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Abstract
This thesis is a combination of two separate but related projects. The first project
is a Potential Fossil Yield Classification (PYFC) survey. The PFYC is a Bureau of Land
Management funded survey designed to synthesize paleontologic information into a
geographic information system (GIS) as a distributable geodatabase. The database is
designed to represent surficial geologic deposits contained in a polygon shapefile.
Throughout the State of Nevada each polygon represents a mapped geologic unit at a

-5 based on the known fossils within
a geologic unit. Fossil type and abundance are considered in the assignment of a PFYC
value, 1 being the lowest, and 5 being the highest.
The second project consists of a multi-temporal land-use/land-cover change
detection analysis designed to measure effects of rapid urbanization within a geologic
unit identified to have the highest fossil potential based on the results of the PFYC
survey. The Las Vegas Formation (LVfm) is a Pleistocene groundwater discharge
deposit that has been shown to contain significant vertebrate fossils, thus being
assigned a PFYC value of 5. The proximity of the LVfm to the densely populated city of
Las Vegas provides a unique opportunity quantify effects of urbanization to lands rich
with fossil resources. This project is designed to utilize remotely sensed imagery and
aerial light detection and ranging (LiDAR) point clouds to accurately quantify
urbanization effects
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Chapter 1:
A Potential Fossil Yield Classification
Survey of Nevada Surficial Geology
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Abstract

Paleontology has provided significant information about the history of life on
Earth. Fossil floras and faunas are valued not only for their scientific properties, but also
for their aesthetic and recreational values (Ligget, 2015). The information produced by a
wide variety of geologic and paleontologic studies has yet to be synthesized into robust
geodatabases for integration into a geographic information system (GIS) on a large
scale. In recognition of this void, the Potential Fossil Yield Classification (PFYC) project
was implemented by the Bureau of Land Management (BLM). PFYC is a numerical
ranking system based on observed and documented information regarding the types
and abundances of fossils contained within the spatial extent of a mapped geologic unit.
PFYC rankings range from 1 to 5, with 1 indicating a very low potential fossil yield, and
5 indicating a very high potential fossil yield. A PFYC survey involves the collection,
synthesis, and integration of paleontologic information into a geodatabase for ingestion
and analysis in a GIS. Such a PFYC geodatabase is designed to allow land managers
to more effectively identify, locate, plan for, and secure lands rich in fossil resources
(Ligget, 2015).
In this project I inventoried and cataloged paleontologic information and
knowledge from a wide array of sources into a single geodatabase. This geodatabase
contains 2-D polygons representing all surficial geologic deposits at scales of 1:250k
and 1:100k throughout the state of Nevada. One specific result of the Nevada PFYC
project was the assignment of a PFYC level of 5 to Pleistocene groundwater discharge
deposits associated with the Tule Springs Fossil Beds National Monument. These
2

deposits have been aggregated into the Las Vegas Formation (LVfm) (Longwell et al.,
1965). The physical proximity of Tule Springs Fossil Beds National Monument to the
cities of Las Vegas and North Las Vegas, along with significant population growth, has
caused drastic land-use/land-cover change impacts to many of the mapped outcrops
identified as the LVfm. These land-use/land-cover impacts illustrate the importance of a
PFYC survey for allowing land managers to identify lands rich in fossil resources, as
well as the value of organizing information geospatially to facilitate better management
and protection of paleontological resources.

Introduction
Fossils provide significant information concerning the history of life. When an
organism dies, if environmental and geological circumstances are favorable, the
remains can be preserved indefinitely. This preservation provides a snapshot of life that
includes information about the environmental and geologic conditions at the time of
death. Take for instance a terrestrial vertebrate organism. The cause of death can vary
widely, the key for preservation is hinged on the environment. The skeletal remains
idealy need to be buried in some type of sediment. Once the skeletal remains are
buried by sediment, on the scale of geologic time these sediments undergo lithification.
During lithification the skeletal remains are re-mineralized as part of the lithified
sediment.
Fossil resources have long been collected and studied in order to investigate
how the Earth has changed over time. In 2009 the Paleontologic Resources
Preservation Act (PRPA) was passed by Congress, providing sweeping regulations that
introduced a standard inter-agency policy on how to manage fossil resources on federal
3

lands (https://www.blm.gov/programs/cultural-resources/paleontology). The regulatory
statutes outlined in PRPA govern all lands managed by five separate federal agencies
in the Department of Interior and Department of Agriculture. The BLM, one of these five
agencies, has implemented a PFYC survey throughout multiple sates. The first
objective in this study was to construct the PFYC geodatabase that meets all criteria in
survey.
In Nevada the federal government has legal control of more than 85% of land
(Policy and Program Report, Research Division, Legislative Counsel Bureau 2016). The
PFYC survey is intended to aid in determining which lands may need protection in terms
of fossil resources, and which lands may be eligible for disposal, etc. Without the
information contained in the PFYC survey, there is potential that lands rich in fossil
resources will be transferred out of federal hands, thus jeopardizing the fossil resources
and the intrinsic values they provide mankind. Additionally, the PFYC survey will enable
the BLM to identify lands that may meet requirements for ownership transfer based on,
for example, a very low PFYC assigned value. In addition to providing information
related to fossil resources, the PFYC survey will capture a digital record
surficial geology. Geologists acknowledge that the information contained in surficial
geology is critical to investigating a variety of natural processes such as climate change
(Rech et al., 2017). A particular surficial geologic unit identified to contain ancient
shoreline features enable geologists to conclude the presence of past waterbodies.
Nevada is located within the Basin and Range province and produces limited varieties
of geologic units in terms of the abundances and distribution of vertebrate and
invertebrate fossils as described in the PFYC survey results.
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In 2014 Tule Springs Fossil Beds National Monument was established,
effectively securing the remaining 22,650 acres of the upper Las Vegas wash and the
groundwater discharge deposits identified as the Las Vegas Formation. The lands
associated with this monument are rich in fossils from the late Pleistocene. Tule
Springs Fossil Beds National Monument is administered by the National Park Service,
one of the five agencies identified in the 2009 PRPA legislation. The PFYC survey
classifies the surficial deposits of the Tule Springs Fossil Bed National Monument with
the highest PFYC value. These deposits also occur in the area of Corn Creek Springs,
approximately 30km northwest of the city of Las Vegas (Quade, 1985). Corn Creek
Springs is managed by the Fish and Wildlife Service. Generally speaking, these fossilrich groundwater discharge deposits lie in valleys that trend northwest-southeast.
These valleys are flanked by alluvial fans emerging from both east and west sides of the
valley (Quade, 1985). Las Vegas Valley is a product of Neogene extension that formed
the Basin and Range Province of western North America (Springer et al., 2017). This
Neogene extension is related to the activity of tectonic plates along the western
continental boundary of the North American Plate. As the Pacific Plate began to subduct
beneath the North American Plate two triple plate junctions were create. One at the
intersection of the Pacific, Juan De Fluca and North American Plates, the second
between the Pacific Cocos, and North American Plates. The corresponding vector
mechanics between the Pacific and North American Plates created a transform
boundary, which as a result of this transform boundary the San Andreas Fault zone was
formed. This massive transform boundary is understood as a driving mechanism in the
Neogene extension of Nevada.

5

The sediments associated with and located within Tule Springs Fossil Beds
National Monument have been yielding vertebrate fossils for over 100 years. The area
first generated significant scientific attention with the discovery in 1933 of an obsidian
flake and associated bones of extinct Pleistocene animals (Rowland and Bonde, 2015).
These strata were extensively investigated in 1962-63 (Nevada State Museum ref.
1967). The Las Vegas Formation was originally defined by Longwell et al. (1965);
Haynes (1967) subdivided it into members A-G. The fossils collected, include a diverse
Rancholabrean-age, Late Pleistocene fauna, including but not limited to giant camel,
Columbian mammoth, bison, horse, dire wolf and American lion (Springer et al., 2017).
An underlying objective of the PFYC project is to capture these paleontological data and
integrate them into a database.
To accomplish the objectives of this PFYC survey I have followed a standard
scope of work designed by the BLM (Appendix A). I produced two layers contained in a
geodatabase: a geology layer and a map layer. The layers are contained
(Environmental Systems Research Institute) ArcGIS, which is recognized as the
industry leader in GIS.
A layer is simply a reference to a specific object or feature and all of the
properties associated with it (Longley et al., 2015). The PFYC geology layer is a
polygon shapefile that contains all surficial geological units for the State of Nevada at
scales of 1:250k and 1:100k. The PFYC map layer is also a polygon shapefile that
provides a visualization of the spatial distribution representing the allocated geologic
maps used to generate the geologic polygons. Each layer contains a table; the attribute
fields and organizational parameters are provided in detail in Appendix A.

6

Detailed information regarding the fossil resources contained within particular
geologic units occur in a multitude of papers and geologic map reports.
PFYC survey a supplemental paper will be published. This paper will provide all
referenced literature used in assigning a PFYC value to geologic units. The PFYC
project provides a robust data product that queries these sources for specific
paleontologic information and synthesizes the desired information into a single
geodatabase for analysis in a geographic information system (GIS). The types of data
that can be ingested into a particular GIS drastically increased in the latter half of the
20th century, and this trend continues in the 21st century (Longley et al., 2015). As our
world continues to develop in a digital sense it is important to understand that a vast
majority of information that is generated on a daily basis contains spatial information,
and as we continue to create these data the entire world is moving forward, effectively
becoming an interconnected GIS (Longley, et al., 2015). Modern paleontology is
beginning to utilize GPS by capturing GPS coordinates of valuable fossils, this
integration of geospatial information with paleontology can be easily ingested into a
particular states PFYC geodatabase.

