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Abstract 

Portable high-resolution hyperspectral and a Terrestrial Laser Scanner (TLS) are 

used to image fine-scale heterogeneity in a fluvial-deltaic reservoir analog of the 

Cretaceous Ferron Notom deltaic sandstone in central Utah. TLS is a laser scanning 

technology used to create an extremely accurate, centimeter to meter-scale, high-

resolution, digital representation of the outcrop in 3 dimensions. Hyperspectral sensors 

record electromagnetic radiation reflected off the outcrop in numerous contiguous bands 

which were used to generate a spectral signature for each pixel sampled. The spectral 

signatures are a function of mineralogy, chemistry, grain-size, and cements and were 

used to distinguish thin mudstones from sandstones within an interbedded sequence. 

Comparison between the spectral signatures recorded from the outcrop and those of 

reference materials, and with previous facies architecture studies, enable lithofacies to be 

accurately mapped. Hyperspectral data was then draped over the TLS model to generate a 

spatially-accurate detailed 3D geologic map of the heterogeneity.  

Approximately 150 lateral meters of outcrop were imaged with the hyperspectral 

camera and TLS system on previously mapped parasequences 5 and 6. These 

parasequences record ascending regressive shoreline trajectories. Parasequence 6 

previously has been interpreted to be fluvial-dominated and parasequence 5 had been 

interpreted to record significant wave influence. Particular emphasis is placed on 

heterolithic thin-bedded facies of the distal delta front. The beds within parasequence 6 

are shown to have trends in bed thickness laterally. Thinning rates trends showed 

anisotropy in the data based on the dip versus strike orientations of the previously- 
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interpreted paleogeography. The plan-view geometry of the thin-beds was estimated 

based on these data. The resulting plan-view geometry model suggested the thin-beds 

originated as lobate to elongate turbidites and hyperpycnites, associated with fluvial-

dominated depositional processes, an interpretation consistent with previous studies. The 

hyperspectral data provides continuous 3D maps of grain-size and lithology which 

emphasizes potential permeability differences in the outcrops, offering insight into 

predicted reservoir behavior. Hummocky cross-stratified beds were mapped in 

parasequence 5 and were shown to vary in thickness laterally in an undulatory manner 

and amalgamate frequently.   
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Introduction and Context 

  Many hydrocarbon reservoirs contain thin-bedded facies containing 

recoverable oil and gas are below the resolution that typical logging methods can 

achieve (Passey et al., 2006a). Recent advances in ground-based remote sensing 

technologies, hyperspectral imaging cameras, and terrestrial laser scanning (TLS), 

have the potential to aid the study of thin beds in outcrops as reservoir analogs on 

macroscopic- and mesoscopic-scales in virtual 3D space.  

This study had two goals of equal importance. One goal was to explore and 

document the capabilities, workflows, limitations, and application methodologies of 

integrated ground-based hyperspectral and TLS technologies as applied to siliciclastic 

sedimentology. The second goal was to use the aforementioned tools to study lateral 

variation of delta-front to prodelta thin-beds with emphasis on estimating plan-view 

geometry based on cross-sectional measurements of thin-beds on multiple cliff faces 

and investigate if the estimated plan-view geometry could be tied to other factors such 

as bedding thickness, net-to-pay, dominant depositional processes, and grain size.  

This thesis discusses the successes and challenges that were encountered while 

trying to fulfill the goals of this study. It offers both qualitative and quantitative results 

which are believed to be useful to the science community by advancing ground-based 

remote sensing. This will shed some light on various aspects of deltaic thin beds which 

could prove to be beneficial to the oil and gas industry by supplying data useful for 

modeling hydrocarbon reservoirs and help guide and improve future sedimentology 

studies. 
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1.1 Thin Beds 

Thin beds are found in nearly all siliciclastic depositional environments and are 

a common feature of prodelta and delta front sub-systems of deltaic depositional 

systems (Passey et al., 2006b).  The term thin beds can have different meanings 

depending on the context (Passey et al., 2006b). In geologic literature, a commonly 

accepted definition is that they are beds with thicknesses ranging 3-10 cm. Campbell 

(1967) defines beds as “a layer of sedimentary rock or sediments bounded above and 

below by bedding surfaces. An exception is where the bed is bounded either above or 

below by an unconformity.” A summary of Campbell’s bedding hierarchy is provided 

in Table 1. 

 

Table 1. Definitions of Geologic Layers. (Passey et al., 2006b) after 

 (Campbell, 1967). 

100 cm Very Thick Bed 3 ft. 
30 cm Thick Beds 1 ft. 
10 cm Medium Beds 4 in. 
3 cm Thin Bed 1 in. 
1 cm Very thin Bed or Lamina 0.4 in. 
3mm Thin Lamina 0.12 in. 
 Very Thin Lamina  

 

 
Van Wagoner et al. (1990) offered a more recent definition of the term bed as “a 

relatively conformable succession of genetically related laminae or lamina-sets 

bounded by surfaces of erosion, non-deposition, or their correlative conformities.”   
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A summary of layer types is provided in Table 2.  

Table 2. Discussion of lamina, lamina-sets, beds, and bed-sets. (Passey et al., 
2006b) after (Van Wagoner et al., 1990). 

 

Layer type Definition Time for 
Deposition 

Typical 
thickness 

Lamina  Lamina are defined as the smallest 
megascopic geological layers. 
Laminae are uniform in composition 
and texture, and are never internally 
layered. 

Min to hr Less than 1 
in. 
(2.5 cm) 

Lamina-
set 

A relatively conformable succession 
of genetically related laminae 
bounded by surfaces of erosion, 
non-deposition, or their correlative 
conformities. Lamina sets consist of 
a group or set of conformable 
laminae that compose distinct 
structures in a bed.  

Min to days Less than  
5 ft (1.5 m) 

Bed  A relatively conformable succession 
of genetically related laminae or 
lamina-set bounded by surfaces of 
erosion, non-deposition, or their 
correlative conformities. Not all 
beds contain lamina sets. 

Min to year Inches to tens 
of ft 

Bed-set A relatively conformable succession 
of genetically related beds bounded 
by surfaces of erosion, non-
deposition, or their correlative 
conformities. Beds above and below 
bed-sets always differ in 
composition, texture  

Longer 
period of 
time than 
beds 

1 to 50 ft 
(0.3 to 15 m) 

 

In the petrophysical literature, thin beds have been described as beds between 2.5 cm 

and 60 cm, with 60 cm being the maximum thickness and near the maximum 

resolution of porosity logs and the highest-resolution resistivity logs (Passey et al., 

2006b).  
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In this study the majority of beds the observed ranged from 3-15cm in 

thickness. These beds are referenced as thin beds given the flexibility of the definition 

as shown by the literature above. 

