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ARTICLE INFO ABSTRACT
Editor: Jing M. Chen Over the past ~30 years, hyperspectral remote sensing of chemical variations in white mica have proven to be
useful for ore deposit studies in a range of deposit types. To better understand mineral deposits and to guide
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and geology that have utilized spectral changes caused by chemical variation in white micas. This contribution
reviews spectral studies conducted at the following types of mineral deposits: base metal sulfide, epithermal,
porphyry, sedimentary rock hosted gold deposits, orogenic gold, iron oxide copper gold, and unconformity-
related uranium. The structure, chemical composition, and spectral features of white micas, in this contribu-
tion defined as muscovite, paragonite, celadonite, phengite, illite, and sericite, are given. Reviewed laboratory
spectral studies determined that shifts in the position of the white mica 2200 nm combination feature of 1 nm
correspond to a change in Al°®* content of approximately +1.05%. Many of the reviewed spectral studies indi-
cated that a shift in the position of the white mica 2200 nm combination feature of 1 nm was geologically
significant.

A sensitivity analysis of spectrometer characteristics; bandpass, sampling interval, and channel position, is
conducted using spectra of 19 white micas with deep absorption features to determine minimum characteristics
required to accurately measure a shift in the position of the white mica 2200 nm combination feature. It was
determined that a sampling interval < 16.3 nm and bandpass <17.5 nm are needed to achieve a root mean
square error (RMSE) of 2 nm, whereas a sampling interval < 8.8 nm and bandpass <9.8 nm are needed to achieve
a RMSE of 1 nm. For comparison, commonly used imaging spectrometers HyMap, AVIRIS-Classic, SpecTIR®’s
AisaFENIX 1K, and HySpextm SWIR 384 have 2.1, 1.2, 0.96, and 0.95 nm RMSE in determining the position of the
2200 nm white mica combination feature, respectively.

An additional sensitivity analysis is conducted to determine the effect of signal to noise ratio (SNR) on the
RMSE of the position of the white mica 2200 nm combination feature, using spectra of 18 white micas with deep
absorption features. For a spectrometer with sampling interval and bandpass of 1 nm, we estimate that RMSEs of
1 and 1.5 nm are achievable with spectra having a minimum SNR of approximately 246 and 64, respectively. For
a spectrometer with sampling interval and bandpass of 5 nm, we estimate that RMSEs of 1 and 1.5 nm are
attainable with spectra having a minimum SNR of approximately 431 and 84, respectively. When using a
spectrometer with a sampling interval 8.8 nm and a bandpass of 9.8 nm, a RMSE of 1 is only achievable with
convolved, noiseless reference spectra. For the 8.8_9.8 nm spectrometer, spectra with SNR of 250 and 100 result
in RMSE of 1.1 and 1.3, respectively. Therefore, fine spectral resolution characteristics achieve RMSEs better
than 1 nm for high SNR spectra while spectrometers with coarse spectral resolution have larger RMSE, perform
well with noisy data, and are useful for white mica studies if RMSE of 1.1 to 1.5 nm is acceptable.
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1. Introduction

The majority of ore deposits are the result of, or have been signifi-
cantly modified by, the circulation of hot aqueous fluids in the Earth’s
crust (Franklin et al., 2005; Groves et al., 2010; Groves et al., 1998;
Robb, 2004; Sillitoe, 2010; Simmons et al., 2005). Muscovite, illite, and
sericite are common hydrothermal alteration products of feldspars
found in ore deposits and mineralized zones. Because these minerals
have been difficult to distinguish in past hyperspectral remote sensing
studies, they are often grouped together and referred to as ‘white mica’
(Harraden et al., 2013; Kokaly et al., 2017b; van Ruitenbeek et al.,
2005). Past spectral studies of mineral deposits also describe paragonite,
celadonite, and phengite as ‘white mica’ (Herrmann et al., 2001; Jones
et al.,, 2005). The present contribution includes all of the above-
mentioned minerals as belonging to the grouping of ‘white micas’.
Because feldspars are the most common mineral in the Earth’s crust
(Wedepohl, 1986), white micas, formed from weathering and hydro-
thermal alteration of feldspars, are widely distributed on the surface of
the Earth. Past regional spectral studies in Afghanistan (Kokaly et al.,
2013), and current regional multi-scale spectral studies of the Western
United States (Kokaly et al., 2021) indicate that a large portion of the
short-wave infrared (SWIR) signal in these areas is white micas. When
generating spectral-based mineral maps using SWIR airborne data, it is
common that approximately 50% of the pixels that map as minerals are
identified as white micas.

The focus of this contribution is the diagnostic absorption feature of
white micas, which occurs at approximately 2200 nm. The precise po-
sition of this 2200 nm combination feature is controlled by the octa-
hedral cation composition of the white mica (Duke and Lewis, 2010;
Farmer, 1974; Kokaly et al., 2017b; Post and Noble, 1993; Rossman,
1984; Swayze et al., 2014). Variations in white mica chemical compo-
sition can be indicators of alteration type, alteration intensity, fluid
geochemistry, and can be a proxy for metal grade (Harraden et al., 2013;
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Herrmann et al., 2001; van Ruitenbeek et al., 2005). Mapping the
district-scale spatial distribution of variations in the position of the
white mica 2200 nm combination feature can indicate areas of interest
for further exploration campaigns by identifying alteration patterns that
typically are associated with specific deposit types (e.g., Kokaly et al.,
2017b) (Fig. 1), thereby improving exploration efficiency. Furthermore,
outcrop-scale mapping of active mine sites can reveal shifts in the po-
sition of the white mica 2200 nm combination feature which elucidate
characteristics of the mineralized system (Fig. 2).

Fig. 3 illustrates variation in the position of the continuum removed
2200 nm combination feature in hyperspectral data collected at the
Cripple Creek & Victor Mine in Cripple Creek, Colorado, USA. Three by
three pixel spectral averages were calculated from various positions in
the Cresson Pit, the locations of which are shown in Fig. 2 and the po-
sition of the combination feature was determined. More detailed
methods descriptions and complete spectral data can be found in the
associated USGS data release (Meyer et al., 2022).

The remote sensing of geology using multi-scale imaging spectrom-
eters has been an active area of research since the early 1980’s with the
initial deployment of the Airborne Visible/Infrared Imaging Spectrom-
eter (AVIRIS) and other aerial instruments such as HyMap, Hyperion,
ALI, and ASTER (Cocks et al., 1998; Goetz et al., 1985; Green et al.,
1998; Hubbard et al., 2003; Hunt and Ashley, 1979; van der Meer et al.,
2012). The use of reflectance spectra data collected with imaging
spectrometers to create spectral based mineralogy maps has increased in
recent years as instruments, identification algorithms, and spectral li-
braries have been developed and improved (Clark et al., 2003; Clark and
Roush, 1984; Kokaly, 2011; Kokaly et al., 2017a).

While previous spectral studies have been conducted at specific
mineral deposits and districts, no review encompassing spectral studies
at a variety of mineral deposits has been presented to date. Additionally,
the authors are unaware of any previous contributions that aimed to
draw conclusions regarding the spectral characteristics of various
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Fig. 1. District scale spectral based mineral map (on left) and white mica 2200 nm combination feature position map (on right) derived from airborne HyMap
imaging spectrometer data for the Orange Hill-Bond Creek, Alaska area. White mica and white mica mixtures map over a large portion of the area. Longer wavelength
white micas, indicated by warmer colors in the position map, were associated with a porphyry cluster and elevated Cu values (modified from Kokaly et al., 2017b).



J.M. Meyer et al.

Remote Sensing of Environment 275 (2022) 113000

Leach Pad and Dump Piles

- Pixels with no data or that did
not map as white mica

< Approximately 1 km. 4

White Mica Wavelength Position (nm)

I 2004 [ 2212

I 2205 2214
2208 2216
2210 B 0018

Fig. 2. Outcrop scale mineral maps generated using hyperspectral data collected by U.S. Geological Survey personnel in the Cresson Pit at the Cripple Creek & Victor
Mine in Cripple Creek, Colorado, USA. Variations in the position of the white mica 2200 nm combination feature indicate variations in the chemistry, specifically the
octahedral Al content, of the imaged white micas. Circles labeled a, b, and c indicate locations of 3 x 3 pixels averages used to generate continuum removed spectra
in Fig. 3. A general trend towards longer wavelength positions (due to lower Al content in the white micas) with increasing depth in the pit corresponds to increased
proximity to the Al-poor causative intrusion. The images represent a vertical cross-section of a mineralized hydrothermal system.

deposit types by means of a review and synthesis of spectral studies
conducted at individual deposits. Finally, no prior studies include a
sensitivity analysis of the minimum characteristics; bandpass, sampling
interval, and signal to noise ratio (SNR) of a spectrometer needed to
accurately record shifts in white mica parameters that may be useful in
the study of mineral occurrences.