Methodology
The BLM provided a standard scope of work document designed as an
architectural foundation from which to produce the two layers existing inside the PFYC
geodatabase. The two layers are identified as the geology layer and the map layer. The
geology layer is a polygon shapefile representing surficial geology throughout the
boundary of the state of Nevada at a minimal scale requirement of 1:100k. The map
7

layer is a second polygon shapefile designed to be an annotated visual representation
identifying all geologic maps, and their respective spatial boundaries, used to generate
the geology layer.
The first iteration of the geology layer was derived from a USGS polygon
shapefile representing surficial geology at a scale of 1:500k. This scale did not meet the
requirements outlined in the standard scope of work and thus was discarded. The
Nevada Bureau of Mines and Geology (NBMG) provided a database containing geology
polygon shapefiles. The NBMG product was the result of digitizing all Nevada county
maps at a scale of 1:250k, producing 15 individual polygon shapefiles representing
geologic polygons derived from the published county maps. The NBMG donated copies
of the databases for this project. These 15 shapefiles were merged together into a
single shapefile. This new shapefile was used as a new base map, representing all
surficial geology at larger scale of 1:250k projected into North American Datum (NAD)
1983 in UTM zone 11N. This base map will be referred to as the NBMG base map.
The corresponding geologic map survey was conducted through the USGS
National Geologic Map Database (NGMDB) https://ngmdb.usgs.gov/ and the Nevada
Bureau of Mines and Geology (NBMG) geologic map database
http://www.nbmg.unr.edu/Maps&Data/. I surveyed these resources to locate all geologic
maps within the State of Nevada at the 1:100k scale for digitizing. Three of the
published 1:100k maps focused primarily on Quaternary geology. Subsequent research
was conducted to investigate whether the mapped Quaternary units contained
significant fossil resources. This inquiry did not identify any mapped Quaternary units
that contain significant fossil resources, thus these maps were not used for manual
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digitizing purposes. A total of five geologic maps at 1:100k scale were available for
digitizing, and a single 1:120K scale map representing the Nevada National Security
Site (N2S2), formerly the Nevada Test Site (NTS), were allocated. Additionally, there
are three maps at the 1:100k scale that are in the process of being published; due to the
time constraints of the PFYC project these maps were not used. A detailed list of all
geologic maps used in the construction of the geology layer is provided in Appendix B.
The next step for the geology layer was to integrate the larger scale 1:100k
geologic map information into the smaller scale NBMG base map. I achieved this by
extracting the surficial geology from the digital geologic maps and digitizing those data
accurately into polygons representing the actual mapped geology. I developed a
methodology that I

-

which involved downloading the digital

geologic maps as tagged image files (.tif or.tiff). A .tiff can be an image file that contains
geospatial reference information. I then intersected each geologic map, one by one,
with, the NBMG base map, and I traced the spatial extent using a single polygon. This
polygon defined the area and spatial extent of coverage provided by the 1:100k maps. I
then used t
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map,creating a void of information to be filled in by digitizing new polygons derived from
the 1:100k geologic map (Fig. 1).
I generated the new polygons representing the mapped geology contained in the
1:100k geologic map by manually digitizing, tracing by hand each individual geologic
unit from the digital map defined throughout the map extent (figures 2 & 3). To ensure
spatial consistency between adja

shapefile. Once completed I symbolized all digitized geologic units with graduated color
ramp that is structured on each individual geologic units PFYC coded values. The Map
Layer was also created through digitizing polygons. I traced each geologic map

Figure 1:'Cut-in' digitizing result. Polygons from the NBMG base map layer were extracted/deleted using the boundary of
the Las Vegas 30x60 quadrangle. Creating the window to manually trace geology, digitizing new polygons at the larger
scale of 1:100k
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Figure 2: Red lines represent the manual digitizing efforts. The new digitized polygons accurately represent
geology as mapped in the Digital geologic map of the Nevada Test Site and vicinity, Nye, Lincoln, and Clark
Counties, Nevada, and Inyo County, California.

Figure 3: Red lines represent the NBMG base map geologic polygons. These are intersected with the larger
scale geologic map titled Digital geologic map of the Nevada Test Site and vicinity, Nye, Lincoln, and Clark
Counties, Nevada, and Inyo County, California.
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boundary to identify the spatial extent of its coverage. The construction started
with the 15 county maps; the counties of Lyon, Douglas, and Carson were all merged
together into a single shapefile. A comprehensive list of all geologic maps used for
digitizing is listed in table 1. I then traced and integrated the remaining larger scale
geologic map boundaries integrated them into the map layer. The map layer holds its
own attribute table, populated with relevant fields and domain values, as per the BLM
standard scope of work.
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Results
Most geologic units within the state are assigned PFYC values of 1, 2 and 3. A
robust distribution of PFYC values of 1 includes igneous, metamorphic and volcanic
rocks. Most of the Quaternary units are assigned PFYC values of 2; very few
Quaternary units have been assigned higher values. The spatial distribution of PFYC
values 1, 2, and 3 correspond with Basin and Range geology and can easily be
distinguished in the final geology layer map (Fig. 4). Significant exposures of Paleozoic
sedimentary marine units with invertebrate fossils are generally classified with a PFYC
value of 3, however the PFYC survey did identify Paleozoic marine units with higher
PFYC classifications. For example, the Deep Spring Formation in Esmeralda County,
which straddles the Ediacaran-Cambrian boundary, is assigned a PFYC value of 4
because of documented preservation of stromatolitiic reefs as well as scientifically
significant metazoan and algal fossils (Rowland, et al., 2008). The Poleta Fm, a
Cambrian sedimentary marine unit, has been documented to contain Lägerstattenquality preservation of invertebrate soft-bodied organisms similar to the Burgess Shale

marine carbonate unit was assigned a PFYC value of 4, due to the recorded
preservation of fish and basal tetrapods (Murphey et al., 1976; Swartz, 2012).
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Figure 4: Completed Nevada PFYC survey geology layer
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Very few units are identified as having a very high potential fossil yield or (PFYC
value of 5). Two units that have been assigned this value are the Newark Canyon and
Willow Tank Formations. The Newark Canyon Formation is a Cretaceous unit exposed
in Eureka County. It consists of lacustrine sediments, as well as deposits derived from a
wedge-top basin, and it contains invertebrate fossils and terrestrial vertebrate fossils
(MacNeil, 1939; David, 1941; Bonde et al., 2015). The Willow Tank Formation, exposed
in eastern Clark County, is also a Cretaceous terrestrial unit. It has produced significant
terrestrial vertebrate and plant fossils (Bonde et al., 2008, 2012).
The two most significant units assigned a PFYC value of 5 are the Esmeralda
Formation, located along the eastern boundaries of Esmeralda and Mineral counties,
and the Las Vegas Formation located in Clark County. The Esmeralda Formation
consists of volcaniclastic, lacustrine, and fluvial units. This Miocene formation has been
documented to contain significant plant macrofossils and terrestrial vertebrate fossils
(Hardy and Bonde, 2015; Hardy and Humphrey, 2018). In Paleontology there is a
succinct distinction between invertebrate, vertebrate and plant fossils. Vertebrate
fossils, if present are awarded higher PFYC values.
In Nevada, there are several significant units assigned a PFYC value of 4, such
as the Favrer Formation and the Aztec Sandstone. The Favrer Formation consists of
Triassic marine carbonate deposits containing abundant invertebrates and some marine
vertebrate fossils (Hopkin and McRoberts, 2005). Prior to 2012 the Aztec Sandstone
was not known as a fossiliferous unit. Since 2012 the Aztec Sandstone has produced
trace fossils in Valley of Fire State Park and Red Rock Canyon National Conservation
Area. (Stoller et al., 2013; Rowland et al., 2014). The fossil trackways in the Aztec
15

Sandstone have been studied in detail and are believed to represent tritylodontid
therapsids, small herbivorous synapsids (Rowland and Mercadante, 2014) as well as
Theropod dinosaurs and multiple taxa of arthropods (Rowland et al., 2014).
Several Paleogene and Neogene units have been assigned a PFYC value of 4
and one Paleogene unit, the Sheep Pass Formation, was assigned a PFYC value of 5.
The Quaternary has produced a single unit assigned a PFYC value of 5, the Las Vegas
Formation. The Las Vegas Formation consists of Pleistocene groundwater discharge
deposits and contains significant Ice-Age megafauna fossils (Springer et al., 2017). The
units located in the upper Las Vegas Wash that I have integrated into the Las Vegas
Formation are known to contain the largest Rancholabrean vertebrate fossil
assemblage currently known in the Mojave Desert region (Scott et al., 2017). A
complete list of all the members of the Las Vegas Formation and laterally equivalent
units is provided in Appendix C.
The final geology layer (Fig. 4) consists of 36,797 individual polygons
representing surficial geology within the boundary of the State of Nevada. The
corresponding attribute table for the geology layer, with all fields and records satisfying
the

, contains 883,128 records.

-

allocated 1:100k-scale geologic maps significantly increased the total amount of
digitized polygons. This increase was a function of scale related to geologic mapping. At
the smaller scale, a specific geologic unit may be identified and mapped. On a larger
scale that same geologic unit is often differentiated into two or more separate units,
often differentiating separate members of a formation. The BLM scale standard for any
given states PFYC survey states that the polygons should represent geology at the
16

scale of 1:100k. This scale standard provides significantly more detail than a scale of
1:250k. This higher level of detail provides a generalized distinction between geologic
units that may or may not contain fossil resources as a generalized reference at the
scale of 1:100k.
The second, and final deliverable was the geologic map layer (Fig. 5). The
function of this deliverable is designed as a visual representation of all geologic maps
used in the construction of the geology layer. The geologic map layer also contains its
own table architecture that is also outlined in the BLM standard scope of work.