Thin beds occur in many siliciclastic depositional environments. A summary of 

the thin-bed prone depositional environments is given in Table 3. In sandy, fluvial- or 

wave-dominated deltaic environments thin-bedded sandstones occur throughout the 

delta front and prodelta (Van Wagoner et al., 1990; Passey et al., 2006b), (Figure 1). 

 

Table 3. Summary of thin-bed prone siliciclastic depositional environments which 
are thin-bed prone (Passey et al., 2006b). 

Depositional System Thin bed-prone Not thin bed-prone 
Deep-water Overbank/levee deposits 

Distributary lobe 
Channel Margin 
Hemipelagic 

Channel axis 
Debrites (sandy or muddy) 

Beach/shoreface Lower shoreface 
Distal lower shoreface 

Foreshore 
Upper shoreface 

Deltaic Delta front 
Prodelta 

Stream-mouth bar 

Tidal/estuarine  Sandy tidal channel 
Intertidal sand flats 

Subtidal 

Fluvial Point bars (meandering stream) 
Levees 
Terminal splay (overbank) 

Braided streams 
Channel sands 
Channel-lag deposits 
Fluvial Bars 
Alluvial fans 

Aeolian Interdune 
Wind-rippled deposits 

Cross-bedded dunes 
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Figure 1. Characteristics of an upward-coarsening deltaic parasequence for 
a sandy shoreline. The red line indicates thin-bed prone facies of the 

prodelta and delta front.  
OSMB = Outer Stream Mouth Bar, DF = Delta Front,  

PRO D = Prodelta, SH = Shelf 
after (Van Wagoner et al., 1990). 

 

1.2 Deltas 

Deltas are complex depositional systems. There are a multitude of factors that 

ultimately contribute to what we observe in modern deltas and even more factors that 

contribute to what we see in the ancient record. Thin-bedded distal delta front and 

prodelta facies may contain significant reservoir heterogeneity (Bhattacharya, 2006).  

This study is concerned with outcrop-scale delta front and prodelta facies, which 

do not require a lengthy discussions of delta systems as whole, but rather some general 

concepts on which this study was based. A commonly recurring theme in the 

discussion on deltaic systems is that the plan-view geometry of prograding clastic 
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systems is largely a result of the dominant depositional process. The resultant 

geometry (shore line type) is critical to the facies distribution and to reservoir 

heterogeneity (Galloway, 1975; Coleman and Prior, 1982; Howell et al., 2008). The 

proportion of fluvial-, wave-, and tide-influence are plotted in ternary space to classify 

a particular system (Galloway, 1975; Boyd et al., 1992; Bhattacharya, 2006), (Figure 

2).  

 

Figure 2. Ternary delta classification scheme based on plan-view geometry 
(Galloway, 1975). 
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In general fluvial-dominated deltas are typically elongate to lobate shaped, wave- 

dominated deltas are cuspate shaped, and tidal-dominated systems are estuarine 

shaped (Galloway, 1975). Howell et al. (2008) established a methodology to quantify 

the relative proportion of wave-influence versus fluvial-influence based on curvature 

measurements taken on modern shorelines in satellite imagery, (Figure 3).  

 

Figure 3. Quantitative approach to delta classification based on relative 
coastline curvature (Howell et al., 2008).  

 

While this approach may be a great over-simplification of processes versus geometry, 

it supplies quantitative data for reservoir modeling.   

Howell et al. (2008) focused on the relative abundance of wave- vs. fluvial- 

influence (as does this study), neglecting tidal dominated systems due to the increased 
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complexity. Three endmembers were established based on coastline curvature.  These 

represent the expected geometry of a coastline with various proportions of the 

depositional processes, (Figure 4). 

 

Figure 4. Modeling parameters based on delta/shoreface curvature. (a) Near- 
linear representation of a wave-dominated shoreface system. (b) wave-

dominated delta (c) fluvial-dominated delta.  
Based on (Howell et al., 2008). 

  

There have been questions about the merits of plan-view geometry of deltas 

versus the internal facies architecture (Bhattacharya, 2006; Gani and Bhattacharya, 

2007). Evidence that there are limitations to Galloway’s tripartite classification 

includes the reclassification of the Brazos River delta from a wave-dominated delta 

(based on plan-view morphology) to a river flood-dominated delta (based on coring 

studies) (Rodriguez et al., 2000). 
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The idea of plan-view morphology versus processes is treated in a simple 

manner. The tripartite classification can be used reliably as a “snap shot” in time over 

limited stratigraphic intervals, which are genetically related.  Another idea that this 

study has adopted is that the “lobosity” of a delta, the ratio between the curved profile 

of a delta and a line connecting two points on either side (Howell et al., 2008) is 

directly related to a dominant depositional process in modern systems, and that river-

dominated systems “constructive” in the absence of destructive forces i.e. waves and 

tides, will generally produce elongate features. These elongate features have a 

characteristic “tear drop” profile and have been “jet deposits,” an idea that has been 

successfully employed by Wellner et al. (2005). 

This study borrows the aforementioned ideas regarding deltas and attempts to 

apply them to delta front and prodelta thin-beds where the approximate plan-view is 

determined by measuring bed-thickness changes laterally and comparing the results 

with the morphology predicted by mapping based on facies associations.   

1.3 Geologic Setting 

The Ferron Sandstone Member of the Mancos Shale is a formation comprised of 

deposits which are thought to be the result of deposition by several deltaic systems 

along the western margin of the Cretaceous Interior Seaway (Ryer and Anderson, 

2004). These systems drained the eastern flanks of the Sevier Orogenic belt and 

deposited sediments as a large asymmetric clastic wedge composed of eastward-

thinning deltaic deposits on the western edge of the basin (Ryer and Anderson, 2004; 
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Bhattacharya and MacEachern, 2009). The regional stratigraphy is supplied in Figure 

5. The local stratigraphy of the study area is supplied in Figure 6. 

 

 

Figure 5. Portion of the Upper Cretaceous stratigraphic column of the Henry 
Basin succession showing the Ferron and bounding members after (Fielding, 
2010). Created by untilizing the the timescale of (Gradstein et al., 2004) and 

based on data from (Fouch et al., 1983), (Eaton, 1990),  
and (Roberts et al., 2005). 

 

10 



 

Figure 6. General Cretaceous stratigraphy in study area. Modified after 
Armstrong (1968) and Ryer (1981). 

 

This study focuses on the Notom Delta, which is one of several deltaic systems 

including the Vernal and Last Chance deltas (Figure 7) that comprise the Ferron 

Sandstone (Gardner, 1995; Ryer and Anderson, 2004). The Notom Delta deposits have 

been interpreted to be Middle Turonian to the Late Santonian age (Garrison and 

Bergh, 2004). More recently, sanidine crystals from bentonite beds found within the 

Notom have been radiometrically dated to show age estimates of 91.2 to 90.6 million 

years old (Zhu et al., 2012). 
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Figure 7. Paleogeography of the Cretaceous Western Interior Seaway and 
associated deltas and drainage basins (Bhattacharya and MacEachern, 2009) 

based on (Gardner, 1995).  
 

