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ABSTRACT 

The mission of the Arizona Geological Survey is to provide geologic information 

to enhance public understanding of the state's geologic character, geologic hazards and 

limitations, and mineral resources. The maps published by the Arizona Geologic Survey 

are used by the public and state authorities to assess natural hazards, evaluate 

construction suitability, and discover mineral and energy resources. The Arizona 

Geological Survey has been providing geology maps for more than one-hundred years, 

with its first state-wide geologic map of Arizona published in 1924. The Arizona 

Geological Survey provides an interactive geologic map of Arizona online, but the 

website has not been updated in over eight years. The goal of this project is to update 

the data and software behind the geologic map of Arizona using modern software and 

software development practices. The final product uses open-source software including 

Leaflet.js and can be used as a reference for creating future online maps. 

Keywords: Web-development, Arizona, Geology, Strata, Faults
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ETHICS STATEMENT 

It is inevitable that GIS students and professionals will face ethical challenges 

while working with data and presenting information. Ensuring that ethical concerns are 

considered and minimized in GIS projects will maintain the project integrity and 

usefulness. With the abundance of online data available, decisions must be made as to 

whether data can be redacted without presenting a bias or intentional 

misrepresentation. An accurate portrayal, free of bias, prevents unethical 

representations of data. Authors of GIS publications should always show as much of the 

relevant data as possible and provide clear steps to recreate the data used in the 

publication.  

This project is intended for the general public, but the data can be difficult to 

interpret without a background in geology. Detailed explanations of the data were 

written within the project, and an information section was added to the webpage to 

provide basic background information for each map layer. These details guarantee that 

a wide audience may use the interactive map with a clear fundamental understanding of 

the geological terms. There is an ethical obligation to honor all work produced by 

someone other than oneself. The work of cohorts and data used for this project were 

cited within the paper and in the attribution section of the map. 

The decision of what data to display and the best way to display it was 

considered carefully. Some redundant data was removed for efficiency and clarity. The 

decision to remove the redundant data was discussed with and approved by staff at the 

Arizona Geological Survey. Presenting data clearly and accurately with respect for 

professional cohorts ensured that this project met the ethical standards of the GIS 

community. 
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CHAPTER 1 
INTRODUCTION 

 

Geologic maps display information about faults and the distribution of rock 

deposits on the surface of the Earth (New Mexico Tech, 2022). Geologic maps are 

created by survey geologists and are used for construction, land-use planning, 

discovering natural resources, and identifying ground-water aquifers (Reynolds, 1997). 

The Arizona Geological Survey (AZGS) has been providing geology maps to the public 

for more than 100 years (Arizona Geological Survey, 2022). The mission of the AZGS is 

to provide geologic maps to enhance public understanding of the state's geologic 

character, geologic hazards and limitations, and mineral resources. Geology maps have 

evolved over the last century from paper maps to digital maps to most recently online 

interactive maps. 

The first state-wide geologic map of Arizona was published in 1924 as a 

combined effort between the U.S. Geological Survey and the AZGS, or as it was known 

at that time, the Arizona Bureau of Mines (Figure 1-1).  
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Figure 1-1. A 2013 reproduction of the Geologic Map of Arizona (Darton et al., 1924). 

 
In 1993, a digital state-wide geology map of Arizona was published by the AZGS 

and available on two 3.5-inch diskettes (Reynolds & Richard, 1993). In 2000, the AZGS 

introduced the Arizona Digital Geologic Map (ADGM) series and published a digital 

state-wide geology map in 2002 that was available to download (Figure 1-2). 
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Figure 1-2. Digital Geologic Map of Arizona (Richard et al., 2002).  

