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Abstract 

 

Sequence stratigraphy, depositional environment and reservoir geology 

of wave-influence deltaic systems in the lower and middle Frio 

Formation, Redfish Bay, Corpus Christi, Texas 

 

Jinyu Zhang, M.A. 

The University of Texas at Austin, 2013 

 

Co-Supervisor:  William L. Fisher 

Co-Supervisor:  William A. Ambrose 

 

 

The sequence stratigraphy, depositional systems and reservoir geology of the 

lower and middle Oligocene Frio Formation in the Red Fish Bay field, Nueces County, 

Texas, are examined based on 1,800 feet (548.6 m) of core, 28 wireline-logs and 30 mi2 

of 3-D seismic data.  

The study interval is composed of an incomplete 3rd-order stratigraphic 

sequence with an incomplete lowstand systems tract (LST), a complete transgressive 

systems tract (TST) and an incomplete highstand system tract (HST). This 3rd-order 

succession is divided into 12 4th-order sequences with average thickness of 150 feet 

(45.7 m).  

The lowstand system tract (LST) from 4th-order sequence 1 to 4th-order sequence 

7 displays an aggradational stacking pattern in cross-sections. The regressive part of 
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each 4th-order sequence has an upward-coarsening trend that reflects a transition of 

depositional environments from offshore to lower, middle and upper shoreface. The 

transgressive part of each 4th-order sequence exhibits an upward-fining trend, 

commonly associated with backstepping cycles composed of shoreface, washover-fan, 

and back-barrier lagoonal deposits.  Sandstone maps of 4th-order sequence and stratal-

slice maps from 3-D seismic data within 3rd-order lowstand system tracts display a 

strike-elongate geometry, indicating wave-dominated depositional systems.  

The 3rd-order transgressive system tract (TST) displays a retrogradational 

stacking pattern in cross-sections. The overall upward-fining trend records water 

deepening during transgression, interpreted as a transition from lower-shoreface to 

shelf environments.  

The 3rd-order highstand system tract (HST) from 4th-order sequence 8 to 4th-

order sequence 12 displays a progradational stacking pattern in cross-sections. It is 

upward-coarsening and upward-thickening, indicating a transition from to distal- to 

proximal-shoreline setting. The geometry of framework sandstone bodies, inferred from 

gross-sandstone and stratal-slice maps is relatively lobate, suggesting a wave-modified 

deltaic system. 

The sandstone body continuity is very good and heterogeneity is very low within 

shoreface or wave-dominated deltaic systems in LST and HST sequences in Redfish Bay. 

Sandstone thickness expands towards the growth fault, owing to structurally controlled 

accommodation, but is thicker in the southwest part of study area, where it is controlled 

by paleogeomorphology, related to the presence of a deltaic depocenter. The sandstone 

body thickness of each 4th-order sequence is as much as 240 ft (73.2 m) and commonly 

~100 ft (30.5 m) in average. Sandstone development in the study succession is 

controlled by the sequence stratigraphic context, and modification by depositional 
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processes. The average porosity and permeability of study interval are 19.4% and 33.6 

md respectively. Lithology is the main control on porosity and permeability. Sedimentary 

and biogenic structures also modify grain-size sorting, indirectly affecting porosity and 

permeability. Reservoir quality in LST is higher than that in the HST, as the depositional 

environment in LST is within proximal-delta-front facies, whereas in the HST is within 

distal-delta-front facies. Reservoir quality varies greatly within each 4th-order sequence, 

owing to different levels of intensity in bioturbation per each sandstone bed.  
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Chapter 1: Introduction 

1.1 GENERAL INTRODUCTION AND RESEARCH OBJECTIVES 

For more than 70 years, the Oligocene Frio Formation has been a prolific 

producing unit in South Texas (Table 1). One of the oil fields of the Frio Formation, Red 

Fish Bay field, in Nueces County, Texas (Fig. 1.1), was discovered in 1950 and produces 

from more than 50 Frio sandstone reservoirs that range in depth from 7,000 to 14,750 ft 

(Hammes et al., 2007). This field is part of the Downdip Frio Barrier/Strandplain 

Sandstone Play along the San Marcos Arch (Kosters et al., 1989) that occupied an 

embayment between two fluvial-deltaic depocenters (Galloway, 1986).  

The objectives of this study were to (1) construct a sequence stratigraphic 

framework of the lower and middle Frio Formation; (2) define the depositional 

environments; (3) map sandstone-body geometry; (4) reconstruct the paleogeography and 

depositional history; and (5) infer sequence-stratigraphic and facies controls on reservoir 

geometry and continuity. 
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Figure 1.1 Location of Red Fish Bay study area (Modified from Trevino and Vendeville, 

2008) 

This study addresses several issues, including: (1) testing the model of growth 

faulted, intraslope subbasins development proposed by Brown et al. (2004) by applying it 

to the Red Fish Bay study area; (2) determining the extent of the improvement of the 

high-resolution sequence stratigraphic framework of Red Fish Bay through the 

application of modern sequence stratigraphic analysis of available core and log data; (3) 

gaining new insights regarding the sedimentology and paleogeography of Red Fish Bay 

and their implications to Red Fish Bay oil field. 
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1.2 DATA SET AND METHODOLOGY 

 

Figure 1.2 Base map showing the location of 28 well logs. The ARCO #470-4 well and 

cores are shown by the star. Locations of well-log cross-sections are shown 

by solid lines. Locations of seismic cross-section are shown by dashed lines. 

Data for this study included 1800 ft of core, 28 wireline-logs and 30-mi
2
 of 3-

dimensional seismic. One core, ARCO #470-4, extends vertically from 9651 to 11,460 ft 
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(2941.6 – 3493.0 m), crossing the middle Frio Formation to the deep Frio Formation. 

Although there are hundreds of well logs distributed throughout this area, only 28 well 

logs (shown in Figure 1.2) penetrate the Frio Formation within the interval of study. 

These wells have a full suite of well logs, including gamma ray, resistivity, sonic, and 

spontaneous potential. A 30-mi
2
 3D seismic survey covers nearly one-half of the study 

area and has a total depth of 3000 milliseconds (ms) two-way travel time (TWTT).  

Approximately 1,800 ft (548.6 m) of continuous core in the ARCO #470-4 well 

was described to provide robust lithologic data and to aid in recognizing and interpreting 

facies and depositional environments. The methods of facies division are introduced in 

detailin subchapter 3.1 and 3.2. Next, well logs were correlated to create a sequence-

stratigraphic and depositional facies framework. Well logs were tied with seismic data to 

calibrate stratigraphic horizons correlated from log to stratal surfaces from seismic 

reflections. Negative amplitude (red in Fig. 1.3) denotes sandstone and positive amplitude 

(black in Fig. 1.3) indicates mudstone.Four horizons (Horizon 1, Horizon 5, Horizon 7, 

and Horizon 13; Fig. 1.3) were traced to provide three-dimensional control for the 

stratigraphic framework. Finally, and most importantly, several quantitative lithofacies 

maps based on well logs and seismic stratal slice maps based on seismic data were made. 

Seven gross-sandstone maps, two percent-sandstone maps, and three seismic stratal slice 

maps are selected here to discuss the depositional facies.  

1.3 STRATIGRAPHIC AND STRUCTURAL SETTING 

The Frio Formation is a delta-dominated sedimentary wedge containing thick, 

undercompacted prodelta and slope mudstone partitioned by several primary growth 

faults on the slope (Galloway et al., 1982). The Frio Formation is bounded above by the 

Oligocene Anahuac Formation and below by the Oligocene Vicksburg Formation (Table 
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1.1). The Frio interval is about 8,500 ft (457.2 m) thick in Red Fish Bay. The age range is 

from approximately 25.38 Ma to 32.47 Ma (Brown et al., 2004, Hammes et al., 2007). 

The Frio is divided into three parts in this study: Shallow Frio (approximately 25.38 – 

26.62 Ma), Middle Frio (approximately 26.62 – 27.49 Ma), and Deep Frio 

(approximately 27.49 – 32.47 Ma). The study interval is based on core from the ARCO 

#470-4 from 9,651 to 11,460 ft(2,941.6 – 3,493.0 m), which spans the lower part of the 

Middle Frio and the upper part of the Lower Frio Formation. 

 

Table 1.1 Regional Upper Paleogene to Lower Neogene stratigraphy of the Red Fish Bay 

basin. Study interval is highlighted (Modified from the S
5
 Site-specific 

sequence-stratigraphic section). Benchmark chart of Red Fish Bay basin 

by Hammes et al., 2007. Age data are based on the International 

Stratigraphic Chart (2010) by the International Commission on Stratigraphy. 
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Well-developed growth faults exist in Cenozoic depocenters of the northern Gulf 

of Mexico basin, primarily along paleo shelf edges (Winker and Edwards, 1983; 

Galloway, 1989; Brown et al., 2004). The Frio Formation is marked by a series of growth 

faults and associated subbasins. Brown et al. (2004) demonstrate that major growth faults 

are triggered by the lowstand deposits filling the subbasins, which become younger 

seaward, reflecting basinward offlap. Loading of the lowstand depocenters on muddy 

slope creates faults, establishing subbasins along the shelf-slope interface. In contrast, 

Edwards (2006) points out that deepwater lowstand deposits are farther downdip and 

deeper than was predicted by Brown et al. (2004). An alternative explanation is that the 

growth faults are caused by the gravity deposits at the shelf edge, which could occur in 

both highstand and lowstand system tracts (HST and LST). Gravity sliding of the 

continental slope can create a strongly extensional regime along the shelf margin, 

resulting in growth faulting and greatly enhanced subsidence rates (Winker and Edwards, 

1983). 
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Figure 1.3 a) Seismic strike cross-section from southwest to northeast; b) Seismic dip 

cross-section from northwest to southeast; c) Base map showing seismic 

cross-section location. 

The primary coast-parallel, listric-normal growth fault in the Red Fish Bay area 

can be observed clearly in the seismic data (Fig. 1.3). It is syndepositional with thicker 

deposits in hanging wall, trending northeast-southwest, and bounds the Red Fish Bay area 

on the west and northwest (Figure 1.4). The throw of this primary fault ranges from 300 

ft (91.4 m) in the shallower part to 980 ft (298.7 m) in the deeper sections (Hammes et 
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al., 2007). Numerous, mostly synthetic and some antithetic, smaller faults are associated 

with the primary fault, the Ingleside fault. The associated faults are considered to have 

developed in the crestal positions of growth-fault anticlines (Jackson and McKenzie, 

1983). An elongate shale ridge within Red Fish Bay is perpendicular to coast, striking 

northwest and southeast. A steep normal fault is rooted on the shale ridge’s crest (Figure 

1.4). This fault, trending northwest to southeast, with the hanging wall to the northeast, 

has an 800-ft (243.8-m) throw in the deeper sections and a 300-ft (91.4- m) throw in the 

shallower section (Hammes et al., 2007). 
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Figure 1.4 Illustration of major faults (left) and continuity map (right) of Red Fish Bay 

within the Frio Formation. Green and blue show the primary growth fault 

system, and yellow shows the associated growth fault system. Red indicates 

the “Red Fish Bay normal fault”. Modifed from Hammes et al. (2004). 
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1.4 PREVIOUS WORK ON THE FRIO FORMATION IN RED FISH BAY  

Numerous studies have been done on the Frio Formation (for example, Galloway, 

1986; Galloway and Morton 1989; Hamlin, 1989; Barnaby et al, 1998; Galloway et al.,, 

2000; Hammes et al., 2007). Previous work focused mostly on the shallow and middle 

Frio for prolific petroleum targets, whereas recently focus has shifted to the Lower Frio, 

where deep, mainly gas-bearing prospects exist. 

Galloway (1986) mapped the depositional and structural framework of the distal 

Frio Formation along the Texas Coastal Zone and shelf. He divided the Frio depositional 

sequence into three operational map units. The area of this study is within an extensive 

barrier/lagoon and strandplain system between two deltaic systems recognized in the 

Galloway (1986) study.   

Analysis of Oligocene Frio Formation intraslope, growth-faulted subbasins in the 

Corpus Christi area, Texas, by Brown et al. (2004) provided a model of growth-faulted 

lowstand depositional systems and showed that lowstand depocenters of Corpus Christi 

on the low-gradient, upper continental slope are composed of basin-floor fan facies, 

slope-fan systems, and prograding lowstand delta systems. Brown and coworkers (2004) 

interpreted that deposition during relative lowstands of sea level was the main trigger of 

growth faulting in the area.  

