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Abstract: Ground-based hyperspectral imaging is fairly new for studying near-vertical rock
exposures where airborne or satellite-based imaging fail to provide useful information. In this
study, ground-based hyperspectral image analysis was performed on a roadcut, where diagenetic
tripolite facies is observed in southwestern Missouri. Laboratory-based reflectance spectroscopy
and hyperspectral image analyses were also performed on collected samples. Image classification
was performed using Spectral Feature Fitting (SFF) and Mixture-tuned Match Filtering (MTMF)
with laboratory- and image-derived end-member spectra. SFF provided thorough yet detailed
classification, whereas MTMF provided information on the relative abundances of the lithologies.
Ground-based hyperspectral imaging demonstrated its potential to aid geological studies providing
valuable information on mineralogical and lithological variations rapidly and with two-dimensional
continuity in inaccessible rock faces of near-vertical outcrops. The results showed decreasing tripolite
abundance going downward in the investigated vertical succession. Also, a leaching pattern has been
observed such that persistent and continuous limestone layers become lenses and patches towards
the upper portion of the outcrop. These observations show that the effect of tripolitization decreases
when going deeper in the succession, suggesting that the fluid responsible for the weathering of
siliceous precursors may have been flowing from top to bottom and thus have had a meteoric origin.

Keywords: ground-based hyperspectral imaging; laboratory-based hyperspectral imaging;
reflectance spectroscopy; Pineville tripolite; tripolitization; diagenetic facies; rock alteration

1. Introduction

Complementing the conventional field studies, virtual outcrop models created using ground-based
light detection and ranging (LiDAR) combined with high-resolution digital photography (i.e., from
scanner-mounted cameras or GigaPan panoramas) have provided a framework for geological studies
such as geo-structural analysis [1,2] or stratigraphic modeling, and reservoir analogues [3–7] in near
vertical outcrops. The analysis and interpretations for the latter using point clouds and virtual models,
however, have been manual, which requires user interaction and experience so as to pick out or track
geological features. In addition, these models do not provide complete information about lithological
and mineralogical variations. Mineralogical changes diagenetic in nature are particularly important
for evaluating sedimentary reservoirs for alteration minerals, groundwater, and hydrocarbons they
host in the subsurface [8,9]. Imaging spectroscopy, or hyperspectral imaging, and well-established
spectral processing methods (see [10] for details), on the other hand, provide a means of identifying
mineral types and mineralogical changes. Most minerals show diagnostic absorption features caused
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by vibrational or electronic processes in the mineral lattice, which manifest themselves in shortwave
infrared and visible near infrared, respectively [11,12].

Until recently, most hyperspectral data used in geology have been acquired either from spaceborne
and airborne sensors [9,13] or from laboratory-based sensors dedicated for drill-core scanning [14–16].
Owing to recent advances in sensor technology, there has been an increasing interest in hyperspectral
data collected using ground-based platforms for geological applications [17–22]. Ground-based
hyperspectral data are particularly important and useful for near-vertical cliffs, roadcuts, and quarry
walls where airborne or spaceborne data fail to provide an adequate viewing angle or resolution for
detailed analysis. In addition, the steep and high rock faces of such outcrops are often inaccessible,
so conventional field methods cannot be applied. These outcrops provide excellent vertical rock
exposures for observations of lithostratigraphy, depositional history and architecture, mineralogy, and
geological heterogeneities. Additionally, spatial variations in lithology and mineralogy of an outcrop
are of particular importance for geological studies such as reservoir analogues.

Ground-based sensors offer high flexibility and mobility for data acquisition, which allows more
control on the scanning geometry for the optimal scanning conditions. This could also help with
focusing only on outcrop faces and avoiding non-outcrop materials (such as vegetation, debris, and,
in the case of some roadcuts, draped meshes or metallic nets) through a careful planning of the scanning
campaign (where possible). Along with the many benefits ground-based hyperspectral sensors have to
offer, there are certain limitations. These sensors could acquire sizeable (multi-gigabyte) data in only a
few minutes due to very high spatial and spectral resolution. The size of the data becomes problematic
during (i) image acquisition, which could result in dropped image frames; and (ii) image processing in
the absence of adequate computer hardware. The cylindrical image geometry of the ground-based
hyperspectral images may result in apparent geometric distortion towards the edges of the images,
particularly in very close-range applications. The sensors operate optimally in a non-condensing
environment within their operating temperature ranges. Thus, the use of these sensors could be
limited by environmental conditions. Ground-based hyperspectral systems provide high-resolution
data from vertical rock faces in the expense of wider areal extent. That is, in fact, the primary reason
that ground-based systems are used for studies at the outcrop scale rather than the regional scale.
Depending on the location and condition of the outcrop, not all near-vertical rock faces are suitable
for ground-based hyperspectral data collection due to safety issues (i.e., heavy traffic, rockfall hazard,
etc.). Thus, careful planning for the scanning campaign and data collection is necessary.

Apart from their field applications, the sensors used in ground-based platforms can also be
used in laboratory settings for advanced imaging spectroscopy analysis of samples, rock chips, and
drill cores [23,24]. Laboratory-based imaging spectroscopy provides accurate spectral information
comparable to reflectance spectroscopy from the surface of the samples with a very high spatial
resolution and lateral continuity. Thus, it not only allows identification of minerals and mixtures but
also evaluation of the spatial distribution and variability of these minerals in the surface of analyzed
samples. Therefore, an integrated approach bringing multiscale observations extracted from reflectance
spectroscopy, laboratory-based hyperspectral, and ground-based hyperspectral data together could
provide more comprehensive evaluation of the outcrops for geological studies.

The Mississippian carbonate rocks, often called Mississippian Lime, comprise a large portion in
the subsurface of northern Oklahoma and southern Kansas. These rocks include prolific petroleum
reservoirs that have been drilled vertically since the 1940s and horizontally since the late 2000s.
The recent increase in horizontal drilling has also increased interest in the lithostratigraphy, facies
architecture, and depositional history of these rocks in the subsurface [25]. Although these subsurface
rocks have been studied by several researchers [26–29], a regionally consistent and comprehensive
lithostratigraphic architecture of the Lower Mississippian succession and the petroleum reservoirs
it hosts is yet to be constructed [30]. In order to gain a better understanding of petroleum reservoirs,
outcrop analogues have been used in reservoir studies incorporating information on lithostratigraphy,
biostratigraphy, depositional and diagenetic history, and geological heterogeneities [30]. As direct
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analogues, correlative Lower Mississippian rocks exposed in natural outcrops and near vertical
roadcuts in the quad state area of southeast Kansas, southwest Missouri, northeast Oklahoma, and
northwest Arkansas serve as an invaluable reference for subsurface rocks. Some of the rock exposures
in this area host tripolite facies similar to the reservoir facies that have been exploited in southcentral
Kansas and northern Oklahoma [31]. Although tripolite is known to be a diagenetic alteration product
of precursor siliceous rocks, proposed explanations for diagenesis and formation of tripolite in this
area have been controversial.