1.4 Study Area and Previous Interpretations 

This study relied on data collected within the Ferron Sandstone (Figure 8) in 

southern Utah’s Notom delta complex near Capital Reef National Park. The Notom 

delta has been interpreted to contain forty-three parasequences, eighteen parasequence 

sets, and six sequences (Zhu et al., 2012). This study utilized state of the art 

technology to expand on the previous works by Li, (2009) and Seepersad (2012) in 
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parasequence 5a, 5b, and 6 on a micro- to meso-scopic scale. Parasequences 5a and 5b 

crop out in a wash which is located off of Coal Mine road just west of Hanksville, 

Utah. Parasequence 6 crops out along highway 24 between the Coal Mine road exit 

and Hanksville on highway 24, (Figures 8 and 9).   

 

Figure 8. Ferron sandstone outcrop map near Hanksville, Utah. 
 Based on (Zhu 2010) 
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Figure 9. Ariel photography showing data collection locations. 

  
 

 
 

Parasequence 6 has been interpreted regionally to record ascending regressive 

shoreline trajectory, exhibiting a progradational-aggradational stacking pattern, 

characterized by cross-bedded distributary channels scouring into underlying delta 

front heterolithics, and it is associated with a 20m relative sea-level rise (Zhu et al., 

2012). Parasequence 5a and 5b were also interpreted in the same study to record 

ascending regressive shoreline trajectory, an aggradational stacking pattern, and is 

associated with a 2m relative sea-level rise (Zhu et al., 2012). Based on meter-scale 

mapping and facies associations, parasequence 6 has been interpreted to be both 

fluvial-dominated and wave-dominated depending on where the data was collected; 

the mixed interpretations in the large scale mapping are attributed to asymmetry in the 
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delta (Seepersad, 2012). Parasequences 5a and 5b were interpreted to be wave-

dominated (Li, 2009; Zhu, 2010).  

The finest scale study of parasequences 5a, 5b, and 6 was completed by Darsel 

Seepersad (Seepersad, 2012). She measured four sections: three measured sections 

were described in the Coal Mine Wash field area (PS 5) by rappelling the cliff faces to 

collect data; she also measured a single section in the Steamboat location (PS 6) by 

walking out the parasequence both uphill and up-section. Her thesis work was 

concerned with sub-centimeter scale observations and is currently the finest scale 

work completed in the immediate areas with which this study is concerned. An 

important result of her work is that the dominant processes in the facies have been 

quantified. Also her work refined quantifications from previous studies by focusing on 

the heterolithic portions of the parasequences (Table 4). 

Table 4. Relative percentage of depositional processes for parasequences 5a, 5b, 
and 6 based on facies associations.  

 

 

Figure 10 shows the overall sequence stratigraphy of the Notom Delta (Zhu, 

2010), and shows the approximate location of the rocks in parasequences 5 and 6 in 

which this study was focused. 
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2 Technologies 

This study relied heavily on multiple remote sensing tools for two primary 

reasons. First, remote sensing was used to gather high- resolution geological data on 

sub-vertical cliff faces with emphasis on expanding laterally upon previous 

interpretations (measured-sections) over scales not feasible in typical outcrop-scale 

studies. Second, it was used to document the perceived strengths and weaknesses of 

each data set in order to improve the data collection and processing workflows may be 

improved and make suggestions as to the effective use of equipment.  

Integrated ground-based hyperspectral and TLS data at for geological studies is 

in its infancy. Several groups have investigated the use of these tools and have 

developed various data collection and processing methodologies (Kurz et al., 2012; 

Murphy et al., 2012; Buckley et al., 2013; Kurz et al., 2013). The current literature 

lacks documentation of workflows that are robust, straightforward, and technically 

feasible without advanced computer skills and specialized training in data processing 

and programming. Therefore, the workflows chosen and developed in this study 

intentionally avoided, when possible, advanced computer techniques and instead, 

attempted to provide important geological information in a manner that could be easily 

reproduced. To that end, the data were processed only to the extent required to answer 

the immediate geological questions. However, much of the equipment, with more 

robust processing, was capable of providing considerably higher detail than required. 
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2.1 Close-Range Ground-Based Hyperspectral Imaging  

The process of identifying materials through image spectrometry is well 

established and has been used extensively to map mineralogy and lithology from 

airborne and spaceborne platforms since the mid-1980s (Solomon and Rock, 1985). 

Earth materials selectively reflect and absorb different wavelengths of electromagnetic 

radiation, producing unique spectral signatures.  The hyperspectral system records 

these signatures allowing the classification of surface materials. Because field-

deployable ground-based hyperspectral systems are relatively new, some recent 

examples include Buckley et al. (2013), Kurz et al. (2013), and Murphy et al. (2012). 

Many of the same processing methods used to analyze and interpret the airborne and 

spaceborne data can be directly applied to their ground-based counterparts. 

Wavelength, chemical-mineralogical content, grain-size, and surface roughness are 

contributing properties that determine the spectral information received by the 

camera’s sensors (Hunt, 1980; Clark et al., 1990; Kurz et al., 2012).  

2.2 Hyperspectral Specifications 

A ground-based field-deployable hyperspectral system (Figure 11) designed by 

Middleton Research used two separate SPECIM sensors which collectively sample 

from 400 – 2500 nm, (visible near-infrared (VNIR) to short-wave infrared (SWIR). A 

summary of specification is given in Table 5. The per-pixel resolution as compared to 

distance to the outcrop is given in Figure 12. 
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Figure 11. SPECIM hyperspectral sensors mounted upon a rotating stage. 
Shown here with “field deployable” ancillary components. 

 
  

 

 

Table 5: Summary of specifications for the hyperspectral sensors. 
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Figure 12. Pixel resolution plotted against distance to target for the 
hyperspectral sensors and lenses employed in this study. 

 

2.3 Terrestrial Laser Scanning 

Reservoir studies often require the incorporation of geometric data of 

sedimentary architecture acquired from analog studies of outcrops (Kurz et al., 2012). 

Terrestrial laser scanning (TLS) is a well-established method which rapidly obtains 

accurate 3-dimensional geometric information (Bellian et al., 2005; Hodgetts, 2009; 

Buckley et al., 2013). TLS data collection is rapid and can acquire data from 

dangerous or inaccessible outcrops. The TLS system is used in conjunction with a 

triangulated GPS network to establish a 3-dimensional geometric framework. The TLS 

system very accurately calculates distances by measuring the two-way travel time of a 

laser pulse emitted from the system (Buckley et al., 2008).  This process is completed 

thousands of time per second and generates a dense 3-dimensional point cloud. The 
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point cloud can be colorized based on the amplitude of the returned signal, the 

amplitude of the signal, or it can be draped with photography, a common practice to 

aid in the identification of features (Hartzell et al., 2014).  

