ghibaudo, G., 1981, Deep-sea fan deposits in the Macigno Formation (Middle-Upper 

Oligocene) of the Gordana Valley, Northern Apennines, Italy – Reply: Journal of 

Sedimentary Petrology, v. 50, p. 723-742. 

 



164 

 

Hackel, O., 1966, Summary of the geology of the Great Valley: California, Division of 

 Mines and Geology Bulletin, v. 190, p. 217-238 

 

Harms, J.C. and Fahnestock, R.K., 1965, Stratification, bed forms, and flow phenomenon 

(with examples from the Rio Grande), in Middleton G.V., eds., Primary 

Sedimentary Structures and their Hydrodynamic Interpretation: Society of 

Economic Paleontologists and Mineralogists, Special publication 12, p. 84–116. 

 

Harms, J.C., 1979, Primary sedimentary structures: Annual Review of Earth Planetary 

 Sciences, v. 7, p. 227-48. 

 

Haughton, P.D.W., Barker, S.P., McCaffrey, W.D., 2003, ‘Linked’ debrites in sand-rich 

 turbidite systems – origin and significance: Sedimentology, v. 50, p. 459-482. 

 

Haughton, P.D.W., Davis, C., McCaffrey, W.D., and Barker, S.P., 2009, Hybrid sediment 

gravity flow deposits – Classification, origin and significance: Marine and 

Petroleum Geology, v. 26, p. 1900-1918. 

 

Heller, P.L. and Dickinson, W.R., 1985, Submarine ramp facies model for delta-fed, sand 

rich turbidite systems: American Association of Petroleum Geologists Bulletin, v. 

69, p. 960-976. 

 

Hesse, R., 1975, Turbiditic and non-turbiditic mudstone of Cretaceous flysch sections of 

 the Eastern Alps and other basins: Sedimentology, v. 22, p. 387–416. 

 

Hiscott, R.N., 1981, Discussion on Deep-sea fan deposits in the Macigno Formation 

(Middle Upper Oligocene) of the Gordana Valley, northern Apennines, Italy” – 

Discussion: Journal of Sedimentary Petrology, v. 51, p. 1015-2021. 

 

Hodgson, D.M., Flint, S.S., Hodgetts, D., Drinkwater, N.J, Johannessen, E.P., and Luthi, 

S.M., 2006, Stratigraphic evolution of fine-grained submarine fan systems, Tanqua 

Depocenter Karoo Basin, South Africa: Journal of Sedimentary Research, v. 76, p. 

20-40. 

 

Illstad, T., Elverhøi, A., Issler, D. and Marr, J.G., 2004, Subaqueous debris flow behavior 

and its dependence on the sand/clay ratio: a laboratory study using particle tracking: 

Marine Geology, v. 213, p. 415–438. 

 

Ingersoll, R.V., 1976, Evolution of the Late Cretaceous fore-arc basin of northern and 

central California [Ph,D. Thesis]: Stanford University, 200 p.  

 

Ingersoll, R.V., 1978, Submarine Fan Facies of the Upper Cretaceous Great Valley 

Sequence, northern and central California: Sedimentary Geology, v. 21, p. 205-230. 

 



165 

 

Ingersoll, R.V., 1979, Evolution of the Late Cretaceous forearc basin, northern and central 

California: Geological Society of America Bulletin, Part 1, v. 90, p 813-826. 

 

Ingersoll, R.V., 1990, Nomenclature of upper Mesozoic strata of the Sacramento Valley of 

California: review and recommendations, in Ingersoll, R.V., and Nilsen, T.H., eds., 

Sacramento Valley symposium and guidebook: Pacific Section, Society of 

Economic Paleontologists and Mineralogists, Book 65, p.1-3. 

 

Ingersoll, R.V., 1999, Post-1968 research on the Great Valley Group: Geological Society  

of America, Special paper 388, p. 155-160. 

 

Ingersoll, R.V., Rich, E.I. and Dickinson, W.R., 1977, Great Valley Sequence, Sacramento  

Valley, in Cordilleran Section Geological Society of America Annual Meeting 

Field Trip Guidebook, Cordilleran Section: Sacramento, California. 