This study used high-resolution, ground-based hyperspectral image analysis as a means of
identifying lithological units and mapping their spatial distributions in the Lower Mississippian
(Upper Kinderhookian to Osagean) exposures, particularly of the Reeds Spring Formation in southwest
Missouri, as a semi-quantitative method complementary to conventional geological field studies.
This study also aims to provide new observations and insight for explaining tripolite formation in the
study area. The main contribution of this study, therefore, is twofold: (i) assessment of ground-based
hyperspectral data for high-resolution lithostratigraphic analysis similar to vertical stratigraphic
sections except with 2D continuity; and (ii) bringing observations together from reflectance and
multiscale imaging spectroscopy data that have not been available previously for better understanding
of the presence and formation of tripolite in the investigated outcrop. Given that the exposures of the
Pineville tripolite facies near the top of the Reeds Spring Formation are not present throughout the
Mississippian outcrop belt but observed locally in the tristate area of southwest Missouri, northwest
Arkansas, and northeast Oklahoma [25], the diagenesis process responsible for tripolite formation
should not change drastically between exposures.

Although well-established spectral libraries such as USGS or ASTER have broad information
about spectral properties of rocks and minerals, particular information concerning the lithological
units of Lower Mississippian is not available. Consequently, laboratory reflectance analysis has also
been incorporated so as to evaluate the spectral properties of the lithological units present in the Lower
Mississippian exposures and to build a spectral library for these units. As the focus of this paper is not
algorithm and/or method development, well-known image processing algorithms such as Empirical
Line Calibration, Spectral Feature Fitting, and Mixture-tuned Match Filtering have been adopted.

1.1. Geological Setting

The Mississippian subsystem is one of two subsystems of the Carboniferous System along with
the Pennsylvanian subsystem. Although the global stage names for the Mississippian subsystem
were accepted (Tournaisian, Viséan, and Serpukhovian, in ascending order) by the Subcommission
on Carboniferous Stratigraphy (SCCS) of International Commission on Stratigraphy (ICS) in 2003,
a regional stage nomenclature (Kinderhookian, Osagean, Meramecian, and Chesterian, in ascending
order) has been used for North America; for more detail see [32,33]. Thus, in this paper, the North
American regional stage nomenclature has been followed.

The depositional history in the mid-continent shows characteristics of transgressive-regressive
inland sea deposition along a relatively stable, cratonic margin during the Mississippian. The carbonates
were deposited across a broad, shallow-water carbonate platform known as the Burlington Shelf [26,34],
resulting in Lower Mississippian carbonates extending across the mid-continent from Illinois to
Arizona [35] (Figure 1). Eventual progradation and aggradation of the Burlington Shelf allowed
deposition of thick and extensive Lower Mississippian successions in the region. The Lower
Mississippian rocks from Upper Kinderhookian to Chesterian are exposed in natural outcrops in
the quad state area due to subsequent sporadic uplifting during the Late Paleozoic. Majority of these
exposures are located in northeast Oklahoma, northwest Arkansas, and southwest Missouri with
limited exposure in southeast Kansas (Figure 2).

The lithostratigraphy of the Lower Mississippian rocks in this region has been described and
several revisions have been suggested. Currently recognized lithostratigraphic units and nomenclature,
however, vary in the quad state area. In this paper, the nomenclatural revisions suggested by [25]
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have been adopted. They suggested use of Boone as a group rather than a formation or member.
The Boone Group (formerly regarded as the Boone Formation) includes the Osagean Reeds Springs
Formation, the Bentonville Formation, the Short Creek Member, and the Meramecian Ritchey
Limestone (in ascending order) (Figure 3). As it is one of the major hydrocarbon bearing formations in
the Mississippian Lime play that has been exploited in north-central Oklahoma [31], the focus of this
paper is particularly on the Reeds Spring Formation and Pineville tripolite facies it hosts.
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Figure 3. Generalized lithostratigraphy of Lower Mississippian subsystem in southwest Missouri,
northwest Arkansas, and northeast Oklahoma, incorporating nomenclatural revisions suggested in
Mazzullo et al. [25] (modified after [25,37]).

The Boone Group rocks exposed in the tristate area of southwest Missouri, northwest Arkansas,
and northeast Oklahoma were deposited during Early Osagean to Chesterian time within the shelf
margin [34]. The Boone Group rocks are characterized by medium to coarse crystalline and cherty
fine to medium crystalline crinoidal limestone [36]. The Reeds Spring Formation, the basal unit of
the Boone Group, consists mainly of fine grained dark gray (Munsell color [38]: GLEY1 4/N) cherty
limestone. The dark bluish-gray (Munsell color: GLEY2 10B 6/1) chert comprises a variable yet large
percentage of the formation, usually reaching up to 60%–70% [36]; at some localities it can be as much
as 100% of the section [31]. The mineralogy commonly associated with the rocks of Reeds Spring
Formation is typical for their lithologies, i.e., carbonate minerals for limestone and fine-grained silica
for chert. The monotonous lithology dominated by gray limestone and chert in the Reeds Spring
Formation grades into pale yellow (Munsell color: 2.5Y 8/4) tripolite near the unconformable top of the
Reeds Spring Formation [31,36,39]. These tripolite-dominated rocks have been formally recognized as
the Elsey Formation in Southwestern Missouri but have not been formally recognized at all in Northern
Arkansas and Northeastern Oklahoma [36]. Mazzullo et al. [25,31] suggested the abandonment of
the Elsey Formation as a formal unit and recognition of the Pineville tripolite facies for the sake of
consistency in the tristate area. The exposures of the Pineville tripolite facies near the top of the Reeds
Spring Formation can be seen locally along new roadcuts of U.S. Hwy 71 in southwest Missouri.
Details on lithostratigraphic nomenclature and its revisions can be found in [25,30,31].

1.2. Overview of Tripolite

Chert in the Reeds Spring Formation, or more generally in the Boone Group, can be observed
in three types as penecontemporaneous chert (chert for short), later diagenetic chert, and tripolite.
Discrete types of chert are identified and constrained in individual intervals in the vertical section
of the Mississippian succession. Tripolite, for instance, near the top of the Reeds Spring Formation,
is unconformably overlain by the Bentonville Formation (Figure 3). The term tripolite is used in
reference to highly weathered light-colored low-density siliceous rocks of any age characterized by
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high microporosity and permeability [37,40]. Tripolite is regarded as a diagenetic weathering product
of calcareous chert or siliceous limestone from which carbonates have been leached out by meteoric
fluids [40]. Although the occurrence of tripolite has been associated with in situ weathering and
leaching in Missouri and Oklahoma [37,41], it is controversial whether the precursor rock was siliceous
limestone or calcareous chert [41]. Tripolite may include remnants of unaltered limestone or chert [37],
which can be observed as unsilicified lenses of limestone scattered throughout the tripolite facies in
southwestern Missouri [39].