17

Figure 5: Map layer representing the scale and extent of all geologic maps used to digitize
geologic polygons
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Discussion
The goal of the PFYC survey was to identify lands containing valuable fossil
resources and classify them on a scale of 1 to 5. The PFYC geology layer results
suggest that the initial scale limitations be re-evaluated. The scale standard established
by the BLM for the PFYC project proved to be problematic for this survey. My review of
the literature used to justify assigning PFYC values identified many geologic units to
which I assigned PFYC values of three or higher. However, some of these units are not
included in the Nevada PFYC geodatabase because the units do not appear at the
1:100 k scale. Many of these fossiliferous units are only identified and mapped at a
scale of 1:24 k. Because of this scale-based phenomenon, I recommend that the scale
limit be re-evaluated on a case-by-case basis. If, as I have observed in portions of
Nevada, there are outcrops of fossiliferous units that qualify for designation with a high
PFYC value, then the area containing those units should be mapped at a large enough
scale to differentiate them from the surrounding geology. Accommodation of these units
at larger scales would produce a more complete and robust representation of identified
fossil resources. Accommodation of larger-scale-based digitizing would significantly
increase the total amount of digitized polygons in the geodatabase, but a more robust
and complete data set would be created.
A good example of this problem is the Neogene Buffalo Canyon Formation,
exposed in Churchill County. This formation has produced a significant fossil flora and
fauna. (Stidham & Stidham, 2000) This literature justified assigning the Buffalo Canyon
Formation a PFYC Value of 4. However, due to the scale parameters set by the BLM
19

this formation is not contained within the geology layer of the PFYC geodatabase. The
geologic polygons in the area of eastern Churchill County are derived from the 1:250k
digital geologic map of Churchill County. All geologic polygons are assigned a PFYC
value according to the unit descriptions provided in the respective geologic map used to
digitize the polygon. In the case of the Churchill County map, the geology in the area
containing the Buffalo Canyon formation is described to be older sedimentary rocks,
surrounded by volcanic lithologies. Thus, at the scale the geologic polygon is digitized,
in this case 1:250k, it is assigned the PFYC value according to the
The Las Vegas Formation, assigned the highest PFYC value of 5, was captured
by the 1:100 k scale geologic maps. The Las Vegas Formation, portions of which are
protected within Tule Springs Fossil Beds National Monument, and Ice Age Fossils
State Sark, has experienced significant impacts due to land-use/land-cover change. If a
PFYC survey or similar investigation had been conducted prior to the surge in
population growth rates in Las Vegas Valley in the
2009) additional portions of the fossiliferous Las Vegas Formation could have been
protected and significant land-use/land-cover impacts averted, preserving these fossilrich areas for future study. The loss of area within The Las Vegas Formation illustrates
the value of a PFYC survey. Such a survey not only identifies of lands rich in fossils, it
also empowers land managers to make better planning choices based on identifiable
characteristics other than proximity to the developing fringe of the Las Vegas
Metropolitan region.
The map layer that accompanies the geology layer in this study is a visual
representation of the extent and distribution of all geologic maps used to generate
20

digitized geologic polygons. The initial survey conducted to identify relevant geologic
maps indicated that the state of Nevada has very limited coverage of 1:100 k scale
maps. In comparison, the PFYC survey conducted for Montana and the Dakotas by
Ligget (2015) has far more complete geologic map coverage at the 1:100 k scale. The
that the entire state of Montana had
complete coverage of geologic maps at 1:100 k scale. The lack of consistent 1:100 k
scale geologic map coverage illustrates the sparse availability throughout the State of
Nevada. In addition to the sparsity of 1:100 k scale geologic maps, the detailed Tule
Springs study illustrated additional sparsity in 1:24 k scale geologic map coverage in
southern Nevada. These information gaps should be further investigated, and efforts
should be made to reduce them. This data gap exposed by the Nevada PFYC survey
should provide sufficient justification for the investment of resources to address this data
gap in Nevada. Once the data gap is addressed an effort should be made to reevaluate the Nevada PFYC geologic unit layer to produce a more consistent geologic
layer in terms of the scale of the polygons contained in the PFYC Geologic Unit layer.
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Chapter 2:
A Multi-Temporal Land-use/Land-cover Impact Assessment of the Las Vegas Formation

22

Abstract

This project examines multi-temporal impacts of land-use/land-cover changes
within a geologic formation assigned a class 5 (very high) fossil potential value through
a Potential Fossil Yield Classification (PFYC) survey. Best known from exposures in
northwestern Las Vegas Valley, the Las Vegas Formation (LVfm), has experienced
significant impacts due to rapid urbanization. The physical proximity of the LVfm to the
cities of Las Vegas and North Las Vegas, along with significant population growth, has
resulted in dramatic land-use/land-cover changes to many of the outcrops. These landuse/land-cover impacts illustrate the importance of a PFYC survey for allowing land
managers to identify lands rich in fossil resources, as well as the value of organizing
information geospatially to facilitate better management and protection of
paleontological resources.
Satellite-based, remote sensing and image analysis has enabled researchers to
accurately monitor physical changes in

In this study I utilized

both multisensor feature classification and multi-temporal change detection methods.
The multi-sensor feature classification is executed by the combination of aerial light
detection and ranging (LiDAR) point clouds, and high-resolution aerial imagery acquired
via the National Agriculture Imagery Program (NAIP). Multi-temporal, change-detection
methodology was evaluated by investigating the physical properties to sparsely
vegetated, fine-grained deposits representing the LVfm. The results of this study
indicate that the short-wave infrared bandwidths calibrated to radiance, top of
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Transformation are most effective in accurately quantifying changes to the surface of
the LVfm over time. Preliminary evaluations indicated that these image types yield less
than 10% difference in area when compared with the area calculated from the LiDAR.
These data presented in this project suggest for multi-temporal studies conducted in
arid environments, and for surfaces with similar physical characteristics, the results
provide high levels of accuracy

Introduction

The objective of this study was to use a remote-sensing, change-detection
technique to analyze rapid urbanization in the greater Las Vegas area, specifically in
and around Tule Springs Fossil Beds National Monument. Change-detection methods
have been widely studied and practiced, providing confidence in the ability to use
remote sensing to provide geospatial data for urban land-use/land-cover mapping and
for monitoring environmental changes (Zhang et al., 2002). Change detection begins
with the observation and identification of an object, in this case a geologic surface, and
monitoring it over time (Singh et al., 1989).
To execute this multi-temporal analysis, I utilized a combination of remotely
sensed satellite imagery and aerial light detection and ranging (LiDAR) for accuracy
evaluation. Digital satellite image products have been used by many remote sensing
researchers to quantify and classify environmental changes, such as changes in forest
canopy areas, desertification of lands as well as urbanization (Singh et Al 1989).
Recently LiDAR data have been integrated with multispectral aerial and satellite
imagery to improve land-cover classification (Im et al., 2008), a method that I
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implemented for this study. I used the results of the remote-sensing, change-detection
analysis to quantify land-use/land-cover impact within the defined boundary of the LVfm.
Additionally, I distributed these results over a temporal range, which allows me to
provide additional commentary concerning the correlation of the land-use/land-cover
impacts and population growth in the Las Vegas area.
Remote sensing provides robust, large-scale, multi-temporal image products that
allow land-cover information to be quantitatively measured (Mas et al., 1999). For this
study I selected the Landsat satellite sensor because of the longevity in terms of
temporal record. The Landsat satellite sensor provides the longest record of satellite
imagery products. In 1972 the first sensor was launched under the name Earth
Resources Technology Satellite, later renamed Landsat 1. Continuing Landsat sensors

Landsat satellites have been proven a valuable source of data for monitoring changes
(Markham et al., 2009). Landsat is a joint operations project
between the USGS and the National Aeronautics and Space Agency (NASA). I acquired
Landsat Sensors 5 and Landsat 8 Operational Land Imager (OLI). Landsat 5 Thematic
Mapper (TM) operated from 1984 to 2011; it provides a 7-band, multi-spectral-image
product with 30 m spatial resolution. This includes three bands in the visible range of
0.45-0.69 microns, as well as two near infrared (NIR) bands and two shortwave infrared
bands (SWIR), also at 30m per pixel. The Landsat 8 OLI sensor, which was launched in
2013, provides the same spatial resolution across the visible, NIR, and SWIR spectral
ranges, and also includes two thermal-infrared-band-sampling, as well as a ninth band
called Cirrus. The Landsat 8 OLI sensor SWIR bandwidths were recalibrated to record
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samples in Band 6 at 1.57 µm -1.65µm and Band 7 at 2.11µm -2.29µm from previous
Landsat sensors. Previous Landsat Thematic Mapper sensors recorded SWIR
wavelengths at a wider range in Band 5 at 1.55µm-1.75µm and Band 7 in 2.08µm2.35µm.
The United States Geological Survey (USGS) hosts a significant collection of
remotely sensed image products that are available from the data portal EarthExplorer,
https://earthexplorer.usgs.gov/. I queried this data portal to obtain all imagery used for
analysis in this project. Each multi-temporal Landsat scene was acquired at Landsat
Level 1 standard, where each pixel value represents calibrated digital numbers (DN).
The LiDAR product was also acquired through EarthExplorer; I downloaded
these LiDAR datasets as a log ascii standard (.las) file which is the most common
method for using LiDAR products. Airborne LiDAR accurately records and identifies
ground features at sub-meter accuracies (Crutchley, 2006). LiDAR measures the time it
takes a pulse of light to reach a target and return. Modern LiDAR sensors produce a
very dense scan of objects and return high-resolution point-cloud models of the features
scanned (Crutchley, 2006). The resulting point clouds offer 3-dimensional data
products that have the ability to be post-processed manually or though automated
script-based algorithms which can assign point classifications, such as classification of
a point based on its height (z value). Integration of multi-sensor data has become
popular for applications directed at the classification of surface objects using remotely
sensed data (Yan et al 2015). This method combines high-resolution imagery with the
LiDAR and has yielded promising results in terms of land-cover classifications.
However, high accuracy can be obtained only if two critical criteria are met: (1) the data
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must be registered in the same coordinate system, and (2) the spatial resolution of each
dataset must be identical or matched (Yan et al., 2015.) In 2010 the Southern Nevada
Water Authority (SNWA) collected aerial LiDAR data for Las Vegas Valley. The SNWA
LiDAR data were

of land-

use/land-cover change. I used t
accurate method of change detection by comparing the results of each iteration of
change detection on

.