This contribution reviews the chemical composition of white micas
and the relationship between the 2200 nm white mica combination
feature position and mineralized zones. To accomplish this, the
following section presents background information on white mica
chemistry, summarizes spectral characterization of the primary SWIR
absorption feature of white micas, and reviews prior work that applies
shifts in the white mica wavelength position to a variety of ore deposits,
mineral occurrences, and laboratory chemical composition studies.
Diagnostic trends for each deposit type are identified where possible.
The magnitude of the shift of the white mica wavelength position that is
deemed significant by the authors of each study is noted in order to
determine the characteristics of spectrometers needed to accurately
measure shifts of these magnitudes. Finally, an evaluation of

spectrometer characteristics is conducted to assess the capability of
different spectrometer designs to accurately define the wavelength po-
sition of the white mica 2200 nm combination absorption feature in
noiseless and noisy spectra. This evaluation can help to guide instrument
selection for future spectral studies of white mica.

2. Background

White micas are phyllosilicates, with a unit structure that comprises
an octahedral silicate sheet (O) between two tetrahedral silicate sheets
(T) with each T-O-T layer separated by planes of cations (Rieder et al.,
1998). The tetrahedral sheets are made up of SiO4*~ tetrahedra in six-
member rings, typically with a central hydroxyl ion (Klein et al.,
2007). The octahedral sheets consist of one cation, usually AP, Fe?T,
Fe3', and Mg?", bonded in octahedral coordination with six central
hydroxyl ions or apical oxygens of adjacent SiO4*" tetrahedra. Sub-
stitutions of AI3*, Si, Mg ¥, Fe 2*, and Fe ' are controlled by the
Tschermak substitution (Duke, 1994):
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Fig. 3. Continuum removed white mica 2200 nm combination features ob-
tained from 3 x 3 pixel averages in the Cripple Creek & Victor Mine hyper-
spectral data (Fig. 2). Spectrum ‘a. 2205 nm’, is scaled to match spectrums
‘b.2212 nm’ and ‘c. 2217 nm’. A shift longward indicates a decrease in octa-
hedral Al and corresponds to an increase in depth in the Cripple Creek & Victor
Mine. See supplemental materials in Graham et al. (2018) for example spectra
from Orange Hill Bond Creek, Alaska.

VSi+ VI(Mg, Fe)= AL+ VAl

The present contribution focuses on the dioctahedral phyllosilicates
muscovite, sericite, celadonite, and paragonite, as well as the illite and
phengite solid solution series, as all of these have been referred to as
‘white mica’ in previous spectroscopy studies. See supplemental mate-
rials for discussion of white mica structure.

2.1. Formation of white mica in mineralized systems

Mineralization occurs as hydrothermal fluids transport metals from
source areas until changes in temperature, pressure, or chemistry cause
the solutions to precipitate their metal loads. As these hydrothermal
fluids are circulating, they also interact with the surrounding wall rocks,
altering the wall rock mineralogy and the chemistry of the hydrothermal
fluids in predictable ways, and producing alteration products including
white micas and other clays. The cause of the variation in octahedral
cation content of hydrothermal white micas found in mineralized sys-
tems, and, thus, the shift in the white mica 2200 nm combination feature
position, appears to be related to the geochemical properties of the
causative fluids, the geochemical properties of the host rocks, and in-
teractions between them. Temperature, salinity, and acidity of the
causative fluids, along with the availability of Al, Mg, and Fe in the host
rock, all appear to affect the ultimate position of the white mica 2200 nm
combination feature (Cathelineau, 1988; Parry et al., 1984; Swayze
et al., 2014).

3. Fundamentals of mineral spectroscopy

The reflectance spectrum of a mineral is a combination of all the
aspects of that mineral that are spectrally active in the region being
imaged (Hunt, 1977). Fundamental electronic processes result in ab-
sorption features in the region of approximately 300 to 1000 nm and
thus can be observed directly with most spectrometers. When occurring
in natural materials, these features are most commonly the result of the
presence of iron (Hunt, 1977).

Fundamental vibrational processes occur when molecules in their
lowest vibrational energy state, known as their ground state, absorb
energy at a specific frequency, or wavelength, causing them to bend and
stretch (Hunt, 1977). The energy required to transition most geologi-
cally important materials from a ground vibrational state to an excited
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state falls into the mid to far infrared region. Because remote sensing
instruments operate in the visible to short wave infrared region of the
electromagnetic spectrum, imaging spectrometers will measure ab-
sorption features caused by overtones and combinations of these
fundamental vibrations (Harris and Bertolucci, 1989; Hunt, 1977).
When two or more fundamentals or overtones occur simultaneously,
then a combination feature at or near the sum of the fundamental and/or
overtone frequencies involved will occur (Hunt, 1977).

4. White mica reflectance spectra

The reflectance spectra of most white micas, for example muscovite
(Fig. 4), are dominated by two prominent absorption features, one at
approximately 1400 nm and one at approximately 2200 nm (Hunt,
1977). The 1400 nm feature will be briefly discussed here, but the focus
of this contribution is on the 2200 nm feature.

The 1400 nm feature cannot be consistently resolved by imaging
spectrometers in remote sensing applications due to the opacity of the
Earth’s atmosphere in this region caused by water vapor absorptions
(Clark, 1999; Richter and Schléapfer, 2019). The 1400 nm feature can be
resolved in laboratory settings and in situations where an artificial
illumination source is proximal to the target. The 1400 nm feature can
also be resolved when using solar illumination if post-processing steps
are taken to remove atmospheric residuals. Farmer (1974) discusses of
the causes of the white mica 1400 nm feature in detail.

Relative to the 1400 nm feature, the white mica 2200 nm (4545
em™!) wavelength feature can be easily resolved in remotely sensed
data. The 2200 nm feature is therefore a better candidate for use in
remote spectral studies and is the focus of this contribution. The 2200
nm (4545 cm 1) wavelength feature is the result of a combination of the
fundamental OH streching [¢(OH)] frequencies in the 3400 to 3750
em™! (~2.941 to 2.667 pm) region and the fundamental octahedral
cation-OH in-plane bending modes [8(OH)] which occur in the 600 to
950 cm ™! (~16.667 to 10.526 pm) region (Farmer, 1974). Shifts in
either of these fundamental vibration modes will result in shifts in the
position of the 2200 nm feature. While often referred to as the Al-OH
absorption feature, the 2200 nm feature is a composite feature of the
many cation-OH absorption features that exist in any mica. Due to the
wide variation in composition of minerals referred to as ‘white mica’ in
the spectral studies reviewed here, with the resultant contribution of
many different cation-OH interactions, this feature will be referred to as
the ‘white mica 2200 nm combination feature’ in this contribution.

4.1. OH in-plane bending mode and the 2200 nm combination feature

Variations in local composition in white micas will affect the 5(OH)
frequency (Vedder, 1964). The fundamental 5(OH) features in a white
mica spectrum are influenced for the most part by the makeup of its
neighboring octahedral cations and occur in the mid to far infrared re-
gions. The octahedral cation in white micas is commonly AI**, Fe3*,
Fe2+, or Mger (Foster, 1956; Rieder et al., 1998) thus these result in the
most common cation-OH octahedral pairings. Substitutions of these
cations will influence the position of both the fundamental v(OH) and
the fundamental 6(OH) frequencies (Duke, 1994; Duke and Lewis, 2010;
Graham et al., 2018; Martinez-Alonso et al., 2002). A shift in the 8(OH)
will lead to a corresponding shift in the 2200 nm combination feature.

4.2. OH stretching mode and the 2200 nm combination feature

The exact frequency of the v(OH) in white micas is dependent upon
the composition in the adjacent tetrahedra and octahedral sites (Farmer,
1974; Martinez-Alonso et al., 2002). Vedder (1964) determined that
variation in the v(OH) frequency in white micas was due largely to the
composition and structure of the three neighboring cations in the
adjacent octahedral layer, although cation substitutions in the tetrahe-
dral layer will also shift the v(OH) to a lesser degree (Martinez-Alonso
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Fig. 4. Reflectance spectra of U.S. Geological Survey sample GDS 113a, a muscovite, in the region of 350-2500 nm. (Kokaly et al., 2017a). Dotted line indicates
region where continuum removal is performed on the diagnostic 2200 nm combination feature in the Nicolet reference spectrum. The left continuum endpoint was
set at 2142 nm and the right continuum endpoint was set at 2282 nm. The position of sample GDS 113a was determined to be 2197 nm.

et al., 2002). Substitutions of cations in the interlayer have negligible
effect on the frequency of the v(OH) (Farmer, 1974; Martinez-Alonso
et al., 2002). The various environmental factors influencing the v(OH),
that is the sum of the random substitutions in the octahedral and
tetrahedral layers, contribute to a broad composite absorption feature,
with a FWHM of approximately 50 cm™! (Farmer, 1974). As is the case
with the 8(OH), any shift in the position of this fundamental v(OH) will
contribute to a corresponding shift in the 2200 nm combination feature.