2. Materials and Methods

2.1. Study Area

Along U.S. Hwy 71, a series of vertical roadcuts can be seen on both sides of the highway
providing continuous and greater composite thickness of the Lower Mississippian succession in
southwest Missouri owing to the topographic relief. The roadcut studied in this paper is located on
the northbound side of U.S. Hwy 71 to the south of Pineville, Missouri, approximately eight miles
(13 km) from the Missouri–Arkansas state boundary (Figure 4A). This roadcut hosting rocks of Reeds
Spring Formation (of the Boone Group) is approximately 130 m long and provides approximately
14 m composite thickness of the vertical succession. This portion of the highway was constructed in
2006; therefore, the roadcut provides a relatively fresh vertical rock face compared to natural outcrops
elsewhere in the area except sporadic surface stains with limited lateral extents, which could be
attributed to percolating rain water. Hyperspectral images of the outcrop were collected only from the
southerly wall as it provides better illumination conditions, resulting in less shadow due to surface
relief (Figure 4B). Along with hyperspectral data, representative samples of lithological units (54 in
total: 18 tripolite, 20 chert, and 16 limestone samples) were collected from the accessible parts of the
outcrop for the purpose of ground-truthing and comparison. In order to assess the spatial variability,
samples were collected from different locations and levels along the roadcut where accessible. Owing to
the road gradient, some portions not accessible to the east become accessible to the west of the roadcut,
which allowed accessibility to stratigraphically higher levels. Most of the samples were collected from
within seemingly homogenous units in terms of color and texture as discrete end-members, along with
some collected from the lithological contacts. The sampling locations are given in Figure 5.
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Figure 4. (A) Location of the roadcut on US-71 Hwy near Pineville hosting Reeds Spring Formation;
(B) high-resolution satellite imagery of the studied roadcut. The solid black line depicts the scanned
outcrop face of the roadcut. Both topographic map and high-resolution satellite imagery are courtesy
of ESRI ArcGIS online.
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2.2. Instrumentation and Data Collection

The field-deployable hyperspectral imaging system includes two hyperspectral cameras from
Spectral Imaging Ltd. (Specim), Finland (details are tabulated in Table 1). The first camera operates in
the visible-near infrared (VNIR) part of the electromagnetic spectrum (EMS). The second camera, on
the other hand, operates in the shortwave infrared (SWIR) part of the EMS. For this work, however,
the emphasis is only on the shortwave infrared data as the main constituents in the outcrop have
distinctive absorption features within the SWIR range. The SWIR camera collects data in 256 spectral
bands over wavelengths from 900 nm to 2500 nm, with approximately 6.3 nm bandwidth (full width
at half maximum). The cameras work as a push-broom line scanner with 320 spatial pixels per line
(across-track).

Table 1. Specifications of the VNIR and SWIR cameras from Spectral Imaging Ltd (Specim), Finland.

VNIR Camera SWIR Camera

Spectrograph ImSpector V10E ImSpector N25E
Spectral range 400–1000 nm 900–2500 nm
Spectral Sampling 0.72–5.8 nm 1 6.3 nm
Sensor HgCdTe (MCT) Charged-couple device(CCD)
Spatial dimension 1600 pixels 2 320 pixels
Spectral dimension 840 pixels 1 256 pixels
Pixel pitch 7.4 µm 30 µm
Digitization 12-bit 14-bit

1 Adjustableby spectral binning; 2 Adjustable by spatial binning.

Ground-based hyperspectral data were acquired with the SWIR camera mounted on a rotating
stage and tripod. In this setting, the outcrop image is created by rotating the stage at a constant angular
velocity along-track. The fore-lens used for this study provides 24◦ field-of-view (FOV), which results
in an image with at-nadir pixel size of approximately 13.3 mm at 10m distance. The outcrop data were
acquired under clear-sky conditions on 3 May between 10:30 am and 12:30 pm. Laboratory-based
hyperspectral (imaging reflectance spectroscopy) data of cleaned, otherwise unprepared samples
were acquired on a custom-made scanning stage. In this setting, the image is created by moving
the sample tray at a constant velocity along-track. As the scanning distance is much smaller in this
setting, the same fore-lens of the SWIR camera provided much higher spatial resolution, resulting
in an approximately 0.4 mm image pixel size at 0.35 m distance. The samples were illuminated by
four 50 W quartz-halogen light bulbs, providing a full range of artificial light.

During outcrop data collection, a white reference panel made from polytetrafluoroethylene (PTFE)
similar to Spectralon® and two (~3% dark and ~20 gray toned) custom-made calibration panels [42,43]
with known reflectance (Figure 6) were placed parallel to the outcrop surface within the sensor’s FOV.
Similarly, during laboratory data collection a Labsphere Spectralon® standard and calibration panels
with known reflectance were scanned along with the samples. Prior to hyperspectral data collection
(both in the field and in the laboratory), initial scans were performed so as to determine the best
exposure (integration time). The exposure was adjusted so that the pixels with highest albedo, usually
from the white reference panel, are slightly lower than saturation. Following the final data collection,
a dark image was acquired with the same exposure for radiometric calibration purposes.

A FieldSpec Pro spectroradiometer from Analytical Spectral Devices, Inc. (ASD) was used for
laboratory (non-imaging) reflectance spectroscopy. The spectroradiometer operates in full-range
collecting data in 2151 channels over wavelengths from 350 nm to 2500 nm with 1.4 nm and 2 nm
bandwidths, in VNIR and SWIR, respectively. The spectroscopy data were collected using a bare
fiber optic cable with 25◦ FOV attached to a contact probe with a broadband direct-current light.
The spectroradiometer was optimized and calibrated using a Labsphere Spectralon® diffuse reflectance
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standard and dark current. Each spectrum was the average of five replicate spectra collected from
an area of 3.6 cm2.Remote Sens. 2016, 8, 1018  8 of 26 
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the tripolite sample names refer to samples collected from the upper (U), middle (M), and lower (L) 
levels of the roadcut. The dashed lines show the extent of the ground-based hyperspectral images 
from (A) Scan Position 3 (SP3) to the west, (B) SP2 in the middle, and (C) SP1 to the east of the 
roadcut. The digital images are courtesy of Google Earth Pro (Image data: Google, Image date: July 
2014). 

Figure 5. Field sampling locations on the investigated roadcut. Collected sample names were
abbreviated as TRIP, LST, and CHT for tripolite, limestone, and chert, respectively. The subscripts in
the tripolite sample names refer to samples collected from the upper (U), middle (M), and lower (L)
levels of the roadcut. The dashed lines show the extent of the ground-based hyperspectral images
from (A) Scan Position 3 (SP3) to the west, (B) SP2 in the middle, and (C) SP1 to the east of the roadcut.
The digital images are courtesy of Google Earth Pro (Image data: Google, Image date: July 2014).
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Figure 6. Laboratory reflectance spectroscopy results of white reference panel and custom-made
calibration panels with respect to Labsphere Spectralon® standard. The reflectance properties of the
PTFE white reference panel are very similar to those of the Labsphere Spectralon® except the shorter
wavelengths of the visible portion of the EMS.

2.3. Laboratory Reflectance Spectroscopy

Laboratory reflectance spectroscopy was performed using the ASD FieldSpec Pro spectroradiometer
so as to (i) provide information on the general spectral pattern and features of the samples based on
some basic observations and (ii) extract representative end-member spectra of the major lithological
units, i.e., chert, limestone, and tripolite. Laboratory reflectance spectroscopy data were collected
from different parts of all 54 samples, focusing on homogeneous areas in terms of color and texture.
The mean spectrum (µ) and standard deviation (σ) of the samples were calculated for each lithology.
Subsequently, in order to assess the spectral variability within the sample population, instead of using
only the mean spectrum, four statistically significant sample spectra (one and two standard deviations
around the mean) were obtained, accounting for 95.45% variability in the sample population.

2.4. Ground- and Laboratory-Based Hyperspectral Image Pre-Processing

The raw hyperspectral images require pre-processing so as to prepare the data for analysis and
spectral mapping. Pre-processing include dark current signal removal, image/sensor artifact removal,
atmospheric compensation and reflectance conversion, and noise reduction [44]. The hyperspectral
images were mainly processed using the standard tools available in ENVI 5.3 (Exelis Visual Information
Solutions Inc.). Additionally, in-house solutions for image artifact corrections were developed in the
MATLAB 2014a (The Mathworks Inc.).

