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Abstract The Lunar Trailblazer smallsat mission High‐resolution Volatiles and Minerals Moon Mapper
(HVM3) science instrument was designed to acquire targeted spectral image cubes of the lunar surface at visible
to shortwave infrared (VSWIR) wavelengths (0.6–3.6 μm) in an effort to understand the distribution,
abundance, and form (OH, H2O, ice) of lunar water, as well as the lunar water cycle. The Lunar Trailblazer
mission end was declared in July 2025. Here, we describe the formulation and testing of VSWIR spectral
parameters in preparation for previously anticipated returned data from HVM3 using global image cubes and
mosaic data from theMoonMineralogyMapper (M3) imaging spectrometer, HVM3's predecessor, and the Deep
Impact spacecraft. We expand upon the existing M3 global spectral parameter library, test the efficacy of
presented parameters individually and alongside existing M3 spectral parameters, provide examples of
quantitative thresholds intended to indicate robust mineral detections, and discuss the spectral parameter
limitations. We demonstrate that newly formulated and existing parameters capture lunar mineral diversity well
and serve as a reliable indicator of lunar surface hydration, making them useful for existing and future scientific
analysis using lunar orbital remote sensing data sets.

Plain Language Summary The High‐resolution Volatiles and Minerals Moon Mapper (HVM3) is
one of two science instruments on the Lunar Trailblazer smallsat mission, whose science goal is to understand
the distribution, abundance, and form of water on the Moon, as well as the lunar water cycle. HVM3 uses
patterns in infrared light reflection and absorption at different wavelengths to detect water and minerals in rocks
and soils on the Moon's surface. In July 2025 the Lunar Trailblazer mission end was declared. Here, we detail
the formulation and testing of algorithms for making water and mineral maps in preparation for the anticipated
HVM3 returned data using existing Moon Mineralogy Mapper (M3) and Deep Impact spacecraft lunar data sets,
which are similar types of instruments. We demonstrate that presented spectral parameters can distinguish lunar
minerals of interest and therefore, capture lunar mineral diversity well. We also show that a newly developed
water spectral parameter can be used as a reliable indication of lunar surface water presence, thereby
demonstrating the value of expected HVM3 maps for the broader scientific community as well as planning
future exploration of the Moon.

1. Introduction
Spectroscopic data have provided a foundation for the identification and understanding of compositional char-
acteristics of the lunar crust, including the distribution and abundance of major minerals and their chemistry. The
full range of visible to near‐infrared (VNIR) spectroscopy data, defined here as extending from ∼0.3–5 μm
(Bishop, 2019), acquired from orbital instrumentation and in situ studies of returned lunar samples have revealed
the presence of the major rock forming silicate minerals olivine, pyroxene, and plagioclase feldspar (e.g., Adams
& McCord, 1970; Kramer et al., 2011; Matsunaga et al., 2008). Opaque minerals (i.e., ilmenite,
Mg‐spinel) and amorphous materials (i.e., glass) have also been identified in lunar samples and spectrally on the
Moon's surface (e.g., Adams et al., 1974; Pieters et al., 2011, 2019).
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The search for lunar water has primarily focused on the presence of the near infrared (near‐IR) 3‐μm absorption
feature, which is indicative of hydroxyl (OH) and/or water (H2O). In this region, OH exhibits its fundamental
vibration at ∼2.7–2.8 μm and molecular H2O exhibits its fundamental asymmetric and symmetric stretches be-
tween∼2.8–2.9 μm, as well as its first bending overtone at∼3.1 μm (Bishop et al., 1994; Clark et al., 1990). Early
and geographically limited lunar orbital remote sensing data sets did not indicate the presence of hydration
(OH/H2O) on the lunar surface (e.g., Gillis & Lucey, 2004; Kieffer, 1995; Lucey et al., 2006). However, sub-
sequent missions including the Moon Mineralogy Mapper (M3) onboard the Chandrayaan‐1 spacecraft, the
Cassini Visual and Infrared Mapping Spectrometer (VIMS), the Deep Impact spacecraft infrared spectrometer,
and the Chandrayaan‐2 Imaging Infrared Spectrometer (IIRS) would later reveal the widespread presence of a
broad and asymmetric 3‐μm absorption feature consistent with hydration on the lunar surface (Chauhan
et al., 2021; Clark, 2009; Pieters, Goswami, et al., 2009; Sunshine et al., 2009). M3 observations have since been
used to isolate potential indigenous lunar water/hydroxyl signatures in the central peak of Bullialdus Crater
through coupling of geologic context and the identification of a 2.8‐μm absorption feature attributed to OH bound
to magmatic minerals excavated from depth (Klima et al., 2013), identify water signatures at lunar pyroclastic
deposits (Li &Milliken, 2017; Milliken & Li, 2017), and support of the presence of exposed water ice at the north
and south poles (Li et al., 2018). Resolving the speciation of lunar surface hydration, specifically OH versus H2O,
with some orbital remote sensing data sets has proven difficult; for example, M3 does not exhibit the full 3‐μm
feature, 1.05–4.8 μm Deep Impact observations were spatially and temporally limited (Hampton et al., 2005), and
Cassini VIMS observations were acquired over low spatial resolution (i.e., ∼175 km/pixel) (Clark, 2009). The
Chandrayaan‐2 IIRS, covering the 0.8–5.0 μm spectral range, has however, allowed for complete characterization
of lunar hydration attributed to OH/H2O presence (Chauhan et al., 2021). Lunar Trailblazer's High‐resolution
Volatiles and Minerals Mapper (HVM3) was also designed to resolve the entire 3‐μm feature, enabling a bet-
ter understanding of the form, abundance, and distribution of water on the Moon.

