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Hydrothermal Alteration Maps of the Central and Southern
Basin and Range Province of the United States Compiled
From Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) Data

By John C. Mars

Abstract

Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data and
Interactive Data Language (IDL) logical operator algorithms were used to map hydrothermally altered
rocks in the central and southern parts of the Basin and Range province of the United States. The
hydrothermally altered rocks mapped in this study include (1) hydrothermal silica-rich rocks (hydrous
quartz, chalcedony, opal, and amorphous silica), (2) propylitic rocks (calcite-dolomite and epidote-
chlorite mapped as separate mineral groups), (3) argillic rocks (alunite-pyrophyllite-kaolinite), and
(4) phyllic rocks (sericite-muscovite). A series of hydrothermal alteration maps, which identify the
potential locations of hydrothermal silica-rich, propylitic, argillic, and phyllic rocks on Landsat
Thematic Mapper (TM) band 7 orthorectified images, and ArcGIS' shape files of hydrothermal
alteration units are provided in this study.

Introduction

Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data were used
to compile 12 maps (plates 1, 24-F, 34—F;; fig.1) that illustrate minerals associated with hydrothermal
alteration in the central and southern parts of the Basin and Range province of the United States.
ASTER data consist of reflected radiation measurements in three bands in the visible and near-infrared-
wavelength (VNIR) region from 0.52 to 0.86 micrometers (m); six bands in the 1.6- to 2.43-um short-
wave-infrared-wavelength (SWIR) region; and five bands of emitted radiation in the 8.125- to 11.65-um
thermal-infrared-wavelength (TIR) region with 15-meter (m), 30-m, and 90-m resolution, respectively
(Fujisada, 1995). The ASTER instrument also has a backward-looking VNIR telescope with 15-m
resolution and a swath width of 60 kilometers (km) (Fujisada, 1995).

Economic deposits such as gold and copper are typically associated with hydrothermally altered
rocks (John and others, 2010), which typically consist of one or more hydrous zones of alteration
minerals containing at least one mineral that exhibits diagnostic spectral absorption features in the
VNIR through the SWIR and (or) the thermal-infrared TIR regions (Ashley, 1979; Abrams and others,
1983; Hunt and Spatz and Wilson, 1995). ASTER bands are positioned to define and map the diagnostic
VNIR, SWIR, and TIR spectral absorption features of hydrothermal alteration minerals (Rowan and
Mars, 2003; Rowan and others, 2003; Mars and Rowan, 2006).

'ESRI, Redlands, Calif.
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Figure 1.  Index map showing coverage for the hydrothermal alteration maps of the central and southern Basin
and Range province of the United States compiled from Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) data and the locations of plates 2A-F and 3A-F.

Data and Processing Methods

The ASTER dataset used to cover the central and southern parts of the Basin and Range
province in the United States consists of 247 ASTER Level 1B scenes (plate 1). The ASTER Level 1B
radiance data consist of all VNIR, SWIR and TIR bands, including the backward-looking VNIR band.
The VNIR and SWIR radiance data were calibrated to the reflectance data using Moderate Resolution
Imaging Spectrometer (MODIS) water-vapor data, radiometric “crosstalk™ correction software, radiance
“gain” correction coefficients, and Atmospheric Correction Now (ACORN)? software (ImSpec LLC,
2004; Biggar and others, 2005; Iwasaki and Tonooka, 2005; ITT, 2008; Mars and Rowan, 2010). The
TIR radiance data were calibrated to emissivity using atmospheric removal and emissivity normalization
algorithms in Environment for Visualizing Images (ENVI)®, an image calibration and processing

2ImSpec, LLC, Palmdale, Calif.
*Exelis Visual Information Services (formerly ITT), Boulder, Colo.
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software package (ITT, 2008). Each ASTER scene was georectified to a Landsat TM 30-m
orthorectified image with a root mean square error of less than 60 m (Tucker and others, 2005).