4.3. Combination OH stretching and OH bending feature

The position of the 2200 nm combination feature for the minerals
described as ‘white micas’ in the studies reviewed during this contri-
bution ranged from 2190 to 2370 nm (Bishop et al., 2008; Martinez-
Alonso et al., 2002), with 51 different mineral names used to describe
‘white mica’. The lack of consistent mineral naming and the wide range
of white mica 2200 nm combination feature positions assigned to the
various mineral names precludes a systematic review of the expected
spectral features of specific compositions of white micas.

5. Review of white mica spectral studies

The following section summarizes 41 white mica field and laboratory
spectral studies of ore deposits, mineral occurrences, and ore deposit-

hosting regions. The goal was to determine the magnitude of shift in
the position of the 2200 nm white mica combination feature that was
considered significant by the authors of the study. The smallest shift
documented in these studies was 1 nm, and this determination was then
used to guide the spectrometer sensitivity analysis. The terminology
used when discussing the following spectral studies is that of the original
authors of that study, including mineral names, deposit type, and
naming of the white mica 2200 nm combination feature. The determi-
nation of a significant shift is based on the precision of shifts reported by
the authors of the original studies. For example, a study that mapped
white mica by wavelength position in bins of 2201 to 2205 nm, 2206 to
2210 nm, etc. would be reported in this contribution as a study having a
significant shift of 5 nm. A detailed summary of the reviewed spectral
studies is given in the accompanying supplemental materials.

5.1. Laboratory studies

The results of the nine laboratory studies conducted as stand-alone
investigations or in conjunction with larger spectral studies (Clark
et al., 1990; Duke, 1994; Graham et al., 2018; Hunt, 1977; Kokaly et al.,
2017b; Martinez-Alonso et al., 2002; Post and Noble, 1993; Swayze
et al., 1992; Swayze et al., 2014) were consistent in demonstrating that
the position of the white mica 2200 nm combination feature is highly
dependent on the specific cations occupying the octahedral sites. This
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relationship between Al°®* content and white mica 2200 nm combina-
tion feature position has been quantified in four spectral studies (Kokaly
et al., 2017b; Lypaczewski et al., 2019; Post and Noble, 1993; Swayze
et al., 2014). The relationship calculated in Swayze et al. (2014) in-
dicates that a 1 nm shift in the white mica 2200 nm combination feature
position corresponds to a change in AI°" content of +1.06% while
Kokaly et al. (2017b) indicates that a 1 nm shift corresponds to a change
in A1°* content of +1.04%.

5.2. Base metal sulfide deposits

Deposits composed of massive zones of base metal sulfide minerals
can form due to hydrothermal fluid circulation beneath the paleo-
seafloor in volcanic and amagmatic settings (David, 2018; Franklin
et al., 2005; Guilbert and Park Jr, 2007; Simmons et al., 2005). Since
mineralized zones commonly occur at the contact between the footwall
and hanging wall, the transition in white mica alteration characteristics
may be a useful exploration vector for high-grade ore zones (Shanks III
et al., 2012).

Fig. 5 summarizes the results of spectral studies from twelve massive
sulfide deposits. The smallest shift in the position of the white mica
2200 nm combination feature deemed significant in these studies was 1
nm (Huang et al., 2018; Laakso et al., 2016).

5.3. Epithermal deposits

Epithermal deposits are products of magmatic-hydrothermal activity
and are important sources of gold, silver, and base metals. Epithermal
deposits form in near-surface environments when hydrothermal fluids
precipitate metals and alteration minerals in veins or disseminations
(Cooke and Simmons, 2000; Hedenquist et al., 2000; Robb, 2004; Sim-
mons et al., 2005). When fluid flow is concentrated in discrete fracture
systems during vein formation, alteration characteristics will vary in the
vein proper, at the vein margins, and in the unaltered host rocks. This
variation will occur on a scale of meters to hundreds of meters. Fig. 6
summarizes spectral studies at four epithermal deposits. The smallest
shift in the position of the white mica 2200 nm combination feature
deemed significant in these studies was 2 nm (Yang et al., 1999).
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5.4. Porphyry deposits

Porphyry deposits are large tonnage, low grade ore bodies which are
the world’s principal source of Cu and Mo (Seedorff et al., 2005; Sillitoe,
2010). The position of the white mica 2200 nm combination feature will
typically trend shortwards towards the center of the hydrothermal sys-
tem, where the highest temperature hydrothermal fluids traveled. Por-
phyry systems are associated with skarns and epithermal deposits,
which will have differing spectral signatures than the host porphyry,
leading to a complex geo-spectral deposit model. Fig. 7 shows the results
of the wavelength position as it relates to mineralized zones. The
smallest shift in the position of the white mica 2200 nm combination
feature deemed significant in these studies was 1 nm (Graham et al.,
2018; Kokaly et al., 2017b; Uribe-Mogollon and Maher, 2018, 2020).

5.5. Orogenic gold

Orogenic gold deposits are formed by the fault-focused ascent of
hydrothermal fluids derived mainly from dehydration during regional
metamorphism. These fluids are focused in major structural disconti-
nuities, which can extend for kilometers along strike (Goldfarb et al.,
2005). Zones of alteration several kilometers wide may occur from the
vein margins into the host rock (Lypaczewski et al., 2019). The position
of the white mica 2200 nm combination feature varied from 2194 to
2010 nm (Bierwirth et al., 2002) and the smallest shift deemed signifi-
cant in the two reviewed studies was 1 nm (Lypaczewski et al., 2019).

5.6. Sedimentary rock hosted gold deposits

Sedimentary rock hosted gold deposits are disseminated hydrother-
mal replacement bodies hosted in sedimentary rocks in extensional
settings in northern Nevada, USA (Cline et al., 2005). The spectral
signature of sedimentary rock hosted gold deposits is spatially large, yet
subtle. An ammoniated illite spectral signature may be used as a possible
exploration vector (Mateer, 2010). The smallest shift in the position of
the white mica 2200 nm combination feature deemed significant in the
two reviewed studies was 1 nm (Ahmed et al., 2009; Mateer, 2010).
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Fig. 5. Variation of white mica 2200 nm combination feature position with proximity to mineralized zones as reported for spectral studies conducted at massive
sulfide deposits (Herrmann et al., 2001; Huang et al., 2018; Jones et al., 2005; Laakso et al., 2016; Lawrie and Hinman, 1998; Sun et al., 2001; Yang et al., 2011).
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Fig. 7. Variation of white mica 2200 nm combination feature position with proximity to mineralized zones in porphyry systems (Agus, 2011; Dalm et al., 2017;
Graham et al., 2018; Gregory et al., 2013; Guo et al., 2019; Harraden et al., 2013; Kokaly et al., 2017b; Lang et al., 2013; Uribe-Mogollon and Maher, 2018, 2020).

5.7. Iron oxide copper gold deposits

Iron oxide copper gold (IOCG) deposits are structurally controlled,
large tonnage resources of Cu, Fe, and Au hosted in breccias (Hitzman
etal., 1992). IOGC deposits differ from copper porphyry deposits mainly
in their high concentration of iron oxides, typically hematite and
magnetite (Hitzman et al., 1992). These deposits have large spatial
footprints, with alteration halos extending for kilometers that may be
investigated with remote sensing techniques (Groves et al., 2010; Hitz-
man et al., 1992; Robb, 2004). One spectral study conducted at an IOGC
deposit and reviewed for this contribution determined that the position
of the white mica 2200 nm combination feature varied from 2217 nm
distal to mineralized zone to 2209 nm proximal to mineralized zones.
The smallest shift in the position of the white mica 2200 nm combina-
tion feature deemed significant in this study was 4 nm (Tappert et al.,

2011).