 
In 2013, the AZGS published an online geologic map of Arizona built on the 

Mapbox location data platform (Figure 1-3). The Mapbox online map has an interactive 

layer that allows the user to identify the different rock deposits known as geologic units, 

an improvement over paper maps. In order to identify a geologic unit using a paper map 

the map reader must match the color of the geologic unit polygon with the colors in the 

geologic unit legend. This can be a challenging task as there are over 50 shades of 

colors for the different types of geologic units identified in Arizona. The Mapbox 

interactive map displays the Map Unit Symbol of a geologic unit when the user hovers 
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their mouse over a geologic unit. Clicking the mouse on a geologic unit polygon opens a 

pop-up with the geologic unit’s name, description, and age. 

 

Figure 1-3. Interactive Geologic Map of Arizona (Arizona Geological Survey, 2013).  

 
 The Mapbox online map also displays faults that the geologists have identified, 

but the faults layer is not interactive. There are only 4 types of faults, and they are not 

difficult to distinguish using colors and line symbols. The fault legend shows the different 

lines that represent each type of fault. The fault and geologic unit layers are both on by 

default and cannot be turned off. One of the original features of the Mapbox map was a 

street roads layer, but the free service that was used to obtain street data is no longer 

available. 

 The AZGS is preparing to publish an updated geologic map of Arizona dataset 

and has been interested in rebuilding the online interactive map website as well. The 

AZGS recently created a new document repository that hosts reports and maps 
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published by the AZGS, Arizona Bureau of Geology and Mineral Technology, Arizona 

Bureau of Mines, and The University of Arizona Bureau of Mines (Arizona Geologic 

Survey, 2014). The maps are listed in the document repository, but it would be a great 

resource to have an online map that displays the outlines of the maps available from the 

document repository.   

The goal of this project is to use the most recent geologic data for the state of 

Arizona and create a new online interactive map using the features of the previous 

Mapbox website as a guideline. The software stack for the project was chosen based on 

the existing technical infrastructure at AZGS. The AZGS geoinformatics team decided 

that Leaflet would be the best software for the online interactive map. Leaflet is an 

open-source lightweight JavaScript library designed for displaying maps on a webpage 

and is used globally by schools, companies, and governments. The AZGS 

geoinformatics team has often used ArcGIS Online for hosting data and decided that 

would be the best place to put the data for the website. The new webpage uses modern 

software packages and the most recent geologic data. In 2016, the AZGS transferred 

from the Arizona state government to the College of Science at the University of 

Arizona, so the new website is branded as a University of Arizona website. 
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CHAPTER 2 
METHODS AND DATA 

Methodology 

Design 

The software development for this project followed a five-step waterfall cycle 

(Figure 2-1). The waterfall development cycle is credited to Dr. Winston W. Royce and 

dates to the 1970s (Kavlakoglu, 2020). The five steps break the complex task of 

software development into five manageable phases. An important feature of the 

waterfall cycle is that the requirements are determined prior to any actual code being 

written. This ensures a clean focus for the software developer and avoids writing 

unnecessary code. 

 
Figure 2-1. The Waterfall Development Cycle 

 
The first step of development is to gather requirements for the website. The first 

requirement identified for this project was that the new website has all the features of 

the previous website. The analysis step is second and includes researching the 

available software that meets the requirements step. The third step is implementation 

which consists of writing the code and publishing the data. The fourth step, testing, will 

permit user testing of the software to verify the website is working as expected and has 

met the defined requirements. The final step will be to deploy the site and make it 
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available to the public. The first completed cycle will focus on implementing the 

minimum viable product by building an interactive map using updated data and modern 

software without losing any functionality from the previous version. Future cycles would 

focus on adding enhancements but is beyond the scope of this project. 

One of the first resources used during the development of this project were the 

Leaflet tutorials and examples (Agafonkin, 2010-2022). The Leaflet tutorials provide 

simple and straightforward examples for configuring and loading a leaflet map, as well 

as pulling in remote data and styling features. 

The application programming interface (API) reference documentation provided 

for the VectorGrid plugin (Ortega & Liedman, 2016-2017) was helpful during web 

development. VectorGrid is a Leaflet plugin that can process and display vector data 

grids. The Geological Map of Arizona has a significant amount of data, so breaking the 

data up into vector grids allows the backend-server to send only the subset of data that 

is visible instead of the entire map. The website displaying the map will use Leaflet, but 

the backend will use ArcGIS Online. It is critical that the front-end can retrieve and 

display the data, so these guides will be essential to establishing that connection. 