All hyperspectral images show significant image artifacts associated with push-broom
scanning [45], some of which can only be seen at different stages of processing. Therefore, it is
recommended to perform artifact removal on affected products as it becomes more evident [46].
Hyperspectral images were first corrected for the dark current signal caused by the response of an
image sensor, even though the shutter is closed and the sensor is not actively irradiated. For this,
an average dark frame was obtained from the dark image, collected with no incident light and
subtracted from each image frame. This also removes the systematic striping in the raw hyperspectral
images caused by the non-uniform response between individual elements along the sensor line. Poor
performance of individual elements in the 2D sensor array causes outliers (bad pixels), unusually high
or low values in the spectral domain, which result in bad image lines along-track in corresponding
bands. Some of these outliers may not be identified or corrected in the dark-subtracted image but
become more evident after reflectance conversion. For this reason, the bad pixel correction has been
done in two steps. First, on the dark-subtracted image the bad image lines were identified in the
spatial domain and replaced by the mean of the adjacent lines above and below. Second, the bad
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pixels were identified in the spectral domain and interpolated using linear interpolation only after
reflectance conversion.

Although the acquisition takes 45–60 s for each individual image, due to changes in sun intensity
mostly caused by viewing angle variation along image frame and cylindrical image geometry of
the cameras, slight brightness gradients can be observed in the images along- and across-track.
Following the bad pixel correction in the spatial domain, the brightness gradient of the images
was evaluated for each spectral band separately. The brightness gradient in the hyperspectral images
can be described using a second-order polynomial and from the polynomial correction coefficients
can be calculated and applied (multiplicative or additive compensation) so as to normalize the
gradient [47,48]. This approach is implemented in ENVI as the Cross-track Illumination Correction, which
was applied to hyperspectral data using multiplicative compensation. For the ground-based data
the correction was first applied across-track using first-order polynomials. Subsequently, along-track
correction was applied using second-order polynomials. For laboratory-based data the correction was
applied across-track only using first-order polynomials as the illumination geometry does not change
along-track. For atmospheric compensation and reflectance conversion, Empirical Line Calibration [49]
was used. Empirical line calibration uses a band-wise linear regression to relate image pixel digital
numbers (DNs) to reflectance values estimating correction coefficients (i.e., gain and offset values).
Using gain and offset values for correction can be considered as equivalent to removing the solar
irradiance and the atmospheric path radiance [44]. It is recommended to use two to four targets
with large spectral contrast (i.e., dark and bright) so as to estimate correction coefficients for better
results [49]. Hence, three calibration panels with known reflectance (~3%, ~20%, and ~99%) were used
for empirical line calibration. Following the identification and correction of bad pixels in the spectral
domain, the subsequent reflectance images were filtered using a second-order polynomial smoothing
filter (Savitzky-Golay filtering) with a width of eight bands, so as to reduce noise in the spectra [50].
Savitzky–Golay filtering preserves the shape and features of the spectrum while maximizing the
noise removed from the spectrum [51]. Maximum Noise Fraction (MNF) transformation [52] was
applied to filtered reflectance images so as to enhance the inherent variability between spectral bands
and remove random noise. The spatially coherent, noise-free components with high eigenvalues
(roughly > 3.0 representing > 0.6 spatial coherence) representing most of the variance in the image
were segregated from the noisy data. The first 12–17 MNF components were found to be spatially
coherent for both ground- and laboratory-based hyperspectral images. Subsequently, an inverse MNF
transformation was applied, using only the spatially coherent components to convert the data back
to its spectral domain providing noise-free reflectance images. The inverse MNF transformation
resulted in 170 bands for ground-based hyperspectral images (excluding the wavelengths affected
by atmospheric absorption) and 255 bands for laboratory-based hyperspectral images. Following
the inverse MNF transformation, the signal-to-noise ratio (SNR) of the images were calculated by
dividing the mean by standard deviation over homogeneous areas [53] such as calibration panels.
The SNR is around 65:1 (averaged excluding the wavelengths affected by atmospheric absorption) for
ground-based hyperspectral images and 150:1 for laboratory-based hyperspectral images.

2.5. Spectral Mapping

2.5.1. Spectral End-Member Extraction

The end-member concept has been widely used in compositional identification and classification
of hyperspectral data. The concept relies on the assumption that spectral variability of an image
pixel should be explained with a set of relatively pure end-members [54]. End-members can be
selected from spectral libraries built using field and/or laboratory measurements providing known
end-member spectra or can be extracted from the purest pixels in the image providing derived
end-member spectra [54]. For this study, known end-member spectra of major lithological units
of the outcrop were obtained from the laboratory reflectance spectroscopy as described previously, and
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thus will be regarded as laboratory spectra (or ASD-Lab for short). Subsequently, the laboratory
spectra were resampled so as to match the hyperspectral sensor’s band wavelengths. Derived
end-member spectra were extracted directly from the hyperspectral images for the purpose of image
classification. The end-member spectra from both ground- and laboratory-based images were extracted
from user-defined regions of interest (ROI). In order to identify the most spectrally pure pixels and
define the ROIs in the ground-based images a statistical approach, i.e., pixel purity index, was used
on the spatially coherent MNF components. The materials within these pixels were identified in the
noise-free reflectance images based on the interpretations and comparison of absorption features of
the major lithological units, thus the ASD-Lab spectra were used as a guide. The end-member spectra
extracted from the ground-based hyperspectral images will be regarded as the field image spectra
(or IS-Field spectra for short). In order to define the ROIs in the laboratory-based images the spots
used for laboratory reflectance spectroscopy analysis were found on the noise-free reflectance images.
Subsequently, the ROIs were defined around these spots. The end-member spectra extracted from the
laboratory-based hyperspectral images will be regarded as the laboratory image spectra (or IS-Lab
spectra for short).

2.5.2. Hyperspectral Image Classification

The hyperspectral image classification was performed using two established classification
methods, Spectral Feature Fitting [55,56] using the laboratory spectra and Mixture-tuned Match
Filtering [57–59] using the field image spectra and laboratory image spectra for ground- and
laboratory-based images, respectively. Spectral Feature Fitting (SFF), as a whole-pixel approach,
has been commonly used for hyperspectral image classification [60,61]. As an absorption feature-based
algorithm, SFF compares the spectral features between an image pixel and a reference spectrum.
The algorithm takes continuum-removed image and reference spectra and evaluates their fit using
a least-squares technique. For this, the reference spectrum is scaled so as to match the image pixel
spectrum. A closer match, i.e., higher spectral similarity, is represented by a better fit. The algorithm
considers only the major pixel components; therefore, sub-pixel abundances, i.e., mixtures, cannot
be detected (hard classification). As it takes specific absorption features, not the shape of the overall
spectra, and the reference spectrum is scaled so as to match to that of the image pixel, SFF is sensitive
to subtle absorption features of the end-members given the accurate reference spectrum [62,63].
Thus, SFF benefits from application of continuum removal over narrower wavelength ranges that
cover diagnostic absorption features. In this study, however, the entire wavelength range, except
the wavelengths affected by the atmosphere, was used as the focus of the analysis was on the bulk
lithology rather than individual minerals. Mixture-tuned match filtering (MTMF), as a sub-pixel
approach, has also been commonly used for hyperspectral image classification [64,65]. Unlike SFF,
however, it is a partial spectral unmixing algorithm used to map sub-pixel abundances of user-defined
end-members (soft classification). The algorithm maximizes the response of the end-member while
suppressing the response of the background. For each respective end-member, it provides a score
image as a proportion of the end-member and an infeasibility image in noise sigma units, which is
used to reduce the number of false positives. MTMF requires isotropic, unit variance data, such as
MNF transformed data, as input. Therefore, MTMF was performed using only the spatially coherent
MNF components.