However, Edwards (2006) disagreed with the model by Brown et al. (2004). 

Edwards provided an alternative correlation method across the growth faults, indicating 

that the shelf-margin deltas may not have been the agents of deep-seated faulting. Also, 

Edwards (2006) pointed out that Brown et al. (2004) may have mixed up the gradients 

that typify growth faults and clinoforms.  

Hammes et al. (2007) established a sequence stratigraphic framework for 

exploration in the growth-faulted Red Fish Bay subbasin of the Frio Formation and 
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focused on sequence stratigraphy, structural architecture, reservoir analysis, and 

exploration potential of Frio lowstand deposits in growth-faulted subbasins in the greater 

Red Fish Bay area. 
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Chapter 2: Sequence Stratigraphy 

2.1 CONCEPTS  

Sequence stratigraphy is a useful tool for analyzing changes in facies, interpreting 

the geometric character of strata, and identifying key surfaces to determine the 

chronological order of basin filling and erosional events (Catuneanu et al., 2009). This 

study identifies an incomplete 3
rd

-order sequence, including an incomplete highstand 

system tract (HST), a complete transgressive system tract (TST), an incomplete lowstand 

system tract (LST), and 12 4
th

-order sequences.  

A sequence is defined as a relatively conformable succession of genetically 

related strata bounded above and below by unconformities and their correlative 

conformities (Vail et al., 1977). System tracts (Brown and Fisher, 1977) are genetically 

associated stratigraphic units bounded by chronostratigraphically significant surfaces 

(Van Wagoner et al., 1990). A 4
th

-order sequence is defined as a relatively conformable 

succession of genetically related beds or bedsets bounded by marine-flooding surfaces 

and their correlative surfaces (Mitchum and Van Wagoner, 1991). The 4
th

-order sequence 

boundary records an abrupt increase of water depth producing a marine-flooding surface. 

System tracts (Brown and Fisher, 1977) form mainly in response to allogenic changes 

created by unsteady rates of external driving controls (relative sea-level change and 

sediment supply) (Muto and Steel, 1998). 4
th

-order sequences or individual depositional 

settings form mainly in response to autogenic changes, despite steady rates of these 

external drivers (Muto and Steel, 1998; Muto et al., 2007).  
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2.2 SEQUENCE STRATIGRAPHIC FRAMEWORK OF RED FISH BAY 

 

Figure 2.1 Dip cross-section from northwest to southeast. See location and horizontal 

scale at Figure 1.2.  

A A’ 
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Figure 2.2 Strike cross-section from southwest to northeast. See location and horizontal 

scale at Figure 1.2.   

By analysis of vertical grain-size trends and bed thickness, lithology, and 

sedimentary structures, the studied strata were divided into an incomplete HST, a 

complete TST, and an incomplete LST, based on progradational, aggradational, and 

retrogradational stacking patterns, respectively (Fig 2.1, 2.2; Van Wagoner et al., 1988). 

The LST and HST are incomplete because the 3
rd

 - order sequence boundaries above and 

underneath are not included in the study interval. This incomplete 3
rd

-order succession is 

divided into 12 4
th

-order sequences having an average thickness of 150 ft (45.7 m) (Fig 

2.3). The thickness of each 4
th

-order sequence varies because each records different 

subsidence rates. In addition, subsidence rates varied along strike, resulting in differential 

preservation of deposits. Other variables include rate of marine erosion and rate of 

B B’ 
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sediment supply. Each 4
th

-order sequence is also divided into a progradational cycle and 

a retrogradational cycle separated by a maximum flooding surface. More detailed 

interpretation in Brown et al. (2004) includes recognition of 4
th

 and 5
th

-order sequences 

into an LST, TST, and HST. However, on the basis of description of continuous whole 

core data, I do not recognize these LSTs in 4
th

 and 5
th

-order sequences, but rather I 

interpret them as high-frequency regressive-transgressive couplets that record changes in 

sediment supply or local subsidence rates within the Red Fish Bay area. No indicators of 

incised valley fill or prograding wedge deposits of LST origin of 4
th

 and 5
th

-order 

sequences are observed in cores or are inferred from gross-sandstone maps in the Frio 

intervals studied in the core. One possible explanation is that geologic setting of the study 

area is on the distal part of shelf. The lowstand deposits of the research area can be 

correlative to the incised valley fill or prograding wedge at the nearby area of this study.  
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Figure 2.3 Sequence stratigraphic framework, ARCO #470-4.  
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4
th

-order sequence 1 – 7 (4
th

 or 5
th

-order sequence) composes an LST in a 3
rd

-

order sequence. Each 4
th

-order sequence is upward coarsening and has a similar thickness 

and grain size and an overall aggradational stacking pattern. Between 4
th

-order sequence 

boundary (PB) 7 and maximum flooding surface (MFS) 8 is the transgressive 4
th

-order 

sequence representing the distal part of a TST in a 3
rd

-order sequence. This section has an 

upward-fining trend. MFS 8 is tied to a 3
rd

-order maximum flooding surface. As the study 

area is in the distal part of shelf, the transgressive 4
th

-order sequence is dominated by 

shallow marine deposits. 4
th

-order sequence 8 – 12 (4
th

 or 5
th

-order sequence) composes 

the HST in a 3
rd

-order sequence. They are upward-coarsening and upward-thickening 

sandstone beds, reaching medium grain size and a 140-ft (42.7-m-) thick sandstone bed at 

4
th

-order sequence 12. Progradational depositional patterns are inferred from cross-

sections and gross-sandstone-thickness maps. According to these maps, the geometry of 

the LST is more strike-elongate, whereas that of the HST is more lobate, indicating an 

upward decrease in wave influence.  

As biostratigraphic data are not available in the ARCO #470-4 well, ages and 

sequence-stratigraphic origin of stratigraphic units in this well are inferred by correlating 

this well to the S
5
 (site-specific sequence-stratigraphic section) benchmark chart of the 

Red Fish Bay area by Brown et al. (2004) and Hammes (2007). The S
5
 (site-specific 

sequence-stratigraphic section) benchmark chart is a technique invented by Brown et al. 

(2004) for integrating all available stratigraphic information, such as biostratigraphy, 

chronostratigraphy, depositional environments, and coastal onlap curves, in a specific 

area or subbasin (Brown et al., 2004; Brown et al., 2005). A composite well log in this 

chart, created by splicing unfaulted and relatively conformable log segments from the 

deepest wells, provides a complete stratigraphic data set recording depositional and cyclic 

history (Brown et al., 2005). If the age data in the S
5
-benchmark chart of Red Fish Bay 



 18 

area of Brown et al. (2004) and Hammes (2007) are correct, the study interval is much 

earlier than 26.62 Ma and later than 28.0 Ma. So the duration of this incomplete 3
rd

-order 

sequence (missing the 3
rd

 – order sequence boundary both above and below) is less than 

1.38 Ma. The duration of each 4
th

-order sequence is less than 0.115 Ma, which equals the 

4
th

-order cyclicity (0.1 – 0.2 Ma) in Mitchum and Van Wagoner (1991). Based on the age 

data, the correlation between study interval and eustatic curve (Abreau and Anderson, 

1998) can be established (Figure X). It shows the sea level rised slightly within LST and 

TST and dropped slightly within HST. As study area subsided constantly in the study 

interval, the relative sea level (sea level and subsidence) could change slightly within 

LST, rise within TST and drop within HST. Therefore, the established sequence 

stratigraphic framework is reasonable.  
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Figure 2.4 Correlation between eustatic curve and study interval. a) eustatic curve 

(Abreau and Anderson, 1998); b) sequence stratigraphic framework of 

ARCO #470-4; c) S
5
-benchmark chart of Red Fish Bay area (Hammes et al., 

2007). 
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Chapter 3:  Stratigraphic Intervals 

 

Core descriptions, sandstone maps, and seismic stratal slice maps are used to 

interpret facies and depositional history of the study area. Cores of the ARCO #470-4 

well provide 1,809-ft (551.4 m-) thick, high-resolution data to study sedimentologic and 

sequence stratigraphic characteristics. Sandstone maps based on well logs and stratal slice 

maps based on seismic data are helpful to improve understanding of sandstone-body and 

facies geometry.  

Entire cores of the ARCO #470-4 (9,651-11,460 ft) that include 12 4
th

-order 

sequences and an additional transgressive cycle are described herein. Five gross-

sandstone thickness maps and three percent-sandstone maps illustrate key examples of 

4
th

-order sequence facies and sandstone-body geometry. Regressive cycles of sandy 4
th

-

order sequences (4
th

-order sequence 2, 4, 6, 11, and 12) illustrate sandstone thickness and 

geometry from the maximum flooding surface (MFS) to the 4
th

-order sequence boundary 

(PB).  Transgressive cycles of 4
th

-order sequence 5 and 7 were chosen to calculate the 

thickness from the 4
th

-order sequence boundary (PB) to the maximum flooding surface 

(MFS). Percent-sandstone maps of 4
th

-order sequence 4, 6, 7 and 12 were made in order 

to filter the effects of interval thickness near growth faults.  

3.1 SHOREFACE MODEL 

In the regressive cycle of each 4
th

-order sequence, the shoreface environment is 

dominant. The shoreface is a seaward-sloping, sandstone depositional wedge 

(MacEachern and Pemberton, 1992). The upward-shallowing classic shoreface facies 

succession from transition zone, lower shoreface to foreshore (Harms et al., 1982; Walker 
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and Plint, 1992; Galloway and Hobday, 1996) (Fig. 3.1; Fig. 3.2) is a standard model 

applied by many geologists (Clifton, 2006).  

 

Figure 3.1 Generalized profile of the beach and shoreface subenvironments, processes, 

and facies (Santana, 2003; after Elliot, 1986 and Boggs, 2001) 
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Figure 3.2 Upward-shallowing facies succession in the facies model by Galloway and 

Hobday (1996) 

The shoreface can be divided into 1) a transition zone, 2) a lower shoreface, 3) a 

middle shoreface, and 4) an upper shoreface, basinward into offshore deposits and 

landward into foreshore deposits. Some models simplify the classification by ignoring the 

transition zone or middle shoreface (e.g., Van Wagoner et al., 1990; Kamola and Van 

Wagoner 1995). In contrast, detailed studies tend to differentiate the distal part proximal 

parts of the lower, middle, and upper shoreface (e.g., Pemberton et al., 1992).  

Different workers interpret the base of the shoreface at different places, based on 

the understanding of the preservation of storm-generated deposits above fair-weather 

wave base (Hampson and Storms, 2003; Fig. 3.3): at the base of hummocky cross-
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stratified sandstone beds (Van Wagoner et al., 1990; Kamola and Van Wagoner, 1995), at 

the base of amalgamated swaley cross-stratified beds (Elliott, 1986; Walker and Plint, 

1992), and at a pebble lag that underlies  tabular cross-beds (Clifton, 2000). In addition, 

the different models mentioned above concentrate on different aspects; for example, Van 

Wagoner et al. (1990) and Kamola and Van Wagoner (1995) applied the concepts of the 

high-resolution sequence stratigraphy model to the shoreface model.  
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Figure 3.3 Different classifications of the shoreface, noting the different locations of fair- 

weather wave base (FWWB). 
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In this thesis, the shoreface succession is divided by cores from the ARCO #470-4 

well, based on the sand-to-mud ratio, bed-thickness trend, degree of bioturbation, and 

sedimentary structures. The base of shoreface is commonly above the siltstones or 

mudstones interbedded with thin (1–4 inches, 2.5-10.2 cm) rippled very fine grained 

sandstones, interpreted as offshore deposits, and below the interbedded bioturbated 

siltstones to very fine grained sandstones and laminated or massive, very fine to fine 

grained sandstones, interpreted as a transition zone to lower shoreface deposits. I 

modified the models discussed previously to apply to the cores; the terminology in 

sedimentology is mainly from Van Wagoner et al. (1990) and Kamola and Van Wagoner 

(1995), and that in ichnology is from Pemberton et al. (1992) and MacEachern and 

Pemberton (1992). The summary of the facies association is shown in Table 2.1. As the 

depositional environment in the study area is mostly on the distal part of shelf, offshore, 

transition zone, and lower shoreface are dominant, and only rarely are the middle and 

upper shoreface present in the cores.  