5.8. Unconformity related uranium deposits

Unconformity related uranium deposits are formed where thick se-
quences of siliclastic sedimentary rocks lie unconformably above base-
ment granites and metasedimentary rocks. Faults allow for the
movement of metal-bearing solutions across the unconformity where
changes in the redox environment cause precipitation of uranium (Jef-
ferson et al., 2007). A distinct change in the spectral signature between
the footwall and hanging wall, with alteration halos up to 6 km from the
deposit, can be mapped (Mathieu et al., 2017). Illitization and chlori-
tization of feldspars are the most common alteration types at Cigar Lake
and these were readily mapped. Illites ranged from 2197 to 2210 nm,
muscovite ranged from 2206 to 2210 nm, and phengite ranged from
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2217 to 2222 nm. The smallest shift in the position of the white mica
2200 nm combination feature deemed significant in this study was 4 nm
(Mathieu et al., 2017)

5.9. Discussion of white mica spectral studies

Laboratory studies indicate that the octahedral cation composition of
white micas determines the position of the 2200 nm combination
feature. Increased Al content (with a corresponding decrease in Fe and
Mg as per the Tschermak substitutions) in the octahedral layer will shift
the white mica 2200 nm combination feature shortwards. The smallest
shift in the white mica 2200 nm combination feature that was deemed to
be significant in the reviewed spectral studies was 1 nm. Thus, a spec-
trometer having a RMSE of 1 nm in the position of the white mica 2200
nm combination feature would be an appropriate instrument to use in
studies like those reviewed.

6. Spectrometer sensitivity analysis

This section presents the results of a sensitivity analysis conducted to
determine the effect of varying spectrometer characteristics on the
ability to determine the wavelength position of the white mica 2200 nm
combination feature. The goal of this analysis was to determine the
characteristics that resulted in a root mean square error (RMSE) of 1 nm
when determining the position of the white mica 2200 nm combination
feature position. A spectrometer’s design characteristics and perfor-
mance (spectral range, sampling interval, bandpass, SNR, and spatial
resolution) govern its ability to collect data suitable for identification
and quantification of spectral features, including the white mica 2200
nm combination feature. This contribution focuses on the effects of
bandpass, sampling interval, channel position, and SNR as they pertain
to accurate characterization of the white mica 2200 nm combination
feature. Spatial resolution will not be addressed in this contribution but
should be considered when selecting an instrument for a particular
study.

6.1. Background on spectrometer characteristics

The spectral response of a spectrometer is measured using four
characteristics: spectral range, spectral sampling interval, spectral
bandpass, and SNR (Clark, 1999; Kokaly et al., 2017b; Swayze et al.,
2003). Imaging spectrometers are additionally characterized by the
spatial resolution of each pixel (Goetz et al., 1985; Green et al., 1998).
Spectral range is the region of the electromagnetic spectrum in which a
spectrometer is sensitive. Sampling interval is the spectral distance be-
tween the centers of adjacent spectrometer channels. Spectral bandpass
is defined as the Full Width Half Maximum (FWHM) response of a
spectrometer channel to a monochromatic light and describes the
wavelength interval over which each channel of a spectrometer is sen-
sitive (Kokaly et al., 2017a; Swayze et al., 2003). Channel position is the
center of the spectral bandwidth of a channel (Clark, 1999). Signal to
noise ratio is equal to the mean signal level divided by one standard
deviation of the signal fluctuations (Swayze et al., 2003). Spatial reso-
lution is relevant to imaging spectrometers only, an analogous charac-
teristic in point spectrometers is field of view (FOV). Spatial resolution is
defined as the smallest object that can be resolved in an image and is
commonly reported as the linear dimension on the ground of an indi-
vidual pixel in a remotely sensed image (Liang et al., 2019). Spectral
resolution is controlled by sampling interval and bandpass and is
defined as twice the bandpass in spectrometers that critically sample
spectra (Swayze et al., 2003). Fine spectral resolution spectrometers
have small sampling intervals and bandpasses while coarse spectral
resolution spectrometers have large sampling intervals and bandpasses.

The quality of data acquired by a spectrometer is dependent upon the
above characteristics and their interrelatedness. Bandpass and sampling
interval combine to determine a spectrometer’s spectral sampling
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(Swayze et al., 2003). Decreasing the sampling interval will partition the
data into finer regions but decreases the SNR as fewer photons are falling
on each detector, while noise, especially intrinsic instrument noise, re-
mains at the same level. Thus, sampling interval and SNR are dependent
characteristics of a spectrometer’s performance. Bandpass is dependent
upon detector size, detector performance, and the instruments optical
geometry. Bandpass is independent of sampling interval, and thus in-
dependent of SNR (Swayze et al., 2003). Bandpass and sampling interval
are the preferred parameters to use when reporting spectrometer
characteristics.

Swayze et al. (2003) discuss the difficulty in simultaneously
modeling sampling interval, bandpass, and SNR due to the interdepen-
dence of these parameters. Swayze et al. (2003) determined that iden-
tification accuracy is strongly influenced by the SNR at small sampling
intervals but is controlled by sampling interval itself at large sampling
intervals due to spectral biasing. The present contribution initially used
noiseless data for all the modeled spectrometers when determining the
ideal sampling interval, bandpass, and channel position required to
characterize the 2200 nm white mica combination feature. Once these
characteristics are determined, noise is introduced to the reflectance
data to measure its effect on the RMSE of the position determination.

6.2. Selection of software for the sensitivity analysis

A wide variety of software and methods were used to determine the
position of the white mica 2200 nm combination feature in the reviewed
studies. Considering the ability for expert user input to the process, in
addition to the increased performance of estimating a features position
using a quadratic function fitted to three channels, it was determined
that the U.S. Geological Survey (USGS) PRISM software suite (Kokaly,
2011) was an appropriate selection for the spectral analysis conducted
for this contribution.

Analytical tools within PRISM were used to perform mathematical
operations on spectra such as convolving data, performing continuum
removal on absorption features, and generating statistics on those fea-
tures (Kokaly, 2011). Spectral features, such as the white mica 2200 nm
combination feature, are identified and analyzed in PRISM with user
selected fixed continuum endpoints and PRISM adjusted continuum
endpoints. The position of an absorption feature is determined by
measuring a fitted quadratic function to the feature’s band center and
the channel on either side, similar to the minimum wavelength mapper
(Bakker et al., 2011; Clark et al., 2003; Duke, 1994; van Ruitenbeek
et al., 2014).

6.3. Sensitivity analysis methods

Sensitivity analyses were performed using the following general
procedures;

1. Selection of spectra of high quality white mica mineral samples from
the USGS spectral library (Kokaly et al., 2017a) to be used as refer-
ence spectra,

2. Convolution of the reference spectra to a variety of actual and
theoretical spectrometer characteristics,

3. Determination of the white mica 2200 nm combination feature po-
sition of the reference and convolved spectra using spectral feature
analysis,

4. Comparison and analysis of the white mica wavelength position of
the reference spectra and the convolved spectra,

5. Determination of best performing spectrometer characteristics,

6. Analysis of the effects of varying the SNR of the convolved reference
spectra on the determination of the RMSE of the white mica 2200 nm
combination feature position using three selected spectrometers.
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6.3.1. Sample selection and convolution of spectra

The USGS Spectroscopy Laboratory in Lakewood, Colorado main-
tains a library of minerals and mineral spectra that are used as standards
for spectral studies (Kokaly et al., 2017a). Nineteen white mica samples
from various field sites were used in this analysis and are listed in the
supplemental materials. All samples are classified as pure based on
significant supporting data. Spectra were obtained using the USGS
Spectroscopy Laboratory’s Nicolet™ Fourier Transform Infrared (FTIR)
spectrometers (see Table 1 for spectrometer details) in a controlled
laboratory setting. The Nicolet FTIR spectrometers have a combination
of a narrow sampling interval of 1 nm, narrow bandpass of 1.94 at 2200
nm, high SNR, and highly accurate reported wavelength position that
generate high resolution spectra precise enough to be considered as
reference spectra for this study. The position of the white mica 2200 nm
combination feature of the 19 samples varied from 2183.8 to 2223.0 nm
with an average position of 2205.0 nm. The USGS PRISM software was
used to convolve Nicolet reference spectra having fine spectral resolu-
tion to coarse spectral resolution (coarse sampling and bandpass)
characteristics, simulating the measurement of these samples by 29
spectrometers. Of the 29 spectrometers, five were point spectrometers of
existing design, 12 were imaging spectrometers of existing design, and
12 had theoretical sampling interval and bandpass characteristics
(Table 1). This convolution method followed a well-established
approach wherein spectra generated from the convolution of fine
spectral data to coarse spectral data are used to test the specifications of
a proposed spectrometer (Clark, 1993; Hewson et al., 2005; Kokaly,
2011; Kokaly et al., 2017a; Kokaly et al., 2017b; Swayze et al., 2003;
Yang et al., 1999). By convolving fine spectra of known minerals to the
modeled characteristics of a variety of spectrometers, it is possible to
isolate the effect of varying the bandpass and sampling interval on the
accurate determination of spectral features. This approach is feasible
because it removes the effects of inherent variations in natural samples
that otherwise would be propagated through the data if samples were
measured at differing times with multiple instruments of varying char-
acteristics. The native Nicolet reference spectra have very high SNR and
convolution of these reference spectra will increase this native SNR. For
these reasons, the convolved Nicolet spectra used in this study can be
considered essentially noiseless.