3. Results

3.1. Laboratory Reflectance Spectroscopy

The reflectance spectra of the major lithological units, i.e., chert, limestone, and tripolite, were
collected from the areas on the samples with seemingly homogeneous color and texture. The results
of the laboratory reflectance spectroscopy results are given in (Figure 7) as the mean (µ) and plus
or minus two standard deviation (±2σ) around the mean accounting for the spectral variability.
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The general spectral pattern and features of the samples can be seen in the laboratory reflectance
(ASD-Lab) spectra. Bluish-gray chert and dark gray limestone samples show spectral properties typical
for these lithologies, with lower overall spectral profiles compared to those of pale yellow tripolite.
Overall, pale yellow tripolite samples generally have a higher reflectance profile (around 50%) than
that of chert (around 15%) or limestone (around 25%). All of the laboratory spectra, regardless of the
lithology, show absorption features at around 1900 nm, which is consistent with the H2O content in
the samples [12,66]. Additionally, tripolite samples show H2O absorption at around 1400 nm, which
is weaker in chert samples and almost absent in limestone samples. Based on the relative strength
of characteristic H2O absorption features, particularly at around 1900 nm, tripolite samples have the
highest H2O content, whereas chert samples have the second highest H2O content.
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Chert samples have higher reflectance in the shorter wavelengths around 400 nm, which gives
its bluish color (Figure 7A). Towards the longer wavelengths, chert spectra are flattened at around
600 nm and become non-descriptive except for an absorption feature at around 1900 nm associated
with H2O and weaker absorption features at around 1400 nm and 2200 nm, consistent with H2O
and Al-OH, respectively [12]. Limestone samples have a non-descriptive overall spectra except an
absorption feature at around 1900 nm associated with H2O and rather strong absorption features at
around 2340 nm and 2500 nm associated with CO3 (e.g., calcite) [67] (Figure 7B). Similarly, tripolite
samples showed rather strong absorption features at around 2340 nm and 2500 nm, indicating the
presence of CO3 (Figure 7C). Tripolite samples have lower reflectance in the shorter wavelengths, with
an absorption feature at around 400 nm and a weaker absorption feature around 500 nm. These spectral
features are similar to those of Fe3+ oxide and oxide hydroxide between 400 nm and 550 nm [68].
Additionally, tripolite samples showed absorption features at around 2200 nm consistent with Al-OH
(clay) minerals [12].

Some of the details in the reflectance spectra can only be observed on the continuum-removed
(normalized or convex-hull removed) spectra. For this, using the ASD-Lab spectra, five statistically
representative spectra for each lithology (accounting for spectral variability of the sample population)
were calculated using one and two standard deviations around the mean spectrum (Figure 8A)
and continuum-removal was applied for shortwave infrared wavelengths between 900 nm and
2500 nm (Figure 8B). The spectral properties described above can be seen in more detail on the
continuum-removed spectral profiles. In addition, some weaker absorption features have been
identified on the continuum-removed spectral profiles. Chert samples have, though weak, absorption
features consistent with CO3 at around 2340 nm and 2500 nm (Figure 8(B1)). The absorption
feature centered at 2210 nm is indicative of Al-OH clay minerals in the chert samples [69,70].
Continuum-removed spectra of limestone samples showed spectral features at around 1750 nm,
1870 nm, 1980 nm, and 2160 nm, which can easily be related to the characteristic absorption caused by
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CO3 [12,71] (Figure 8(B2)). Typically, 1870 nm and 1980 nm absorption features cannot be observed
using passive sensors since they are almost completely affected by the atmospheric absorption.
Continuum-removed spectra showed clay mineral absorption feature in the tripolite samples at
around 2210 nm, indicating Al-OH minerals (Figure 8(B3)). An additional absorption feature can
be observed at around 2290 nm which indicates presence of Fe-OH minerals [69,72]. For a more
detailed analysis, continuum removal was applied to a narrower wavelength range, between 2128 nm
and 2378 nm, which covers the specific diagnostic absorption features of Al-OH and CO3 so as to
evaluate their relative content in the samples (Figure 8C). Based on the relative depths of diagnostic
absorption features at around 2210 nm and 2340 nm, Al-OH and CO3 contents vary between chert
samples (Figure 8(C1)). The CO3 content in limestone samples is almost invariable and these samples
do not show any absorption feature associated with Al-OH content unlike chert and tripolite samples
(Figure 8(C2)). Tripolite samples show a greater variability in Al-OH and CO3 content (Figure 8(C3)).
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Figure 8. (A) Representative reflectance spectra of chert (A1), limestone (A2), and tripolite (A3)
calculated using standard deviation (σ) around the mean (µ). (B) Continuum removed spectra of chert
(B1), limestone (B2), and tripolite (B3). The spectra are offset by 0.1 for clarity. (C) Spectra of chert (C1),
limestone (C2), and tripolite (C3) with continuum removed over 2128–2378 nm range. The number of
samples analyzed is indicated by [n].

Tripolite samples collected from different levels of the roadcut were further analyzed individually,
particularly for Al-OH and CO3 content, so as to evaluate the spectral variation in tripolite samples,
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which in turn could help us better understand the spatial variation of tripolitization in the investigated
roadcut. For this, in addition to the wavelength range between 2128 nm and 2378 nm, continuum
removal was applied over even narrower wavelength ranges between 2128 nm and 2302 nm, and
2303 nm and 2373 nm for Al-OH and CO3, respectively (Figure 9).Remote Sens. 2016, 8, 1018  14 of 26 

 

 
Figure 9. Continuum removed spectra of selected tripolite samples collected from (1) higher levels, 
(2) middle levels, and (3) lower levels of the roadcut, where accessible. Continuum removal was 
applied over the wavelength ranges of (A) 2128–2378 nm, (B) 2128–2302 nm, and (C) 2303–2373 nm. 

Tripolite samples collected from stratigraphically higher levels of the roadcut (samples PTRIP-U1 
through PTRIP-U5) have higher Al-OH content and lower CO3 content based on the relative depth of 
the diagnostic absorption features at around 2210 nm and 2340 nm, respectively (Figure 9(A2,A3)). 
Relative Al-OH absorption depths in the samples from the upper levels range between 0.054 and 
0.078 and relative CO3 absorption depths range between 0.008 and 0.018. Conversely, tripolite 
samples from stratigraphically lower levels (samples PTRIP-L1 through PTRIP-L6), where tripolite grades 
into cherty limestone rocks of the Reeds Spring Formation, have higher carbonate content and lower 
Al-OH content. Relative Al-OH absorption depths in the samples from the lower levels range 
between 0.002 and 0.026, and relative CO3 absorption depths range between 0.097 and 0.160. For 
each tripolite sample, wavelength position and relative depth of diagnostic absorption features of 
Al-OH and CO3 were quantified and tabulated in Table 2. Additionally, the relative Al-OH 
absorption feature depths from 18 tripolite samples were plotted against the relative CO3 absorption 
depths so as to show the trend of variation amongst tripolite samples (Figure 10). 
  

Figure 9. Continuum removed spectra of selected tripolite samples collected from (1) higher levels,
(2) middle levels, and (3) lower levels of the roadcut, where accessible. Continuum removal was
applied over the wavelength ranges of (A) 2128–2378 nm, (B) 2128–2302 nm, and (C) 2303–2373 nm.