 

Facies Association Lithology and Sedimentary 

Structures 

Bioturbation 

Offshore to inner shelf Dark gray structureless siltstone to 

mudstone interbedded with dark 

gray massive, rippled or very thin 

(1-2 inches) parallel laminated 

siltstone to lower very fine grained 

sandstone 

Moderate to intense (Zoophycus, 

Planolites, Thalassinoides) 

Sparse (Ophiomorpha, 

Palaeophycus) 

Table 2.1 Summary of facies of the 4
th

-order sequences discussed in this thesis 
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Transition zone Interbedded dark gray siltstone to 

mudstone and dark gray, moderate 

thick (0.3-0.9 ft) parallel to low-angle 

laminated or wave and current rippled 

very fine grained sandstone 

Moderate to intense (Planolites, 

Thalassinoides, Chondrites, 

Asterosoma) 

Moderate (Arenicolites, 

Rhizocorallium, Teichichnus) 

Sparse to moderate 

(Ophiomorpha , Palaeophycus) 

Lower shoreface Gray massive or parallel to low-angle 

laminated, upper very fine to fine-

grained sandstone interbedded with 

dark gray siltstones 

Moderate to intense (Planolites, 

Thalassinoides, Chondrites, 

Asterosoma) 

Moderate (Rosselia, 

Rhizocorallium, Teichichnus) 

Sparse to moderate 

(Ophiomorpha , Palaeophycus) 

Middle shoreface Gray massive or parallel laminated, 

upper very fine to fine-grained 

sandstone interbedded with dark gray 

siltstones 

Moderate (Planolites, 

Thalassinoides, Ophiomorpha , 

Palaeophycus) 

Sparse to moderate (Skolithos, 

Schaubcylindrichnus) 

Upper shoreface Tan,  clean, well sorted, amalgamated 

fine- to medium-grained sandstones 

with planar laminations,  mudstone 

chips and siderite 

Sparse to moderate 

(Ophiomorpha, Palaeophycus, 

Planolites, Skolithos, 

Thalassinoides) 

Table 2.1 Summary of facies of the 4
th

-order sequences discussed in this thesis 
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Wave processes are dominant in shoreface depositional environments. However, 

tide and river processes may also be present. For example, the minor lobate geometry of 

sandstone maps, resulting from fluvial influences, can be easily observed. 

3.2 BARRIER-LAGOON SYSTEM  

In transgressive coastal settings, the facies can be grouped into estuarine landward 

and barrier facies associations (Fig. 3.4). As the study area is in the distal seaward 

position and the wave process is fairly strong, the dominant depositional setting contains 

barrier-lagoon facies. Barriers are formed by marine processes, in which sand is 

transported across the mouths of estuaries and embayments, thereby separating estuarine 

and lagoonal water bodies from the open ocean (Boyd, 2010). Barriers with low profiles 

are commonly associated with washover channels and fans. Barriers with high profiles 

are topped by the eolian environments (Boyd, 2010). Barriers are frequently transected by 

tidal inlets, associated with flood-tidal deltas landward and ebb-tidal deltas basinward. 

Lagoons represent low-energy environments with brackish to saline water landward of 

barrier bars.  
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Figure 3.4 Distribution of A) energy types, B) morphological elements in plane view, and 

C) sedimentary facies in cross-section within an idealized wave-dominated 

estuary. From Dalrymple et al., 1992. 

In the core from the studied interval, the massive or parallel laminated very fine to 

fine-grained sandstone above the flooding surface or wave ravinement surface topping 

the shoreface units is interpreted as washover fan deposits, which are  interbedded with 

carbonaceous or stressed bioturbated siltstone to mudstone (lagoon deposits.) The shelf, 

marine mudstone gradually dominates upward to the maximum flooding surface. No 

inlet-associated facies is identified in the core from the studied interval.  
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3.3 4
TH

-ORDER SEQUENCE 1: 

 

Figure 3.5 Core description and log response with selected photos from 11,380 to 11,460 

ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 

Description of cores: 

The 4
th

-order sequence is from 11,385 to 11,458 ft with a thickness of 76 ft (23.2 

m) (Fig. 3.5). The upward-fining deposits (11,433 to 11,458 ft) are composed of gray, 

very fine grained sandstone to siltstone and mudstone. The coarser sandstone beds with 

Cruziana ichnofacies, including Planolites, Palaeophycus, Thalassinoides, Teichichnus, 

and Asterosoma, are interbedded with muddy beds containing Zoophycus.  Symmetrical 
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wave ripples are present in siltstone beds. The upper section is aggradational, lower, very 

fine grained sandstone interbedded with thin (0.5-1 ft; 0.2-0.3 m) siltstone (11,410 to 

11,433 ft). The ripples are commonly broken, owing to moderate bioturbation. In 

pervasively bioturbated beds, no laminations and ripples can be distinguished. The 

Cruziana ichnofacies is dominated by Asterosoma, Thalassinoides, and Planolites, with 

rare Schaubcylindrichnus at the base. From base to top, the Cruziana ichnofacies changes 

from the normal size (diameter 0.6-1.2 inches; 2-3 cm) to diminutive (diameter around 

0.2 inches; 0.5 cm) (Figure 3.5, 11413 ft). Rare organic fragments are observed in 

sandstone beds. With erosive base, the upward-coarsening, very fine to low fine grained 

sandstone is amalgamated from 11,385 to 11,410 ft. The lower soft-sediment deformed 

and massive beds and the upper beds with low-angle laminations are separated by a 

minor erosional surface. Sparse Ophiomorpha is associated with massive beds.  

Interpretation of cores: 

The first upward-fining cycle represents transgressive deposits, possible 

backstepping shoreface environments, overlying a transgressive surface of erosion (TSE) 

at 11,458 ft. The transition from Cruziana ichnofacies to Zoophycus indicates deepening 

water. The aggradational, interbedded very fine grained sandstone and siltstone is 

deposited in an offshore environment, indicated by finer grains, Cruziana ichnofacies, 

and broken wave ripples. The diminutive trace fossils on the top may imply a brackish- 

water environment. The uppermost part is dominated by a high-energy environment, 

interpreted as storm-dominated delta front. The soft-sediment deformation and lack of 

bioturbation manifest high deposition rates. The low-angle laminations of the upper beds 

could be interpreted as hummocky cross-stratifications, illustrating the influence of storm 

processes.   
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3.4 4
TH

-ORDER SEQUENCE 2: 

 

 Figure 3.6 Core description and log response with selected photos from 11,300 to 11,380 

ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 
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Figure 3.7 Core description and log response with selected photos from 11,220 to 11,300 

ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 
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Figure 3.8 Core description and log response with selected photos from 11,140 to 11,220 

ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 

Description of cores: 

The upward-fining deposits (11,368 to 11,385 ft) range from gray, lower fine 

grained sandstone to siltstone. The ripples are broken by moderate bioturbation. The 

dominant ichnofacies is Cruziana with Thalassinoides and Planolites, associated with 

subordinate Skolithos ichnofacies including Ophiomorpha, Palaeophycus, and 

Arenicolites. The interbedded siltstone (1-4 ft ; 0.3-1.2 m thick) and lower very fine 

grained sandstone (up to 2 ft;0.6 m thick) is upward-coarsening from 11,368 to 11,322 ft. 
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The bioturbation intensity is from moderate to intense, with Cruziana ichnofacies 

composed of Planolites, Thalassinoides, and Asterosoma. Both current and wavy ripples 

are well preserved. The interval from 11,303 to 11,322 ft is composed of several very fine 

grained, sandstone beds with soft-sediment deformation (0.5-3 ft; 0.2-0.9 m thick) which 

are interbedded with bioturbated beds with symmetrical wave ripples and diminutive 

Cruziana ichnofacies. Shell and organic fragments are present. The upper section (11,208 

to 11,303 ft) is dominated by massive or parallel to low-angle laminated lower fine-

grained sandstone. In the lower part of the section (11,282 to 11,322 ft), the massive or 

laminated beds, associated with mudstone chips, are interbedded with moderately 

bioturbated beds with Cruziana ichnofacies including Asterosoma, Thalassinoides, 

Planolites, and possible Chondrites and rare Ophiomorpha. The section grades upward 

into four upward- coarsening cycles with an average thickness of 18.5 ft (5.6 m), 

separated by black mudstones.  The uppermost cycle with erosive contacts above 

mudstones is associated with rare branching Ophiomorpha. 

Interpretation of cores: 

The upward-fining cycle represents transgressive deposits. The upward-fining 

trend indicates the relative sea-level rise. The silty beds above with Cruziana ichnofacies 

manifest the low-energy, distal lower shoreface to offshore environments. Soft-sediment 

deformation reveals a rapid deposition rate and an unstable substrate. The uppermost 

beds indicate a transition from lower shoreface with more bioturbated beds to upper 

shoreface or proximal wave-influenced delta front dominated by parallel laminations 

(upper flow regime). 
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Description and interpretation of sandstone maps: 

The 4
th

-order sequence 2 sandstone has an arcuate strike-elongate and sheet-like 

geometry, with a prominent NE-SW trend, parallel to the paleoshoreline and 

perpendicular to the direction of sediment supply. Its geometry changes from curved, 

sub-parallel to shoreline to flat, parallel to shoreline from northwest to southeast. Three 

depocenters are recognized. The main sediment supply is from northwest to southeast, 

near well #ST TR 420-1. Two subordinate sediment supply directions are from northwest 

to southeast and from north to south. The thickness of the 4
th

-order sequence 2 sandstone 

is up to 160 ft (48.8 m) in the study area, thinning from northwest to southeast. 

The overall strike-elongate geometry of 4
th

-order sequence 2 sandstone is 

consistent with a wave-dominated shoreface depositional setting. Its subordinate lobate 

geometry in the southwest part and arcuate outline landward records fluvial input. 

Basinward, the curved outline gradually becomes straight, suggesting lesser fluvial 

influence. Also, the sandstone body thins as the sediment supply diminishes on the 

offshore and inner shelf. 
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Figure 3.9 Gross-sandstone map of the regressive cycle of 4th-order sequence 2 
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Description and interpretation of stratal slice map: 

The seismic stratal slice map shows strike-elongate geometry. Landward, a small 

muddy funnel mouth with width of 0.3 miles (0.5 km) is between two winglike sandstone 

ridges. The sandstone ridge in the southwest part is more continuous than that in the 

northeast part. A less sandy strip is 1 mile (1.6 km) long and trends N-S..  

The strike-elongate geometry indicates a wave-dominated environment. Similar to 

the Paraibo do Sul delta, Brazil, the feeder channel brings the sediment supply and then 

wave modifies it. Better quality and more sands are in updrift areas, whereas poor quality 

and less sand is in downdrift areas. The muddy mouth is interpreted as a feeder channel 

mouth. Based on the sand proportion, the updrift beach ridge is in the southwest part. The 

downdrift area is interpreted as barrier-lagoon associations. Longshore drift is directed 

northeast. The less sandy strip basinward represents detached, wave modified sand bars. 
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Figure 3.10 a) Gross-sandstone map of regressive cycle of 4
th

-order sequence 2, showing 

the area of the stratal slice map; b) Seismic cross-section with the stratal 

slice labeled; c) Paraibo do Sul delta, Brazil (Bhattacharya and Giosan, 

2003); d) Amplitude stratal slice maps of 4
th

-order sequence 2 and its 

interpretation. 
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3.5 4
TH

-ORDER SEQUENCE 3: 

 

Figure 3.11 Core description and log response with selected photos from 11,050 to 

11,130 ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 
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Figure 3.12 Core description and log response with selected photos from 10,960 to 

11,040 ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 

Description of cores: 

The upward-fining deposits (11,198 to 11,220 ft) change from very fine to fine 

laminated sandy beds (11,208 to 11,220 ft) with vertical Ophiomorpha to very fine sandy 

beds (11,201 to 11,208 ft) with Skolithos ichnofacies and Cruziana ichnofacies, then 

upward to silty beds with Cruziana ichnofacies (11,198 to 11,201 ft). The aggradational 

deposits (11,145 to 11,198 ft, the next 15 ft interval from 11,130 to 11,145 ft missing) is 

mostly homogeneous siltstone to mudstone interbedded with several thin (0.2-ft; 0.1 m) 
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lower very fine to silt beds. Cruziana ichnofacies, such as Asterosoma, Planolites, and 

Thalassinoides, are observed. The upward-coarsening deposits (11,130 to 11,016 ft, 

11,055 to 11,040 ft is missing) are composed of interbedded bioturbated beds and 

parallel-laminated beds. In general, the bioturbated beds are silty to very fine grained and 

the parallel-laminated beds are very fine to fine grained. From bottom to top, the grain 

size changes from silt to fine, the proportion of bioturbated beds decreases and that of 

laminated beds increases. In the bioturbated beds, Cruziana ichnofacies, including 

Thalassinoides, Planolites and Asterosoma, are present with rare broken ripples. The 

Skolithos ichnofacies, including Ophiomorpha, Skolithos, and Bergaueria, are associated 

with parallel-laminated beds with rare mudstone chips. These two kinds of beds are 

commonly separated by sharp contacts or erosional surfaces.    