 

Iverson, R.M., 1997, The physics of debris flows: Reviews of Geophysics, v. 35, p. 245- 

296.  

 

Jackson, R.G., 1975, Hierarchical attributes and a unifying model of bed forms composed 

of cohesionless material and produced by shearing flow: Geological Society of 

America Bulletin, v. 86, p. 1523-1533. 

 

Johnson, S. D., Flint, S., Hinds D., and Wickens, H. De V.  2001, Anatomy, geometry and 

sequence stratigraphy of basin floor to toe of slope basin turbidite systems, Tanqua 

Karoo, South Africa: Sedimentology, v. 48, p. 987-1023. 

 

Kirby, J.M., 1943, Upper Cretaceous stratigraphy of west side of Sacramento Valley south 

of Willows, Glenn County, California: American Association of Petroleum 

Geology Bulletin, v. 27, p. 279-305. 

 

Kling, E. R., 2006, Patterns of deep marine sedimentation along a starved basin margin, 

Permian Brushy Canyon Formation, southern Delaware Mountains, West Texas, 

USA [Ph.D. thesis]:  Colorado School of Mines, 312 p. 

 

Kneller, B.C., 1995, Beyond the turbidite paradigm: Physical models for deposition of 

turbidites and their implication for reservoir prediction, in Hartley, A.J., and 

Prosser, D.J., eds., Characterization of Deep Marin Clastic Systems: Geological  

Society of London, Special Publication 94, p. 31-49. 

 

Kneller, B.C., and Branney, M.J., 1995, Sustained high-density turbidity currents and the 

 deposition of thick massive sands: Sedimentology, v. 42, p. 607-616. 

 

Kneller, B.C., Bennett, S.J., and McCaffrey, W.D., 1999, Velocity structure, turbulence 



166 

 

and fluid stresses in experimental gravity currents: Journal of Geophysical 

Research, v. 104, p. 5281-5291. 

 

Kneller, B.C., and McCaffrey, W.D., 2003, The interpretation of vertical sequences in 

 turbidite beds: the influence of longitudinal flow structure: Journal of sedimentary 

 Research, v. 73, p. 706-713. 

 

Lachenbruch, M.C., 1962, Geology of the west side of the Sacramento Valley: California 

 Division Mines and Geology Bulletin, v. 181, p. 53-66. 

 

Leclair, S.F., and Arnott, R.W.C., 2005, Parallel lamination formed by high-density 

 turbidity currents: Journal of Sedimentary Research, v. 75, p.1-5. 

 

Legros, F., 2002, Can dispersive pressure cause inverse grading in grain flows? Journal of 

 Sedimentary Research, v. 72, p. 166-170. 

 

Lowe, D.R., 1982, Sediment gravity flows: II. Depositional models with special reference  

             to the deposits of high-density turbidity current:  Journal of Sedimentary Petrology, 

             v. 52, p. 279-297. 

 

Lowe, D.R., 1988, Suspended-load fallout rate as an independent variable in the analysis 

            of  current structures: Sedimentology, v. 35, p. 765–776. 

 

Lowe, D.R., and Guy, M., 2000, Slurry-flow deposits in the Britannia Formation (Lower 

Cretaceous), North Sea: a new perspective on the turbidity current and debris flow 

problem: Sedimentology, v. 47, p. 31-70. 

 

Lowe, D.R., 2004, Deep-water Sandstone: Submarine Canyon to Basin Plain, Western 

California: American Association of Petroleum Geologists, Special Publication, 

Pacific Section. 

 

Lowey, G.W., 1992, Variation in bed thickness in a turbidite succession, Dezadeash 

 Formation (Jurassic – Cretaceous), Yukon, Canada: evidence of thinning-upward 

 and thickening-upward cycles: Sedimentary Geology, v. 78, p. 217-232. 

 

Marr, J.G., Harff, P.A., Shanmugam, G., and Parker, G., 2001, Experiments on subaqueous 

sandy gravity flows the role of clays and water content in flow dynamics and 

deposition structures: Geologic Society of America Bulletin, v. 113, p. 1377-1386. 