Tripolite samples collected from stratigraphically higher levels of the roadcut (samples PTRIP-U1

through PTRIP-U5) have higher Al-OH content and lower CO3 content based on the relative depth of
the diagnostic absorption features at around 2210 nm and 2340 nm, respectively (Figure 9(A2,A3)).
Relative Al-OH absorption depths in the samples from the upper levels range between 0.054 and 0.078
and relative CO3 absorption depths range between 0.008 and 0.018. Conversely, tripolite samples
from stratigraphically lower levels (samples PTRIP-L1 through PTRIP-L6), where tripolite grades into
cherty limestone rocks of the Reeds Spring Formation, have higher carbonate content and lower Al-OH
content. Relative Al-OH absorption depths in the samples from the lower levels range between 0.002
and 0.026, and relative CO3 absorption depths range between 0.097 and 0.160. For each tripolite
sample, wavelength position and relative depth of diagnostic absorption features of Al-OH and CO3

were quantified and tabulated in Table 2. Additionally, the relative Al-OH absorption feature depths
from 18 tripolite samples were plotted against the relative CO3 absorption depths so as to show the
trend of variation amongst tripolite samples (Figure 10).
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Table 2. Absorption feature parameters (wavelength position and relative depth) of Al-OH and CO3

obtained from the continuum removed spectra of tripolite samples.

Tripolite Sample
Number

Continuum Removed over 2128–2302 nm
Wavelength Range

Continuum Removed over 2303–2373 nm
Wavelength Range

Al-OH Absorption Feature around 2210 nm CO3 Absorption Feature around 2340 nm

Wavelength
Position [nm] Absorption Depth Wavelength

Position [nm] Absorption Depth

PTRIP-U5 2210 0.05390 2336 0.01800
PTRIP-U4 2211 0.07750 2335 0.00760
PTRIP-U3 2210 0.05850 2337 0.01530
PTRIP-U2 2212 0.06840 2335 0.01720
PTRIP-U1 2211 0.07200 2335 0.01350
PTRIP-M7 2208 0.03020 2338 0.06600
PTRIP-M6 2207 0.04350 2338 0.07000
PTRIP-M5 2207 0.04150 2339 0.05770
PTRIP-M4 2207 0.03450 2338 0.07200
PTRIP-M3 2208 0.02820 2338 0.07140
PTRIP-M2 2208 0.03980 2337 0.04250
PTRIP-M1 2209 0.05020 2337 0.04800
PTRIP-L6 2209 0.01430 2338 0.15750
PTRIP-L5 2207 0.02560 2339 0.11930
PTRIP-L4 2207 0.01280 2339 0.13770
PTRIP-L3 2208 0.02100 2339 0.09680
PTRIP-L2 2215 0.00170 2339 0.15960
PTRIP-L1 2208 0.00720 2339 0.14920
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Figure 10. Relative Al-OH absorption feature depths versus relative CO3 absorption depths from
18 tripolite samples collected from the investigated roadcut. The samples were divided into
three clusters and color coded based on the levels they were collected.

Image end-member spectra were extracted from both ground- and laboratory-based images for
comparison and image classification. A comparison between ASD-Lab, IS-Field, and IS-Lab end-member
spectra is given in Figure 11. The major SWIR absorption features of the lithological units in the outcrop
can be seen in all three spectra. Some of the weaker absorption features, however, are more prominent
in the ASD-Lab and IS-Lab spectra than in the IS-Field spectra. The mean ASD-Lab and IS-Lab spectra
of samples from major lithological units show higher consistency. In comparison, the consistency
between the ASD-Lab and IS-Field spectra is relatively lower, mainly due to the overall shape of the
spectra. Nevertheless, SFF classification using the ASD-Lab end-member spectra was performed for
both laboratory- and ground-based hyperspectral data as the SFF classification does not take the
overall shape into account.
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Figure 11. Comparison of mean chert, limestone, and tripolite spectra obtained from laboratory
reflectance spectroscopy (ASD-Lab spectra), extracted from laboratory-based hyperspectral images
(IS-Lab spectra), and extracted from ground-based hyperspectral images (IS-Field spectra). Wavelengths
affected from the atmospheric absorption, indicated as gray blocks, are masked in the IS-Field spectra.
The spectra are stacked by 0.1 offset for clarity.

3.2. Hyperspectral Image Classification

Hyperspectral images from scan positions approximately 15 m apart along the roadcut were
collected so as to cover a greater extent of exposed rocks (approximately 65 m long and 11 m composite
thickness). Collected images and relative positions of these images with respect to each other are given
in Figure 12A as false color composites. The effect of cylindrical image geometry manifests itself as
evident geometric distortion in the hyperspectral images. The spatially coherent MNF components are
also given in false color composites (Figure 12B). Color composites created using spatially coherent
MNF bands have proven to be useful for initial interpretation and end-member identification in
hyperspectral images [73]. However, since the transformation is unique for each image, individual
MNF components of different images and created color composites cannot be compared directly
between the images [19].

Remote Sens. 2016, 8, 1018  16 of 26 

 

 
Figure 11. Comparison of mean chert, limestone, and tripolite spectra obtained from laboratory 
reflectance spectroscopy (ASD-Lab spectra), extracted from laboratory-based hyperspectral images 
(IS-Lab spectra), and extracted from ground-based hyperspectral images (IS-Field spectra). 
Wavelengths affected from the atmospheric absorption, indicated as gray blocks, are masked in the 
IS-Field spectra. The spectra are stacked by 0.1 offset for clarity. 

3.2. Hyperspectral Image Classification 

Hyperspectral images from scan positions approximately 15 m apart along the roadcut were 
collected so as to cover a greater extent of exposed rocks (approximately 65 m long and 11 m 
composite thickness). Collected images and relative positions of these images with respect to each 
other are given in Figure 12A as false color composites. The effect of cylindrical image geometry 
manifests itself as evident geometric distortion in the hyperspectral images. The spatially coherent 
MNF components are also given in false color composites (Figure 12B). Color composites created 
using spatially coherent MNF bands have proven to be useful for initial interpretation and 
end-member identification in hyperspectral images [73]. However, since the transformation is 
unique for each image, individual MNF components of different images and created color 
composites cannot be compared directly between the images [19].  

 
Figure 12. (A) False color hyperspectral images of the roadcut along US-71 Hwy near Pineville from 
scan positions 3 to the West to 1 to the East (SP3-SP1), spectral bands 1086, 1554, and 2033 nm are 
displayed in red, green, and blue (RGB). (B) False color Maximum Noise Fraction (MNF) images 
based on (A) with bands (5, 1, and 2), (6, 5, and 2), and (5, 2, and 6) displayed in RGB for SP3 to SP1, 
respectively. 

The SFF classification was performed on the noise-free reflectance images using the ASD-Lab 
end-member spectra obtained from laboratory reflectance spectroscopy. The SFF algorithm results 
in scale and root-mean-square (RMS) images for each respective end-member. Higher scale values 
accompanied by low RMS values of image pixels represent a better fit to the reference spectra. The 
end-member scale and RMS images were combined and transferred into binary classification images 

Figure 12. (A) False color hyperspectral images of the roadcut along US-71 Hwy near Pineville from
scan positions 3 to the West to 1 to the East (SP3-SP1), spectral bands 1086, 1554, and 2033 nm are
displayed in red, green, and blue (RGB). (B) False color Maximum Noise Fraction (MNF) images
based on (A) with bands (5, 1, and 2), (6, 5, and 2), and (5, 2, and 6) displayed in RGB for SP3 to
SP1, respectively.