Interpretation of cores: 

The upward-fining deposits represent a transition from a washover fan, 

backstepping shoreface facies to a fully marine, offshore facies. The bottom laminated 

sandstone with rare Ophiomorpha is interpreted as washover fans. The middle 

bioturbated beds with an upward-fining trend indicate backstepping shoreface facies. The 

uppermost beds with the finest grain size and darkest color display a fully marine, 

offshore facies. The beds with Skolithos ichnofacies are deposited in shallower water. 

The silt beds above indicate a deep-water environment. The aggradational deposits are 

interpreted as an offshore environment with finer grain size and Cruziana ichnofacies. 

The upward-coarsening deposits represent lower shoreface to middle shoreface. The 

bioturbated beds are assumed to be associated with fair-weather environments. The 

laminated beds are thought to have been deposited in storm environments. The 

suspension feeders, like Ophiomorpha and Skolithos, are indicative of high levels of 
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current or wave energy, associated with abrupt changes of rates of deposition, erosion, 

and physical reworking (MacEachern et al., 2010). The deposited feeders, like Planolites, 

Asterosoma, and Thalassinoides, are indicative of a long-term quiet environment around 

fair-weather wave base. Mudstone chips are also good characteristics of rapid deposit 

speed, probably related to storm environments. 

3.6 4
TH

-ORDER SEQUENCE 4: 

 

Figure 3.13 Core description and log response with selected photos from 10,880 to 

11,960 ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 
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Figure 3.14 Core description and log response with selected photos from 10,800 to 

10,880 ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 

Description of cores: 

The upward-fining cycle is from 11,016 to 10,960 ft. The laminated very fine 

grained sandy beds grade into bioturbated sandy beds with ripples, which in turn grade 

into bioturbated silty beds. The Cruziana ichnofacies include dominant Thalassinoides, 

Asterosoma, and Planolites. 

The homogeneous mudstone extends from 10,950 to 10,960 ft. The next 20 ft 

(from 10,930 to 10,950 ft) is missing. The upward-coarsening deposits (10,807 to 10,930 
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ft) are composed of interbedded bioturbated beds with ripples and massive or laminated 

beds. Upward, the unbioturbated beds contain more massive beds. The Cruziana 

ichnofacies, such as Thalassinoides, Planolites, Asterosoma, and possible Chondrites, are 

associated with bioturbated beds.  Ophiomorpha commonly occurs at massive or 

laminated beds. These two beds are normally separated by sharp contacts or erosional 

surfaces. 

Interpretation of cores: 

The upward-fining cycle represents transgressive, backstepping shoreface 

deposits. The deepening water level is indicated by the finer grain size and higher 

bioturbation intensity upward. The homogeneous mudstone above and the missing cores 

are suspected to be in an offshore environment because of the low energy indicated by 

the fine grain size. The muddy grain size and lack of sandy ripples and laminae are 

indicative of a low-energy environment. As in 4
th

-order sequence 3, the upward-

coarsening deposits in 4
th

-order sequence 4 are composed of interbedded fair-weather 

beds with Cruziana ichnofacies and storm beds with rare Ophiomorpha, indicating a 

lower shoreface to upper shoreface environment. Storm beds and the sand proportion 

increase, whereas fair-weather beds and the bioturbated intensity decrease, from bottom 

to top. 

Description and interpretation of sandstone maps: 

Similar to the 4
th

-order sequence 2 sandstone map, the sandstone map of the 4
th

-

order sequence 4 regressive cycle has an arcuate, strike-elongate and sheet-like geometry, 

with a prominent NE–SW trend, parallel to the paleoshoreline and perpendicular to the 

direction of sediment supply. Its outline changes from arcuate to straight from northwest 

to southeast. Three depocenters, all from northeast to southwest, are recognized. The 
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average distance separating each depocenters is 3.1 miles (4.9 km). The sandstone body 

thins from northwest to southeast, the thickest part being 210 ft (64.0 m). 

The percent-sandstone map of 4
th

-order sequence 4 regressive cycle, with a NE-

SW trend, is similar to the gross-sandstone map. Sandstone percentage changes from 90 

to 0 from northwest to southeast. The only difference is the subordinate lobe in the 

southwest part of the percent-sandstone map is much smaller than the one in the gross-

sandstone map. 

The strike-elongate geometry of the sandstone of 4
th

-order sequence 4 regressive 

cycle records longshore drift within a wave-dominated shoreface depositional setting. Its 

subordinate lobe in the southwest part and arcuate outline landward records fluvial input. 

However, the smaller lobe in the percent-sandstone map suggests that the fluvial 

influence may be not as significant as is shown in the gross-sandstone map, which may 

be because of its closer location to the fault. Basinward, the curved outline gradually 

changes to flat, suggesting less fluvial influence. The thickness of the sandstone 

decreases basinward as most of the sandstone deposits at the distal lower shoreface, the 

suspended muds, arrive much further. 
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Figure 3.15 Gross-sandstone map of the regressive cycle of 4
th

-order sequence 4 



 47 

 

Figure 3.16 Percent-sandstone map of the regressive cycle of 4
th

-order sequence 4 
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Description and interpretation of stratal slice map: 

The seismic stratal slice map shows a strike-elongate geometry. Winglike 

sandstone ridges are observed landward, trending northeast to southwest. A 0.3-mile (0.5-

km) width mudstone mouth between two sandstone ridges is connected to a dip-elongate 

sandstone lobe.  

The strike-elongate geometry shows a wave-dominated environment. The 

morphology of the seismic stratal slice map is similar to that of the Danube delta. The 

branching Danube River (Fig 3.17 c) deposits an active, river-dominated deltaic lobe 

(Bhattacharya, 2003). The relict wave-dominated beaches on the both sides of the lobe 

present a strike-elongate geometry. Similarly, winglike sandstone ridges represent 

winglike beach ridges in the seismic stratal slice map, but it is difficult, almost 

impossible, to infer longshore drift direction. 
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Figure 3.17 a) Gross-sandstone map of regressive cycle of 4
th

-order sequence 4 showing 

the area of the stratal slice map; b) Seismic cross-section with the stratal 

slice labeled; c) Danube delta, Romania (Google Earth); d) Amplitude 

stratal slice maps of 4
th

-order sequence 4 and its interpretation. 
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3.7 4
TH

-ORDER SEQUENCE 5: 

 

Figure 3.18 Core description and log response with selected photos from 10,750 to 

10,800 ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 
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Figure 3.19 Core description and log response with selected photos from 10,080 to 

10,750 ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 
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Figure 3.20 Core description and log response with selected photos from 10,600 to 

10,680 ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 

Description of cores: 

The upward-fining deposits are from 10,750 to 10,807 ft. The upper very fine 

grained laminated beds are interbedded with lower very fine grained bioturbated beds 

containing Planolites, Asterosoma, and Thalassinoides and grade into bioturbated silty to 

muddy beds with ripples. The thick (3–7 ft; 0.9-2.1 m) bioturbated siltstone interbedded 

with thin (0.3 ft; 0.1 m) rippled very fine grained beds is from 10,720 to 10,750 ft. Only 

Planolites is observed in this interval. Upward-coarsening deposits are from 10,672 to 
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10,720 ft. The grain size transitions from silt at the base to lower fine on the top. The 

dominant sedimentary structures of sandy beds are symmetrical wave ripples and 

asymmetrical current ripples. Rare Ophiomorpha, possible Diplocraterion, and organic 

fragments are present in sandy beds.  

Interpretation of cores: 

The transgressive deposits occur at the first upward-fining cycle. The high-

energy, shallow-water environment, indicated by the parallel laminations, grades to a 

quiet, deep water muddy environment. The aggradational silty beds above are interpreted 

as offshore environments, implied by the dark gray mudstone. On the top, fine-grained 

rippled sandstone show a shallow water environment, suspected to be from the upper 

offshore to the lower shoreface.  

Description and interpretation of sandstone maps: 

The sandstone of transgressive cycle of 4
th

-order sequence 5 is strike-elongate 

with a NE-SW trend. The thickest interval is less than 100 ft (30.5 m), thinning from 

northwest to southeast.  

The symmetric, strike-elongate sandstone represents barrier bar deposits. The 

wing-like projections are the tidal-inlet deposits. As the high structural control by the 

northwest growth fault, the thickness trend of tidal inlet deposits may be reversed from 

basinward to landward. Compared to the sandstone of the regressive cycle of 4
th

-order 

sequence 4, the thinner thickness and the landward sandstone margin of this sandstone 

map suggest a retrogradational stacking pattern.  
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Figure 3.21 Gross-sandstone map of the transgressive cycle of 4
th

-order sequence 5 
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3.8 4
TH

-ORDER SEQUENCE 6: 

 

Figure 3.22 Core description and log response with selected photos from 10,520 to 

10,600 ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 
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Figure 3.23 Core description and log response with selected photos from 10,440 to 

10,520 ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 

Description of cores: 

In the upward-fining cycle from 10,660 to 10,672 ft, the sparsely bioturbated, 

lower very fine grained sandstone grades upward into the sparsely bioturbated siltstone. 

Several upward-coarsening cycles with thickness of 2-10 ft (0.6-3.0 m) are from 10,660 

to 10,587 ft. In a single cycle, thick, bioturbated siltstone (2-10 ft; 0.6-3.0 m) grades to 

thin (1-3 ft; 0.3-0.9 m) rippled or parallel laminated, lower very fine grained sandstone. 

Upward, from 10,542 to 10,587 ft, gray muddy beds change to moderately bioturbated, 
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very fine grained sandy bed sets with Thalassinoides and Planolites, overlain by massive 

or low-angle laminated, fine grained sandy bed sets. From 10,532 to 10,542 ft, the 

massive fine grained sandy bed is upward-fining to bioturbated very fine grained sandy 

beds, overlain by erosional surfaces.  

Interpretation of cores: 

The water level of the transgressive deposits deepens from 10,660 to 10,672 ft, as 

the upward-fining trend. Several upward-coarsening cycles from 10,660 to 10,587 ft 

consist of a lower-order aggradational cycle. The depositional environment of this cycle 

is interpreted as an offshore environment, indicated by the wave ripples and high mud 

proportion.  The interval above from 10,532 to 10,587 ft, the offshore environment 

changes to a lower shoreface environment. The bioturbated bed sets are interpreted as 

relatively low energy environments, compared to the massive or low-angle laminated bed 

sets above. The low-angle laminations could be interpreted as hummocky cross-

stratifications, revealing the influence of storm wave processes.The upward-fining cycle 

above indicates the increasing water depth and decreasing influence of marine processes. 

The erosional surface at 10,532 ft may serve as a transgressive surface of marine erosion.  

Description and interpretation of sandstone maps: 

Overall, the sandstone of 4
th

-order sequence 6 is arcuate and has a strike-elongate 

geometry with a prominent NE–SW trend. Two lobes form at each side (southwest and 

northeast) of the study area.  The thickness decreases from northwest to southeast and is 

up to 200 ft (61.0 m). Three depocenters are recognized, and the main sediment supply 

direction is from northeast to southwest. 

The percent-sandstone map is similar to the gross-sandstone map, with a 

straighter outline. The sandstone percent changes from 75 to 15 from northwest to 
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southeast. The lobe in the southwest part of the gross-sandstone map disappears and 

instead the protruding end forms. The lobe in the northeast part of the gross-sandstone 

map still exists and has a bird-foot geometry.  