Methodology
(Pt. 1 Refining Las Vegas Formation Boundary for Larger Scale)

The LVfm was assigned a PFYC value of 5 in accordance with the BLM. The
scale parameters for the PFYC project outlined by the BLM, required all digitized
polygons to represent mapped geology at scales too small to effectively represent the
LVfm at the level of detail I wanted for this project. The first boundary identified as the
LVfm and all Pleistocene groundwater discharge deposits was derived from geologic
maps at a scale of 1:100k. I investigated this boundary with the goal of generating the
most accurate spatial representation of the LVfm groundwater discharge deposits. I
began this boundary investigation with a re-assessment of the LVfm units with respect
to larger scale geologic map information. I then searched for geologic maps of the
northwestern Las Vegas Valley, Upper Las Vegas Wash area. I reviewed these maps to
identify units associated with late Pleistocene groundwater discharge deposits. I then
re-digitized, using the same manual digitizing techniques implemented in the initial
construction of the PFYC geology layer, as described in Chapter 1. This query yielded
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four geologic maps at a scale of 1:24k, listed in Table 2. These are the only geologic
maps that contain detailed unit descriptions that include Pleistocene groundwater
discharge sediments in the Upper Las Vegas Wash area.
Table 1: List of Geologic Maps used to re-define boundary of the LVfm
TITLE

Scale

Publication Year

Geologic Map of the Corn Creek Springs
Quadrangle, Nevada
Geologic Map of the Gass Peak SW
quadrangle, Clark County, Nevada
Tule Springs Park Quadrangle, Nevada

1:24000

1999

1:24000

2009

1:24000

1998

Preliminary geologic map of the Valley
qundrangle, Clark County Nevda

1:24000

1998

The LVfm boundary derived from the 1:100k scale survey (Fig 6.) compared to
the larger scale derived LVfm boundary (Fig. 7.) shows a significant decrease in total
area and a greater distribution of total polygons defined as the LVfm, most units of
which are associated with Pleistocene groundwater discharge. The hard edge border in
the south-east and southern edges is a function of the unit descriptions contained in
The Valley Quadrangle, Las Vegas NE and NW quadrangle maps. These maps do not
specify any Pleistocene GW discharge deposits; therefore, I did not include any of the
mapped geologic units from the aforementioned published maps. The final shape
derived from the 1:24k geologic maps has a smaller total area and is identified as the
most accurate boundary identifying the extent of the LVfm. This new larger scale
boundary represents all geology containing unit descriptions fitting the definition of the
Las Vegas Formation, containing Pleistocene ground-water discharge sediments. The
area that is identified as the Las Vegas Formation boundary is a derivation of a digital
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geologic map, and it is acknowledged that there is a possibility that the sediments
contained within this boundary can undergo physical erosion via fluvial or aeolian
mechanisms effectively transporting weathered out fossil remains outside of this
boundary.

Figure 6: The Las Vegas Formation boundary as derived from 1:100k scale geologic map data.

The new larger scale boundary is identified as the Las Vegas Formation and
consists of only late Pleistocene groundwater discharge deposits based on the unit
descriptions provided with each published map. This area is the area of interest (AOI)
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for the quantitative land-use/land-cover impact analysis. A complete list of all
Pleistocene groundwater discharge units selected and digitized, including the detailed
unit descriptions, provided in Appendix C. The new 1:24k scale boundary was ingested
into ESRI ArcMap software, and the area of this boundary was calculated.

Figure 7: The Las Vegas Formation as derived from the 1:24k geologic map data
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Methodology
(Pt. 2: Change Detection)

The goal of this land-use/land-cover impact analysis was to quantify the area
within the LVfm that has experienced change due to urbanization. The boundary
derived from digitizing the 1:24k geologic maps represents the most accurate definition
of the LVfm based on available published geologic maps and the respective spatial
coverage of those maps. I queried the EarthExplorer data portal for cloud-free, multitemporal Landsat products. I conducted the subsequent image analysis using
Environment of Visualizing Images (ENVI) software, now owned by Harris Geospatial.
The ENVI image analysis software is widely used by GIS professionals and Remote
Sensing Sciences.
The Landsat imagery showed that the area defined as the LVfm appears as a
bright surface, in contrast to the surrounding basin fill and urban sprawl within Las
Vegas Valley. I established a multi-temporal range with imagery in 5-year intervals,
using years 1985, 1990, 1995, 2000, 2005, 2010. Landsat5 and for 2017. I also used
2017 imagery collected with the Landsat 8 OLI sensor. My objective was to obtain
cloud-free imagery recorded in April, May and June. This window was chosen maximize
signal response related to the acquisition timing of each pass of the Landsat sensor in
relation to the solar zenith at that time of the year in the southwestern United States.
The same range of April to June was chosen for the 2017 Landsat 8 OLI image. I
radiometrically calibrated each image product from the level 1 digital number (DN)
product into top of atmosphere radiance and then surface reflectance physical units.
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calibration for further analysis. Radiometric calibration of the imagery significantly
ability to accurately quantify the observations made and to
distinguish these observations from instrument-produced artifact or signal noise. (Borak
et al., 2002). When sunlight reaches

it interacts with atmospheric

gasses. When t

it interacts with physical surface

features, and ultimately returns to the satellite s sensor after again interacting with
ses. The light energy emitted by the sun radiates through
space and is measured as a power density called irradiance (watts/meter2), a measure
of any light emitter of electromagnetic energy (EMR) (Richards, 2013). The actual
physical unit of radiance accounts for the steradian variable (Richards, 2013). This
assumes that incident irradiance is uniformly scattered, or equal amounts are distributed
throughout equal cones at any incident angle. To calibrate the DN values to the physical
unit of radiance, key assumptions are made.
is scattered and the resulting pixel value will represent direct EMR and also EMR

energy that has been reflected into it by surrounding objects. These EMR phenomena
are accounted for as a mathematical variable in the DN to radiance conversion
equation. Radiance values record changes to a pixel that has experienced any type of
physical change to the surface that pixel represents (Mas et al., 1999).
Landsat DN pixel values (Q) for thematic mapper (TM) sensor is 8-bit ranges of
0-255. This range defines the Qcal, Qcalmin and Qcalmax. Qcalmin is defined by the minimum
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of the calibrated pixel value, and Qcalmax represents the maximum pixel value (Chander
et al., 2009). The equation used to convert each selected Landsat scene from
calibrated DN to spectral radiance is defined as

L

=

where L is Spectral Radiance, Qcal is the calibrated pixel value or Digital Number (DN),
Qcalmin is the minimum DN pixel value in a given image, Qcalmax is the maximum DN pixel
value in a given image, LMIN is the spectral at-sensor radiance scaled to Qcalmin , and
LMAX is the spectral at-sensor radiance scaled to Qcalmax.
Conversion of the Landsat images from radiance to reflectance is simply a
process of taking the ratio of measured radiance values by the solar irradiances above
the atmosphere (Richards, 2013). This takes into account, the effects of atmospheric
scattering and distortions caused by the absorptive behaviors of atmospheric gasses
(Richards, 2013). The conversion to top of atmosphere (TOA) reflectance introduces
advantages when working with multi-temporal image products. Chander et al., (2009)
state that the three main advantages of converting radiance values to TOA reflectance
are: 1) compensation for the cosine effect inherited by different solar zenith angles
frequently observed in multi-temporal images. 2) Compensation for exoatmospheric
solar irradiance and 3) Compensation for variation in Earth-Sun distances also
observed in multi-temporal data sets. Conversion from radiance to TOA reflectance
was executed using the equation defined as
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=
where P is TOA reflectance,

is the constant of pi, L is the spectral radiance at

sensor, d2 is the Earth-Sun distance calculated by Julian year tables, ESUN is the
mean exo-atmospheric solar irradiance, and

s

is the solar zenith angle in degrees.

Completion of radiometric calibration produced two new versions of each
Landsat scene. In addition to the images representing

I now had

images representing 1) radiance and 2) TOA reflectance. Howarth (1999) states that for
a multi-temporal digital analysis, reflectance values should be used. As stated, the
deposits within the area defined as the LVfm appear significantly brighter in contrast to
surrounding physical elements in each Landsat scene.
LVfm is a function of the surface illumination (Fig. 8.)

Figure 8: Google Earth Image of the LVfm and surrounding basin fill alluvium (to the north) and urban
sprawl of Las Vegas and North Las Vegas (to the south).

34

Differences in surface illumination and other characteristics cause a change in
radiance values (Singh et al., 1989). The illumination characteristic of the LVfm deposits
was noted when attempting to determine which change detection methods are best
suited for quantifying changes on such a surface. Due to the wide variety of change
detection techniques that have been identified, it is important to identify which method
best suits a specific environment (Zhang et al.,2009). These methods, the majority of
which are based on the spectral information contained in each pixel, are built on the
premise that any physical change in a ground feature will cause a measurable change
in the corresponding pixel value (Zhang et al., 2009). Zhang et al. (2009) also point out
that the study of urban/suburban land-use/land-cover changes are quite problematic
due to the heterogeneous physical characteristics of land cover types within an
urban/suburban area. The difficulties observed in change detection applications to
heterogeneous surfaces are not significant in this study because the efforts here are not
focused on quantifying specific changes in a heterogeneous urban/suburban surface,
, mostly homogeneous, sparsely vegetated surface of
fine-grained groundwater discharge deposits.
The types of change detection techniques constructed for Landsat imagery are
diverse; identification of the most appropriate methodology is a requirement for any
monitoring program (Howarth et al., 1999). After reviewing the wide array of available
change detection methods, I selected two methods that are the most effective for this
project. The first component used in selecting which method was best suited is the
physical characteristics of the surface of units defined as the LVfm. These surface
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deposits are fine grained, groundwater-discharge deposits. They are sparsely vegetated
and are observed to be bright, which results in significant contrast with urbanized land
cover. Remote sensing research has indicated the effectiveness of vegetation indices in
the characterization and measurement of the vegetation canopy (Huete et al., 1988).
This ability to accurately identify and quantify vegetation canopy has been integrated
into multiple change detection methods, such as vegetation index differencing (Singh et
al., 1989). However, the LVfm units are sparsely vegetated, and the spatial resolution of
the Landsat data sets spatial resolution is 30m/pixel. This spatial resolution would not
be effective in accurately identifying vegetation through vegetation indices such as a
normalized vegetation index. There are simply no areas of the LVfm that have a
vegetation density near to, or greater, than 30 m. This observation negated the need to
integrate vegetation index-based change detection into this project.
The second component was the spectral resolution of the Landsat imagery.
Vegetation-Index-based change detection methods were not needed due to the lack of
anextensive vegetation canopy, however the brightness of the surface is a physical
characteristic that can yield quantifiable change through thresholding. If there are light
objects in an image, light pixels on a dark background, then the objects may be
extracted using simple thresholding (Singh 1989). Schowengerdt (1997) states that
manual thresholding, allowing for the manual identification of the ideal threshold values,
can also be effective as long as
knowledge of the scene. Image rationing, a ratio of two multi-temporal images, can
effectively identify areas of change between dates by assigning a change value of
greater than or less than 1 to areas, or pixels, that have experienced change between to
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multi-temporal images (Singh 1989). The seven spectral wavebands for the selected
Landsat sensors can yield additional image types derived from spectral transformations.
The tasseled cap transformation has been widely used as a spectral compressing
process that produces three bands based on the physical characteristics of the
processed satellite scene (Ali-Baig et al., 2014). This transformation is effectively an
orthogonal transformation by rotating each band into a new set of axes (Ali Baig et al.,
2014). For Landsat 4 and 5 sensors, prior to calculating the tasseled cap transformation
using the methods described by Huang et al. (2002), I calibrated both Landsat 4-5 DNs
to the equivalent Landsat 7 DNs. This was required because different calibration
methods were used for different Landsat missions. The conversion formula described
by Vogelmann et al. (2001) calibrates Landsat 7 to Landsat 5 for purposes of
quantification of radiometric and geometric artifacts in the Landsat 4-5 data sets. To
calibrate from Landsat 5 to Landsat 7 DN equivalent values I used the inverse of
conversion formula. This process was described in detail by Firl and
Carter (2011).