The Arizona Geological Survey has transitioned from state government to part of 

the University of Arizona since the last version of the interactive geologic map was 

created. This project will be using the UArizona Branding documentation (The University 

of Arizona, 2022) to ensure that the styles, colors, and logos are consistent with the 

other digital properties at the University.   
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Study Area 

The study area for this project is the entire state of Arizona (Figure 2-2). The 

geologists at AZGS have identified nearly 5,000 geologic unit polygons and over 5,000 

fault lines. The AZGS document repository has over 100 maps in the Arizona Digital 

Geologic Map series. 
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Figure 2-2. The study area 
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Outcome 

The main goal of this project was to make an interactive online map to display 

geology information about the state of Arizona. The map was built using modern 

software designed for both mobile and desktop devices. This is important because 

recent trends in technology have led to more mobile device usage to access the 

internet. 

To best meet current standards, the new version of the geologic map will use 

ArcGIS Online to provide the data to the website. This will also make the data easier to 

update and maintain in the future.  

The code and documentation will soon be released as an open-source project on 

the Arizona Geological Survey’s GitHub page. Documentation for supporting and 

maintaining this project will be created and may be used as a basis for future interactive 

geology maps.  

 
Data 

The website has three layers of data: geologic units, faults, and geologic maps. 

The data for the geologic units layer and the faults layer come from the Geological Map 

of Arizona dataset. This dataset was originally published by the AZGS in 2002, and was 

recently updated by Haley Snellen, a GIS analyst at AZGS. The data for the geologic 

maps layer was derived from the AZGS document repository API and contains map 

metadata such as the title, abstract, authors, date of publication, and the extent of the 

study. 
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Geologic Units 

The polygon data for the geologic units layer originates from the MapUnitPolys 

polygon layer of the Geologic Map of Arizona dataset (Figure 2-3). The first step in 

preparing the data was to convert the map from NAD 1983 UTM Zone 12N to the WGS 

1984 Web Mercator projection using ArcGIS Pro. This is a commonly used projection 

for online maps services as well as the default projection setting for Leaflet.  
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Figure 2-3. Geologic Units of Arizona. 
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Table 2-1. Metadata for Geologic Units of Arizona 
Official name of data set Digital Graphics Files for the Geologic Map of Arizona, 

a representation of Arizona Geological Survey Map 
35, v. 1.0 

Year of publication and/or last 
update 

2022 

Author and/or owner Arizona Geological Survey 
Richard, Stephen M. 
Reynolds, S. J. 
Spencer, Jon E. 
Pearthree, Philip A. 

URL or FTP address of the 
repository 

http://repository.azgs.az.gov/uri_gin/azgs/dlio/632 

Description 1:1,000,000 Geologic Map of Arizona 
Coordinate system NAD 83 
Type of geometry Lines and Polygons 

 

The polygon layer was symbolized using unique values symbology for the 

MapUnit field. The MapUnit field is a unique name given to each of the geologic map 

units on the map. The colors for the polygons were determined by referencing the 

standalone DescriptionOfMapUnits (DMU) table included in the dataset. The MapUnit 

field in the MapUnitPolys layer can be used as a foreign key to the MapUnit field in the 