The strike geometry of both gross and percent-sandstone maps indicates that the 

wave process is still dominant in 4
th

-order sequence 6. The lobe in the southwest may be 

influenced by syndepositional growth (mainly) and fluvial processes (subordinately). The 

bird-foot -ike lobe in the northeast suggests a small, river-dominated deltaic system, with 

the radius of 0.5 miles (0.8 km) in the biggest sublobe. 
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Figure 3.24 Gross-sandstone map of the regressive cycle of 4
th

-order sequence 6 
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Figure 3.25 Percent-sandstone map of the regressive cycle of 4
th

-order sequence 6 
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3.9 4
TH

-ORDER SEQUENCE 7: 

 

Figure 3.26 Core description and log response with selected photos from 10,360 to 

10,440 ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 
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 Figure 3.27 Core description and log response with selected photos from 10,280 to 

10,360 ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm) wide). 

Description of cores: 

From 10,462 to 10,532 ft, thick (2-7 ft; 0.6-2.1 m), moderately bioturbated very 

fine grained sandstones with Thalassinoides, Palaeophycus, and Planolites are 

interbedded with moderate (1-3 ft; 0.3-0.9 m) massive or parallel to low-angle laminated 

fine-grained sandstones. Organic fragments are associated with massive sandstones. Rare 

Palaeophycus is observed in massive sandstones.  The upward-fining cycle from 10,416 

to 10,462 ft is above an erosional base. It is composed of interbedded, bioturbated, fine to 
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very fine grained sandstone and siltstone. The upward finer part is made up of 

interbedded, bioturbated lower very fine grained sandstone and bioturbated or laminated 

siltstone. Schaubcylindrichnus is observed in the silty layer. Most of the trace fossils are 

difficult to define in the interval because of the low storage quality. Upward-coarsening 

cycle above is from 10,335 to 10,416 ft. The intervals from 10,373 to 10,416 ft are 

composed of interbedded lower very fine grained sandstones and siltstones to mudstones. 

The mudstone-dominated interval grades upward into sandstone-dominated interval. 

Sandstone beds are commonly 0.5-4 ft (0.2-1.2 m) with ripples or parallel laminations. 

Siltstone or mudstone beds are commonly 0.5-5 ft (0.2-1.5 m) also with ripples. Scours 

occur in places.  Sparse Planolites and Thalassinoides destroyed the previous laminations 

or ripples, and they sometimes penetrate both sandy and muddy beds. Amalgamated 

massive or parallel laminated sandstones with Ophiomorpha and Asterosoma are sharp 

based, overlying the heterolithics. Some sandstone beds are separated by thin (less than 1 

ft; 0.3 m) red or dark gray mudstone. Red or dark gray to black mudstone chips are 

commonly observed.  

Interpretation of cores: 

From 10,462 to 10,532 ft, the strata are divided into three upward-fining cycles. 

Each of them starts from massive or laminated beds to bioturbated beds, representing 

washover fans underlying the backstepping shorefaces formed during sea-level rise. The 

erosional surface above could be interpreted as the transgressive surface of marine 

erosion, indicating an abrupt sea-level rise. The upward-fining bioturbated indicates a 

backstepping shoreface environment. The silt beds on the top show a deeper marine 

environment. The upward-coarsening interval records upward increasing depositional 

energy, reflected by the increasing sandstone proportion. A lack of burrows in the silt or 
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mud beds reveals very rapid mud accumulation. The sparse bioturbation and partially 

bioturbated laminations or ripples indicate the short duration of fair-weather 

environments. Overall, the depositional environment is assumed to be below fair-weather 

wave base and above storm wave base, transitioning from offshore to lower shoreface. 

Sharp-based, massive or laminated sandstone displays a higher energy environment. The 

mudstone chips and organic fragments reveal a rapid deposition rate. The red chips and 

red mudstones may represent a close position to the continental environment. Suspension 

fauna, such as Ophiomorpha, could survive with the high depositional energy, rapid 

depositional rates, and long periodicity of sedimentation here. This interval could be 

interpreted as wave-influenced delta-front or foreshore environments. 

Description and interpretation of sandstone maps: 

Sandstone of the transgressive cycle of 4
th

-order sequence 7 is strike-elongate 

with minor lobes toward the southwest. The thickest point is about 160 ft (48.8 m) in the 

northwest part. It generally thins from northwest to southeast, with a curved contour line.  

The net-gross ratio is from 80 to 100 from northwest to southeast. Several fan-like 

lobes have a NE-SW trend. One lobate mouth at the northeast is 0.3 mile (1.5 km) wide.  

Overall, the transgressive deposits are interpreted as amalgamated barriers and 

flooding-tidal deltas. Several fan-like lobes are washover fans, widening landward. The 

landward thick part in the middle is interpreted as flooding-tidal delta with thickening 

and widening trends landward. The northeast lobate mouth composes tidal-inlet deposits, 

thinning landward with a narrowing geometry. 
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Figure 3.28 Gross-sandstone map of the transgressive cycle of 4
th

-order sequence 7 
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Figure 3.29 Percent-sandstone map of the transgressive cycle of 4
th

-order sequence 7 
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3.10 4
TH

-ORDER SEQUENCE 8: 

 

Figure 3.30 Core description and log response with selected photos from 10,180 to 

10,260 ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm)  wide). 

Description of cores: 

Upward-fining deposits (10,335 to 10,292 ft, 10,258 to 10,292 ft are missing) are 

composed of gray, sparsely bioturbated or laminated, very fine grained sandstones that 

grade upward into gray carbonaceous siltstone. Red mudstone chips and organic 

fragments are observed. Asterosoma, Ophiomorpha, and Planolites are associated with 

sandy beds. The sandstones and siltstones are separated by sharp contacts or erosional 
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surfaces. Upward-coarsening deposits extend from 10,203 to 10,258 ft. The lower part is 

composed of interbedded siltstone and mudstone. The thin siltstone layer (0.5-1 ft; 0.2-

0.3 m) is associated with ripples and parallel laminations, commonly partly broken by 

bioturbation. The upper part of the interval is dominated by interbedded pervasively 

bioturbated siltstone with ripples and massive or parallel to low-angle laminated very fine 

to fine grained sandstones. The massive beds with very rare Palaeophycus commonly end 

on the top. Several minor erosional surfaces are present. 

Interpretation of cores: 

The upward-fining deposits are interpreted as transgressive deposits. The 

erosional surface at 10,334 ft can be interpreted as a major transgressive surface of 

marine erosion. Red mudstone chips and organic fragments in the sandstones are 

consistent with shallow water depth, high depositional energy, and rapid depositional 

rates. The carbonaceous siltstone indicates a low-energy environment and increasing 

water depth. The upward-coarsening cycle represents the offshore environment to 

shoreface environments. Interbedded siltstone and mudstone with broken ripples show a 

quiet, deep-water environment. Pervasively bioturbated or rippled siltstones indicate a 

transition from offshore to lower shoreface. The massive or low-angle laminated fine- 

grained sandstones represent a shallow water depth with a rapid depositional rate from 

lower shoreface to upper shoreface environments.  
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3.11 4
TH

-ORDER SEQUENCE 9: 

 

Figure 3.31 Core description and log response with selected photos from 10,100 to 

10,180 ft (scale bar is 2 inches (5.1 cm) long and 1 inch (2.5 cm)  wide). 

Description of cores: 

The upward-fining cycle is from 10,190 to 10,203 ft. Interbedded very fine 

grained sandstones with ripples and siltstone with Planolites grade upward into gray 

bioturbated siltstones to mudstones. The interval from 10,131 to 10,190 ft is composed of 

thick (2-11 ft; 0.6-3.4 m) pervasively bioturbated siltstone, interbedded thin (1-2 ft; 0.3-

0.6 m) rippled very fine grained sandstones, also affected by sparsely bioturbation. The 
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trace fossils are dominated by Planolites and Thalassinoides. The grain size slightly 

coarsens upward. The upward-coarsening cycle (10,102 to 10,131 ft) is composed of 

sharp-based, tan, very fine grained sandstones that grade upward into upper fine grained 

sandstone. The very fine grained sandstone at the base is commonly pervasively 

bioturbated with Planolites, Palaeophycus, and Chondrites. Some of the bioturbated beds 

are wholly red. Upward, parallel or low-angle laminated very fine to upper fine grained 

sandstones with mudstone chips replace the bioturbated beds. Skolithos ichnofacies, 

including Ophiomorpha, Skolithos, and Palaeophycus, are commonly associated with 

laminated beds. Red, robust (1-4 inches; 2.5-10.2 cm in diameter), inclined or vertical 

Ophiomorpha are observed.   

Interpretation of cores: 

The transgressive deposits are from 10,190 to 10,203 ft. Water level deepens with 

the fining grain size and lower abundance of sedimentary structures. Upward, the thick 

pervasively bioturbated siltstones attest to long-term quiet environments. The ripples of 

the very fine grained sandstones may be created by storm or wave processes. Overall, the 

interval from 10,131 to 10,190 ft represents a transition from offshore to distal lower 

shoreface environments. The bioturbated sandstones above indicate a fair-weather 

environment of lower shoreface. The laminated upper fine grained sandstones with 

Skolithos ichnofacies on the top reveal middle to upper shoreface environments. The 

suspensional fauna and the mudstone chips are indicative of high levels of energy, fast 

depositional rates, and abrupt changes of deposition, erosion and reworking. 
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3.12 4
TH

-ORDER SEQUENCE 10: 

 

Figure 3.32 Core description and log response with selected photos from 10,020 to 

10,100 ft (scale bar is 1 inch (2.5 cm) long and 1 inch (2.5 cm) wide). 

Description of cores: 

The upward-fining cycle (10,094 to 10,102 ft) is composed of bioturbated very 

fine grained sandstones with ripples upward-fining into bioturbated siltstones. The 

upward-coarsening cycle is from 10,030 to 10,094 ft. The interbedded bioturbated 

siltstones to mudstones and very fine grained sandstones with ripples and parallel 

laminations are located in the lower part of the upward-coarsening cycle. The top of this 



 72 

cycle is composed of massive or parallel laminated, very fine to fine grained sandstone 

interbedded with bioturbated very fine grained sandstones with Thalassinoides, 

Rhizocorallium, and possible Diplocraterion. Mud clasts and organic fragments are 

observed in the massive sandstones. The bioturbated beds are commonly 4-6 ft (1.2-1.8 

m), overlain by 3-4 ft (0.9-1.2 m) massive or laminated beds. Rare Ophiomorpha and 

Palaeophycus are observed as being associated with massive or laminated beds.    

Interpretation of cores: 

The first cycle from 10,094 to 10,102 ft represents transgressive deposits, 

according to its upward-fining trends. The upward-coarsening cycle is interpreted as a 

transition from offshore to distal lower shoreface environments. The bottom siltstones 

and mudstones represent a low energy, offshore environment, influenced by inactive, 

relict processes. The laminated or rippled very fine grained sandstone layer may be 

controlled by episodic storm wave processes. The bioturbated beds with Cruziana 

ichnofacies in the upper part indicate a fair-weather environment of the distal lower 

shoreface. With a change to a more energetic wave or even storm climate or minor fall of 

relative sea level, the massive or laminated fine grained sandstones replace the 

bioturbated beds.  
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3.13 4
TH

-ORDER SEQUENCE 11: 

 

Figure 3.33 Core description and log response with selected photos from 9,940 to 10,020 

ft (scale bar is 1 inch (2.5 cm) long and 1 inch (2.5 cm) wide). 
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Figure 3.34 Core description and log response with selected photos from 9,860 to 9,940 ft 

(scale bar is 1 inch long and 1 inch (2.5 cm) wide). 

Description of cores: 

The upward-fining cycle (10,024 to 10,030 ft) is composed of bioturbated very 

fine grained sandstones with Thalassinoides and Palaeophycus fining upward into 

bioturbated siltstones. The interval from 9,997 to 10,024 ft is composed of interbedded 

very fine grained sandstones and siltstones. The silty beds commonly range from 2 to 5 ft 

(0.6 to 1.5 m) with cryptic bioturbations. The thin (1-2 ft; 0.3-0.6 m) sandstones are 

laminated with Ophiomorpha. Several upward-coarsening cycles with thickness of 4 to 
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16 ft (1.2 to 4.9 m) compose the interval from 9,941 to 9,995 ft. The upward-coarsening 

cycles are commonly from bioturbated siltstones or lower very fine grained sandstones to 

parallel laminated or massive, very fine to lower fine grained sandstones with 

Palaeophycus and Ophiomorpha. Thalassinoides, Asterosoma, Planolites, and 

Schaubcylindrichnus are observed in bioturbated beds. The interval from 9,881 to 9,941 

ft coarsens upward to lower medium grained sandstone, which is the coarsest of the entire 

study interval. Sandstones of this interval are moderately to pervasively bioturbated with 

Planolites, Palaeophycus, and Thalassinoides. At 9,914 ft, there is a 6-inch (15.2 cm), 

oyster and gastropod layer. Above and underneath this layer, siderites are commonly 

observed.  