Table 2: Slope and intercept values described by Vogelmann et al. 2002. The inverse of these values
were applied to convert Landsat 5 DN values to Landsat 7 DN values.
Landsat Band

Slope

Intercept

R2

1

1.060

-4.21

0.9960

2

0.563

-2.58

0.9977

3

0.650

-2.50

0.9981

4

0.701

-4.80

0.9981

5

1.016

-6.96

0.9983

7

0.767

-5.76

0..9880
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The inverse of the coefficients listed in Table 3 were applied to the Landsat 5
data set using the formula

described by Firl and

Carter (2011). After Landsat 5 to Landsat 7 DN calibration was completed, I reapplied
radiometric calibration methods to generate a Landsat 5 calibrated to Landsat 7
reflectance image. I then transformed the reflectance image into the brightness,
wetness, and greenness band derived from the Huang et al. 2002 Tasseled Cap
Transformation (TCT) process.
Table 3: Coefficients to construct Tasseled Cap brightness, greenness and wetness image data sets as
described by Huang et al. 2002
TCT Band

Band 1

Band 2

Band3

Band4

Band5

Band7

Brightness

0.3561

0.3972

0.3904

0.6966

0.2286

0.1596

Greenness

-0.3344

-0.3544

-0.4556

0.6966

-0.0242

-0.2630

Wetness

0.2626

0.2141

0.0926

0.0656

-0.7629

-0.5388

I applied this transformation in order
the multi-temporal data sets. The purpose in identifying the TCT as a viable method for
image processing prior to change detection applications was to utilize the brightness
contrast of the LVfm surface against the surrounding areas that have been impacted by
urbanization. Including the TCT into the pre-change detection image processing
provided three variations of image data sets: radiance, reflectance, and the TCT derived
brightness. These three image-type variations are to be tested using the combination of
image rationing and thresholding via manual density slicing to identify which produces
the most accurate result.
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I performed the image ratio calculations in ENVI. Prior to executing the ratio
calculation using the band-math function, each image type required spectral subsetting
followed by layer stacking. Spectral subsetting involves the selection of one single band
from a multispectral image and generating a single image with that respective band.
Layer stacking followed this spectral subset workflow by then stacking two multitemporal images with corresponding image types, e.g., 1985_band_7_Radiance and
2010_band_7_Radiance. The layer stacking procedure was necessary for the bandmath function to assign the selected bands to the ratio equation.
Once I identified the ideal change detection methods best suited for this study,
my next step was to create a binary categorization of the LVfm surface to distinguish the
land cover from the surface that is unchanged. I defined land within the boundary of the
LVfm as unchaged if the land was observed to be in its natural, undisturbed state, or if
the land is observed to have not been permanently altered by land-use/land-cover
driven-processes. This would include land that has been altered or modified as a dirt
road or a drainage easement, as these lands are not permanently covered or built over,
thus leaving a potential for these lands to produce fossils. Any and all land that has
been allocated for residential or commercial infrastructure, built upon, or paved over is
considered changed surface in this study. I utilized hi-resolution National Agriculture
Imagery Program (NAIP) aerial imagery and Google Earth to verify my binary
classification methods of the LVfm surface. An example of LVfm surface I identified as
unchanged can be seen within the transparent red boundary from Google Earth (Fig.
9.)

which includes land graded for

residential conversion that is yet to be permanently altered, is provided in Figure 10.
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Figure 9: Image of LVfm established as unchanged (red transparent area within boundary adjacent to
residential neighborhood.

Figure 10: Land categorized as changed via permanent alteration by land-use/land-cover (area within
transparent red polygon).
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I processed all the allocated LiDAR data using the binary land classification of
. This resulted in a polygon boundary for measurement of
land-cover/land-use change in terms of lands affected and unaffected. The extent of the
LiDAR coverage terminates near the northwest border of the Paiute Tribal Golf course
about 25 km northwest of Las Vegas. The outcrops of LVfm that occur northwest of this
area have experienced no observed changes in terms of land-use/land-cover as
observed through recent high-resolution aerial NAIP imagery. The southern extent
boundary of the LiDAR provides consistent coverage for all remaining LVfm outcrops. It
is these outcrops of LVfm following the Las Vegas Wash trending (southeast) that have
been observed to have experienced the most significant impacts from land-use/landcover change. The first steps in processing the LiDAR was to quality check the point
classification for errors. The LiDAR data sets, downloaded through the Earthexplorer
data portal, were analyzed in ESRI ArcMap using the ArcScan and 3D analyst tools.
Additionally, I acquired an open source set from https://rapidlasso.com/lastools/ of tools
created for ingestion into ArcMap as an ArcToolbox.
Each footprint of all individual LiDAR files was post-processed prior to
downloading from Earthexplorer, meaning each point was classified as ground, building,
high, medium or low vegetation, etc. (Fig. 11). Because the goal of this project is to
assess any change to LVfm outcrops, the differentiated point classes are not needed. I
implemented a point classification re-assignment by intersecting NAIP imagery acquired
in July 2010 with the LiDAR point cloud. Application of the multi-sensor data fusion
described by Yan et al. (2015) integrated the SNWA LiDAR product with the NAIP
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imagery for manual classification. The NAIP imagery provided 1m resolution; the LiDAR
data product is sub-meter in x, y, and z accuracies. This inverse spatial relationship
does not violate the spatial resolution criteria mentioned by Yan et al. (2015). I drew
cross-sections over areas identified as representing urbanization, land-use/land-cover
changes. I assigned the LiDAR points over each area a binary point classification.
Assigning all LiDAR points a category of changed or unchanged. This point
classification method ensured that all points observed to represent land-use/land-cover
change were accurately identified as they were intersected with NAIP imagery (Fig. 12).

Figure 11: 3-Dimensional view of point classifications observed in the SNWA LiDAR product.
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Figure 12: Bulk binary classified 3-D point cloud. Ground classification (right) and points classified to
represent change (left). Note: High points are high voltage transmission power lines adjacent to
residential subdivision.

I entered the bulk binary classified LiDAR points into a conversion tool that
extracted the classed points out of the LiDAR data set and produced a multipoint
feature class in ArcGIS. A multipoint feature class is associated with mass point
observations such as LiDAR point clouds, and contains multipoint geometry, in this case
horizontal x, y, and vertical z. The final step was to convert the multipoint feature class
into a polygon shapefile. For this conversion I utilized the aggregate point tool
ArcGIS. The input aggregation distance was set at 30 m in order to generate a polygon
that was sampled compatibly with the 30 m spatial resolution of the Landsat images.
This procedure generated what is considered a ground-truth boundary, defining humangenerated land-use/land-cover that can be measured against the boundary of the LVfm.
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Beginning with the 2010 Landsat image, the image date that corresponds to the
acquisition year of the LiDAR acquisition, I conducted a change detection analysis using
Image rationing and manual thresholding. I measured this first result against the LiDARderived boundary as an accuracy assessment.
The first iteration, using image ratio change detection, focused on the Landsat 5
image from May 18, 1985 against the Landsat 5 May 7, 2010 image. The application of
the change detection methods were then applied to the reflectance, radiance, and the
TCT-derived brightness bands. For the radiance and reflectance images, I calculated
the image ratio using bands 5 and 7 shortwave infrared 1.55
2.35

-1.75

, respectively, in SWIR. The bright surface of the LVfm as it appears in the

Landsat images suggests using the SWIR bandwidths, not only because the deposits
appear bright in contrast, but also because they represent dry ephemeral washes. The
SWIR wavelength region has been highly correlated with the moisture content of soil
surfaces (Khanna et al., 2007). I linked the rationing result image to a display of the
2010 image in ENVI for manual threshold analysis. I then overlaid the rationing result
image using the density slice overlay option, which designates all pixel value ranges
within an image into a default 8 range (Fig. 13).
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I reviewed each assigned range value
were with the linked display to ensure
that the pixels were assigned a correct
value in terms of change

or

unchanged . Pixels that correctly
classified and represented unchanged
areas were grouped and assigned to a
black color value; pixels representing
changed areas were assigned a red
Figure 13: Default density slice overlay in ENVI of
Ratio result from Band 5 SWIR 1985/Band 5 SWIR
2010.

color value. During this process, for
each image I further differentiated
multiple density slice ranges into four or
more sliced ranges to re-assign the
correct value of change for a particular
pixel(s) (Fig. 14). This corrected for
pixels that were incorrectly classified as
not changed. It also enabled me to reclassify pixels into the appropriate
range of changed pixels. I applied this

Figure 14: Differentiation of Density Slice Ranges. In
Figure 14 the green density slice range of 1.11402.2034 was differentiated into 5 individual ranges to
further aid in accurate threshold classification.

process to each image type, and I
exported the result of each process as a shapefile from ENVI for ingestion into ArcGIS.
This allowed me to quantify the area of the change-detection result and compare it to
the LiDAR-derived ground-truth boundary.
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Results
The land-use/land-cover boundary derived from processing the 2010 LiDAR data
set processing was calculated to have a total area of 34.388 km2. This calculation was
measured against the total area of the 1:24k-scale boundary defining the LVfm. This
resulted in a quantified percentage of area impacted by land-use/land-cover change of
52.19%, as of 2010. Change-detection methodology was applied to the first multitemporal Landsat image which measured the 1985 image against the 2010 image. The
image ratio and manual thresholding technique was applied to the band 5 and 7
reflectance, radiance, and the TCT-

brightness images results listed in Table 4.