2.4 TLS Specifications 

This study utilized a Riegl VZ-400 3D TLS system. The VZ-400 has a 1550 

nm laser and a manufacturer-reported repeatability of 3 mm. The system is also 

equipped with a Nikon digital SLR with a 50 mm lens which mounts directly on top of 

the scanner (Figure 13) and allows for the point cloud to be easily colorized in true 

color or as a function of amplitude or reflectance, (Figure 14). 

 

Figure 13. Riegl VZ-400 TLS with ancillary digital camera collecting data from 
adjacent outcrops. 
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Figure 14. Examples of TLS derived point clouds of PS6. The top image has 
been colorized based on the amplitude of the signal. The bottom image is 

colorized based on reflectance. 
 

3 Methodology 

3.1 Data Collection 

The quality of field-collected hyperspectral data is closely linked to the lighting 

conditions, geometry of the outcrop, the user-defined data collection parameters, 

chosen data-collection positions, and data transfer speed of ancillary components (i.e. 

the computers, cables, hard drives). During the course of this study, many lessons 

were learned about the aforementioned aspects of data collection. To produce high-

quality data, the hyperspectral system used in this study required users to pay close 
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attention to environmental conditions as well as careful selection of the data collection 

parameters. Failure to properly account for environmental conditions, primarily 

lighting gradients, and improper data collection parameters can result in poor quality 

data. One of the stated goals of this study was to document the challenges encountered 

while conducting this research in order to benefit subsequent studies using ground-

based hyperspectral and TLS technologies. Therefore, some discussion is appropriate 

to highlight the primary hurdles. This discussion is also important because the 

encountered challenges had direct effects on the workflows and results of this study.  

3.1.1 Data Collection Rate 

The data collection rate is user defined. The framerate (Hz) of the camera can 

be adjusted as well as the speed of camera rotation or pan speed (degrees/second). 

These speeds are not mutually exclusive. They must be defined in a manner in which 

the vertical data collection rate (framerate) is similar to the horizontal-data collection 

rate (pan speed) so the resulting image has the desired “square pixels”. If the framerate 

is held constant and the pan speed is too fast, the image will be stretched along the 

horizontal axis; likewise, if the pan speed is too slow, the image will stretched along 

the vertical axis, both resulting in distorted images. Finding a balanced speed setting 

can be approximated with some simple calculations. There are some caveats related to 

the data collection speed.  

One issue encountered with high data collection rates using the VNIR camera 

in particular was that bottlenecks in the computer system would not allow the data to 

be written to the hard drive as fast as the data was being collected. This resulted in 
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dropped frames and missing entire columns of pixels from the imagery. This situation 

became especially when attempting to create mathematical models to texturize or 

“drape” the hyperspectral imagery to the TLS data. Slower the data collection rates 

solved the problem of dropping frames but introduced another set of problems. One 

such problem was the pan and tilt motors did not operate smoothly and the motion 

became jerky causing the system to chatter, which introduced image distortions. Based 

on the experienced gained in this study, an intermediate data collect rate is suggested 

to avoid the chattering along with spectral binning of the data, avoiding the frame 

dropping issues.    

3.1.2  Lighting and Exposure Time 

The data generated in different lighting conditions varies in ways that would 

generally be unexpected by anyone without prior hyperspectral data collection 

experience. The irregular geometry of most natural outcrops will inevitably have 

variable lighting and quite often there will be significant shadows. The hyperspectral 

cameras have a tendency to punctuate these lighting differences and the resulting 

imagery generally appears to have more contrast that what the naked eye perceives. 

Aesthetics aside there are some data quality issues caused by this lighting variation. 

When the light conditions are too low, the signal to noise ratio becomes very low. 

Also, when lighting intensity is above a certain threshold, the sensor fails to acquire 

valuable data. This phenomenon was common in much of the data collected, (Figure 

15). 
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3.2 Hyperspectral Processing Workflow 

The general hyperspectral processing is presented in Figure 16. The various 

stages in the workflow are discussed in the proceeding text. 

 

Figure 16. General workflow used to achieve undistorted and classified 
hyperspectral imagery. The long red arrow indicates the repetition of 
endmember selection which allowed the final classified imagery to be 

calibrated to the control data. 
 

3.2.1 Radiometric Correction and Data Reduction 

Work is required to convert the raw hyperspectral data into meaningful 

reflectance values. This task was achieved by using a MatLab-based utility supplied 

by the manufacturer of the hyperspectral system (Middleton Research). This utility 
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allows the user to select subsets of the original imagery containing pixels of a known 

reflectance value. For example, in order to establish a “white reference” a laboratory-

grade whiteboard is used to determine a reflectance value of 1. The software utility 

adjusts the spectral signatures in the raw data to the reference reflectance values of the 

whiteboard. This process caps the upper limit of all pixels in the image to a value of 1. 

Simultaneously, the utility takes into account a “dark reference” or “dark current” 

which is obtained by collecting a small amount of data with the lens caps on. The 

combination of the white reference and dark reference essentially tells the utility what 

is truly black and what is truly white and adjusts the data accordingly. 

Following the conversion of the data to reflectance, steps were taken to reduce 

noise in the data and shrink the data set to a processing-friendly size. These steps were 

important because processing with ENVI software is extremely time consuming 

because of the large data sets associated with hyperspectral imagery. The first step in 

this process was to visually inspect each of the bands in greyscale and remove any 

bands that were mostly noise, (Figure 17). 
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Figure 17. A comparison between a relatively “clean” band (top) and a noisy 
band (bottom) in the hyperspectral data.   

  

The imagery was run through a Minimum Noise Fraction (MNF) algorithm 

within ENVI. The MNF data subset contains only bands which have a high signal to 

noise ratio (Boardman and Kruse, 1994). This dimensional data reduction was 

intended to reduce the data set in order to extract the most valuable information. This 

process should not be confused with compressional data reduction which is done to 

simply reduce the data to speed up subsequent processing steps (Keshava and 

Mustard, 2002). 
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To further reduce the data size and smooth the spectral profile, the data was 

binned by a factor of 3. This procedure averaged the reflectance values between 

adjacent bands and reduced the total number of bands by a third, (Figure 18). 

 

Figure 18. VNIR spectral response for a sampled pixel within the hyperspectral 
imagery. The very jagged profile of the data prior to binning (top) and the data 

binned by 3 (bottom), the data was reduced from 840 to 280 bands. 
     

This processing cleaned up and reduce the size of the data. This data reduction 

allowed subsequent processing to be expedited so multiple classification schemes 

could be tested.  
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3.2.2 Spectral Separability 

The spectral “uniqueness” of the various lithofacies of interest was determined. 