DMU table. The DMU table has information for all the geologic units such as name, age, 

description, and the color used to depict the unit expressed as an RGB value. RGB is a 

way for computers to describe a specific color using the red, green, blue values and is a 

common format for specifying colors as a number on the web. Each of the unique 

MapUnit values in the MapUnitPoly layer was assigned a color based on the RGB value 

in the DMU table. The DMU table was exported to the JavaScript Object Notation 

(JSON) format. The webpage uses the information from the DMU table in the JSON 

format to display pop-up information on the interactive map and build the interactive 

table in the legend. 
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The layer was published to ArcGIS Online as a vector tile layer. Vector tiles were 

used for the Geologic Unit layer because they are efficient due to small file sizes, and 

scale very well between mobile and desktop screens (Esri, 2020). The vector tiles are 

hosted on ArcGIS Online in the Protocol Buffer format and conform to the vector tile 

specification created by Mapbox (Pearson, 2020). Esri does not yet support interaction 

using their Vector Tile plugin (GitHub, 2022), but the VectorGrid plugin does have 

support for user interactions such as mouse-clicking or mouse-hovering (Ortega & 

Liedman, 2016-2017).  

When users interact with a feature rendered using the VectorGrid plugin, it will 

return the symbol value of the feature. This value corresponds to the feature’s unique 

value MapUnit symbology that was used to stylize the map prior to publication. ArcGIS 

Online publishes a separate style JSON file from the geographic features vector tiles 

which contains an index for each of the unique values and their corresponding MapUnit 

value. A custom one-off JavaScript function was used to create a JSON file with the 

DMU information such as MapUnit, full name, age, description, and RGB value. The 

webpage uses this JSON file to stylize each feature when the map is initialized and 

references this JSON file during a mouse interaction on the web to display the name 

and description of the underlying geologic unit.  

Finally, the custom JSON file with all geologic units was used on the website to 

create an interactive legend below the map. The table is displayed using DataTables 

(CloudTables, 2007-2022), a free JavaScript library for rendering interactive grids.  
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Faults 

The polyline data for the faults layer originates from the ContactsAndFaults layer 

of the Geologic Map of Arizona dataset (Figure 2-4). This layer was also converted to 

WGS 1984 Web Mercator projection. The select by attribute tool was used in ArcGIS 

Pro to remove the lines with a Type value of either ‘contact’ or ‘map boundary’. The 

contact lines are where the polygons in the geologic units contact, and the map 

boundary lines are the boundaries of the map. Removing these lines largely reduces the 

number of lines to display which improves the performance and makes the faults easier 

to distinguish from the contacts. The contact lines can still be visualized by turning on 

the polygon layer and looking for contact lines between the polygons. 
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Figure 2-4. Geologic Faults of Arizona. 
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Table 2-2. Metadata for Geologic Faults of Arizona. 
Official name of data set Digital Graphics Files for the Geologic Map of Arizona, 

a representation of Arizona Geological Survey Map 
35, v. 1.0 

Year of publication and/or last 
update 

2022 

Author and/or owner Arizona Geological Survey 
Richard, Stephen M. 
Reynolds, S. J. 
Spencer, Jon E. 
Pearthree, Philip A. 

URL or FTP address of the 
repository 

http://repository.azgs.az.gov/uri_gin/azgs/dlio/632 

Description 1:1,000,000 Geologic Map of Arizona 
Coordinate system NAD 83 
Type of geometry Lines and Polygons 

 

The faults layer was symbolized using unique values for the Symbol field. The 

line symbols for the lines were created using an Esri compatible style collection for 

Federal Geographic Data Committee (FGDC) symbology (Federal Geographic Data 

Committee, 2006). The four types of lines are faults, detachment faults, thrust faults, 

and listric faults. The faults were assigned unique colors to help distinguish the different 

types.  

The faults layer was published to ArcGIS Online as a cached raster tile layer also 

known as a tile layer. There is a slight performance cost in using a tile layer over a 

vector layer, but Leaflet does not support rendering the line decorations used by the 

FGDC when using vector tiles. Using a tile layer exports the stylized lines as images so 

Leaflet can properly display the line symbology for the different fault types. Another 

disadvantage to tile layers is they do not support mouse interactions such as pop-ups. 

The faults layer can be turned off and on, but specific features cannot be identified 

using a mouse interaction.   