The reference spectra and the convolved spectra were analyzed using
the ‘white mica 2200 nm mineral feature analysis’ routine contained
within the PRISM framework (Kokaly, 2011). The routine generates a
variety of parameters, including the position of the 2200 nm combina-
tion feature for each tested spectrum, and outputs these as a text file. The
measured white mica 2200 nm combination feature position parameters
of the 19 convolved spectra were compared to those of the respective 19
reference spectra. Regression analysis was performed to generate
regression equations and R? fit values for the white mica 2200 nm
combination feature position as measured by the Test Spectrometers
compared to the reference spectra. The RMSE was calculated for the
white mica 2200 nm combination feature position determination for
each spectrometer as compared to the position as determined with the
reference Nicolet spectra (Table 1). Because the RMSE is calculated from
convolved reference spectra that are essentially noiseless, this value
indicates the error associated with varying sampling interval and
bandpass, with no error contributed by noise. The effect of noise on
RMSE is calculated in Section 6.3.3.

6.3.2. Channel-shifted spectrometers

A sensitivity analysis was conducted to determine the effect of
shifting the spectrometer channel centers in increments of 1 nm on the
determination of the white mica 2200 nm combination feature wave-
length position. Ten ‘Channel-Shifted Spectrometers’ were created with
a sampling interval and bandpass of 10 nm, characteristics that were
chosen as these are the likely spectrometer characteristics that may be
deployed on near future orbital platforms such as the Earth Surface
Mineral Dust Source Investigation (EMIT), the Surface Biology and
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Table 1

Characteristics of the Nicolet™ spectrometers used to measure reference spectra
and the 29 ‘Test Spectrometers’ used to conduct the white mica 2200 nm
wavelength position sensitivity analysis. The reported sampling interval and the
bandpass of each spectrometer near the 2200 band is given. The RMSE is given
for the position of the white mica 2200 nm combination feature in the 19 white
mica Nicolet reference spectra convolved to the characteristics of each Test
Spectrometer as compared to the native Nicolet reference spectra.

ttm

Reference Spectrometers Sampling Bandpass at RMSE
Interval at 2200 nm Position
2200 nm (nm)

Nicolet Fourier Transform Infra- 1 (model 1.94 (model n/a

red (Nicolet) - model 740 (prior ~ 6700) 6700)
to 1998), model Magna 760

(1998-2008), model 6700

(2008 to present)”

Test Spectrometers Sampling Bandpass at RMSE
Interval at 2200 nm Position
2200 nm (nm)
Point Spectrometers
ASD Full Range Standard 1.0 11.2 0.97
Resolution (ASDFR)”
ASD FS3 High-Resolution 1.0 8.9 0.88
(ASDHR)*
ASD FS4 Next Generation 1.0 5.6 0.72
(ASDNG)?
Beckman"™ 5270 (Beckman)® 10.0 10.0 1.15
Spectral Evolution® 1.0 3.0 0.28
Imaging Spectrometers
AVIRIS 1989°¢ 10.0 11.1 1.09
AVIRIS 1996 (AVIRIS-classic)h 10.0 9.6 1.17
AVIRIS NG" 5.0 5.9 0.83
Corescan® HCI-IIT' 4.0 11.3 1.01
HyMap 1999’ 18.0 19.3 2.03
HyMap 2007’ 19.1 21.4 2.21
HyMap2 2014’ 17.2 18.2 2.13
Hyperion 221ch® 10.1 10.6 1.22
HySpex™ SWIR 384’ 5.5 7.0 0.95
SpecTIR® AisaFENIX 1K (FX1) 6.2 7.7 0.99
Cuprite™
SpecTIR® AisaFENIX 1K (FX1) 6.2 7.7 0.94
2017"
SpecTIR® AisaFENIX 1K (FX2) 6.1 8.1 0.96
2018™
Theoretical Spectrometers
Theoretical 01_01 1.00 1.00 0.26
Theoretical 01_05 1.00 5.00 0.65
Theoretical 01_.10 1.00 10.00 0.93
Theoretical 02 2.00 2.00 0.22
Theoretical 05 5.00 5.00 0.80
Theoretical 10 10.0 10.0 1.20
Theoretical 15 15.0 15.0 1.57
Theoretical 20 20.0 20.0 2.35
Theoretical 25 25.0 25.0 2.77
Theoretical 30 30.0 30.0 4.51
Theoretical 35 35.0 35.0 4.31
Theoretical 40 40.0 40.0 6.71

# Nicolet Instrument Corporation (1997) Magna-IR FTIR Spectrometers Sys-
tem 560 and 760 User’s Guide 2020 http://nano.ee.uh.edu/Text/Nicolet%20Ma
gna-IR%20560%20Manual.pdf, ThermoFisher Scientific (2019) Nicolet FTIR
Instruments November 29, 2019 https://www.thermofisher.com/us/en/home/i
ndustrial/spectroscopy-elemental-isotope-analysis/molecular-spectroscopy/fo
urier-transform-infrared-ftir-spectroscopy/ftir-instruments.html

> Malvern Panalytical (2018b) ASD FieldSpec®range December 10, 2018 http
s://www.malvernpanalytical.com/en/products/product-range/asd-range/fi
eldspec-range/index.html

¢ Ibid.

4 Malvern Panalytical (2018a) ASD FieldSpec® 4 Hi-Res NG Spectroradi-
ometer  https://www.malvernpanalytical.com/en/products/product-range/a
sd-range/fieldspec-range/fieldspec-4-hi-res-ng-spectroradiometer/

¢ Clark et al. (1990). High spectral resolution reflectance spectroscopy of
minerals. Journal of Geophysical Research: Solid Earth, 95 (B8) 12653-12,680
https://doi.org/10.1029/JB095iB08p12653.

f Spectral Evolution Inc (2019) Products 2019 https://spectralevolution.
com/products/


http://nano.ee.uh.edu/Text/Nicolet%20Magna-IR%20560%20Manual.pdf
http://nano.ee.uh.edu/Text/Nicolet%20Magna-IR%20560%20Manual.pdf
https://www.thermofisher.com/us/en/home/industrial/spectroscopy-elemental-isotope-analysis/molecular-spectroscopy/fourier-transform-infrared-ftir-spectroscopy/ftir-instruments.html
https://www.thermofisher.com/us/en/home/industrial/spectroscopy-elemental-isotope-analysis/molecular-spectroscopy/fourier-transform-infrared-ftir-spectroscopy/ftir-instruments.html
https://www.thermofisher.com/us/en/home/industrial/spectroscopy-elemental-isotope-analysis/molecular-spectroscopy/fourier-transform-infrared-ftir-spectroscopy/ftir-instruments.html
https://www.malvernpanalytical.com/en/products/product-range/asd-range/fieldspec-range/index.html
https://www.malvernpanalytical.com/en/products/product-range/asd-range/fieldspec-range/index.html
https://www.malvernpanalytical.com/en/products/product-range/asd-range/fieldspec-range/index.html
https://www.malvernpanalytical.com/en/products/product-range/asd-range/fieldspec-range/fieldspec-4-hi-res-ng-spectroradiometer/
https://www.malvernpanalytical.com/en/products/product-range/asd-range/fieldspec-range/fieldspec-4-hi-res-ng-spectroradiometer/
https://doi.org/10.1029/JB095iB08p12653
https://spectralevolution.com/products/
https://spectralevolution.com/products/
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8 Green et al. (1998). Imaging spectroscopy and the airborne visible/infrared
imaging spectrometer (AVIRIS). Remote Sensing of Environment, 65 (3) 227-248
https://doi.org/10.1016/50034-4257(98)00064-9.

" Hamlin et al. (2011). Imaging spectrometer science measurements for
terrestrial ecology: AVIRIS and new developments. In, 2011 Aerospace Confer-
ence 1-7. Blg Sky, Montana, USA: IEEE https://doi.org/10.1109/AERO.2011.
5747395.

i Corescan Pty Ltd (2019) The Corescan System 2019 http://www.corescan.
com.au/services/the-corescan-system

I Cocks et al. (1998). The HyMapTM airborne hyperspectral sensor: the sys-
tem, calibration and performance. In, Proceedings of the 1st EARSeL Workshop on
Imaging Spectroscopy 37-42. Zurich, Switzerland: EARSeL

Kk pearlman et al. (2003). Hyperion, a space-based imaging spectrometer. IEEE
Transactions on Geoscience and Remote Sensing, 41 (6) 1160-1173 https://doi.
org/10.1109/TGRS.2003.815018.