Rocks containing hydrous quartz, chalcedony, opal, and amorphous silica (hydrothermal silica-
rich rocks), calcite-dolomite and epidote-chlorite (propylitic), alunite-pyrophyllite-kaolinite (argillic),
and sericite-muscovite (phyllic) were mapped using Interactive Data Language (IDL) logical operators
(table 1). The IDL logical operators consist of band thresholds and band ratios strung together to map
spectral absorption features of minerals (table 1; Mars and Rowan 2006; John and others, 2010). All of
the logical operator algorithms mask green vegetation using a ratio of VNIR band 3/band 2, which
detects the chlorophyll absorption feature at 0.67 um (table 1). In addition, a band 4 threshold is used to
mask low signals, and thus noisy spectra (table 1).

Table 1. Interactive Data Language (IDL) logical operator algorithms used with Advanced Spaceborne Thermal
Emission and Reflection (ASTER) Radiometer data to map hydrothermally altered rocks in the central and southern
parts of the Basin and Range province of the United States.

[Algorithm notations follow usage of Mars and Rowan (2006). b, band; float, floating point; le, less than or equal to; It, less
than; ge, greater than or equal to; gt, greater than]

Hydrothermally altered rock Algorithm
Hydrothermal silica-rich (hydrous silica, ((float(b3)/b2) le 1.55) and (b4 gt 2400) and ((float(b4)/b7 )ge 1.413) and
chalcedony, opal) ((float(b13)/b12) ge 1.025) and ((float(b12)/b11) It 1.02)
Propylitic (carbonate) ((float(b3)/b2) le 1.55) and b4 gt 2600 and (float(b6) / b8 gt 1.162) and
(b5 gt b6) and (b7 gt b8) and (b9 gt b8) and ((float(b13) / b14) gt 1.005)
Propylitic (epidote-chlorite) ((float(b3)/b2) le 1.55) and b4 gt 2600 and (float(b6) / b8 gt 1.162) and

(float(b5) / (float(b4)+b6) gt 0.456) and (b5 gt b6) and (b6 gt b7) and
(b7 gt b8) and (b9 gt b8) and ((float(b13) / b14) le 0.999)

Argillic (alunite, kaolinite) ((float(b3)/b2) le 1.55) and (b4 gt 2600) and ((float(b4)/b6) gt 1.492) and
((float(b5)/b6) le 1.105) and ((float(b7)/b6) ge 1.03)
Phyllic (sericite-muscovite) ((float(b3)/b2) le 1.55) and (b4 gt 2600)and ((float(b4)/b6) gt 1.492) and

((float(b5)/b6) gt 1.105) and ((float(b7)/b6) ge 1.03)

Hydrothermally altered phyllic and argillic rocks were mapped using ASTER VNIR and SWIR
data at 30-m spatial resolution. SWIR band ratios were used in IDL logical operators to map Al-O-H
spectral absorption features associated with alunite, kaolinite, and sericite-muscovite. The ratio of SWIR
band 4/band 5 maps the 2.165-um spectral absorption feature associated with alunite, pyrophyllite, and
kaolinite, and the ratios of SWIR band 4/band 6 and band 7/band 6 map the 2.2-um spectral absorption
feature exhibited by alunite, kaolinite, and sericite (table 1).

Hydrothermal silica-rich rocks were mapped using ASTER SWIR and TIR band ratios at 90-m
resolution (table 1). The ratio of SWIR band 4/band 7 is typically higher for hydrothermal silica-rich
rocks, which have lower overall SWIR reflectance in the 2.0- to 2.4-um region than nonhydrothermal
silica-rich rocks because of residual molecular water or an O-H absorption feature spanning 2.26 to
2.4 um. The ratio of TIR band 13/band 12 maps the 9.09-um quartz reststrahlen absorption feature.
Thus, silica-rich rocks were mapped using the TIR emissivity data and hydrothermal silica-rich rocks
were discriminated from the non-hydrothermal silica-rich rocks using the corresponding SWIR
reflectance data for each pixel.