 

27 

 

 
Geologic Maps 

The polygon data for the geologic maps layer comes from the AZGS document 

repository API (Figure 2-5). The value ‘ADGM’ is passed as the collection group 

parameter to get maps from the Arizona Digital Geologic Map collection. The parameter 

‘latest’ is set to true to receive the latest versions of the documents and the data format 

requested is GeoJSON. The GeoJSON also contains information such as the abstract, 

authors, title, and publishing year for each of the maps. Leaflet is configured to assign a 

random color to each polygon fill when the layer is created. A JavaScript event listener 

was created to listen for any mouse clicks or touch events. When a click or touch event 

is detected then the longitude and latitude of the event gets passed to the Leaflet-PIP 

plugin. The Leaflet-PIP plugin finds any of the geologic map polygons that intersect with 

that longitude and latitude and then passes it to a custom JavaScript function that builds 

the HTML from the polygon attributes and triggers a pop-up. The pop-up contains the 

name of the study with a link to the document repository and the study abstract as a 

description.  
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Figure 2-5. Geologic maps within Arizona 
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Table 2-3. Metadata for Geologic Map 
Official 
name of 
data set 

Arizona Geological Survey Digital Geologic Maps 

Year of 
publication 
and/or last 
update 

2022 

Author 
and/or 
owner 

Arizona Geological Survey 

URL or FTP 
address of 
the 
repository 

https://data.azgs.arizona.edu/api/v1/metadata?collection_group=ADGM 

Description A collection of the most recent geologic maps from the AZGS in 
GeoJSON format. 

 

CHAPTER 3 
RESULTS 

Website 

The project website was built using HTML, JavaScript, and CSS (Figure 3-1). 

The website uses Bootstrap, Leaflet, Datatables, Leaflet-PIP, and VectorGrid. The data 

for the map is hosted at ArcGIS Online and the AZGS document repository. The map 

has three layers, and each layer can be turned off or on using the layer control in the 

map. The layer control also gives the user an option of either the USGS topographic 

basemap or the OpenStreetMap basemap. The topographic map is useful for seeing 

where the geologic units and faults are within the mountains and canyons of Arizona 

and the street map is useful for comparing geology with the urban structures and roads. 



 

30 

 

Figure 3-1. Screenshot of the website. 
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The geologic unit layer uses the VectorGrid plugin to support layer interactions. A 

JavaScript event listener was configured to detect when a user hovers their mouse over 

a polygon from the geologic units layer. The VectorGrid plugin retrieves the symbol id of 

the polygon, and then a custom JavaScript function references the JSON file built from 

the Description of Map Units table to get the name of that geologic unit. A leaflet control 

box was configured to display the name of the geologic unit on the map (Figure 3-2). A 

separate JavaScript event listener was added to detect when the mouse has left the 

layer and hides the empty leaflet control box.  

 

Figure 3-2. Leaflet control box displaying the name of a geologic unit. 

 
Another JavaScript event listener was configured to detect when the user has 

clicked on a polygon in the Geologic Units layer. The VectorGrid plugin retrieves the 

symbol id of the polygon and then uses the custom JSON file to retrieve information 

about the polygon. A custom JavaScript function then updates the HTML for a bootstrap 

modal to pop-up over the map and display the name, polygon color, age, and 

description of the geologic unit (Figure 3-3). 
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Figure 3-3. Pop-up displaying information about a geologic unit. 

 
The Datatables JavaScript library was used to build an interactive legend for the 

geologic units (Figure 3-4). A JavaScript function loops over the custom JSON file and 

builds an HTML table. The HTML table has columns for each of the geologic unit 

attributes. Datatables allows the user to search and sort the geologic units. 
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Figure 3-4. Interactive geologic unit legend. 

 
The faults layer has a simple legend describing the four types of faults on the 

map. The faults layer can be turned off and on using the layer controls on the map, but 

otherwise is not an interactive layer (Figure 3-5). 
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Figure 3-5. Only the faults layer is visible using the layer control box. 