! Norsk Elektro Optikk AS (2016) HySpex SWIR-384 June 2, 2017 http://
www.hyspex.no/products/

™ SpecTIR Inc (2018) Featured Instruments 2019 https://www.spectir.
com/technology#featured-instruments

Geology (SBG) observing system, and the Environmental Mapping and
Analysis Program (EnMAP) hyperspectral imaging spectrometer (Green
etal., 2018; Kokaly and Turpie, 2019; Sang et al., 2008). Each successive
spectrometer was created with the channel centers shifted 1 nm towards
longer wavelengths, thus shifting the channel centers near the 2200 nm
position in 1 nm increments. See supplemental materials for details of
these spectrometers. Because the sampling interval of this set of spec-
trometers was 10 nm, the position of channel centers adjacent to the
2200 nm combination feature is repeated every ten iterations. The
procedure for testing these 10 channel-shifted theoretical spectrometers
was similar as described for the 29 Test Spectrometers above. The 19
reference spectra were convolved to the characteristics of the 10
Channel-Shifted Spectrometers, the white mica mineral feature analysis
was performed, and the reported white mica 2200 nm combination
feature position was compared to the reported position of the reference
spectra. The RMSE was calculated for the position determination of the
white mica 2200 nm combination feature for each spectrometer.

6.3.3. Signal to noise analysis

After determining the spectrometer characteristics required to ach-
ieve a RMSE of 1 nm of the white mica 2200 nm combination feature
position of the noiseless convolved Nicolet spectra compared to the
reference Nicolet spectra, a noise component was introduced to analyze
the effect of lowering the SNR on the RMSE of the position measure-
ment. In this study, noise was simply added to the reflectance data;
however, a more complete treatment of imaging spectrometer design
should consider noise in the radiance data and the introduction of sys-
tematic errors in computed reflectance (Thompson et al., 2019). Three
spectrometers were selected for this SNR analysis, Theoretical 01_01,
Theoretical 05, and Theoretical 8.9 9.9. Theoretical 01_01 and Theo-
retical 05 were determined to have RMSE’s of 0.26 and 0.8 nm respec-
tively in the position measurement when comparing convolved spectra
of the 19 white mica samples to the reference Nicolet spectra. Analysis of
these spectrometers will determine the minimum SNR required to ach-
ieve a RMSE of 1, 1.5, and 2 nm when measuring the position of the
white mica 2200 nm combination feature with spectrometers having
these characteristics. An additional theoretical spectrometer, Theoret-
ical 8.9 9.9, was created with a sampling interval of 8.9 nm and a
bandpass of 9.9 nm. These were the coarsest characteristics that were
determined to give a RMSE of 1 nm in the measurement of the white
mica 2200 nm combination feature position of convolved spectra (see
Section 6.4.4). Analysis of this spectrometer will provide guidance as to
the expected RMSE as signal is degraded with increasing noise. Mea-
surements of the position of the 2200 nm white mica combination
feature of the noisy spectra will be compared to the position of the
feature in the respective convolved spectra, not the reference Nicolet
spectra, to isolate the effects of adding the various noise levels to the
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data.

The first step in the SNR analysis was a determination of the number
of noisy spectra required to be simulated to perform a robust determi-
nation of the RMSE in the measurement of the white mica 2200 nm
combination feature position. Nicolet reference spectra of two white
mica samples were convolved to the characteristics of the three SNR test
spectrometers. Gaussian noise was added to create 10,000 noisy spectra
with SNR’s of 25, 50, 100, 250, 500, and 1000 for each of the three test
spectrometers. The RMSE of the position of the 2200 nm white mica
combination feature of the noisy spectra as compared to the position of
the feature in the noiseless convolved Nicolet reference spectra was
determined for sample sizes ranging from 25 to 10,000 for each spec-
trometer. These results were then examined to determine the number of
noisy spectra that must be tested to achieve a stable RMSE value at
various SNR for each of the three SNR analysis spectrometers (Table 2).
To simplify the testing process, the largest sample size required
(n=7500) was then used for all three spectrometers at all SNR levels (see
Section 6.4.4).

Gaussian noise at SNR’s of 25, 50, 100, 250, 500, and 1000 was
added to Nicolet reference spectra of the 19 white mica reference sam-
ples convolved to the characteristics of the three SNR test spectrometers.
A reflectance level of 50% was assumed for the noise calculation. The
RMSE of the position of the 2200 nm white mica combination feature of
the 7500 noisy spectra as compared to the position of the feature in the
noiseless convolved spectra was then determined for each spectrometer.
Measurements were made with user-selected fixed and automatically
adjusted continuum endpoints. Sample GDS87 was not used in the SNR
analysis as it required the hand-picking of the right continuum endpoint.
This was deemed too labor intensive to perform on the 7500 noisy
spectra generated for the SNR analysis. The elimination of this one
sample, leaving 18 white mica samples, is assumed to not significantly
affect the results.

Lastly, the SNR required to achieve cumulative RMSE’s of 1, 1.5, and
2 nm was calculated for the three SNR analysis spectrometers. Cumu-
lative RMSE is defined as the RMSE that is introduced by varying the
sampling interval and bandpass characteristics, determined in the
sensitivity analysis using noiseless convolved white mica spectra, plus
the RMSE determined in the SNR analysis using the convolved white
mica spectra with added noise.

6.4. Sensitivity analysis results

The impacts on the RMSE of the position of the 2200 nm white mica
combination feature position of varying bandpass, sampling interval,
channel centers, and SNR are presented. Recalling that most spectral
studies reviewed in this contribution identified a shift of 1 to 2 nm in the
position of the white mica 2200 nm as being significant, the bandpass,
sampling interval, and SNR required to achieve a RMSE of 1 nm and 2
nm are discussed in the following sections.

6.4.1. Impact of varying sampling interval on position measurement

The initial sensitivity analysis was conducted using the noiseless
Nicolet reference spectra convolved to the characteristics of the 29 test
spectrometers. The RMSEs of the position of the white mica 2200 nm

Table 2
Minimum number of noisy spectra samples required to produce robust mea-
surements of the position of the white mica 2200 nm combination feature.

SNR Theoretical 01_01 Theoretical 05 Theoretical 8.9 9.9
Sample Size Sample Size Sample Size
25 7500 7500 5000
50 7500 7500 4000
100 7500 5000 4000
250 5000 5000 4000
500 5000 4000 4000
1000 2500 2500 2000
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Sampling Interval vs RMSE of Feature Position
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Fig. 8. Root Mean Square Error (RMSE) the white mica 2200 nm combination feature position of 19 USGS white mica samples as determined for five point
spectrometers, twelve imaging spectrometers, and twelve theoretical spectrometers with various sampling intervals. Fit lines for the imaging, theoretical, and all
spectrometers are given. A RMSE of 1 nm was achieved at a sampling interval of 8.8 nm.

combination feature as the sampling interval varied are shown in (Fig. 8)
and ranged from 0.28 nm (Spectral Evolution) to 6.71 nm (Theoretical
40). ARMSE of 1 nm in determining the position of the white mica 2200
nm combination feature is achievable with a spectrometer having a
sampling interval of 8.8 nm. A RMSE of 2 nm in determining the position
of the white mica 2200 nm combination feature is achievable with a
spectrometer having a sampling interval of 16.3 nm.

Little to no variation is shown in the RMSE of the white mica 2200
nm combination feature position as determined with spectrometers
having similar bandpasses but differing sampling intervals. For example,
five spectrometers have a bandpass of 10 nm, +/— 0.57 nm, the Beck-
man 5270 (SI-10, BP-10), the AVIRIS 1996 (SI-10, BP-9.6), the Hyperion
221ch (SI-10.10, BP-10.57), Theoretical 01_10 (SI-1, BP-10), and
Theoretical 10 (SI-10, BP-10). The RMSE of the white mica 2200 nm
combination feature position varied from 0.93 (Theoretical 01_10) to
1.22 (Beckman 5270) nm in these five spectrometers. The best imag-
ining spectrometer was the AVIRIS NG (SI-5.0, BP-5.86) with a RMSE of
0.83 nm, while the worse performing imaging spectrometer, and worse
performing spectrometer overall, was the HyMap 2007 (SI-19.1, BP-
21.40) with a RMSE of 2.21. No clustering or segregation by instrument
type (theoretical, point, or imaging) was observed in the reported RMSE.
The following equation can be used to determine the sampling interval
required to achieve a specified RMSE for the determination of the white
mica 2200 nm combination feature:

RMSE (nm) = 0.0011 x >4 0.1046 x

where x = Sampling interval (nm).
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6.4.2. Impact of varying bandpass on position measurement

The RMSE of the position of the white mica 2200 nm combination
feature in noiseless data as the bandpass is varied in each of the 29 Test
Spectrometers is shown in Fig. 9. A RMSE of 1 nm in determining the
position of the white mica 2200 nm combination feature is achievable
with a spectrometer having a bandpass of 9.8 nm. A RMSE of 2 nm in
determining the position of the white mica 2200 nm combination
feature is achievable with a spectrometer having a bandpass of 17.5 nm.