Hydrothermally altered propylitic rocks were mapped using ASTER SWIR and TIR band ratios
at 90-m spatial resolution (table 1). Calcite, dolomite, epidote, and chlorite typically exhibit overlapping
COsand Fe,Mg-O-H spectral absorption features at 2.31 to 2.33 um and have been difficult to map
separately using SWIR data in previous studies (Dalton and others, 2004). In the TIR region, however,




rocks containing calcite and dolomite exhibit an 11.2-um spectral absorption feature, whereas epidote-
and chlorite-rich rocks have TIR spectral absorption features centered at approximately 10.2 um. Thus,
TIR calcite-dolomite spectra exhibit higher band-13 emissivity and lower band-14 emissivity, whereas
epidote-chlorite TIR spectra exhibit lower band-13 emissivity and higher band-14 emissivity. The
calcite-dolomite and epidote-chlorite logical operators use the ratio of SWIR band 6/band 8 to map the
2.31- to 2.33-um absorption feature of both groups of minerals and the ratio of TIR band 13/band 14 set
to greater than 1.005 to separate and map calcite-dolomite-rich rocks and less than 0.999 to separate and
map epidote-chlorite-rich rocks (table 1).

The argillic and phyllic units are mapped at 30-m spatial resolution and the hydrothermal silica-
rich rocks and propylitic units are mapped at 90-m spatial resolution. Each logical operator algorithm
produces an image with pixel values of one or zero which is converted to a polygon-based shape file for
import into ArcGIS. The logical operators correctly mapped (with £20 percent error) hydrothermal
alteration at three calibration-validation test sites on the basis of field data and mineral maps compiled
from previous studies (the Cuprite area of Nevada; Mountain Pass, California; and Yerington, Nevada;
Mars and Rowan, 2010).

Map Description

Mineral-group units illustrated on the maps include phyllic (muscovite, sericite), argillic (alunite,
kaolinite, pyrophyllite), propylitic (epidote, chlorite), a second propylitic unit (calcite, dolomite), and
hydrothermal silica-rich rocks (hydrous quartz, chalcedony, opal, amorphous silica; plates 24—F, 34—F).
Rocks or sediment that contain significant amounts of any of these minerals are mapped as one of the
mineral-group units, including rocks and sediment not associated with hydrothermal alteration such as
playa-lake sediments and sedimentary rocks rich in detrital clays and muscovite, sedimentary limestone
and dolomite, and muscovite-clay-rich sandstone and conglomerates (which may also be classified on
the map as hydrothermal silica-rich rocks). Mineral-group units are illustrated on a Landsat TM band
7 mosaic at 30-m spatial resolution (plates 24—F, 34—F; Tucker and others, 2005).

As shown in previous studies, hydrothermally altered rocks must be identified on the basis of (1)
the types and patterns of minerals associated with hydrothermal alteration and (2) rocks associated with
the mapped mineral groups (Mars and Rowan, 2006; John and others, 2010). Previous studies have
shown that hydrothermal alteration is typically associated with igneous rocks, and patterns of
hydrothermal alteration are typically circular to elliptical for porphyry systems and linear for
epithermal-vein hydrothermal systems (Mars and Rowan, 2006; John and others, 2010). Thus, rock
types and spatial patterns of the map units must also be considered in identifying hydrothermally altered
rocks. ArcGIS shape files of each hydrothermally altered unit are provided with this study” and may be
used in conjunction with geographic information system (GIS)-based lithologic databases, which
contain maps of igneous rocks for Arizona, California, Nevada, and New Mexico and are available over
the Internet (Ludington and others, 2007; Stoeser and others, 2007).

Field investigations and geologic and mineral maps of the Cuprite area and Mountain Pass from
previous studies showed that hydrothermal silica-rich rocks are typically mixed with phyllic- and
argillic-rich rocks, with some minor mixing of hydrothermal silica-rich rocks with epidote-chlorite- and
carbonate-rich rocks (Ashley and Abrams, 1980; Rowan and Mars, 2003; Rowan and others, 2003;
Mars and Rowan, 2010). Thus, in order to show all mineral units mapped in an area, hydrothermal
silica-rich, argillic, phyllic, and propylitic rocks are displayed on one set of maps (plates 24—F) and all

* Data may be accessed at http://mrdata.usgs.gov/surficial-mineralogy/ofr-2013-1139/.
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hydrothermally altered units except for hydrothermal silica-rich rocks are displayed for the same area on
a second set of maps (plates 34—F)).
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