Interpretation of cores: 

The first cycle from 10,024 to 10,030 ft represents transgressive deposits, 

according to its upward-fining trends. The interval from 9,997 to 10,024 ft indicates 

relatively low energy offshore environments. The thin sandy beds with rare Palaeophycus 

may be the results of storm waves. The upward-coarsening cycles from 9,941 to 9,995 is 

interpreted as the transition from offshore to lower shoreface. The siltstones at base 

represent relatively quiet offshore environments, changing upward into lower shoreface 

environments as energy level increases, indicated by the vertical trace fossils and parallel 

laminations. The moderately to pervasively bioturbated interval from 9,881 to 9,941 ft is 

interpreted as lower shoreface environments with Thalassinoides, Planolites, and 

Palaeophycus. The lag layer indicates a storm-induced exhumation.  

Description and interpretation of sandstone maps: 

The sandstone of 4
th

-order sequence 11 is more strike-elongate northwest with a 

straight margin. Toward the southeast, the sandstone body is more arcuate, and one lobe 
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forms at the southwest corner of the study area with a radius of 0.9 miles (1.4 km). The 

sandstone thickness decreases from northwest to southeast and is up to 100 ft (30.5 m). 

Three depocenters are recognized, and the main sediment supply direction is from 

northwest to southeast.  

Although there is a large lobe at southwest corner, the fluvial supply may be not 

significant, according to the previous interpretation of percent-sandstone maps. 

Therefore, the 4
th

-order sequence 11 sandstone is interpreted as a symmetrical wave-

dominated deltaic system. Fluvial influences are much stronger at each side of study area 

and exist further basinward, indicated by the protruding area.  
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Figure 3.35 Gross-sandstone map of the regressive cycle of 4
th

-order sequence 11 

Description and interpretation of the stratal slice map: 

In the seismic stratal slice map, the main sandstone body landward displays a 

strike-elongate geometry. The morphology basinward is more complex. In general, 
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strike-elongate amplitude trends dominate. In detail, one lobe is in the southwest part of 

study area and several small dip-oriented sandstone bodies with ellipse geometry are in 

the northeast part of study area. 

The dominant strike-elongate geometry indicates a wave-dominated environment. 

The lobe in the southwest part is transported by a fluvial process and modified by a wave 

process. The small bars in the northeast part are possible tidal bars because of their 

dipping direction, but they also can be interpreted as mouth bars in the river-dominated 

deltaic lobe complex. 
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Figure 3.36 a) Gross-sandstone map of regressive cycle of 4
th

-order sequence 11 showing 

the area of stratal slice map; b) Seismic cross-section with the stratal slice 

labeled; c) Amplitude stratal slice maps of 4
th

-order sequence 11 and its 

interpretation. 
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3.14 4
TH

-ORDER SEQUENCE 12: 

 

Figure 3.37 Core description and log response with selected photos from 9,780 to 9,860 ft 

(scale bar is 1 inch (2.5 cm) long and 1 inch (2.5 cm) wide).  
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Figure 3.38 Core description and log response with selected photos from 9,715 to 9,780 ft 

(scale bar is 1 inch (2.5 cm) long and 1 inch (2.5 cm) wide). 

Description: 

Upward-fining, interbedded fine to very fine grained sandstones and siltstones 

with moderately bioturbation are from 9,859 to 9,881 ft. Upward, from 9,809 to 9,859 ft, 

the deposits coarsen upward from very fine grained sandstones to fine to medium 

sandstones with increasing Skolithos ichnofacies, decreasing Cruziana ichnofacies, 

decreasing bioturbation intensity, and increasing thickness of a single bed. Overlain 

upward-fining, moderately bioturbated sandstones are from 9,900 to 9,809 ft. The 
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interval from 9,715 to 9,809 ft is dominated by massive, lower fine to medium sandstones 

with sparsely bioturbation. The trace fossils are commonly inclined or vertical 

Ophiomorpha and very rare Thalassinoides and Planolites. Several siderite concretes and 

diagenesised (possibly cherty) layers are observed.  

Interpretation: 

The upward-fining cycle (9,859-9,881 ft) represents transgressive, backstepping 

shoreface deposits with thinning beds and fining grain size. The water level is shoaling 

from 9,715 to 9,859 ft, indicated by the increasing Skolithos ichnofacies, decreasing 

Cruziana ichnofacies, decreasing bioturbation intensity, and coarsening grain size. The 

Ophiomorpha systems shift from horizontal to vertical in orientation from bottom to top, 

also indicating an increasing energy. This interval is interpreted to be transit from lower 

shoreface of very lower part dominated by Cruziana ichnofacies to middle shoreface of 

upper part dominated by Skolithos ichnofacies. 

Description and interpretation of sandstone maps: 

The 4
th

-order sequence 12 sandstone is overall straight and strike-elongate. 

Toward the southeast, there are two protruding lobes at each side of the study area. The 

sandstone body is up to 185 ft (56.4 m) and thins from northwest to southeast. Three 

depocenters are recognized. The sediment supply direction is from northwest to southeast 

overall.  

In the percent-sandstone map, the protrude areas still exist and their lobe 

geometry is not evident because the limited mapped area and the elimination of structural 

affection by percent mapping method. The arcuate geometry is more evident at the 

northeast direction. The sandstone percent changes from 100 to 0 from northwest to 

southeast.  
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Overall, 4
th

-order sequence 12 sandstone is interpreted as a wave-dominant deltaic 

system, suggested by its strike-elongate geometry. It could be inferred that two lobate, 

river-dominated or influenced deltaic systems are at each side of the study area. As 

limited in the mapped area, the whole geometry is difficult to recognize. 

 

Figure 3.39 Gross-sandstone map of the regressive cycle of 4
th

-order sequence 12 
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Figure 3.40 Percent-sandstone map of the regressive cycle of 4
th

-order sequence 12 

 



 85 

3.15 4
TH

-ORDER SEQUENCE 13: 

 

Figure 3.41 Core description and log response with selected photos from 9,650 to 9,700 ft 

(scale bar is 1 inch (2.5 cm) long and 1 inch (2.5 cm) wide). 

Description: 

The last upward-fining deposits are from 9,650 to 9,700 ft (9,700 to 9715 ft and 

9,689 to 9,695 ft are missing). The moderately bioturbated, low fine grained sandstones 

with Thalassinoides and Palaeophycus are upward-fining into bioturbated siltstones. 
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Interpretation: 

The upward-fining deposits are interpreted as transgressive, backstepping 

shoreface deposits. The water level deepens as the fining grain size decreases.  

3.16 DISCUSSION 

 

Figure 3.42 Sandstone margin display of regressive cycles of 4
th

-order sequence 2, 4, 6, 

11, and 12 
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Figure 3.43 Sandstone body geometries of six basic types of deltas as a function of wave, 

tide, and fluvial influences (Bhattacharya and Giosan, 2003; after Coleman 

and Wright, 1975; Galloway 1975) 

Figure 3.43 shows the migration of the sandstone margins between regressive 

cycles of 4
th

-order sequences 2, 4, 6, 11, and 12. The 4
th

-order sequences (4
th

-order 

sequences 2, 4, and 6) of the lowstand system tract (LST) are more strike-elongate, 

comparing the lobate geometry of the 4
th

-order sequences (4
th

-order sequences 11 and 12) 

of the highstand system tract (HST). The modern counterpart of the sandstone body 

geometry of 4
th

-order sequences 11 and 12 is the Sao Francisco delta (Fig. 3.43), whereas 
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that of 4
th

-order sequences 2, 4, and 6 is the Senegal delta (Fig. 3.43). The 4
th

-order 

sequence geometry changes indicate that the wave process weakens from LST to HST 

and riverine influence strengthens during HST.  

The sandstone margin moves landward from 4
th

-order sequence 2 to 4
th

-order 

sequence 4, then steps basinward back again to 4
th

-order sequence 6. Within the LST, the 

deposit accumulation is not stable, and the direction of its movement changes frequently. 

Within the HST, the sandstone margin of 4
th

-order sequence 12 is more basinward in the 

southwest direction and more landward in the northeast direction than that of 4
th

-order 

sequence 11. The partial landward and partial basinward movement also shows that even 

within a 4
th

 –order cycle, a 0.115 million year duration (see Chapter 2), the movement 

direction of the depositions can change very frequently. Hampson and Storm (2003) 

proposed that clinoform geometry and distribution change systematically within a single 

4
th

-order sequence, reflecting the cycle in sea level and/or sediment supply that produced 

the 4
th

-order sequence (10
2
-10

5
 years). These changes record steepening of the shore-

shelf profile during early progradation and maintenance of a relatively uniform profile 

during late progradation. The 4
th

-order sequence stacking (10
4
-10

8 
years) is controlled by 

the relative sea level, the sediment supply, and the shelf morphology. Another concept to 

explain the stacking pattern, “Autoretreat” (Muto and Steel, 1992, 1997) highlights the 

inbuilt and inevitable tendency for regressive shorelines to turn around to transgression 

without the imposition of any change in rates of accommodation creation or sediment 

supply. Autoretreat occurs as the sediment supply fails to fill the increasing area behind 

shoreline, without the exceptional supply increase (Cattaneo and Steel, 2003). 
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Chapter 4: Reservoir Implications 

4.1 GEOMETRY AND CONTINUITY OF SANDSTONE BODIES 

Detailed study of facies architecture is important for reservoir geologists and 

engineers who are concerned with reservoir heterogeneities. Gross-sandstone maps (Fig. 

4.1), discussed in Chapter 3, are helpful for describing trends, geometry and continuity of 

sandstone bodies.  In this study, two cross-sections, both parallel to strike and dip (Fig. 

4.2, Fig. 4.3), were constructed by tying well logs to seismic data. Sandstone bodies were 

correlated on these cross-sections. Because cores from theARCO #470-4 well were 

calibrated to well logs, these well logs can be used to provide accurate interpretations of 

sandstone body thickness and stratigraphic occurrence (position). Seismic data, displayed 

in stratal-slice maps, can be used to portray the lateral distribution of sandstone bodies.  

Gross-sandstone maps (Fig. 4.1) illustrate a strike-elongate geometry, which is 

more lobate in HST sequences. The sandstone bodies pinch out from northwest to 

southeast. Main sediment supply direction, from northwest to southeast, is normal to the 

primary growth fault and does not change greatly throughout this incomplete 3
rd

-order 

sequence. The thickness of depocenters ranges from 100 to 200 ft (30.5-61.0 m) in 

different cycles of 4
th

-order sequences.  
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Figure 4.1 Summary of sandstone maps by sequence stratigraphic framework 
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In cross-sections, the dominant sandstone body geometry is sheet-like and 

multistoried. Lateral and vertical continuity are very good along strike and dip. In the 

strike cross-section, 4
th

-order sequences with thicker sandstone bodies have better 

continuity than do thinner sandstone bodies because thinner sandstone bodies are located 

in the distal part of the wave-dominated deltaic systems. In the dip cross-section, the 

thickness of sandstone bodies increases greatly toward the primary growth fault. 

Thickness of sandstone bodies is relatively stable along strike and is slightly thicker in 

the southwest part of study area owing to its low paleoelevation and high 

accommodation.  
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Figure 4.2 Sandstone body architecture along the dip cross-section a from northwest to 

southeast. See location at Figure 1.2.  
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Figure 4.3 Sandstone body architecture along the strike cross-section b from southwest to 

northeast. See location at Figure 1.2.  
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4.2 CONTROL ELEMENTS OF SANDSTONE DEVELOPMENT  

Nonproducing wells in Red Fish Bay oil field are associated with one or more of 

the following: poor sandstone development, perforations in a previously depleted 

reservoir compartment, or fault breaching (Hammes et al., 2007). By careful analysis of 

high-resolution sequence stratigraphy and depositional environments, exploration risks of 

poor sandstone development can be avoided.  
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Figure 4.4.Sequence stratigraphic framework, depositional environments, reservoir 

quality and typical well logs, core descriptions, seismic cross-sections, 

gross-sandstone maps and stratal-slice maps. Typical well logs and cores 

descriptions are from the ARCO #470-4 well. Selected seismic cross-section 

is Trace 5030. The gross-sandstone maps and stratal slice maps of the 

regressive cycle of 4
th

-order sequences 2 and 11 are also shown. 