 
The geologic map layer is not turned on when the map is initialized. The layer 

has over 100 polygon boxes representing the extents of maps available from the AZGS 

document repository (Figure 3-6). The boxes sometimes overlap each other, and it can 

be a little overwhelming for the user to have all the layers turned on when the website 

first loads. The solution was to initialize the map with just the geologic units and faults 

layers turned on. 
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Figure 3-6. The interactive map with just the geologic maps layer turned on. 

 
The interactive map displays a Bootstrap modal as a pop-up whenever the user 

clicks on one or more polygons (Figure 3-7). The modal displays the title, a link to the 

document repository, and the abstract of the map.  
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Figure 3-7. Bootstrap modal displaying information about three geologic maps. 

  
The legend for the geologic maps is dynamically built every time the webpage 

refreshes using the data returned from the AZGS document repository API (Figure 3-8). 

The legend supports searching and sorting the geologic maps. The user can click the 

plus-icon on the left side of the table to display another Bootstrap modal with 

information about the geologic map. 
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Figure 3-8. Datatables legend showing the geologic maps. 

  
The legends for the three layers can take up a lot of vertical space on the website 

so the Bootstrap collapse feature was used to create an accordion effect. The blue 

legend buttons collapse and expand the legend sections, and only one of the legends 

can be expanded at one time.  

The website is branded with an Arizona Red navbar and a University of Arizona 

logo that links to the main campus website. The button colors are Arizona Blue. The 

footer matches the same color and style used on the AZGS website. The footer 

contains a link to the University’s information security and privacy policy, a disclaimer 

about the information provided by the map, and a copyright to the Arizona Board of 

Regents on behalf of the University of Arizona (Figure 3-9). 
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Figure 3-9. Footer of the project website. 

 
The website has a navigation link that leads to the AZGS website and AZGS 

banner at the top of the screen. The banner uses the Bootstrap display classes to hide 

the banner on extra small screens to give more screen space to the map.  

 
CHAPTER 4 

CONCLUSION 

The objective of this project was to rebuild the Geologic Map of Arizona website 

using modern software and the most recent geologic data available. The website built 

for this project has all of the features identified from the last version of the website 

including an interactive geologic units layer. The new website also has additional 

features including a scale bar, two basemaps, controls for turning individual layers on 

and off, an interactive geologic map layer, and sortable and searchable legends for the 

geologic units and geologic map layers. These additional features can be used to 

investigate and explore the data easily for both experienced and novice geologic users 

alike. 

A big challenge for this project was figuring out the best data format for each of 

the layers. The geologic unit layers each had around 5,000 rows of data to display, and 

the website suffered from performance issues when using a traditional feature layer. 

The solution was to use interactive vector tiles for the geologic unit layer and raster tiles 

for the non-interactive faults layer. Using a tile layer for faults solved an issue with 
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displaying the correct symbols on the fault lines. Leaflet does not support drawing the 

line symbols used by the geologist, but it does support displaying tile images with the 

lines already rendered. The tile images are created using ArcGIS Pro and have the 

correct FGDC symbology. 

The geologic map layer uses the GeoJSON data retrieved from AZGS document 

repository API. There does not seem to be any performance issues using GeoJSON 

data, but there are only about 100 polygons in the layer currently. As the document 

repository continues to grow there might be some performance issues to deal with in the 

future. This would be an enormous task and would require making big changes to the 

document repository server. 

The final version of this project will be hosted on the AZGS website, and the 

geologic map can be used by the public to learn about the geology of Arizona. Geologic 

maps are important because they convey information about mineral resources, geologic 

hazards, and the geologic character of the land. The geologic map layer can also be 

used to discover more studies and geologic maps available from the AZGS. 

Just like the 2013 version of the interactive geologic map, the final version of the 

source code will also be posted on the AZGS GitHub account. The code will be 

available to the public as a learning resource for anyone interested in the project. The 

code and comments from the previous version of the geologic map of Arizona was a 

huge inspiration for this project and hopefully this new version will continue to inspire 

others to build interactive maps online and learn from the lessons of this project. 
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