Spectral analysis of hand-picked rock samples was done using an Analytical Spectral 

Device (ASD) brand spectroradiometer, (Figure 19). This data can be considered 

“point data.” The spectral response from relatively homogenous portions of each rock 

sample. The purpose is to identify features in the spectral signatures that allow 

identification in a natural setting.  

 

Figure 19. Laboratory spectra of six hand-collected samples from the 
field. Analysis was done with an ASD spectroradiometer under artificial 

light. These profile have been smoothed by adjusting for calibration 
discrepancies between the three sensors in the ASD spectroradiometer. 
 The approximate diameter of the sand grains was determined by using 

a 20x hand lens and a grain-size comparison chart.  
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The coarsest grain samples had a much higher reflectance throughout the 

sampled wavelengths and reflectance generally became lower with every subsequent 

jump down in grain-size. One exception was clayey silt which had higher reflectance 

than the silty clay. 

Following the assessment of the spectral separability in the lab-collected data, 

a much more vigorous approach was applied to the field data.  The hand-collected 

samples were located by comparing images of where the samples were collected and 

the hyperspectral imagery, (Figure 20). 

 

Figure 20. A) Hand-collected sample locations (S1 through S8) were recorded 
using a photograph and a sketching application. B) The position of the hand-

collected samples in the hyperspectral imagery. The red arrows are connecting 
the hand-collected sample locations (left) to the location of the sample within 

the hyperspectral imagery. 
 

These locations were digitized as polygons using the ENVI software and 

classified as regions of interest (ROIs), after which ENVI supplied a statistical report 
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for each endmember. These statistics were then plotted in Microsoft Excel for 

graphical analysis. This work demonstrated that there is a great deal of spectral 

overlap between the various ROIs, (Figures 21 and 22). 

 

Figure 21. The mean SWIR (1000-2500 nm) spectral profile for the 
coarsest- and finest-grained hand-collected samples plotted with 

error bars.  
   

 

Figure 22. The mean VNIR (400-1000 nm) sandstone and shale spectral 
profiles plotted with error bars. The original 840 bands were binned by 

three for this graph. 
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The standard deviation was generally much higher in the SWIR imagery.  This 

can be attributed to the lower resolution of the SWIR sensor, meaning that any given 

pixel will be less pure i.e. will have a greater mixture of lithofacies (Section 1.6.1 

addresses this in detail). The standard deviation of the shale endmembers within the 

VNIR ROIs was considerably higher than in the sandstone. The high standard 

deviation was attributed to the shales which are a mixture of various grain-sizes while 

the sandstones are more homogenous.  

A mixing model, based on Horwitz et al. (1971), was applied to the two the 

sandstone and shale endmembers’ spectral profiles, (Figure 23). 

  

 

Figure 23. Mean spectral profiles for sandstone (black) and shale (red). 
Theoretical spectral profiles (blue and green) are calculated using the Horwitz 

et al. (1971) mixing model. 
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The theoretical Horwitz-based spectral profiles were compared to the measured 

spectral profiles from portions of the outcrop where hand-collected samples serve as a 

control. This comparison showed that any of the spectral profiles from the hand-

collected samples could be generated from mixtures of the coarsest- and finest-grained 

endmembers. The realization that the observed spectral profile for a given pixel was 

likely a product of the spectral response for multiple endmembers which led to the use 

of “fuzzy” classification algorithms. Which allowed sub-pixel information to be 

extracted from the hyperspectral data. 

 

3.2.3 Spectral Unmixing 

Spectral mixing is unavoidable when imaging a surface with heterogeneities 

that have a finer scale than the pixel resolution of the camera (Tseng, 2000) this results 

in a measured spectral response where two or more materials have contributed to that 

response, (Figure 24).   
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Figure 24. Illustration of the mixed pixel problem (Villa et al., 2011). 
 

Algorithms for extracting sub-pixel information have been well established  

and have their roots in multispectral data processing. Various multispectral processing 

algorithms are discussed by Gillespie (1992) and Ashton and Schaum (1998).These 

algorithms are based on models describing how the composite spectrum of a mixed 

pixel can be derived by combining each spectrum of the constituent materials. Models 

have been developed to describe linear mixing on nonlinear-spectral mixing by 

Boardman (1989) and Keshava and Mustard (2002). Inversion of these models allows 

for the determination of the relative contribution from each endmember found within a 

mixed pixel. The process is known as “spectral unmixing” or “spectral 

decomposition.” The appropriate model for a given data set is a function of how the 

constituent materials are spatially distributed. In general, linear mixing models are 

applicable when the endmembers in a given scene are well-defined entities. In 

contrast, nonlinear models are appropriate when the various materials in a scene 

homogenous and randomly distributed (Keshava and Mustard, 2002). Both models 

were attempted on small subsets of the data. Ultimately, the linear unmixing results 
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agreed well with the control data (measured sections) and was simpler and more 

intuitive. Therefore, linear unmixing was used as the primary tool used to analyze the 

hyperspectral imagery. Because of this, some additional discussion about the linear 

spectral unmixing algorithm is appropriate.  

The linear mixing model assumes that the weight of pure spectral 

“endmembers” is proportional to the fraction of the pixel area occupied by that 

endmember. The observed spectrum x can be expressed in simple form as: 

x=a1s1+a2s2+....+amsm+w   (Villa et al., 2011) 

Where a s the proportion of each endmember, s is the reflectance value for each 

endmember and w is an error term accounting for noise (Villa et al., 2011). ENVI 

software can use this mathematical relationship to calculate the theoretical spectral 

response from the various possible mixture combinations. Based on a sum of least- 

squares fit, the observed spectrum from a mixed pixel is matched to a theoretical 

spectrum composed of proportions of the supplied endmembers (Boardman, 1989). It 

was evident that the choice of endmembers supplied to the software had a dramatic 

effect allowing remotely sensed data to agree with the control data.  

3.3 Thin-bed mapping and TLS integration  

Multiple data sets were integrated in an attempt to gain quantitative information 

on the lateral variability of the rocks. This approach allowed the mapping the beds 

laterally and tracking thickness variations in multiple geographic directions, allowing 

for interpolation of the data. Mapping individual beds laterally was attempted in the 

virtual outcrop model which was generated from the TLS point cloud data. This 
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mapping relied on weathering relief to make individual beds distinguishable, other 

studies such as Olariu et al. (2010) employed a similar approach. Mapping the thin-

beds directly using the TLS data was problematic at the sub-decimeter scale. The 

thicker well-defined beds could be mapped, however, a certain amount of 

interpretation was required to define the base and top of each bed. Figure 25 show 

how the beds appear in the TLS point cloud indicating that the base and top of some 

beds are not easily distinguished. 