As sampling interval is held constant, RMSE of the white mica 2200
nm combination feature position decreases with finer bandpass. Four of
the five point spectrometers have sampling intervals of 1 nm. The
ASDFR (SI-1, BP-11.2), ASDHR (SI-1, BP-8.9), ASDNG (SI-1, BP-5.6),
and the Spectral Evolution (SI-1, BP-3), give progressively lower
RMSE of the white mica 2200 nm combination feature position as
bandpass is decreased, with a RMSE of 0.97 nm, 0.88 nm, 0.72 nm, and
0.28 nm respectively. A similar effect is seen in the Theoretical spec-
trometers. As bandpass is decreased from 10 nm in Theoretical 01_10, to
5 nm in Theoretical 01_05, and finally to 1 nm in Theoretical 01_01,
RMSE decreases from 0.93 nm to 0.65 nm, and finally to 0.26 nm
respectively. The five spectrometers (one point, three imaging, and one
theoretical) with a sampling interval near 10 nm also show shifts in the
RMSE as bandpass is varied, although the effect is not nearly as pro-
nounced as the effect at a sampling interval of 1 nm, decreasing from
1.22 to 1.09 nm. The overlapping calculated ranges of RMSE’s of the
four point and three theoretical spectrometers having a sampling in-
terval of 1 nm validates the use of theoretical spectrometers to model
current and future spectrometers. No excessive variation between
theoretical and actual spectrometers having similar characteristics was
observed. The following equation can be used to determine the bandpass
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Bandpass vs RMSE of Feature Position

y =-0.0125x2 + 0.2666x- 0.4027
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Fig. 9. Root Mean Square Error (RMSE) the white mica 2200 nm combination feature position of 19 USGS white mica samples as determined for five point
spectrometers, twelve imaging spectrometers, and twelve theoretical spectrometers with various bandpasses. Fit lines for the point, imaging, theoretical, and all
spectrometers are given. A RMSE of 1 nm was achieved at a bandpass of 9.8 nm.

required to achieve a specified RMSE for the determination of the white
mica 2200 nm combination feature:

RMSE (nm) = 0.0017 x ? +0.0849 x

where x = Bandpass (nm).

6.4.3. Impact of varying channel center on position measurement

The RMSE for the determination of the position of the white mica
2200 nm combination feature as the channel center is shifted in each of
the ten Channel-Shifted Spectrometers varied from 1.06 to 1.25 nm,
with an average RMSE of 1.16 nm. The range of variation of white mica
2200 nm combination feature position determination relative to the
mean RMSE for all channel-shifted spectrometers was 15.7%. Channel-
Shifted Spectrometer 5, with a channel centered on 2205 nm, the
average of the 19 mineral samples, had a RMSE of 1.147 nm, essentially
mid-way between the worst and best performing spectrometers.

6.4.4. Sample size selection for SNR analysis

The minimum number of noisy spectra that need to be simulated are
given in Table 2. As the SNR was decreased, the standard deviation and
the RMSE of the position measurement increased, necessitating the use
of a larger sample size of noisy spectra to achieve a stable RMSE. Finer
spectrometers, such as the Theoretical 01_01, require the simulation of
more noisy spectra than coarser spectrometers to produce a robust
estimation of RMSE.

6.4.5. Impact of SNR on RMSE of position measurement
The impact of SNR on the RMSE of the position of the white mica
2200 nm combination feature of 7500 noisy spectra compared to the
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convolved Nicolet reference spectra is given for the three test spec-
trometers. The RMSE of the noiseless convolved Nicolet spectra, the
RMSE contributed by the noisy test spectra, and the cumulative RMSE is
given for the three SNR test spectrometers (Table 3).

Measurements taken with the Theoretical 01_01 spectrometer
(Fig. 10) had lower RMSE’s at given SNR levels than measurements
taken with the Theoretical 05 (Fig. 11) and the Theoretical 8.9.9.9
(Fig. 12). Increasing the SNR in all spectrometers resulted in progres-
sively smaller improvements in the RMSE of the measurement of the
feature position. Using adjusted continuum endpoints produced lower
RMSE’s than using fixed continuum endpoints, particularly at low SNR
levels.

Table 4 lists the minimum SNR required to achieve a specific cu-
mulative RMSE in the measurement of the position of the 2200 nm white
mica combination feature in noisy data.

6.5. Discussion of spectrometer sensitivity analyses

Spectral studies have been proven valuable in the characterization of
mineral occurrences, specifically white micas, at the outcrop, deposit,
and regional scale. From a practical point of view, it will be beneficial to
determine the spectrometer characteristics and SNR that would be
required to collect spectral data that will be appropriate for these types
of studies.

The spectrometers with narrow sampling interval performed best in
this study. Increasing bandpass, while holding the sampling interval
constant, decreased the accuracy of determining the white mica 2200
nm combination feature position of noiseless convolved spectra in
spectrometers with a narrow sampling interval. Varying sampling
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Table 3

Cumulative RMSE determined for the three SNR test spectrometers. Cumulative
RMSE is defined as the RMSE of the noiseless convolved Nicolet reference
spectra and the RMSE contributed by the noisy spectra.

SNR -
25

SNR -
50

SNR -
100

SNR -
250

SNR -
500

SNR -
1000

Theoretical 01_01
Spectrometer
RMSE of convolved
noiseless Nicolet
spectra (nm)

Noise component
RMSE (nm)
Cumulative RMSE
(nm)

0.26 0.26 0.26 0.26 0.26 0.26

1.89 1.24 1.01 0.40

2.15 1.50 1.27 1.01 0.83 0.66

Theoretical 05
Spectrometer
RMSE of convolved
noiseless Nicolet
spectra (nm)

Noise component
RMSE (nm)
Cumulative RMSE
(nm)

0.8 0.8 0.8 0.8 0.8 0.8

1.48 0.81 0.07

2.28 1.61 1.31 1.10 0.96 0.87

Theoretical 8.9 9.8
Spectrometer
RMSE of convolved
noiseless Nicolet
spectra (nm)
Noise component
RMSE (nm)
Cumulative RMSE
(nm)

1.0 1.0 1.0 1.0 1.0 1.0

1.56 0.75 0.03

2.56 1.75 1.33 1.13 1.09 1.03

interval while holding bandpass constant had less of an effect on the
RMSE of the position determination than did varying bandpass while
holding sampling interval constant. A clear trend in increasing bandpass
and decreasing accuracy in determining position was evident. Therefore,
while Swayze et al. (2003) determined that bandpass was less critical to
spectral mineral identification than SNR in spectrometers with small
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sampling intervals, the results presented here expand upon those find-
ings, indicating that when SNR is held constant, and sampling interval is
approximately 10 nm, bandpass plays a more important role in the ac-
curacy of a spectrometer than does sampling interval. As expected,
increasing noise, and thus decreasing the SNR, resulted in larger RMSE
when measuring the white mica 2200 nm combination feature position.

When tested assuming a high SNR, some imaging spectrometers
performed well in this study, indicating their potential usefulness in field
studies leveraging the white mica 2200 nm combination feature posi-
tion. The AVIRIS 1996 (AVIRIS-Classic), AVIRIS NG, HySpex 384,
AisaFENIX 1K (FX1), AisaFENIX 1K (FX2), and Corescan HCI-III all had a
RMSE near 1 nm when determining the position of the white mica
feature in noiseless data. The HyMap 1999, a spectrometer widely used
in spectral studies, has a calculated RMSE of the position determination
of 2.03 nm. The AVIRIS NG imaging spectrometer (SI-10.0, BP-9.6) with
a RMSE of 0.83 nm, is comparable in accuracy to the ASDHR point
spectrometer (SI-1.0, BP-8.9) which has a RMSE of 0.88 nm when
determining position of the white mica 2200 nm combination feature.
The AisaFENIX 1K (FX2) imaging spectrometer (SI-6.1, BP-8.1) with a
RMSE of 0.96 nm is comparable in accuracy to the ASDFR point spec-
trometer (SI-1, BP-11.2) which has a RMSE of 0.97 nm when deter-
mining the position of the white mica 2200 nm combination feature.

The position of the center of the channels had some effect on the
spectrometers ability to accurately determine the position of the white
mica feature, however this degradation in performance was not signif-
icant and would not seem to be a design consideration for a general-
purpose instrument deployed in a field setting.