The SFF classification was performed on the noise-free reflectance images using the ASD-Lab
end-member spectra obtained from laboratory reflectance spectroscopy. The SFF algorithm results in
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scale and root-mean-square (RMS) images for each respective end-member. Higher scale values
accompanied by low RMS values of image pixels represent a better fit to the reference spectra.
The end-member scale and RMS images were combined and transferred into binary classification
images using 2D scatter plots. The cut-off value for the scale images were determined to be around 0.5
(at least 50% fit) for each end-member, whereas the RMS values were around 0.03 to 0.05. Subsequently,
post-classification corrections were applied so as to (i) minimize the mottling effect and (ii) suppress
isolated pixels within classes using spatial filtering. The SFF results for tripolite, limestone, and chert
end-members are given in Figure 13. Although no tripolite was observed in the Lower Reeds Spring
during field campaign and sample collection, some pixels, likely to be limestone, were misclassified as
tripolite in the lower portion of the outcrop. Further assessment and comparison between classification
and reflectance images showed that the misclassified pixels are consistent with pixels affected by
shadow due to surface relief. Although their patterns and depths are different, tripolite samples
with higher carbonate content and limestone samples both have strong absorption feature at around
2340 nm. Due to the effect of shadow, however, these differences between the spectra are not as
distinctive and show similar pattern and depth. Thus, the overlapping absorption features could have
affected the classification.
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Figure 13. Spectral feature fitting results using ASD-Lab end-member spectra from (SP3) Scan Position
3 to the west, (SP2) Scan Position 2 in the middle, and (SP1) Scan Position 1 to the east of the roadcut.
The black arrows show patches of limestone following a linear pattern, the blue arrows show alternating
chert and limestone layers with undulating boundaries, the gray arrows show persistent, continuous
limestone layers, and the red arrow shows chert and limestone layers with flat boundaries.

Mixture-tuned Match Filtering (MTMF) was performed on spatially coherent MNF components
using IS-Field and IS-Lab end-member spectra for ground- and laboratory-based images, respectively.
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For the MNF transformed data, the first 12 to 17 MNF components were found to be spatially coherent
(noise-free) given 0.60 coherence threshold for both ground- and laboratory-based data. The score and
infeasibility images, as results of MTMF, were combined so as to create single classification images
by keeping pixels containing more than 50% of the respective end-member material with less than
20% infeasibility (Figure 14). The results of MTMF analysis support and complement the observations
obtained from SFF. The MTMF, however, performed better in classifying the pixels affected by shadow
than SFF. As calculated scores for these pixels are lower than the defined threshold, they have been
removed and not included in the binary classification. Once the binary images were combined in a
composite image (Figure 14) pixels identified with similar chert and limestone abundances could be
observed as yellow pixels, along chert-limestone boundaries. Unlike SFF, in addition to transferring
the result to binary classification, score images as fractions of end-members, were evaluated so as to
observe changes in abundance of lithological units, particularly for tripolite. The score images for
tripolite are given in Figure 15. The score values were further classified between 0.1 and 1.0 (10% to
100% abundance).
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Figure 14. Mixture-tuned match filtering classification results using derived end-member spectra based
on spatially coherent MNF components from SP3 to the west to SP1 to the east of the roadcut. The black
arrows in the inset image show the areas with similar chert and limestone abundance, characterized by
yellow pixels.

The laboratory-based hyperspectral image analysis results of the samples are given in Figure 16.
For these images both SFF and MTMF methods have been used. The orientations of the samples were
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considered during collection so as to help interpretation. Similar to outcrop images, major lithological
units could easily be detected and differentiated based on SFF using ASD-Lab end-member spectra.
The first sample (PTRIP-M3) shown is from a limestone–tripolite contact, right above the transition zone
bounded by the first and the most persistent limestone layer (Figure 16(A1)). The SFF results show the
contact and remnant limestone fragments within tripolite (Figure 16(A2)). The size of the limestone
fragments in this sample is on the order of millimeters. The MTMF results for the same sample show
more detail compared to SFF. Right above the limestone–tripolite contact and around the limestone
fragments within the tripolite zone, there are areas (which will be regarded as zones of partial leaching)
where leaching of the limestone is evident and is yet to be completed (Figure 16(A3)).
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Figure 15. Mixture-tuned match filtering results of tripolite from SP3 to the west to SP1 to the east of
the roadcut. The score images were classified between 0.1 and 1.0, with an increment of 0.0625.

The second sample (PCHT-13) is from a chert-limestone contact in the observed transition zone
(Figure 16(B1)). The stylolite observed between limestone and chert indicates the effect of compaction
during or following lithification. The upper portion of the sample shows the top-down progression
of tripolitization. The third sample (PCHT-2) depicts a limestone–chert contact from the interbedded
lower Reeds Spring Formation. In this particular sample, a stylolite is not present as the contact
is mainly vertical. The results of SFF differentiated chert and limestone clearly using ASD-Lab
spectra (Figure 16(C2)). The MTMF method revealed more detailed and interesting results. In the
case of MTMF using IS-Lab spectra, two types of chert, slightly different from each other, could be
detected (Figure 16(C3)). The second type of chert is more carbonate-rich and surrounds the limestone.
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Considering the syndepositional environment of chert and limestone, this could suggest an interaction
during deposition, resulting in relatively higher lime mud content in the siliceous material.Remote Sens. 2016, 8, 1018  20 of 26 
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Figure 16. Laboratory-based image analysis results of samples collected during the field
campaign. (A) Limestone–tripolite contact right above the persistent limestone layer within tripolite;
(B) limestone–chert contact within the transition zone showing stylolite along the contact and early
stages of tripolitization in the upper portion; and (C) limestone–chert contact from interbedded Lower
Reeds Spring.

4. Discussion

A comparison between ASD-Lab, IS-Field, and IS-Lab end-member spectra showed that ASD-Lab
and IS-Lab spectra are highly consistent. This can be attributed to the controlled, similar, and stable
conditions under which both were collected. The samples used for laboratory reflectance spectroscopy
were also used for laboratory-based hyperspectral imaging. Therefore, the exact locations of the
samples from which the ASD-Lab spectra were collected could be found in the laboratory-based
hyperspectral images with high accuracy (owing to very high spatial resolution) and used for
IS-Lab spectra extraction. Thus, the higher consistency between the ASD-Lab and IS-Lab spectra
is not all unexpected. The higher spatial resolution provided by both ASD spectroradiometer and
the hyperspectral camera could have also helped with minimizing the effect of spectral mixing
and promoting consistency between ASD-Lab and IS-Lab end-member spectra. In comparison,
the consistency between ASD-Lab and IS-Field spectra is slightly lower. Even though the spectral
features are consistent, the overall reflectance and shape of the spectra are slightly different from
ASD-Lab spectra. This could be attributed to the way end-member spectra were extracted from the
ground-based images. Unlike the IS-Lab spectra, IS-Field spectra were obtained using a statistical
approach, i.e., the pixel purity index, to locate spectrally pure end-members. In other words, the sample
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locations on the outcrop were not used for end-member spectra extraction. Thus, the spectrally pure
end-members located in the ground-based image do not necessarily coincide with the sampling
locations. The surface roughness and relief along the outcrop could also have affected the brightness,
which in turn affects the overall shape and reflectance of the spectral signatures in the ground-based
images. Also, the spatial resolution of the ground-based images is relatively lower than that of
laboratory images, which may promote the effect of spectral mixing. Thus, the pure end-member spectra
extracted from the ground-based image and obtained from the laboratory reflectance spectroscopy
may not necessarily be the same. Considering these effects, in some cases the spectra obtained from
laboratory reflectance spectroscopy, such as ASD-Lab spectra, may not represent the spectral variability
of the images as well as image-derived spectra.