 

McAnally, W.H., Friedrichs, C., Hamilton, D., Hayter, E., Shrestha, P., Rodriguez, H., 

Sheremet, A., and Teeter, A., 2007, Management of fluid mud in estuaries, bays, 

and lakes. I: present state of understanding on character and behavior: Journal of 

Hydraulic Engineering, v. 133, p. 9–22. 

 



167 

 

Miall, A.D., 1985, Architectural-element analysis: A new method of facies analysis 

applied to fluvial deposits: Earth-Science Reviews, v. 22, p. 261 – 308. 

 

Middleton, G.V., 1967, Experiments on density and turbidity currents. III. Deposition of 

 Sediment: Canadian Journal of Earth Sciences, v. 4, p. 475-505. 

 

Middleton G.V., 1993, Sediment deposition from turbidity current: Annual Review of 

 Earth and Planetary Sciences, v. 21, p. 89 114. 

 

Middleton, G.V., and Hampton, M.A., 1973, Sediment gravity flows: mechanics of flow 

and deposition, in Middleton, G.V., and Bouma, A.H., eds., Turbidity and deep 

water sedimentation: SEPM, Pacific Section, Short Course Lecture Notes, p. 1-38. 

 

Middleton, G.V., and Wilcock, P.R., 1994, Mechanics and environmental sciences: 

Cambridge, United Kingdom, Cambridge University Press, 459 p.  

 

Mohrig, D.G., Whipple, K., Ellis, C. and Parker, G., 1998, Hydroplaning of subaqueous 

 debris flows: Geological Society of America Bulletin, v. 110, p. 387–394. 

 

Moxon, I.W., and Graham, S.A., 1987, History and controls of subsidence in the Late 

Cretaceous-Tertiary Great Valley forearc basin, California: Geology, v. 15, p. 626-

629.  

 

Moxon, I.W., 1990, Stratigraphic and structural architecture of the San-Joaquin- 

Sacramento Basin: Palo Alto, California, Stanford University, Ph.D. dissertation, 

371 p. 

 

Murray, C.J., 1992 Analysis of Bed Thickness and Grain Size Patterns in a Turbidite 

Section from the Great Valley Sequence, Cache Creek, Northern California [Ph.D. 

thesis]: Stanford University, 301 p. 

 

Murray, C.J., Lowe, D.R., Graham, S.A., Martinez, P.A., Zeng, J., Carroll, A.R., Cox, R., 

Hendrix, M., Heubeck, C., Miller, D., Moxon, I.W., Sobel, E., Wendebourg, J., 

Williams, T., 1996, Statistical Analysis of Bed-Thickness Patterns in a Turbidite 

Section from the Great Valley Sequence, Cache Creek, Northern California: 

Journal of Sedimentary Research, v. 66, p. 900-908. 

 

Mulder, T. and Alexander, J., 2001, The physical character of subaqueous sedimentary 

 densityflows and their deposits: Sedimentology, v. 48, p. 269-299. 

 

Mulder T., Syvitski, J.P.M., Migeon, S., Faugeres, J., Savoye, B., 2003, Marine 

hyperpycnal flows: initiation, behavior and related deposits. A review: Marine and  

Petroleum Geology, v. 20, p. 861-882. 

 



168 

 

Mutti, E., 1977, Distinctive thin-bedded turbidite facies and related depositional 

environments in the Eocene Hecho Group (south-central Pyrenees, Spain): 

Sedimentology, v. 24, p. 107-131. 

 

Mutti, E., 1992, Turbidite Sandstones: joint publication of AGIP, Instituto di Geologia 

 Unversita di Parma, Milano, San Donato Milanese, 275 p. 

 

Mutti, E., R. Tinterri, E. Remacha, N. Mavilla, S. Angella, and L. Fava, 1999, An 

introduction to the analysis of ancient turbidite basins from an outcrop perspective: 

AAPG Cont. Ed. Course Note Ser., no. 39. 

 

Mutti, E. and Ghibaudo, G., 1972, Un esempio di torbiditi di conoide sottormarina esterna: 

le Arenarie di San Salvatore (Formazione di Bobbio, Miocene) nell’ Appenino di 

Piacenza: Memorie dell’ Accademia delle Scienze di Torino, Classe di Secience 

Fisiche, Matematiche e Naturali, Series 4, no. 16, p. 40.  