The number of spectra required to produce a robust RMSE calcula-
tion when measuring the white mica 2200 nm combination feature
varied based on the spectrometer used and the SNR of the measured
spectra. As SNR of the collected spectra decreases for a particular
spectrometer, the number of spectra that must be collected increases.
Fine spectrometers, for example 1 nm sampling interval and bandpasss,
require the collection of more spectra to produce robust test results at a
given SNR than coarser spectrometers. When measuring the same ab-
sorption feature, fine spectrometers will record smaller absolute varia-
tion in signal strength in adjacent channels than coarser spectrometers
due to their smaller sampling interval. For example, when measuring the

Theoretical 01_01

Cumulative RMSE (nm)
o

®eccecses
.o o-..--.n--......-..-....

y = 5.2725x 0-302
R? = 0.9724

@® Tested SNRlevels

Best Fit Line

Cumulative RMSE

RMSE of convolved
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Fig. 10. Gaussian noise was added at SNR’s of 25, 50, 100, 250, 500, and 1000 to 7500 Nicolet spectra convolved to the characteristics of the Theoretical 01_01
spectrometer. The position of the white mica 2200 nm combination feature in the noisy spectra was compared to the position in the convolved noiseless Nicolet
spectra and the RMSE was determined for each SNR. The cumulative RMSE is the sum of the RMSE of the convolved noiseless Nicolet spectra, and the RMSE that

results from the addition of noise.
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Fig. 11. Gaussian noise was added at SNR’s of 25, 50, 100, 250, 500, and 1000 to 7500 Nicolet spectra convolved to the characteristics of the Theoretical 05
spectrometer. The position of the white mica 2200 nm combination feature in the noisy spectra was compared to the position in the convolved noiseless Nicolet
spectra and the RMSE was determined for each SNR. The cumulative RMSE is the sum of the RMSE of the convolved noiseless Nicolet spectra, and the RMSE that

results from the addition of noise.
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Fig. 12. Gaussian noise was added at SNR’s of 25, 50, 100, 250, 500, and 1000 to 7500 Nicolet spectra convolved to the characteristics of the Theoretical 8.9.9.9
spectrometer. The position of the white mica 2200 nm combination feature in the noisy spectra was compared to the position in the convolved noiseless Nicolet
spectra and the RMSE was determined for each SNR. The cumulative RMSE is the sum of the RMSE of the convolved noiseless Nicolet spectra, and the RMSE that

results from the addition of noise.

white mica 2200 nm combination feature, a spectrometer with a sam-
pling interval of 1 nm will record a smaller change in signal strength
between channels centered on 2200 and 2201 nm than a spectrometer
with a sampling interval of 10 nm will measure between channels
centered on 2200 and 2210 nm. Small absolute fluctuations in signal
strength due to noise will thus lead to larger relative changes in signal
strength between channels in a fine spectrometer vs a coarse spec-
trometer. The likelihood of the position of an absorption feature, as
determined using a quadratic best fit, shifting one channel due to noise is
greater in a fine spectrometer with the characteristics of Theoretical
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01_01 than it is in a coarse spectrometer with characteristics of Theo-
retical 8.9.9.9 due to the larger absolute difference in signal strength
between adjacent channels in Theoretical 8.9 9.9. At a SNR of 25, it was
determined that 5000 noisy spectra would be sufficient to produce
robust results with spectrometer Theoretical 8.9_9.9 while 7500 noisy
spectra would be required to produce robust results for Theoretical
01_01. Higher SNR levels required fewer noisy spectra in all spectrom-
eters (see Table 2). Conducting testing with more samples than the
minimum required will not affect the final results and, as was the case in
this study, can streamline the testing process.
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Table 4

Minimum Signal to Noise Ratios estimated to achieve cumulative RMSE’s of 1,
1.5, and 2 nm when measuring noisy spectra using automatically adjusted
endpoints as determined using the best fit equation. Cumulative RMSE com-
prises the RMSE in the measurement of the noiseless convolved spectra, and the
RMSE in the measurement of the convolved noisy spectra. Note that the best fit
equation line for the Theoretical 8.9_9.9 spectrometer deviates from the test data
points in the 100 to 250 SNR range, thus estimates of RMSE calculated using SNR
values in this range are less accurate.

Cumulative Theoretical 01_01 Theoretical 05 Theoretical 8.9 9.9
RMSE in noisy Required Required Required minimum
data (nm) minimum SNR to minimum SNR to SNR to achieve
achieve RMSE achieve RMSE RMSE
1 245.9 430.6 Achieved with
noiseless
convolved Nicolet
reference spectra
1.5 64 84.0 118.4
24.8 26.3 34.5

The techniques contained within the USGS PRISM software
employed to measure the position of the white mica 2200 nm combi-
nation feature in this contribution were demonstrated to be fairly robust
when applied to both noiseless and noisy spectral data. A calculation of
the SNR required to produce results with RMSE of 1 and 2 nm indicates
that accurate results can be achieved even with low SNR data. These
results agree with previous studies that determined detection limits in
noisy data (Swayze et al., 2003). The Theoretical 01_01 spectrometer,
which has comparable characteristics to point spectrometers used in
field and laboratory settings, requires a minimum SNR of 246 to achieve
a RMSE of 1 nm in the measurement of the position of the white mica
2200 nm combination feature. A SNR of 246 is easily achievable in both
the field and laboratory settings. Low SNR data collected with coarse
spectrometers may also be used to accurately determine the position of
the white mica 2200 nm combination feature. Data with a SNR of 35
collected using a spectrometer with the characteristics of the Theoretical
8.9.9.9 spectrometer would be expected to have a RMSE of 2 nm using
adjusted continuum endpoints. High SNR in remotely sensed data may
be obtained through image processing techniques such as pixel aver-
aging (Kokaly et al., 2017b) and these techniques could be applied to
coarse spectrometers in order to achieve a RMSE required for a partic-
ular study. Other methods can be applied to increase robustness of
wavelength positions, including averaging multiple noisy channels to
establish the continuum endpoints (Kokaly, 2011) and fitting larger
order polynomials over a greater number of channels around the mini-
mum in continuum-removed reflectance (Asadzadeh and de Souza Filho,
2016).

The use of theoretical spectrometers to model the expected perfor-
mance of proposed spectrometers has been shown to be valid in this
contribution. It is possible to effectively model spectrometer perfor-
mance and to inform spectrometer design using theoretical spectrome-
ters with easily varied characteristics. This reduces the need for time
consuming testing involving measurements with real spectrometers
built with varying characteristics, a costly endeavor.

7. Conclusions

The goal of this contribution was to conduct a review of spectral
studies of white micas and to utilize information gleaned during the
review to provide a guide to spectrometer design, specifically bandpass,
sampling interval, channel position, and SNR. White micas were chosen
as they are prevalent in many ore deposit types, with a known rela-
tionship between their chemistry and the position of the 2200 nm
combination feature. Collectively, the review of spectral studies dem-
onstrates that shifts as small as 1 nm in the position of the white mica
2200 nm combination feature may be geologically significant at a va-
riety of deposit types. Thus, a RMSE of 1 nm in the determination of the
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white mica 2200 nm combination feature was chosen as the baseline for
the sensitivity study.

The initial sensitivity analysis utilized essentially noiseless spectra
convolved from fine spectral resolution Nicolet reference spectra. It was
determined that spectrometers with a sampling interval of <8.8 nm and
a bandpass of <9.8 nm can determine the position of the white mica
2200 nm combination feature with a RMSE of 1 nm. Spectrometers with
a sampling interval of <16.3 nm and a bandpass of <17.6 nm can
determine the position of the white mica 2200 nm combination feature
with a RMSE of 2 nm. Spectrometers with these characteristics are
currently commercially available. Because all spectrometers have noise
associated with the collected data, a second sensitivity analysis was then
conducted to determine the effect of varying the SNR of the spectral data
would have on the RMSE of the position determination of the white mica
2200 nm combination feature.

A SNR analysis determined that fine spectrometers, while the best
performing spectrometers when SNR levels are high, are more affected
by low SNR levels than coarse spectrometers. In a controlled laboratory
setting where high SNR levels are easily obtainable, a fine spectrometer
with characteristics comparable to the Theoretical 01_01 would be
preferred. However, for outcrop, airborne, and orbital instruments,
where an SNR in the 2200 nm region of 250 is typical, a coarser spec-
trometer with characteristics comparable to the Theoretical 05 will
perform well. In situations where the SNR is 100 or less, a coarse
spectrometer with characteristics comparable to the Theoretical 8.9 9.9
could be used if a particular study determined that a RMSE of 2 nm was
adequate.

This contribution identified many areas of possible future work,
related to both the white mica spectral studies review and the sensitivity
analyses. Studies that quantitively linked ore grade and white mica
2200 nm combination feature position could be useful, both in a pro-
duction setting and for near mine exploration projects. Studies similar to
this one can be conducted on the spectral features of chlorites, smectites,
and alunites, and their relationship to mineralized zones to aid in the
development and refinement of geo-spectral deposit models. Sensitivity
analyses such as conducted in this contribution can be performed on any
spectrometer, proposed or existing.
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