 

 

Figure 25. Thin-bed mapping in the TLS point cloud. (Top) 
uninterpreted TLS data. (Bottom) interpreted TLS data illustrating the 

degree of interpretation used while mapping, the solid white line 
represent high confidence in interpretation. The dashed lines in the left 

portion of the figure represent different interpretations.  
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To improve the confidence in correct interpretation of bedding planes, the TLS 

data was coupled with high-resolution photography to assist in tracking bedding 

planes. Thousands of photographs were taken of the study areas with a Nikon 3200 

digital SLR with a Sigma 500 mm lens mounted upon a Gigapan robotic camera 

mount for automating large-scale panoramas. The images are “stitched” into complete 

scenes using GigaPan factory-supplied software. The resolution of the panoramas was 

sufficient to distinguish sub-centimeter scale features.  

With the aid of the high-resolution photography many of the beds were mapped 

directly in the TLS point cloud with a high degree of confidence. However, there were 

many beds that exhibited little to no weathering relief. The lack of weathering relief 

hampered direct mapping in the TLS point cloud. Instead these beds were mapped 

using 2D high-resolution imagery. The resulting maps offered fine-scale 

interpretations of the geology but not geometric information. In order to extract 

geometric information, the completed maps were combined, or draped, on to the TLS 

data. 

The integration of high resolution imagery was achieved by co-registering the 

data sets by assigning common “tie points” in each data set. The primary tie points 

where reflective stickers placed on the outcrop prior to TLS data acquisition. In order 

to improve registration results, distinct natural features were also used as tie points. 

The TLS data were subsequently filtered and decimated to reduce data size which 

removed superfluous features. A surface model was created by generating a 
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triangulated mesh of the TLS point cloud. The resulting surface model was then 

draped with the associated bedding plane maps.   

 Beds that had been previously mapped in the high-resolution 2D imagery 

where remapped in the TLS outcrop model in 3D. This was accomplished by 

redrawing the original maps in RiScan software, generating a series of polylines that 

could be exported as a CAD file. The CAD files were opened in ArcScene to use the 

Geological & Historical Virtual Model’s (GHVM) GeoAnalysis Tool, an ArcGis 

extension that can measure bedding thickness. Each outcrop face was assigned a 

vertical plane representative of the general bearing of the cliff face, (Figure 26). 
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Figure 26. Example of one of the 3D bedding maps as viewed from above and 
the associated projection planes. The changes in the bedding map colors 
indicate large changes in general cliff-face orientation. The arrows are 
approximately orthogonal to the cliffs and point toward the associated 

projection planes. 
 

The bedding maps were projected onto their associated planes to move them 

back into the 2D realm, since the GHVM tool does not measure thickness in 3D data. 

The GHVM bedding thickness tool was used to measure the thickness of each bed at 

20 cm intervals. These thickness data were extracted and graphed. Origin Pro software 

was utilized to establish a linear best-line fit for each bed. The slopes of these lines are 
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considered the pinch-out rate, i.e. change in thickness versus change in lateral 

distance. An example graph for one bed is shown in Figure 27.  

 

 

Figure 27. An example graph of bed thickness versus lateral distance with the 
associated best-linear fit. The slope of the line is considered to be the bed’s 

thinning-rate.  
  

4 Results 

The results are presented in a hierarchical fashion reflecting the various stages 

used to arrive at quantitative results. The hyperspectral portion of this study supplied 

compositional information about the rocks and evaluated the results against control 
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information. The TLS portion of this study supplied geometrical information about the 

rocks, including the thickness variation found in the thin-beds as they are tracked 

laterally.  

4.1 TLS Results 

The TLS data used for the study thin-beds required higher resolution 

photography than the camera used with the TLS system. As a result, high-resolution 

imagery was used to interpret the geology prior to moving into virtual 3D space. Data 

interpretation in 2D is considered a critical step in the interpretation centimeter scale 

features in TLS data collected 30 to 50 meters from the outcrop. Figure 28 is an 

interpreted section in PS6.  
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 Fourteen thin-beds were mapped in PS5b. There was difficulty in tracking the 

thin-beds in PS5b, this prohibited the mapping of a large number of beds. The 

difficulty in tracking the beds was due to the frequent amalgamation of the hummocky 

cross-stratified beds, which dominate much of the parasequence.  
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Figure 29. Mapped beds found in PS5b and associated measured sections. This 
photo has been vertically exaggerated 2X.   

 

Virtual 3D bedding plane maps were generated based on the interpreted imagery. The 

3D bedding plane for part of PS6 is shown in Figure 30. 

 

Figure 30. Bedding plane interpretation of a section of parasequence 6 showing 
3D configuration in ArcScene software.  
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The 3D bedding maps were assigned planes which are approximately parallel 

to the outcrop faces (Figure 31). The planes were used to project the 3D data back into 

2D. This allowed for semi-automated bedding-thickness measurements to be made 

using ArcGis software as shown in Figure 32. 

 

Figure 31. Interpreted section of parasequence 6 and associated planes that the 
bedding interpretations were projected. The blue, purple, and green are the 

bedding planes in virtual 3D space. The planes are positioned at angles that are 
approximately parallel to the cliff-faces so that the 3D data may be projected 

onto the planes.   
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Figure 32. An example of bed-thickness measurements taken in 20 centimeters 
intervals using ArcGis and GHVM GeoAnalysis tools. 

 

Measurements in PS6 were in taken on 4 cliff faces with approximating planes. 

The planes strike approximately 354˚, 106˚, 89˚, and 75˚in relation to true north, 

giving outcrop exposures at near right angles to one another. Seventeen beds were 

tracked and reliably mapped through the entire range of cliff-faces from 89˚through 

354˚. An additional 39 beds were mapped but could not be correlated around corners 

or were pinched-out within a given cliff face.  It was qualitatively apparent that there 

were trends in the thinning-rate of the bed when mapping them, and the TLS data 

allowed these trends to be quantified.  

Each bed was assigned a thinning-rate value based on a linear fit line. A 

summary of the findings is presented in Table 6. 
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Table 6. Summary of thin-bed thinning rate for heterolithic facies in 
parasequence 6 at the Steamboat location. The observed “pinch-outs” were beds 
that actually thinned to zero within the study area. 

 

 

There small number of beds mapped in PS5b (14 beds) did not supply enough 

data to be considered statistically significant. The limiting factor was the inability to 

track the thin-beds laterally. However, this difficulty in tracking the thin-beds to may 

have some geologic significance and are addressed in the Discussion. Figure 33 is a 

graph of the bedding plane variation in PS5b.  