 

Mutti, E., and Ricci Lucchi, F., 1972, Le torbiditi den “Apennino settentrionale:” 

introduzione all”analisis de facies: Soc Geol. Italiana Mem. V. 11, p. 161-199. 

(Turbidites of the northern Apennines: Introduction to facies analysis) English 

translation by T.H. Nilsen, 1978: International Geology Review, v. 20, 125-166.  

 

Mutti, E., and Ricci Lucchi, F., 1975, Turbidite facies and facies associations, in Examples 

of Turbidite facies and Facies Associations from Selected Formations of the 

Northern Apennines. Field Trip Guidebook A-11: International Sedimentology 

Congress, v. IX, Nice, p. 21-36.  

 

Mutti, E. and M. Sonnino, 1981, Compensation cycles – A diagnostic feature of turbidite 

sandstone lobes, in International Association of Sedimentologists, Second 

European Regional Meeting, Bologna, Italy: Abstracts Volume, p. 120-123 

 

Nichols, R.J.,1995, The liquification of remobilization of sandy sediments: The  

Geological Society, London, Special Publications, v. 94, p. 63-76. 

 

Ojakangas, R. W., 1968, Cretaceous sedimentation, Sacramento Valley, California: 

Geological Society of America Bulletin, v. 79, p. 973–1008. 

 

Ochoa, J,A., Wolak, J., and Gardner, M.H., 2013, Recognition Criteria for distinguishing 

between hemipelagic and pelagic mudrocks in the characterization of deep-water 

reservoir heterogeneity: American Association of Petroleum Geologists Bulletin, 

V. 97, 10, 1785-1803. 

 

Pettingill, H. S., and P. Weimer, 2001, Global deep water exploration: Past, present and 

Future frontiers, in Fillon, R. H., Rosen, N. C., Weimer, P., Lowrie, A., Pettingill, 

H. W. , Phair, R. L., Roberts, H. H., and Van Hoorn, B., eds., Petroleum systems 



169 

 

of deepwater basins: Global and Gulf and Mexico experience: Gulf Coast Section, 

Society of Economic Paleontologists and Mineralogists, 21st Annual Bob F. 

Perkins Research Conference, p. 1–22. 

 

Phillips, C.J., and Davies, T.R.H., 1991, Determining rheological parameters of debris flow 

 material: Geomorphology, v. 4, p. 101-110. 

 

Pierson, T.C., and Costa, J.E., 1987, A rheologic classification of subaerial sediment-water 

 flows:  Geological Society of America Reviews in Engineering Geology, v. VII, p. 

1-12. 

 

Piper, D.J.W., 1978, Turbidite muds and silts on deepsea fans and abyssal plains, in 

Dowden, Hutchinson and Ross, eds. D.J., Sedimentation in Submarine Canyons, 

Fans and Trenches: Stroudsburg, Pennsylvania, p. 163 – 176.   

 

Piper, D.J.W. and Normark, W.R., 2009, Processes that initiate turbidity currents and their 

influence on turbidites: a marine geology perspective: Journal of Sedimentary 

Research, v. 79, p. 347–362. 

 

Reading, H.G., 1996, Sedimentary Environments: Processes, Facies and Stratigraphy: 

 Malden, Massachusetts, Blackwell Publishing, third edition, 688 p.   

 

Ricci-Lucchi, F., 1975, Depositional cycles in two turbidite formations of northern

 Apennines (Italy): Journal of Sedimentary Petrology, v. 45, p. 3-43. 

 

Ricci-Lucchi, F., Valmori, E., 1980, Basin-wide turbidites in a Miocene, over-supplied 

deep-sea plain: a geometrical analysis: Sedimentology, v. 27, p.241-270. 

 

Rock, N.M.S., 1988, Numerical geology: Springer-Verlag, Berlin, 427 p.  

 

Rothman, D.H., Grotzinger, J.P., and Flemings, P., 1994, Scaling in turbidite deposition: 

Journal of Sedimentary Research, v. A64, p. 59-67. 