Table 4: Image ratio/thresholding results for first iteration of change detection.
Image Date

Band

Image Type

Area M2

Area Km2

1985 v 2010

5

Radiance

32059138.13

32.0591

1985 v 2010

5

Reflectance

34095158.89

34.0951

1985 v 2010

brightness

Tasseled Cap

34205299.96

34.2052

1985 v 2010

7

Radiance

32770677.87

34.3222

1985 v 2010

7

Reflectance

39656373.5

33.8028

The calculated area derived from change detections performed on SWIR
radiance, reflectance, and

calculated against the area calculated

from the LiDAR ground truth area. All area calculations were made in ArcGIS with all
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data being projected to NAD83 UTM Zone 11 N. Review of the initial change-detection
results indicated that the
band, band 5 reflectance, and band 7 radiance ratios. Band 5 radiance and band 7
reflectance images produced less accurate results, a difference of ± 3 km2. For each
image type, a percentage difference was also calculated to produce a quantified
, and band 7 radiance
images for all change-detection iterations. The percent differences are calculated in
Table 5. This table illustrates that band 7 radiance produced the most accurate result,
compared to the LiDAR ground truth boundary, with only a 4.9% difference in area
between the two data sets.
Table 5: Resulting calculations of the total percentage of change within the LVfm boundary compared to
LiDAR ground truth percentage of impacted area. The percent difference indicates that the TCT
Image Date

Band

Image Type

% Impacted Area

% Difference

1985 v 2010

5

Radiance

48.6558Km2

11.2055

1985 v 2010

5

Reflectance

51.7458Km2

5.5663

1985 v 2010

Brightness

Tasseled Cap

51.913Km2

5.2612

1985 v 2010

7

Radiance

52.0905

4.9373

1985 v 2010

7

Reflectance

51.3023Km2

6.7358

2010

N/A

LiDAR

54.7960Km2

0
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The TC

and band 5 reflectance produced an

average percent difference of 5.25% from the LiDAR ground-truth data set. The
aforementioned change detection methods were then applied to the remaining Landsat
scenes for 1990, 1995, 2000, 2005, and 2017, using the TCT brightness, and the B5
reflectance areas were calculated for all years. The calculated areas of change (Fig.15)
show a rapid increase in land-use/land-cover change between years 2000 and 2005.

Figure 15: Radiance, Reflectance, Brightness Change detection results
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All three image types recorded a positive linear trend, with the most significant
increases occurring between 1990 and 2010. The first change-detection iteration
measured change from 1985 to 1990 and recorded 4.44 km2 (the average of all three
image types used in my analysis). From 1985 to 1995 the averages of all three image
types recorded 7.32 km2 of area within the LVfm that had experience land-use/landcover impact. The average change in area was calculated for the remainder of all multitemporal change detection results. These averages were then compared to identify in
which five year time interval the rate of impact was highest. The comparison was
calculated by taking the average from each multi-temporal change-detection result (Fig.
15). The difference in impacted area from 1985 to 1990 was 2.87km2. From 1990 to
1995 the area of impact was calculated to be 4.33 km2. From 1995 to 2000 the area of
land-cover/land-use impact jumped to 3.57 km2 for that five year interval. The next two
five year intervals, 2000 to 2005 and 2005 to 2010, the area affected by land-use/landcover change signficantly dropped to ~ 1 km2 and less than 0.5 km2, respectively

Figure 16: Rates of land-use/land-cover impact in the LVfm for 5- year intervals
beginning in 1985
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Discussion
The change-detection component to this project demonstrated the versatility of
the PFYC project. This project extracted a spatial relationship between the LVfm and
the City of Las Vegas. This spatial proximity provided an opportunity to investigate
effects of rapid urbanization within the LVfm boundary. This project utilized the spectral,
spatial and multi-temporal capabilities of remotely sensed images to measure landuse/land-cover changes over time. Additionally, this project implemented a multi-sensor
urban classification methodology that integrated aerial LiDAR and high-resolution
imagery to generate a ground-truth boundary from which accuracy assessments could
be generated. The initial change-detection results identified two SWIR bandwidths, one
reflectance, one radiance,

, to produce the most accurate

measurement of land-use/land-cover change within the LVfm. These results, compared
to the LiDAR ground truth, indicate that this combination of change detection techniques
can produce accurate measurements of land-use/land-cover changes. This project
acknowledges the inherent difficulties experienced by researchers in quantifying landuse/land-cover changes within heterogeneous urban surfaces. In contrast, in this project
I simply measured any physical change related to urbanization in a bright, sparsely
vegetated surface that represents Pleistocene groundwater-discharge deposits of the
Las Vegas Formation.
Mutli-temporal analysis produced a measured change in the area impacted by
land-use/land-cover brought on by rapid urbanization that closely parallels population
growth rates. All change-detection results indicate positive trends from 1985 to 2017. As
shown in Figure 16, the percentage of area impacted by land-use/land-cover shows
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distinct, significant increases over specific time intervals. These observations
correspond to large population increases that occurred within the temporal range of this
study. The most significant growth rates have been reported as 61.1%, 85.5% and
41.8% during the 1980-1990, 1990-2000 and 2000-2010 intervals, respectively (Frey,
2012). Las Vegas recorded the 4th, and 1st highest growth rates for the decades 1980 to
1990 and 1990 to 2000 (Fig. 17).

Figure 17: Growth Rates for Las Vegas (Frey, 2009) plotted against calculated percentage or
area impacted inside boundary of LVfm
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The plot in Figure 17 describes the rates of land-use/land-cover impacts as a
result of population growth. The temporal relationship between the percentage change
in the Las Vegas Formation area and growth rates is a function of turnover time. The
time between population growth and the subsequent development that takes place to
accommodate the new population.
The economic downfall that began in 2008 spawned from mortgage-related
securities, significantly impacted the U.S. and global financial markets (Kotz, 2009). The
significantly impacted growth in Las Vegas and slowed the
rate of urbanization in terms of land-use/land-cover change. This slow-down is distinctly
apparent in the TCT brightness plot (Fig.16). Additionally, the calculated area of landuse/land-cover change is consistent with the population numbers recorded by Frey
(2012). From 2001-2004 Las Vegas reported the fastest population growth in the
Mountain West and one of the highest population growth rates nationally (Frey, 2012).
The correlation between the amounts of land-use/land-cover impact calculated
from the CD methods utilized in this project and the population growth observed in Las
Vegas was expected. The relationship between population growth and rapid
urbanization is well documented. Shown by these results, after a time of rapid
population growth, the local area will respond with a time of rapid land-use/land-cover
urbanization. These data generated in this study demonstrate the value of multitemporal, remotely-sensed, image analysis and its effectiveness in documenting and
quantifying changes in urbanizing landscapes.
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Appendix A: Bureau of Land Management Standard Scope of Work (PFYC) Project
vPFYC Feature Class Polygons
NEW GIS Name

PFYC_CLASS_CD

Alias

PFYC

Data

Required

Domain

Format

?

Values

Char(1)

Yes

1

Autopopulates from

2

the selection made

3

in the

4

PFYC_JUST_TX

5

choice. The

I
W
U

Comments

assigned value for
the Potential Fossil
Yield Classification
for the rock unit.
Standard colors for
the symbology are:
1 Yucca Yellow; 2
Mango; 3 Electron
Gold; 4 Flame Red;
5 Tuscan Red; I
Snowfield/ice; W
lake; U Gray 40%.
No outlines on the
PFYC classes, but
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outline water and
ice polygons
PFYC_JUST_TX

PFYC

Char(50)

Yes

Justificatio
n

Appendi

Provides a simple

x3

explanation for the
assigned PFYC
value. Multiple
values might
reasonably apply
but pick the one
value that is most
applicable.