 

Figure 33. Thickness variation (y-axis) plotted against lateral distance 
 (x-axis) of hummocky cross-stratified beds in parasequence 5b. Each 

colored line represents individual beds. 
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4.2 Hyperspectral results 

Hyperspectral data was collected from various vantage points in both the Coal 

Mine Wash area (PS5) and the Steamboat location (PS6). The lighting conditions were 

much more favorable in the Steamboat field area producing the highest data quality 

was highest. As a result, this study focused on that particular data set. There were two 

scan positions at Steamboat. The hyperspectral scans captured an outcrop 

approximately 25 meters tall and 60 meters wide to image deltaic heterolithic thin-

beds. The scans captured the southward facing cliffs on the north side of highway 24 

and the northward facing cliffs on the south side of the road. This area had previously 

been studied in detail using traditional geological methods, which, supplied data 

(measured-section) as a control and a means to calibrate the processing steps. Hand-

collected samples were analyzed in the lab to as secondary controls.   

 The linear spectral-unmixing algorithm was used to produce the final images. 

The linear spectral unmixing algorithm results agreed well with the control data and it 

was simple and intuitive to use. Figure 34 shows a false color composite of the 

hyperspectral data within the VNIR spectral range. As seen, the lower portion of the 

outcrop contains alternating sandstone and shale thin-beds. These heterolithic beds are 

capped above by thick coarser-grained fluvial deposits.  
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The VNIR hyperspectral imagery was processed in a manner to highlight the 

relationship between sandstones and shales at Steamboat (Figure 35). The areas that 

show a high-concentration in red represent the shale endmember (finer grain 

constituents). The areas in green and blue represent the coarser-grained constituents 

(sandy facies). Two colors were required to classify the sandstone because the spectral 

characteristics (primarily amplitude) between brightly lit sandstone and sandstone in 

the shade were quite different. Intermediate hues between green plus blue and red 

represent mixtures of the fine- and coarse-grained constituents. The classified imagery 

clearly depicts the coarsening upward nature of the parasequence. It also contains 

information about the relative proportion of sandstone to shale in any given pixel or 

region within the scene.  
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The hyperspectral imagery has inherent distortions due to the rotational 

method used to collect data. In order to correct the distortion these data were 

integrated into the TLS data. Figure 36 is an example of data fusion efforts attempted 

in this study. The hyperspectral data were successfully registered to the TLS data and 

the point cloud was colorized using the hyperspectral data. The data fusion allowed for 

accurate distance and area measurements, as well as a unique perspective on the 

geology because of the resulting 3D grain-size map. The second method used to fuse 

these data was to drape the classified hyperspectral data over TLS derived mesh 

(Figure 37). The integration of these data was not critical for this study. These results 

demonstrate simple methods for achieving integration without complicated 

mathematical models or special software.   
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Figure 37. TLS derived mesh draped with classified hyperspectral imagery 
from parasequence 6 at Steamboat. 

5 Discussion 

5.1 TLS and Thin-Beds 

Parasequence 6 at Steamboat has excellent outcrops of deltaic thin-beds. The 

cliff faces have exposures in multiple geographic directions and are comparably free 

of debris. These qualities make this outcrop a good candidate to map the beds to 

describe their plan-view geometry. While similar work was attempted in PS5 at Coal 

Mine, the outcrops were not as well suited for this analysis. As a result the bulk of 

effort was applied to PS6 and PS5 to a lesser extent.  

To help visualize the implications of these data, the average pinch-out rate was 

plotted as a rose diagram based on algorithms explained by Allmendinger et al. (2011) 

and Cardozo and Allmendinger (2013) and its relative position is shown in the 

previously interpreted paleogeography of PS6, (Figure 38). 
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Figure 38. Thinning-rates of thin-beds in PS6 at Steamboat plotted as a rose 
diagram. The “pedals” are scaled to represent the number of beds that were 
found to thin in the associated direction. The values represent the average 

thinning rate in the associated direction. The location of the beds is shown on 
the paleogeography map to illustrate the agreement in the elongation of the 

beds in the basin-ward direction. Paleogeography map is after (Ahmed et al., 
2014). 

 

A hypothetical scenario was applied to the data in order to get a sense for the 

scale and to offer a visual aid. In this scenario a10 cm bed that was point-sourced at 

the field location and pinched-out in the basin-ward direction at the rates suggested by 

the data. The overall shape was estimated using simple interpolation and contouring. 

The relative distance for a bed to completely pinch-out was calculated and was plotted 

on a base map in the appropriate position and the resulting geometry is shown in 

Figure 39.  
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Figure 39.Theoretical isopach map of thin-beds based on the average thinning 
rates calculated for PS6. This representation was generated by assuming a 

point-source for the beds 10 cm thick (white region) that gradually thins to 0 
cm. The figure was generated within ArcMap using interpolation and 

contouring tools. The upward hook on the eastern side of the beds is a product 
of the interpolation algorithm and not supported by the data. 

 

This illustration demonstrates that the overall shape and curvature of the 

predicted bedding geometry is consistent with the lobate- to elongate-geometry of 

fluvial-dominated systems. The plan-view geometry of beds are considered important 

inputs to hydrocarbon reservoir models. Howell et al., (2008) devised a scheme to 

quantify the relative proportions of wave- and fluvial- influences, (Figure 40).    
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Figure 40. Quantitative classification of prograding deltaic systems based 
on plan-view geometry. Straight (a) represents a wave-dominated 
shoreface, (b) represents wave-dominated deltaic system, and (c) 

represents a fluvial-dominated deltaic system (Howell et al., 2008).  
 

 

Using the Howell et al., (2008) classification scheme the beds in parasequence 

6 have an approximate shoreline lobosity ratio of 2.5. This lobosity ratio classifies 

these beds as being fluvial-dominated with some wave-influence. There is direct 

agreement with these results and the results described in Seepersad (2012), Figure 41. 
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Figure 41. Tripartite diagram showing the relative proportions of river-, wave-, 
and tide-influences within the heterolithic portions of PS5b and PS6. Shown 

here to highlight PS6 position in the classification.  
Modified from (Seepersad, 2012). 

 

Collecting bedding measurements in PS5 was more challenging than it was in 

PS6. The thin-beds could be recognized in the data, but often they could only be 

tracked laterally for a few meters before they were indistinguishable from the beds 

above and below. The thin-beds in PS5 appear amalgamate every several meters and 

are randomly separated by lenses of mud. The partitioned muds can be identified in 

the high-resolution imagery in some cases; however, it is very hard to accurately trace 

them in the 3D data. Even in the high-resolution imagery the bases and tops of beds 

could in many cases only be determined by truncation of bedforms and that was also 

subject to interpretation, (Figure 42). 
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  The aforementioned difficulties in mapping beds prevented a large number of 

these beds from being tracked. Fourteen beds were successfully mapped with 

confidence (Figure 43). An additional eleven beds were mapped but the level of 

confidence in the accuracy of the maps was considered too low to be of scientific 

value.  