 

Satur, N., Hurst, A., Cronin, B.T., Kelling, G., Gürbüz, K., 2000, Sand body geometry in 

a sand-rich, deep-water clastic system, Miocene Cingöz Formation of southern 

Turkey: Marine and Petroleum Geology, v. 17, p. 239-252.  

 

Sestini, G., 1970, Vertical variations in flysch turbidite sequence: Journal of Earth 

Sciences, v. 8, p. 15-30. 

 

Saul, L.R. 1986, Pacific west coast Cretaceous molluscan faunas: time and aspect of 

changes, in Abbott, P.L., ed., Cretaceous Stratigraphy, Western North America: 

Society of Economic Paleontologists and Mineralogists, Pacific Section Field Trip 

Guidebook 46, p. 131-136. 



170 

 

 

Shanmugam, G., 1996, High-density turbidity currents: Are they sandy debris flows?: 

Journal of Sedimentary Research, v. 66, p.2-10. 

 

Shanmugam, G., 2000, 50 years of the turbidite paradigm (1950s–1990s): deep 

water/processes and facies models—a critical perspective: Marine and Petroleum 

Geology, v. 17, p. 285-342. 

 

Shanmugam, G., 2002, Ten turbidite myths: Earth-Science Reviews, v. 58, p. 311-341. 

 

Shanmugam, G., and Moiola, R.J., 1988, Submarine fans: Characteristics, models, 

classification, and reservoir potential: Earth Science Reviews, v. 24, p. 383-428.  

 

Sohn, Y.K., 1997, On traction-carpet sedimentation: Journal of Sedimentary Research, v. 

67, no.3, p. 502-509. 

 

Straub, K.M., and Pyles, D.R., 2012, Quantifying the hierarchical organization of 

compensation in submarine fans using surface statistics: Journal of Sedimentary 

Research, v. 82, p. 889-898. 

 

Sumner, E.J., Amy, L.A., 2009, Talling, P.J., 2008, Deposit structure and processes of sand 

deposition from decelerating sediment suspensions: Journal of Sedimentary 

Research, v. 78, p. 529-547. 

 

Sumner, E.J., Talling, P.J., Amy, L.A., 2009, Deposits of flows transitional between 

Turbidity current and debris flow: Geological Society of America, v. 37, no 11, p. 

991-994 

 

Swe, W. and Dickinson, W.R., 1970, Sedimentation and thrusting of late Mesozoic rocks 

in the Coast Ranges near Clear Lake, California: Geologic Society of America 

Bulletin, v. 81, p. 165-188. 

 

Sylvester, Z., 2007, Turbidite bed thickness distribution: methods and pitfalls of analysis 

and modelling: Sedimentology, 54, 847-870. 

 

Talling, P.J., 2001, On the frequency distribution of turbidite thickness: Sedimentology, v. 

48, p. 1297-1329. 

 

Talling, P.J., 2013, Hybrid submarine flow comprising turbidity current and cohesive 

debris flow: Deposits, theoretical and experimental analyses and generalized 

models: Geosphere, v. 9, no. 3, p. 460-488. 

 

Talling, P.J., Wynn, R.B., Peakall, J., and Robinson, M., 2004, Beds comprising debrite 



171 

 

sandwiched within co-genetic turbidite: origin and widespread occurrence in distal 

depositional environments: Sedimentology, v. 51, p. 163-194. 

 

Talling, P.J., Amy, L.A., and Wynn, B., 2007, New insight into the evolution of large 

Volume turbidity currents: comparison of turbidite shape and previous modelling 

results: Sedimentology, v. 54, p. 737-769 

 

Talling, P.J., Masson, D.G., Sumner, E.J., Malgesini, G., 2012a, Subaqueous sediment 

Density flows: Depositional processes and deposit types: Sedimentology, v. 59, p. 

1937-2003. 

 

Talling, P.J., Malgesini, G., Sumner, E.J., Amy, L.A., Felletti, F., Blackbourn, G., Nutt, C., 

Wilcox, C., Harding, I.C., and Akbari, S., 2012b, Planform geometry, stacking 

pattern, and extrabasinal origin of low strength and intermediate strength cohesive 

debris flow deposits in the Marnoso-arenacea Formation, Italy: Geosphere, v. 8, p. 