Due to cylindrical image geometry, ground-based hyperspectral images show the effect of barrel
distortion. That is, straight lines along-track are curved inward and thus images seem “squeezed”,
particularly towards the extreme edges, whereas the distortion is minimal close to the image center.
As a result, the overall trend of the chert and limestone layers is curved inward along-track the
image and the observed relative thickness of the strata is squeezed towards the extreme edges of the
images. However, the undulating contact between the layers is still evident. Although it is relevant
to stratigraphic studies, a 3D geometric reconstruction of the strata is beyond the scope of this study.
For such purposes, however, ground-based hyperspectral data can be combined with ground-based
Lidar data, providing integrated spectrally and geometrically accurate information.

The SFF results showed that tripolite dominates the top of the Reeds Spring Formation and is
easily detected and differentiated from the rest of the Reeds Spring Formation, which is dominated by
interbedded limestone and (penecontemporaneous) chert layers. The contact between limestone
and chert layers appears to be more or less flat lower in the succession (lower right corner of
Figure 13(SP1)), whereas it changes to be more undulating going up in the succession before it grades
into tripolite. This undulating contact is indicative of syndeposition and soft sediment deformation due
to compaction. That is, siliceous materials were deposited along with carbonates before lithification.
Along the chert–limestone contact, stylolites can be observed locally. One such example is presented
and discussed based on laboratory-based images of samples. The presence of stylolites suggests
that chert and limestone rocks of the Reeds Spring Formation experienced further compaction
even after lithification. In support of these interpretations, according to Manger and Shelby [35],
penecontemporaneous chert was deposited as an early replacement of carbonate sediments below the
sediment–water interface associated with maximum flooding conditions and experienced compaction
phenomenon. Thus, formation of chert characterized by compaction and disruptions in bedding in the
Reeds Spring formation is syndepositional [35]. Persistent limestone layers can be observed within the
tripolite facies particularly close to the transition between tripolite facies and cherty limestone rocks of
the Reeds Spring Formation (Figure 13). Going up in the vertical succession, instead of continuous
limestone layers, lenses and patches of limestone are observed (Figure 13(SP3)). These patches and
lenses, however, follow a linear pattern, suggesting they are remnants of previous, persistent limestone
layers. Due to the formation of tripolite, these lenses and patches of limestone could have been
formed by leaching during weathering, also suggesting that weathering intensifies in the upper
portion of the succession. Analysis of ASD spectra of tripolite samples from different stratigraphic
levels indicates decreasing tripolitization downward in the succession. According to the reflectance
spectroscopy results, although all tripolite samples show carbonate absorption features, suggesting
that tripolite is calcitic, samples higher up in the succession experienced more leaching, and hence
lower carbonate content (Table 2). Moreover, higher Al-OH (clay) content indicates that these samples
were subjected either to stronger or longer weathering. These suggest a decreasing effect of weathering,
thus tripolitization, from top to bottom in the roadcut (Figure 10). In support of this, based on the
MTMF results, the abundance of tripolite decreases with depth, indicating a decrease in weathering.
The lower tripolite abundance and preserved persistent limestone layers may indicate a transition
zone between the highly weathered upper portion and the unaltered lower portion. In the composite
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abundance images, mixed (yellow) pixels indicating similar chert and limestone abundances along
chert–limestone boundaries suggest an interaction between chert and limestone during deposition,
which can also be observed in one of the samples. Thus, observation from the outcrop hyperspectral
images can be substantiated based on laboratory-based hyperspectral images of samples.

It was suggested that tripolitization in the area is a result of groundwater alteration [74] and
occurred from the bottom up [39]. The field observations and the results of reflectance spectroscopy
and multiscale hyperspectral image analysis in the investigated outcrop suggest otherwise—that is,
tripolite formed from top to bottom. The analysis of both laboratory- and ground-based hyperspectral
images suggested a decreasing effect of weathering downwards in the vertical succession. Similar
observations have been made from a few other tripolite exposures of the Mississippian outcrop belt in
the tristate area [25,31]. Mazzullo et al. [25] observed the gradational contact and downward change in
weathering grade in northwest Arkansas. The leaching pattern in the outcrop resulted in limestone
patches and lenses in the upper portion of the succession, which, along with the decreasing abundance
of tripolite, suggest that the fluid that leached carbonates out and caused weathering should have been
flowing from top to bottom. The pattern and geometry of the zones of partial leaching observed in
samples are also in support of this interpretation. As the formation of tripolite is a result of weathering
(of calcareous chert or siliceous limestone) by meteoric fluids [40], the interpreted fluid flow pattern
also implies the presence of a subaerial exposure along which the meteoric water percolates. In support
of this interpretation, Christopher [75] considered tripolitization to be a weathering phenomenon
on siliceous rocks attributed to a low pH subaerial environment, implying an unconformity [76].
Moreover, according to Swanson [77], weathered chert is a definite indication of an unconformity.
The tripolite facies in southwest Missouri are indeed characterized by sequence-bounding erosional
contact to the top (which can be correlated to a global major eustatic lowstand) and unconformably
overlain by the Bentonville Formation [25,37]. The unconformity at the top of the Reeds Spring
Formation observed to the west of Mississippian outcrop belt in the tristate area does not extend to the
east or further west in the subsurface and thus no tripolite is observed [31]. Due to tertiary erosion,
the unconformable contact between Bentonville and Reeds Spring Formations was not observed in
the investigated roadcut. Further north along U.S. Hwy 71, however, this unconformable contact can
be observed [31]. In addition, clasts of tripolite are observed at the base of the Burlington Formation
(formerly referred to as Burlington–Keokuk Formation in the literature), indicating the formation of
tripolite before Tertiary [25].

5. Conclusions

This work utilized ground-based hyperspectral imaging as a means for detecting and
discriminating lithological units in the Reeds Spring Formation in southwestern Missouri. The results
demonstrated that horizontal and vertical distribution of the lithological units and mineralogical
variations in inaccessible, near-vertical outcrops can be mapped by ground-based hyperspectral
imaging rapidly and with high resolution and accuracy. In addition, this work demonstrated that
an integrated approach bringing multi-scale, multi-sensor spectral information can provide a more
comprehensive way of geological outcrop evaluation. Multi-scale spectral analysis results provided
new insight for the formation of the tripolite in the investigated outcrop, complementing previously
reported observations on the tripolite exposures in tristate area. We concluded that leaching of
carbonates from the rocks and subsequent tripolitization is a result of subaerial exposure caused by
meteoric water flowing from the unconformity surface down the vertical succession.

The ground-based hyperspectral image analysis focuses on the outcrop scale and thus, for the
evaluation of the diagenetic and geological processes in a greater detail and at a broader scale,
a wider analysis including several exposures (where available) should be performed. Apart from
the spectral information, the geometry of the lithological units and other geological features are
relevant to stratigraphic modeling and reservoir analogues. However, the cylindrical geometry of the
ground-based hyperspectral images causes geometric distortions, which remain an important issue to
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be resolved. The rapidly emerging field of ground-based hyperspectral imaging would benefit from
further research on correction of such distortions, particularly in the absence of terrestrial LiDAR data.
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