 

Figure 43. Mapped beds in PS5B and associated measured sections. The 
photograph has been vertically exaggerated ~3x. Each Measured section is 

approximately 10.5 meters in length.   
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The mappable beds in PS5 were generally much thicker than found in PS6, 

ranging from 10 cm to over a meter, in contrast to the beds in PS6 which never 

exceeded 20 cm in thickness. The PS5 beds exhibited the pronounced lateral thinning 

and thickening as seen in the beds at Steamboat; however, in PS5 these changes in 

thickness were more dramatic. This difference was attributed to the dominance of 

hummocky cross-stratification (HCS) in the PS5 beds, a bedform attributed to large 

scale storm waves, (Figure 44). 
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Figure 44. Measured-sections of PS5a and PS5b from (Seepersad, 2012) showing 
HCS as the dominant bedform. 

Additional discussion regarding the results given in this study may offer some 

useful geologic information. As previously stated, many of the beds in parasequence 5 

were interpreted to be amalgamated and separated by muds over short lateral intervals. 

This implies greater reservoir connectivity than expected in the thin-beds mapped in 

PS6, which did not exhibit amalgamation. These amalgamations are apparent in the 

data, most notably in the thicker beds. Figure 45 offers an interpretation of bedding 
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relationships showing that in the thicker beds, amalgamation occurs laterally every 5 

to 10 meters.  

 

 

 

Figure 45. Bedding thickness versus lateral distance plots for individual beds in 
parasequence 5b. Bedding that has been interpreted as amalgamated is shown 

in red.  The thinner beds that don’t exhibit the tendency to amalgamate are 
isolated beds found in the fine-grained lower portion of the parasequence. 

 

5.2 Hyperspectral 

The imagery produced using the hyperspectral data are the result of extensive 

experimentation. The spectral uniqueness analysis showed that spectral signatures of 

the sampled lithofacies was too similar to make a positive identification. Instead, it 
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was observed that there exists continuum in spectral response between finest- and 

coarsest-grained rocks.  

Lighting differences and debris on the outcrops added to the difficulty in 

identifying materials. To minimize the negative effect of debris and differential 

lighting, deposits finer than sand (silts and clays) were combined into one 

classification endmember, and coarser sediments were combined into a second 

endmember. While the use of only two endmembers was not ideal, the results do 

provide useful geologic information. In particular, the final hyperspectral imagery 

shows clear separation of lithofacies with permeability differences that are often found 

to be orders of magnitudes apart in permeability values (md).   

Simple statistical analysis of regions within the hyperspectral imagery was 

performed. The analysis compared the overall proportion of sand vs. finer sediments 

(clayey-mud and silty-mud) adjacent to the Seepersad (2012) measured section 

(Figure 46). The results of this study were compared to the results from Seepersad 

(2012); both studies quantified percentage of constituent grain-sizes (Figure 47) as 

well as vertical distribution, (Figure 48). 
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Figure 46. Photograph showing the approximate location of Seepersad 
(2012) measured section (blue bar) and a narrow strip of hyperspectral data 

extracted for comparison. 

 

 

Figure 47. Comparison in grain-size distribution from Seepersad (2012) and the 
results based on hyperspectral data from this study. 
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Figure 48. Comparison in grain-size statistically calculated from hyperspectral 
data vs. Seepersad (2012) measured-section. For each pixel in the strip of 
hyperspectral data the relative proportions of sandstone and shale was 

quantified and graphed. The graph represents the percent of shale and is used 
to make a direct comparison of the results to the measured section. The 

horizontal yellow bars on the graph represent bedding dominated by sand 
illustrating the agreement in the two data sets. 
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The classified imagery was brought into virtual 3D using the methodology 

described in the processing section. This demonstrated that extracting meaningful 

geologic information is not only feasible but also that these data can be displayed and 

analyzed in a geometrically accurate spatial framework, (Figure 49). 

 

 

 

Figure 49. TLS derived mesh draped with classified hyperspectral imagery 
from parasequence 6 at Steamboat. 

 

6 Conclusions 

The Ferron sandstone contains cliff exposures of deltaic thin-beds that are well-

suited to ground-based remote sensing work. This study demonstrates that detailed 

information on deltaic thin-beds can be attained by combining high-resolution 

photography, hyperspectral sensors, and TLS.  
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The results of this study highlight the permeability variability within an 

interbedded delta front sequence. Hyperspectral images and high-resolution 

photographs were integrated with TLS to remove distortion, allowing the study of 

thin-beds in a geometrically accurate 3-dimensional framework. 

The data collected in river-dominated PS6 suggests asymmetry in the plan-view 

spatial distribution and shape of the delta front thin-beds. The average thinning rates 

were calculated along depositional and strike- and dip-orientations of the previously 

interpreted paleogeography, as well as intermediate orientations. The calculated 

thinning rates suggest the beds tend to thin at higher rates in the dip orientation as 

compared to strike direction. These observations suggest that in plan-view, the beds 

have an elongate geometry which is consistent with modern river-dominated systems, 

and implies the preservation of the original depositional geometry. The calculated 

thinning rates also suggest the thin-beds do not scale to the whole delta; this led to the 

interpretation that the beds are likely associated with an individual distributary 

channel.  

The wave-influenced beds of PS5b contain hummocky cross-stratified sandstones 

are generally coarser-grained than the turbidites and hyperpycnites in PS6. As a result, 

the methods used to measure the beds in PS6 were not readily applicable to the beds in 

PS5b. Often, individual beds could not be mapped over distances greater than a few 

meters. This was attributed to frequent bed amalgamation: individual beds couldn’t be 

distinguished except when they were separated by occasional by lens-shaped muds. 

However, 14 beds were successfully mapped. The bedding thickness data were 
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graphed. The graphs reveal lateral thickness variations which are not as predictable as 

variations observed in PS6. This suggests that the reservoir models for the two 

different parasequences would need to account for the observed differences to 

characterized them appropriately. A primary inference is that a reservoir containing an 

abundance of hummocky cross-stratified beds would have better fluid communication, 

assuming all other factors equal.  

The processed hyperspectral data shows agreement with the control data, and 

provided quantitative grain-size information on a scale previously not feasible for 

traditional geologic studies. The results of this study shows that these data can negate 

the common practice of interpolating grain-size information between measured 

sections. These data were shown to be easily integrated with TLS to generate virtual 

3D grain-size maps. These findings suggest that hyperspectral technologies are readily 

applicable to siliciclastic sedimentology and these technologies may play an important 

role in confirming and expanding upon previous geologic studies. 

  Studies of thin-bed facies have been traditionally over-shadowed by studies of 

higher-quality reservoir rocks. However, combination of the high oil demand and 

improved hydrocarbon recovery technologies are making sub-prime reservoirs 

economically feasible, creating a need for the type of data provided by this study. This 

study fills a need for information about data collection methods, processing 

techniques, and general workflows about ground-based remote sensing. The goals of 

this study were designed to provide information that would assist in improving 
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reservoir modeling inputs as well as build upon the current body of knowledge that 

uses ground-based remote sensing techniques.  
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