 96 

4.2.1 Sequence stratigraphy 

Sequence stratigraphy is a useful tool for predicting and analyzing sandstone 

distribution, as well as understanding partitioning of sandstone bodies. The highstand 

system tract (HST) from 4
th

-order sequence 8 to 12 features decreased accommodation 

and increased sediment supply; therefore, sand is more abundant and can extend further 

out onto the shelf. Overall, the sandstone geometry displays a progradational depositional 

pattern. The sand proportion and thickness increase from 4
th

-order sequence 8 to 12. The 

coarsest grain size, which is medium, occurs in the amalgamated sandy interval of 4
th

-

order sequence 12. In the transgressive system tract (TST), the deposits are 

retrogradational, and thus feature less abundant sand on the shelf. In the lowstand system 

tract (LST) from 4
th

-order sequence 1 to 7, the direction of shoreline movement 

frequently alternates between landward and basinward, reflecting shoreline oscillation, 

and no pronounced base-level change exists (Figure 3.42). Overall, the LST displays an 

aggradational depositional pattern. The variation of sandy proportion and thickness 

throughout the LST is minor. The sand-mud ratio of the most interbedded sandstone and 

mudstone and some amalgamated sandstone is moderate, lower than the mostly 

amalgamated sandstone of 4
th

-order sequence 12. However, the average reservoir quality 

(porosity and permeability), is calculated from the ARCO #470-4 well, in the LST is 

higher than that in the HST because the depositional environment in the LST is in a 

proximal position of the deltaic system, whereas most of that environment in the HST is 

in a distal position of the deltaic system. 
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4.2.2 Modification by marine and non-marine processes 

Interactions between wave, storm and fluvial processes can produce different and 

complex sandstone body associations in three dimensions. Wave processes, generating 

both oscillatory currents through the orbital motion of water and along-shore and 

offshore-directed rip currents, are dominant on the beach and upper shoreface (Plint, 

2010). Storm processes also play an important role in erosion and sediment transport at 

the shoreface, although they are active for only a few months of the year. Even in a wave- 

dominated environment, riverine influence cannot be ignored because the degree of 

wave-dominance in a deltaic system depends on the ability of waves to rework riverine-

supply sediment, which influences the geometry, distribution, and orientation of resultant 

sand bodies (Fig 4.5; Coleman, 1981; Battacharya and Giosan, 2003; Dafoe et al., 2010).  

 

 

Figure 4.5 Delta morphologies with increasing wave influence. Modified from Dafoe et 

al. (2010), after Weise (1979). 

198 L.T. DAFOE, M.K. GINGRAS and S.G. PEMBERTON

Table 2. Comparison of ichnological assemblages interpreted from deltaic deposits described from this study; the 
Dunvegan Formation of Alberta, Canada (Gingras et al., 1998; Coates and MacEachern, 1999); and the 

Permian Denison Trough of Queensland, Australia (Bann and Fielding, 2004).

Fig. 15. Delta morphologies produced as a result of increasing wave influence. The lobate delta is river-dominated, and the strike-elongate
delta reflects conditions of wave-dominance. Arrows indicate sediment input and directions of sand transport. Modified from Weise (1979).



 98 

Precise determinations of riverine sediment input and longshore drift directions 

are difficult in this study because of the limited well control. Battacharya and Giosan 

(2003) claimed that it is necessary to interpret ancient depositional systems in a larger 

paleogeographic context because of the complexity of facies construction.  

Although difficult to interpret, the percent-sandstone map can be helpful for 

interpreting paleogeomorphology because it decreases the structural effects of 

accommodation on interval thickness. The percent-sandstone map of 4
th

-order sequence 6 

(Fig. 4.6) serves as an example of interpreting the directions of marine and non-marine 

processes. The lobe in the southwest part of study area is interpreted as a symmetric, 

wave-dominated shoreface. The influences of wave processes are equal on both sides of 

the cuspate point. The lobe at the northeastern direction is interpreted as a bird-foot 

deltaic system. The longshore drift is from the southwest to the northeast. Better quality 

and more sandstone are inferred in the updrift areas. Overall, according to the sandstone 

maps, the geometry of 4
th

-order sequences of the lowstand system tract (LST) is more 

strike oriented, which is wave-dominated and river influenced. The geometry of 4
th

-order 

sequences of the highstand system tract (HST) is more lobate, affected equally by wave 

and fluvial processes.  
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Figure 4.6 Process interpretation of percent-sandstone map of 4th-order sequence 6. 

Another way to interpret marine and non-marine processes in this study is to 

integrate well log interval, gross- and percent-sandstone maps, and stratal-slice maps. 
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Based on well logs that have very high vertical resolution but relatively low horizontal 

control, sandstone maps have useful but a limited utility for morphologic analysis. In 

contrast, seismic data offer very high horizontal resolution but low vertical resolution. 

Therefore, morphologic analysis based on seismic stratal slice maps can be quite 

powerful.. Well log interval, sandstone maps and stratal slice maps are complementary in 

a 3-dimensional view. An integrated map of 4
th

-order sequence 2 (Fig. 4.7), including 

well logs, a gross-sandstone map, and a seismic stratal slice map, are chosen as an 

example, to interpret marine and non-marine processes. Representative well logs were 

chosen from the regressive cycle of 4
th

-order sequence 2. The selected gross-sandstone 

map displays the sandstone thickness of the regressive cycle of 4
th

-order sequence 2. The 

stratal slice map is extracted along the surface within the regressive cycle of 4
th

-order 

sequence 2 (Fig. 3.10[b]). In Figure 4.7 yellow to red indicates high sand proportions and 

blue represents a high mud proportion. Logs with serrate to blocky responses are upward-

coarsening-. Gross-sandstone thickness decreases from landward to basinward,. The 

dominant geometry of the gross-sandstone maps is strike-elongate, consistent witha 

progradational, wave-dominated deltaic system. Furthermore, the stratal slice map 

provides more detailed morphologic information. The sandstone body to the southwest is 

more continuous and thicker, compared to that in the northeast part of the map.  The 

small stripes in the middle are muddy and less continuous, and they represent wave-

modified sand bars, deposited by fluvial processes and then modified by wave processes. 

The more continuous and thicker sandstone body is interpreted as beach ridge plains in 

the updrift area, whereas the less continuous and thinner sandstone body is associated 

with a barrier island and lagoon system in the downdrift area. The longshore drift 

direction is from southwest to northeast.  
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Figure 4.7 An integrated map of regressive cycle of 4
th

-order sequence 2 based on well 

logs, the gross-sandstone map, and the seismic stratal slice map 
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4.2.3 Sandstone bed variations through the shoreface  

Rodriguez et al. (2001) used echo-sounding profiles along 30 shoreface transects 

of the Texas coast, Gulf of Mexico, to study variations in shoreface architecture and 

evolution (mid-Holocene to present). They recognized the upper shoreface to be 

composed almost entirely of sand; the proximal lower shoreface, to be composed of sand 

with thick to medium-bedded (50 – 10 cm; 19.7 – 3.9 inches) mud; and the distal lower 

shoreface, to be composed predominantly of medium to thin bedded (20 – 3 cm; 7.9 – 1.2 

inches) mud. This thesis, which is based on subsurface paleo-data, agrees with their 

observation, from the modern environment. Although the classification of the shoreface 

is different between this thesis and Rodrigues et al. (2001) the sand-mud proportions and 

the thickness of sandstone bed trends throughout shoreface interval is similar. Another 

useful index in this thesis is the ratio between nonbioturbated and bioturbated beds. For 

example, the upper shoreface of 4
th

-order sequence 2 (Figure 4.8) contains thick, 

amalgamated sand, from 11,210 to 11,265 ft. The entire upper shoreface interval has 52 ft 

(15.8 m) of laminated or massive, lower, fine-grained sandstone and only 3 ft (0.9 m) of 

siltstone and mudstone. The sandstone-mudstone ratio is 52:3. The middle shoreface of 

4
th

-order sequence 2 (Figure 4.8) is dominated by interbedded bioturbated siltstone and 

very fine grained sandstone with Cruziana and Skolithos ichnofacies and very fine to 

fine-grained, laminated sandstone from 11,265 to 11,303 ft. In all, there are 33 ft (10.1 m) 

of sandstone and 5 ft (1.5 m) of siltstone and mudstone; the sandstone-mudstone ratio is 

33:1. In addition, there are about 20 ft (6.1 m) of laminated and massive beds and 14 ft 

(4.3 m) of bioturbated beds. The ratio between the stratified beds and the bioturbated 

beds is 10:7. The lower shoreface of 4
th

-order sequence 3 (Figure 4.9) consists of 

interbedded laminated, very fine grained sandstone and bioturbated lower very fine 

sandstone and siltstone from 11,055 to 11,130 ft, with 64 ft (19.5 m) of sandstone and 11 
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ft (3.4 m) of siltstone and mudstone. The sandstone-mudstone ratio is 64:11, with 17 ft 

(5.2 m) of laminated beds and 50 ft (15.2 m) of bioturbated beds. The ratio between the 

stratifiedbeds and the bioturbated structural beds is 17:50. Therefore, the sandstone-

mudstone and bioturbated to stratified beds ratio decreases from  upper shoreface to  

lower shoreface.  

 

 

Figure 4.8 Core from ARCO #470-4 from 11,205 to 11,310 ft. 



 104 

  

Figure 4.9 Core from ARCO #470-4 from 11,055 to 11,130 ft . 

4.3 RESERVOIR QUALITY  

4.3.1 Overview 

This analysis of reservoir quality is based on ARCO #470-4 cores from 9,673 to 

11,406 feet. Porosity and permeability data (Fig. 4.10), with a total of about 850 data 

points, are primarily from very fine to medium-grained sandstone. Porosity ranges from 

0.024 to 34.3 percent, with a mean of 19.4 percent. Mean permeability is 33.6 millidarcys 

(md), with a range of 0.01 to 650 md. The sandstone is divided into 12 groups bounded 

by maximum flooding surfaces of 4
th

-order sequences (Figure 4.11), for convenience of 

discussion. One sandstone unit is composed of a single underlying regressive cycle and a 

single overlying transgressive cycle of 4
th

-order sequences.  
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Figure 4.10 Porosity versus permeability for 840 data points of ARCO #470-4 

Thin section analysis by Hammes et al. (2007) and visual inspection of core 

samples show that the sandstones are dominated by lithic arkoses containing quartz, 

feldspar, and volcanic rock fragments, in order of abundance (Hammes et al., 2008). Pore 

types include (a) primary interparticle pores, (b) secondary dissolution pores in feldspars 

and rock fragments, and (c) micropores in associated grains and clay minerals (Hammes 

et al., 2007). Rare cements are caused by quartz overgrowths, calcite, and kaolinite clay. 

Lithology is the main control on porosity and permeability (Fig. 4.11). Sedimentary and 

biogenic structures also modify grain-size sorting, indirectly affecting porosity and 

permeability.  
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4.3.2 Lithology and reservoir quality 

Figure 4.11 shows simple relationships between lithology and reservoir quality 

from sandstone-1 to sandstone-12: sandstone-rich facies are associated with high porosity 

and permeability; mudstone-rich facies are associated with low porosity and 

permeability. However, grain size is not directly related to reservoir quality. For example, 

the average porosity and permeability of sandstone-12, which contains amalgamated, 

fine- to medium-grained sandstone, is much lower than those of sandstone-6, which 

consists of interbedded, very fine to fine-grained sandstone and mudstone: 18.08 md, 

16.81% for sandstone-12 versus 85.01 md, 22.11% for sandstone-6 (Table 4.1, Fig. 4.12). 

A large proportion of sandstone-12 is pervasively bioturbated as compared to less 

bioturbation of only a small amount of sandstone-6. Therefore, bioturbation is another 

important factor that affects reservoir quality.  
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Figure 4.11 Permeability, porosity, and lithology versus depth, #ARCO 470-4. 
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 Permeability (md) Porosity (%) 

Sandstone-1 2.95 17.71 

Sandstone-2 15.09 22.22 

Sandstone-3 15.39 18.25 

Sandstone-4 46.04 21.59 

Sandstone-5 3.33 16.23 

Sandstone-6 85.01 22.11 

Sandstone-7 96.97 22.52 

Sandstone-8 17.94 16.02 

Sandstone-9 35.24 19.37 

Table 4.1 Summary of average porosity and permeability values of each sandstone unit. 