PALEO_COMMENT_T
X

Comments

Char(1000
)

No

Area to provide
short comments
related to the
paleontology
resource. E.g.,

invertebrates occur
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GEO_UNIT_NM

Geologic

Char(100)

Yes

Either the

Unit Name

Formation name or
the
name/description of
the rock unit
mapped (e.g.,
Quaternary
alluvium)

GEO_DESC_TX

Descriptio

Char(2000

n

)

Yes

Description of the
rock unit, generally
derived from the
explanation of the
source map. May
include significant
faces information
and/or geographic
variations

EARLIEST_AGE_NM

Earliest

Char(100)

Age

Yes

Appendi

Name of the

x1

Geologic time
period (e.g.,
Cretaceous, or
Zanclean, etc.) that
corresponds to the
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earliest geologic
age of the unit
mapped.
EARLIEST_AGE_NR

Earliest

Double(9)

Yes

Age Sort

Appendi

Numeric code given

x1

to the specific time

Code

period selected for
the EarliestAge,
populated
automatically based
upon choice there

LATEST_AGE_NM

Latest Age

Char(100)

Yes

Appendi

Name of the

x1

Geologic time
period (e.g.,
Cretaceous, or
Zanclean, etc.) that
corresponds to the
latest geologic age
of the unit mapped.
This would be
different than the
EarliestAge when
the mapped rock

56

unit is known to
cross time periods
LATEST_AGE_NR

Latest Age

Double(9)

Yes

Sort Code

Appendi

Numeric code given

x1

to the specific time
period selected for
the LatestAge,
populated
automatically based
upon choice there

GEN_COMMENT_TX

Comment

Char(1000
)

NO

General comments:
May include
comments related to
rational of PFYC
ranking;
information related
mapping of
combination of
units; management
considerations
beyond those
covered by PFYC
classifications, etc.
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ORIG_GEO_SYMB_C

Original

D

Geology

Char(10)

Yes

Comes from the
original source map

Symbol
MAP_REF_CD

Map

Char(15)

Yes

This code is created

Reference

by combining the 2

Code

letter state code, the
first 4 characters of
the primary map

plus the first and
middle initial, plus
the 4 digit year of
publication.
Example:
MTHamiJA1960. If
there are multiple
source maps by the
same author in the
same year, append a
letter after the year
to differentiate
between them.
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Example
MTHamiJA1960a.
GEO_CD

Geologic

Char(25)

Code

Yes

It is created by
combining the 2letter abbreviation
for the state, the
Map Reference
Code (above) and
the original
geologic symbol
from the source
map. Example:
MTHamiJA1960Kg
r. This will
automatically
distinguish this

Kgr from any other
in the data set,
giving a unique
code for these units
across the entire
data set. By
convention, the first
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letter of the
geologic code from
the source map will
represent the rock

Occasionally the
characters are not
easily convertible
alphanumeric
characters. If that is
the case, see
Appendix 2 for
recommended
characters for the
Geologic age
portion of the code
STATE_CD

State

Char(2)

Yes

State

RuleID_CD

Rule ID

Char(1)

No

This is an ESRI
field that allows for

Map Index Feature Class Polygons
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NEW GIS Name

Alias

Data Format

Required

Domai

?

n

Comments

Values
MAP_REF_CD

Map

Char(11)

Yes

This code is

Reference

identical to the

Code

code created in
the PFYC Feature
Class, by
combining the 2
letter state code,
the first 4
characters of the
primary map

name, plus the
first and middle
initial, plus the 4
digit year of
publication.
Example:
MTHamiJA1960.
If there are
multiple source
maps by the same
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author in the same
year, append a
letter after the
year to
differentiate
between them.
Example
MTHamiJA1960a
.
FIRST_AUTH_NM

First

Char(35)

Yes

Author

Contains the last
name, followed
by the first and
middle initials of
the primary
author of the
source map.
Example:
Hamilton, JA

OTHER_AUTH_N

Other

M

Authors

Char(100)

No

Enter all other
authors in this
field as last name,
initials. Separate
authors by
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semicolon.
Example:
Hammond, PE;
Ferns, ML
PUB_DT

Publicatio

Date

No

n Date

Date of
publication for
the source map. If
exact publication
date is not known,
enter 01/01/year
where the year is
the numeric year
of publication. If
the source map is
unpublished leave
value null

TITLE_TX

Title

Char(200)

Yes

Title of the source
map. If unknown
enter unknown.

PUB_NM

Publisher

Char(100)

No

The organization
responsible for
producing the
map. Example:

63

U.S. Geological
Survey
SERIES_TX

Series

Char(100)

No

Name of the
series or journal.
Example:
Professional
Paper

SERIES_NR

Series

Char(20)

No

Number

Number of the
series or volume
of the journal

PUB_LOC_TX

Place

Char(100)

No

Place of
publication

MAP_SCALE_NR

Source

LongInteger(7

Scale

)

Yes

The scale of the
source map. If the
map is 1:24,000
then enter

scale
DIGITIZER_NM

Digitizer

Char(100)

Name

No

Name or source
of the person or
entity that
digitized the
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published map if
known
DIGITIZER_DT

Digitized

Date

No

Date

Date that the
digital data was
finalized if
known. If only
year is known
enter 1/1/year

MAP_URL_OBJEC

Map URL

Char(250)

No

T

If it is available
put in the public
web address of
the source map.
Example: address
from the USGS
National Geologic
Map Database

LABEL_NM

Label

Char(100)

Yes

This field would
be used to label
the layer in
ArcMap. The
label would be
the name of the
map followed by
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the scale, like

Standard numerical codes were created for all of the divisions of geologic time from Age to Eon.
When sorted numerically from smallest to largest the result is a proper ordering of the time
units. If these time names and sort codes are associated with rock units in a geologic map, then
the units can be sorted in close stratigraphic order. The sort code consists of 8 or more digits.
The digit in the highest position relates to the Eras of the Phanerozoic or the Eons of the
Precambrian. So, numbers beginning with 1 relate to the Cenozoic, 2 the Mesozoic, up to 11 for
the Hadean. The next 2 digits relates to the Period. For the Cenozoic, 10 would be the
Quaternary, 20 is the Neogene, and 30 is the Paleogene. Beginning in the Mesozoic the
numbers start again with 10 for the Cretaceous and so on. The next 3 digits relate to the Epoch.
In the Cenozoic, 100 is the first Epoch, or the Pliocene, and 200 begins the Miocene sequence.
In the Mesozoic, 100 marks the Late Cretaceous, and so on. The final 2 digits relate to the Age,
so for the Pleistocene the 2 ages are represented by 20 and 30 respectively. The reason for
having large gaps in the numbers, like between 100 for Pliocene and 200 for Miocene, is to
provide flexibility in the event that other units need to be inserted in the future.
When selecting which time name to apply to a mapped geology unit there is several
considerations. In general, apply the most precise name you can. If a map author only maps a
unit as Cretaceous do not be any more precise without other evidence, and mark the unit as
Cretaceous in both the EarliestAge and the LatestAge fields. If based upon your knowledge of a
unit you can confidently give it a more precise name, do so while making a note as to your
choice. Also, sometimes geology units cross time boundaries, or were mapped as a lumped
unit. In those cases, put the appropriate values in the EarliestAge and LatestAge fields.
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Time Name

Sort

Cenozoic

10000000

Quaternary; Cenozoic

11000000

Holocene; Quaternary; Cenozoic

11010000

Pleistocene; Quaternary; Cenozoic

11020000

Rancholabrean LMA

11020001

Irvingtonian LMA

11020002

Blancan LMA

11020003

Calabrian; Pleistocene; Quaternary; Cenozoic

11020020

Gelasian; Pleistocene; Quaternary; Cenozoic

11020030

Neogene; Cenozoic

12000000

Pliocene; Neogene; Cenozoic

12010000

Hemphillian LMA

12010001

Piacenzian; Pliocene; Neogene; Cenozoic

12010010

Zanclean; Pliocene; Neogene; Cenozoic

12010020

Miocene; Neogene; Cenozoic

12020000

Messinian; Miocene; Neogene; Cenozoic

12020010

Tortonian; Miocene; Neogene; Cenozoic

12020020

Clarendonian LMA

12020021

Serravallian; Miocene; Neogene; Cenozoic

12020030

Barstovian LMA

12020031

Langhian; Miocene; Neogene; Cenozoic

12020040

Burdigalian; Miocene; Neogene; Cenozoic

12020050

Hemingfordian LMA

12020051
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Aquitanian; Miocene; Neogene; Cenozoic

12020060

Paleogene; Cenozoic

13000000

Oligocene; Paleogene; Cenozoic

13010000

Chattian; Oligocene; Paleogene; Cenozoic

13010010

Arikareean LMA

13010011

Geringian LMA

13010012

Orellan LMA

13010013

Rupelian; Oligocene; Paleogene; Cenozoic

13010020

Eocene; Paleogene; Cenozoic

13020000

Priabonian; Eocene; Paleogene; Cenozoic

13020010

Chadronian LMA

13020011

Bartonian; Eocene; Paleogene; Cenozoic

13020020

Duchesnean LMA

13020021

Uintan LMA

13020022

Lutetian; Eocene; Paleogene; Cenozoic

13020030

Bridgerian LMA

13020031

Ypresian; Eocene; Paleogene; Cenozoic

13020040

Paleocene; Paleogene; Cenozoic

13030000

Wasatchian LMA

13030001

Thanetian; Paleocene; Paleogene; Cenozoic

13030010

Clarkforkian LMA

13030011

Tiffanian LMA

13030012

Selandian; Paleocene; Paleogene; Cenozoic

13030020

Torrejonian LMA

13030021

68

Puercan LMA

13030022

Danian; Paleocene; Paleogene; Cenozoic

13030030

Mesozoic

20000000

Cretaceous; Mesozoic

21000000

Upper Cretaceous; Cretaceous; Mesozoic

21010000

Maastrichtian; Upper Cretaceous; Cretaceous; Mesozoic

21010010

Lancian LMA

21010011

Campanian; Upper Cretaceous; Cretaceous; Mesozoic

21010020

Santonian; Upper Cretaceous; Cretaceous; Mesozoic

21010030

Judithian LMA

21010031

Aquilian LMA

21010032

Coniacian; Upper Cretaceous; Cretaceous; Mesozoic

21010040

Turonian; Upper Cretaceous; Cretaceous; Mesozoic

21010050

Cenomanian; Upper Cretaceous; Cretaceous; Mesozoic

21010060

Lower Cretaceous; Cretaceous; Mesozoic

21020000

Albian; Lower Cretaceous; Cretaceous; Mesozoic

21020010

Aptian; Lower Cretaceous; Cretaceous; Mesozoic

21020020

Barremian; Lower Cretaceous; Cretaceous; Mesozoic

21020030

Hauterivian; Lower Cretaceous; Cretaceous; Mesozoic

21020040

Valanginian; Lower Cretaceous; Cretaceous; Mesozoic

21020050

Berriasian; Lower Cretaceous; Cretaceous; Mesozoic

21020060

Jurassic; Mesozoic

22000000

Upper Jurassic; Jurassic; Mesozoic

22010000

Tithonian; Upper Jurassic; Jurassic; Mesozoic

22010010
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Kimmeridgian; Upper Jurassic; Jurassic; Mesozoic