1207–1230.  

 

Waldron, J., 1986, Submarine ramp facies model for delta-fed, sand-rich turbidite systems 

– Discussion: American Association of petroleum Geoologists Bulletin, v. 70, p. 

174 – 176. 

 

Waldron, J., 1987, A statistical Test for Significance of Thinning-and Thickening Upwards

 Cycles in Turbidites: Sedimentary Geology, v. 54, p. 137-146. 

 

Walker, R.G. 1967, Turbidite sedimentary structures and their relationship to proximal and 

Distal depositional environments: Journal of Sedimentary Petrology, v. 37, p. 25-

43. 

 

Walker, R.G., 1970, Review of the geometry and facies organization of turbidites and 

Turbidite bearing basins. Special Paper Geological Association Canada, v. 7, p. 

219-251. 

 

Walker, R.G., 1976, Facies Models 2. Turbidites and associated coarse clastic deposits: 

Geoscience Canada, v. 3, no. 1, p. 25-36.  

 

Walker, R.G., 1978, Deep-water sandstone facies and ancient submarine fans: Models for 

exploration for stratigraphic traps: American Association of Petroleum Geologists 

v. 62, no. 6, p. 932-966. 

 

 

Walker, R.G., 1984, Turbidites and associated coarse clastic deposits, in Walker, R.G., ed., 

Facies Models, 2nd Edition: Toronto, Geoscience Canada Reprint Series 1, p. 171-

188  

 



172 

 

Walker, R.G., and Mutti, E., 1973, Turbidite facies and facies associations in Turbidites  

And Deep-Water Sedimentation: Pacific Section Society of Economic 

Paleontologists and  Mineralogists, p. 119 – 157.  

 

Williams, T.A. 1997, Basin-fill architecture and forearc tectonics, Cretaceous Great Valley 

Group, Sacramento basin, northern California [Ph.D. thesis]: Stanford University, 

412 p. 

 

 

 

 

 

 

 

 

 



173 

 

 

 

 

 

 

 

APPENDICES 

  



174 

 

 

 

 

 

 

 

APPENDIX A 

 

COMPOSITE SEDIMENTOLOGICAL PROFILE OF THE MIDDLE SITES MEMBER 

AT CACHE CREEK 

 

  



175 

 

To request DVD copies contact your local public or university library to place an 

interlibrary loan request to Montana State University.  Questions call 406-994-3161. 

  

tel:406-994-3161


176 

 

 

 

 

 

 

 

APPENDIX B 

 

COMPARITIVE ANALYSIS OF COMPOSITE SEDIMENTOLOGICAL PROFILES: 

THIS STUDY VS. MURRAY’S (1992) STUDY: 

MIDDLE SITES MEMBER AT CACHE CREEK 

 

 

 

 

 

 

 

 

 

 

 

 



177 

 

To request DVD copies contact your local public or university library to place an 

interlibrary loan request to Montana State University.  Questions call 406-994-3161. 

 

  

tel:406-994-3161


178 

 

 

 

 

 

 

 

APPENDIX C 

 

CONVERSTION OF GRAPHIC SEDIMENTARY PROFILE INTO NUMERICAL 

DATA TABLE 

 

 

 

 

 

 

 

 

 

 

 

 

 



179 

 

 

To request DVD copies contact your local public or university library to place an 

interlibrary loan request to Montana State University.  Questions call 406-994-3161. 

  

tel:406-994-3161


180 

 

 

 

 

 

 

 

APPENDIX D 

 

RUNS INPUT DATA TABLE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



181 

 

To request DVD copies contact your local public or university library to place an 

interlibrary loan request to Montana State University.  Questions call 406-994-3161. 

 

  

tel:406-994-3161


182 

 

 

 

 

 

 

 

APPENDIX E 

 

PHOTO CATALOG (PHOTOS TIED TO MEASURED SECTION) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



183 

 

To request DVD copies contact your local public or university library to place an 

interlibrary loan request to Montana State University.  Questions call 406-994-3161. 

 

tel:406-994-3161