See the stratigraphic occurrence of these sandstones in Figure 4.11. 
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Sandstone-10 23.09 17.74 

Sandstone-11 1.99 16.67 

Sandstone-12 18.08 16.81 

Table 4.1 Summary of average porosity and permeability values of each sandstone unit. 

See the stratigraphic occurrence of these sandstones in Figure 4.11. 

 

Figure 4.12 Plot of average porosity and permeability of each sandstone unit. See the 

stratigraphic occurrence of these sandstones in Figure 4.11. 

4.3.3 Relationship between bioturbation and reservoir quality 

Bioturbation Intensity (BI) is the marked variability in the degree of bioturbation 

present in sedimentary units (MacEachern et al., 2010). A semi-quantitative analysis of 
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Bioturbation Intensity is applied in this thesis. The Bioturbation Index (BI) scheme 

(Figure 4.13) is constructed based on core analysis and literature study (Taylor and 

Goldring, 1993; Bann et al., 2008). The trend from BI 1 to BI 5 represents an increasing 

Bioturbation Intensity.  Sedimentary characteristics of different BI facies are summarized 

as follows, based on the core analysis of ARCO #470-4: The BI 1 facies is characterized 

by abundant sedimentary structures and the absence of bioturbation. The BI 2 facies is 

commonly massive or has parallel laminations with sparse bioturbation, such as 

Ophiomorpha and Palaeophycus. The BI 3 facies displays broken ripples with rare 

bioturbation, commonly Cruziana ichnofacies. Bioturbation is much more pronounced in 

BI 4 and B I5 facies. The difference between BI 4 and BI 5 is that there is visible 

beddings in the BI 4 facies, whereas the sediments of BI 5 are homogeneous, resulting 

from heavily bioturbation. The percentage of bioturbation in BI 1 through BI 5 is 0-3%, 

4-15%, 15-50%, 51-75%, and 76-100%, respectively. Generally, within an individual 4
th

-

order sequence, grain size has a negative relationship to BI: a coarser grain size is 

accompanied by a lower bioturbation index. However, this relationship cannot be applied 

across different 4
th

-order sequences as different type of sediment supply (cf sand-rich, 

mud-rich).  
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Figure 4.13 Bioturbation Index scheme. Visual representation in mudstone and sandstone 

with associated core photos which are from the ARCO #470-4 well; table 

format was modified from Bann et al., 2008, after the original concepts of 

Taylor and Goldring, 1993).  
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Detailed BI records of sandstone-6 and sandstone-12 in Figure 4.14 and 4.15 

show that bioturbation index is directly proportional to reservoir quality (porosity and 

permeability). Lower BI is commonly associated with high reservoir quality. The trace 

fossil in the bioturbated beds of sandstone-6 where BI ranges from 4 to 5 are moderate 

size Planolites and Thalassinoides. Rare diminutive Palaeophycus is present in BI 2 

beds. Uniform low-BI beds are very rare. In contrast, the bioturbated beds in sandstone-

12 are characterized by a uniform low-BI value, associated with Thalassinoides, 

Ophiomorpha, Palaeophycus, Planolites and Skolithos, in order of abundance. Their size 

commonly ranges from moderate to large.  

A simple inverserelation between BI and reservoir quality can be obtained: high 

BI indicates a presence of low porosity and permeability. According to Tonkin et al. 

(2010), the mudstone-filled and/or lined burrows, such as Ophiomorpha, can decrease 

permeability. Sandstone-filled burrows, such as Thalassinoides, can increase 

permeability. This conclusion is appropriate for sandstone-12 but less so for sandstone-6. 

Robust Ophiomorpha in sandstone-12 is present in low reservoir quality beds, whereas 

the beds with Palaeophycus in sandstone-6 still have high reservoir quality. A possible 

reason is that the size of Palaeophycus in sandstone-6 is too small to affect pore 

connections.  
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Figure 4.14 SP log, bioturbation index, and plot of porosity and permeability versus depth 

in sandstone-6 from 10,460 to 10,570 ft .  
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Figure 4.15 SP log, bioturbation index, and plot of porosity and permeability versus depth 

in sandstone-12 from 9,700 to 9,840 ft  
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4.3.4 Depositional environment, sandstone body, and reservoir quality. 

 

Table 4.2 Sandstone body and reservoir quality variation through depositional 

environments.  

The sedimentological analysis is presented in Chapter 3. The relation of 

sedimentology to reservoir quality will be discussed briefly here. Three intervals 

representing upper shoreface or delta front (11,208 – 11,264 ft), middle shoreface (11,264 

– 11,304 ft), and lower shoreface or prodelta (11,055 – 11,120 ft) environments 

separately were chosen to calculate their thickness ratio between sandstone and siltstone 

and mudstone, thickness ratio between stratified beds and bioturbated beds, and average 

reservoir quality (Table 4.2). As discussed in Subchapter 4.2.4, sandstone thickness and 

stratified beds thickness decrease, whereas siltstone and mudstone thickness and 

bioturbated bed thickness increase from the proximal to the distal position of depositional 

environments. The porosity decreases from 24.4% in the upper shoreface or delta front to 

21.1% and 17.7% in the middle shoreface and lower shoreface or prodelta, respectively. 

The permeability decreases from 24.7 md in the upper shoreface or delta front to 7.4 md 
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and 8.9 md in the middle shoreface and lower shoreface or prodelta, respectively. The 

reason that the permeability of the middle shoreface is lower than that of the lower 

shoreface or prodelta is that the dominant ichnofacies are different in these two facies. In 

the middle shoreface, the Skolithos ichnofacies is dominant. Most burrows of Skolithos 

ichnofacies such as Ophiomorpha are mudstone-filled and/or lined, which reduces 

permeability (Tonkin et al., 2010). However, the lower shoreface is characterized by 

Cruziana ichnofacies. Many sand-filled burrows in Cruziana ichnofacies enhance 

permeability (Tonkin et al., 2010). Therefore, the upper shoreface or delta front has a 

medium reservoir quality and the middle and lower shoreface or prodelta have a low 

reservoir quality. Therefore, careful ichnofabric description is important for reliable 

reservoir property prediction.  
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Chapter 5: Conclusions 

1. Based on 1800 feet (548.6 m) of core, 28 wire-line logs and 30 mi
2
 (77.7 km

2
) of 

3-dimensional seismic data, this study defines the high-resolution sequence 

stratigraphic framework, depositional environments and reservoir geology of the 

lower and middle Oligocene Frio Formation in the Red Fish Bay field. 

2. Analysis of lithology, grain size and thickness trends, sedimentary structures, 

fossil content and stacking patterns, allows placing the stratal units into a time-

equivalent, sequence-stratigraphic framework. The study interval is divided into 

lowstand, transgressive, and highstand system tracts (LST, TST and HST) within 

an incomplete 3
rd

-order sequence. This 3
rd

-order succession is divided into 12 4
th

-

order sequences with average thickness of 150 feet (45.7 m). The duration of this 

incomplete 3
rd

 – order sequence is less than 1.38 Ma. The duration of each 4th-

order sequence is less than 0.115 Ma, which equals to the 4
th

 – order cyclicity (0.1 

– 0.2 Ma) in Mitchum and Wagoner (1991). The inferred sea level change of this 

sequence-stratigraphic framework can be correlated to the eustatic curve (Abreau 

and Anderson, 1998).  

3. The lowstand system tract (LST) from 4th-order sequence 1 to 4th-order sequence 

7 displays an aggradational stacking pattern in cross-sections. The regressive 

cycle of each 4th-order sequence with an upward-coarsening trend reflects a 

transition of depositional environments from offshore to lower and middle 

shoreface. In cores, the typical facies succession within a 4th-order sequence 
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consists of gray, massive mudstone interbedded with thin (0.1- to 0.2-ft), very fine 

grained, rippled sandstone with Zoophycus at the base, overlain by alternating 

fair-weather and storm-dominated deposits. The fair-weather suite is 

characterized by highly bioturbated, very fine to fine-grained sandstone, with 

Cruziana ichnofacies including Planolites, Thalassionides, Asterosoma, 

Chondrites and Rosselia. Remnant wavy laminations or ripples are also 

preserved. The coarser and cleaner sandstones of storm origin are massive and 

weakly bioturbated with Ophiomorpha. Parallel and low-angle laminations with 

possible hummocky cross-stratification and ripples are present. Soft-sediment 

deformation occurs below shoreface sandstones, implying an unstable substrate 

and rapid deposition in middle- to outer-shelf environments. The transgressive 

cycle of each 4th-order sequence shows an upward-fining trend, commonly 

associated with backstepping shoreface, washover-fan or back barrier lagoon 

deposits. The fine-grained, structureless or parallel-laminated sandstone grades 

into stressed bioturbated, very fine grained sandstone to siltstone. Gross- and 

percent-sandstone maps and stratal slice maps of 4th-order sequences of lowstand 

system tracts display a strike-elongate geometry in large scale, indicating wave-

dominated systems.  

4. The transgressive system tract (TST), a transgressive cycle of 4th-order sequence 

8 displays a retrogradational stacking pattern in cross-sections. Upward-fining 

cycles record deepening water levels. The very fine grained sandstone with 
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Cruziana ichnofacies grades upward into carbonaceous mudstone, interpreted as a 

transition from lower-shoreface to shelf environments.  

5. The highstand system tract (HST) from 4
th

-order sequence 8 to 4
th

-order sequence 

12 displays progradational stacking patterns in cross-sections, composed of 

upward-coarsening and upward-thickening trends. The uppermost 4
th

-order 

sequence 12 is composed of amalgamated, fine- to medium-grained, sparsely to 

moderately bioturbated sandstone with stressed Cruziana and Skolithos 

ichnofacies including Palaeophycus, Thalassionides and Ophiomorpha, indicating 

a proximal-shoreline setting. The geometry of gross- and percent-sandstone maps, 

as well as stratal-slice maps are dominantly strike-elongate with subordinate 

lobate patters, indicating wave-modified deltaic systems. 

6. Sandstone body continuity is very good and heterogeneity is low within shoreface 

or wave-dominated deltaic systems in LST and HST sequences in Redfish Bay. 

Sandstone thickness expands towards the growth fault, owing to structurally 

controlled accommodation, but is thicker in the southwest part of study area, 

where it is controlled by paleogeomorphology and accommodation.  The 

thickness of depocenters ranges from 100 to 200 ft in different cycles of 4
th

-order 

sequences. In gross-sandstone maps and stratal slice maps, the geometry is 

dominantly strike-elongate. It cross-sections, the sandstone body is sheetlike and 

multistoried. 
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7. Poor sandstone development is an important exploration risk, which can be 

avoided by careful analysis of the high-resolution sequence stratigraphic 

framework and depositional systems. The relation between the sandstone-body 

architecture,  sequence stratigraphy, and depositional systems are: 

a. The 3
rd

-order late-stage LST with an aggradational stacking pattern is 

composed mostly of interbedded sandstone and siltstone to mudstone 

within lower- to middle-shoreface environments in regressive cycles and 

barrier-associated environments in transgressive cycles. The 3
rd

-order HST 

with a progradational stacking pattern records thin (30 ft, 9.1 m), very fine 

to fine-grained sandstone beds to amalgamated, thick (140 ft, 42.7 m) fine- 

to medium-grained sandstone beds from bottom to top.  

b. The geometry of wave-dominated environments is strike-elongate whereas 

that of river-dominated environment is more lobate.  

c. The sandstone-mudstone and stratified-bioturbated beds ratio decreases 

from upper shoreface to lower shoreface. 

8. Average porosity and permeability of the entire study interval are 19.4 % and 33.6 

md, respectively. Reservoir quality decreases from proximal to distal positions 

within deltaic systems. Also, the reservoir quality in LSTs is higher than that that 

of HSTs as the depositional environment in LST is in proximal position of deltaic 

systems whereas most that in HST is in a distal position of deltaic systems.  
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9. In any single 4
th

-order sequence, cleaner storm beds with coarser grain size and 

less bioturbation have better reservoir quality (porosity and permeability) than 

highly bioturbated, fair-weather beds. Mudstone-filled or lined burrows such as 

Ophiomorpha, can increase reservoir quality, whereas the sand-filled burrows 

such as Thalassinoides result in decreased reservoir quality. 
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