22010020

Oxfordian; Upper Jurassic; Jurassic; Mesozoic

22010030

Middle Jurassic; Jurassic; Mesozoic

22020000

Callovian; Middle Jurassic; Jurassic; Mesozoic

22020010

Bathonian; Middle Jurassic; Jurassic; Mesozoic

22020020

Bajocian; Oxfordian; Upper Jurassic; Jurassic; Mesozoic

22020030

Aalenian; Middle Jurassic; Jurassic; Mesozoic

22020040

Lower Jurassic; Jurassic; Mesozoic

22030000

Toarcian; Lower Jurassic; Jurassic; Mesozoic

22030010

Pliensbachian; Lower Jurassic; Jurassic; Mesozoic

22030020

Sinemurian; Lower Jurassic; Jurassic; Mesozoic

22030030

Hettangian; Lower Jurassic; Jurassic; Mesozoic

22030040

Triassic; Mesozoic

23000000

Upper Triassic; Triassic; Mesozoic

23010000

Rhaetian; Upper Triassic; Triassic; Mesozoic

23010010

Norian; Upper Triassic; Triassic; Mesozoic

23010020

Carnian; Upper Triassic; Triassic; Mesozoic

23010030

Middle Triassic; Triassic; Mesozoic

23020000

Ladinian; Middle Triassic; Triassic; Mesozoic

23020010

Anisian; Middle Triassic; Triassic; Mesozoic

23020020

Lower Triassic; Triassic; Mesozoic

23030000

Olenekian; Lower Triassic; Triassic; Mesozoic

23030010

Induan; Lower Triassic; Triassic; Mesozoic

23030020

Paleozoic

30000000
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Permian; Paleozoic

31000000

Lopingian; Permian; Paleozoic

31010000

Changhsingian; Lopingian; Permian; Paleozoic

31010010

Wuchiapingian; Lopingian; Permian; Paleozoic

31010020

Guadalupian; Permian; Paleozoic

31020000

Capitanian; Guadalupian; Permian; Paleozoic

31020010

Wordian; Guadalupian; Permian; Paleozoic

31020020

Roadian; Guadalupian; Permian; Paleozoic

31020030

Cisuralian; Permian; Paleozoic

31030000

Kungurian; Cisuralian; Permian; Paleozoic

31030010

Artinskian; Cisuralian; Permian; Paleozoic

31030020

Sakmarian; Cisuralian; Permian; Paleozoic

31030030

Asselian; Cisuralian; Permian; Paleozoic

31030040

Carboniferous; Paleozoic

31500000

Pennsylvanian; Carboniferous; Paleozoic

32000000

Upper Pennsylvanian; Pennsylvanian; Carboniferous; Paleozoic

32010000

Gzhelian; Upper Pennsylvanian; Pennsylvanian; Carboniferous; Paleozoic

32010010

Kasimovian; Upper Pennsylvanian; Pennsylvanian; Carboniferous; Paleozoic

32010020

Middle Pennsylvanian; Pennsylvanian; Carboniferous; Paleozoic

32020000

Moscovian; Middle Pennsylvanian; Pennsylvanian; Carboniferous; Paleozoic

32020010

Lower Pennsylvanian; Pennsylvanian; Carboniferous; Paleozoic

32030000

Bashkirian; Lower Pennsylvanian; Pennsylvanian; Carboniferous; Paleozoic

32030010

Mississippian; Carboniferous; Paleozoic

33000000

Upper Mississippian; Mississippian; Carboniferous; Paleozoic

33010000
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Serpukhovian; Upper Mississippian; Mississippian; Carboniferous; Paleozoic

33010010

Middle Mississippian; Mississippian; Carboniferous; Paleozoic

33020000

Visean; Middle Mississippian; Mississippian; Carboniferous; Paleozoic

33020010

Lower Mississippian; Mississippian; Carboniferous; Paleozoic

33030000

Tournaisian; Lower Mississippian; Mississippian; Carboniferous; Paleozoic

33030010

Devonian; Paleozoic

34000000

Upper Devonian; Devonian; Paleozoic

34010000

Famennian; Upper Devonian; Devonian; Paleozoic

34010010

Frasnian; Upper Devonian; Devonian; Paleozoic

34010020

Middle Devonian; Devonian; Paleozoic

34020000

Givetian; Middle Devonian; Devonian; Paleozoic

34020010

Eifelian; Middle Devonian; Devonian; Paleozoic

34020020

Lower Devonian; Devonian; Paleozoic

34030000

Emsian; Lower Devonian; Devonian; Paleozoic

34030010

Pragian; Lower Devonian; Devonian; Paleozoic

34030020

Lochkovian; Lower Devonian; Devonian; Paleozoic

34030030

Silurian; Paleozoic

35000000

Pridoli; Silurian; Paleozoic

35010000

Ludlow; Silurian; Paleozoic

35020000

Ludfordian; Ludlow; Silurian; Paleozoic

35020010

Gorstian; Ludlow; Silurian; Paleozoic

35020020

Wenlock; Silurian; Paleozoic

35030000

Homerian; Wenlock; Silurian; Paleozoic

35030010

Sheinwoodian; Wenlock; Silurian; Paleozoic

35030020
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Llandovery; Silurian; Paleozoic

35040000

Telychian; Llandovery; Silurian; Paleozoic

35040010

Aeronian; Llandovery; Silurian; Paleozoic

35040020

Rhuddanian; Llandovery; Silurian; Paleozoic

35040030

Ordovician; Paleozoic

36000000

Upper Ordovician; Ordovician; Paleozoic

36010000

Hirnantian; Upper Ordovician; Ordovician; Paleozoic

36010010

Katian; Upper Ordovician; Ordovician; Paleozoic

36010020

Sandbian; Upper Ordovician; Ordovician; Paleozoic

36010030

Middle Ordovician; Ordovician; Paleozoic

36020000

Darriwilian; Middle Ordovician; Ordovician; Paleozoic

36020010

Dapingian; Middle Ordovician; Ordovician; Paleozoic

36020020

Lower Ordovician; Ordovician; Paleozoic

36030000

Floian; Lower Ordovician; Ordovician; Paleozoic

36030010

Tremadocian; Lower Ordovician; Ordovician; Paleozoic

36030020

Cambrian; Paleozoic

37000000

Furongian; Cambrian; Paleozoic

37010000

Age 10; Furongian; Cambrian; Paleozoic

37010010

Jiangshanian; Furongian; Cambrian; Paleozoic

37010020

Paibian; Furongian; Cambrian; Paleozoic

37010030

Epoch 3; Cambrian; Paleozoic

37020000

Guzhangian; Epoch 3; Cambrian; Paleozoic

37020010

Drumian; Epoch 3; Cambrian; Paleozoic

37020020

Age 5; Epoch 3; Cambrian; Paleozoic

37020030
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Epoch 2; Cambrian; Paleozoic

37030000

Age 4; Epoch 2; Cambrian; Paleozoic

37030010

Age 3; Epoch 2; Cambrian; Paleozoic

37030020

Terreneuvian; Cambrian; Paleozoic

37040000

Age 2; Terreneuvian; Cambrian; Paleozoic

37040010

Fortunian; Terreneuvian; Cambrian; Paleozoic

37040020

Neoproterozoic

40000000

Ediacaran; Neoproterozoic

41000000

Cryogenian; Neoproterozoic

42000000

Tonian; Neoproterozoic

43000000

Mesoproterozoic

50000000

Stenian; Mesoproterozoic

51000000

Ectasian; Mesoproterozoic

52000000

Calymmian; Mesoproterozoic

53000000

Paleoproterozoic

60000000

Statherian; Paleoproterozoic

61000000

Orosirian; Paleoproterozoic

62000000

Rhyacian; Paleoproterozoic

63000000

Siderian; Paleoproterozoic

64000000

Neoarchean

70000000

Mesoarchean

80000000

Paleoarchean

90000000

Eoarchean

100000000

Hadean

110000000

74

Cz

Cenozoic

H

Holocene

Q

Quaternary

Ps

Pleistocene

Ng

Neogene

Pg

Paleogene

T
Pl

Pliocene

Mi

Miocene

Ol

Oligocene

Eo

Eocene

Pa

Paleocene

Mz

Mesozoic

K

Cretaceous

J

Jurassic

Tr

Triassic

Pz

Paleozoic
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Appendix C: Las Vegas Formation & Laterally Equivalent Units
Geologic Map of the Corn Creek Springs Quandrangle, Nevada
Fine-grained alluvium of Tule Springs (Qts), (Qts1-F)
Paleospring, paludal, and fluvial deposits comprising extensive fine-grained valley-bottom fill in the upper
Las Vegas Valley; related to extensive groundwater discharge during glacial/pluvial periods (Quade,
1983, 1986; Quade and others, 1995). Originally believed to be largely lacustrine in origin and mapped as
the Las Vegas Formation (Longwell and others, 1965; Haynes, 1967). In the Corn Creek Springs
Quadrangle, deposits are correlated with Qts in the adjacent Tule Springs Park Quadrangle (Bell and
others, 1998; and divided into four members (units C, D, E, and F) after Haynes (1967) and Quade
(1983).
Geologic Map of the Gass Peak SW Quadrangle, Clark County, Nevada
Fine-grained deposits of Tule Springs
Qtf: Tufa deposits, contemporaneous with Qtse
Qtse: Unit E of Haynes, 1967(includes subunits E0,E1, and E2, undivided on map)
Qtsd: Unit D of Haynes, 1967
Qtsc: Unit C of Haynes, 1967
Qtsb: Unit B of Haynes, 1967 (includes subunits B0,B1, and B2, undivided on map)
Qtsa: Unit A of Haynes, 1967
Qso: Old fine-grained spring deposits of Page et al., 2005 (middle Pleistocene)
Geologic Map of the Tule Springs Quadrangle, Nevada
Fine-Grained Alluvium of Tule Springs (Qts), (Qtse-c)
Spring and paludal deposits comprising of extensive fine-grained valley-bottom fill in the upper Las vegas
Valley; related to extensive groundwater discharge during glacial/pluvial periods (Quade, 1983, 1886;
Quade and others, 1995). Originally believed to be largely lacustrine in origin (Longwell and others, 1965;
Haynes 1967) and mapped as the Las Vegas Formation by Longwell and others (1965); named the Tule
Springs alloformation by Donovan (1996). Divided here into three members (units C, D, and E) after
Haynes (1967).
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