Numerical indices, or parameters, are one useful way to quickly interpret and summarize spectroscopic features.
The use of parameters for the analysis of VNIR spectroscopy data has proved successful at multiple Solar System
mission destinations (e.g., Cheek et al., 2013; Pelkey et al., 2007; Staid et al., 2011; Viviano et al., 2014). The
basis for the parameterization concept is that a single parameter value can capture a given spectral feature, with
each individual parameter designed to capture a feature(s) unique to a specific mineralogy. Parameter values are
calculated through the application of an algorithm, that uses combinations of spectral bands, to remotely sensed
spectroscopic data sets. In addition to being qualitative indicators of location and relative abundance of minerals
of interest, spectral parameters also serve as spatial distribution indicators since a parameter can be mapped across
a region or globe to examine spatial variations of spectral features interpreted as associated mineralogy spatial
variations (Pelkey et al., 2007).

The Lunar Trailblazer mission end was declared in July 2025 (Jet Propulsion Laboratory, 2025). Here, we detail
the formulation and testing of spectral parameters in preparation for previously anticipated returned data from the
Lunar Trailblazer HVM3 science instrument (Ehlmann et al., this issue; Thompson et al., this issue). In this
contribution, we use the visible to shortwave infrared (VSWIR) terminology in reference to the specific spectral
range of HVM3 (0.6–3.6 μm). Given the HVM3 heritage from the M3 imaging spectrometer, mineral parameter
formulation and testing were conducted using M3 data, and Deep Impact extended mission (EPOXI) data were
used for water parameter testing. Despite prior existence of many of the presented parameters in M3Tools,
through this contribution we seek to: demonstrate mineral parameter performance reliability through application
to M3 data of different spatial resolution, present a new OH/H2O parameter for HVM

3, and provide a general
VSWIR spectral parameter resource for the planetary science community. We first introduce the HVM3, M3, and
Deep Impact instruments, followed by a presentation of the formulation and testing methodologies for both
mineral‐ and water‐related spectral parameters. We demonstrate parameter performance on both M3 global image
and Deep Impact/EPOXI lunar data sets, and conclude with an acknowledgment of parameter limitations.

2. Methods
2.1. Future and Current Data Sets

2.1.1. The High‐Resolution Volatiles and Minerals Moon Mapper (HVM3)

HVM3 is one of two science instruments onboard Lunar Trailblazer (Ehlmann et al., this issue; Thompson
et al., this issue; see Bowles et al., 2025 for Lunar Thermal Mapper (LTM) details). Lunar Trailblazer's primary
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science goal is to understand: (a) the abundance, distribution, and form of water on the Moon, and (b) the lunar
water cycle. Trailblazer was also expected to collect data to benefit future lunar robotic and human exploration
efforts through the Commercial Lunar Payload Services and Artemis programs, respectively.

Trailblazer has four science objectives: (a) detecting and mapping H2O to determine its abundance, distribution,
and form, (b) assessing lunar water time variation on sunlit surfaces, (c) mapping water ice in permanently
shadowed regions, and (d) measuring surface temperature for local gradient quantification and searching for small
cold traps.

HVM3 would have acquired and delivered the highest spatial (50–90 m/pixel) and spectral (0.6 μm–3.6 μm;
10‐nm spectral sampling) resolution VSWIR targeted data cubes of the Moon to date (Thompson et al., this issue)
—an improvement upon the latitudinally limited (∼60°N–30°S) M3 data that were also acquired at 10 nm spectral
sampling in targeted mode only (Boardman et al., 2011; Green et al., 2011). HVM3 was designed to be able to
distinguish various forms of identified lunar water and volatile species (OH, H2O, ice) with mineralogical
context, thereby providing knowledge of lunar surface compositional characteristics including olivine, plagio-
clase, pyroxenes, and spinel group minerals. Through acquisition of VSWIR spectra out to 3.6 μm, HVM3 would
have also had the capability to resolve ambiguities in the exact position, shape, and strength of the 3‐μm ab-
sorption feature and show the complete absorption features of OH, molecular water, and water ice (Bender
et al., 2022).

The anticipated ≥1,000 targeted images acquired during Trailblazer's ≥1 year primary science phase was ex-
pected to provide ample data for spectral parameter construction and subsequent scientific analysis at a wide
range of sites, including polar (e.g., permanently shadowed regions) and nonpolar regions, as well as locations of
distinctive lithologic composition and latitudinal gradients of homogeneous composition (Ehlmann et al., this
issue). Lunar Trailblazer was unique in the powerful instrument combination of coincident HVM3 and LTM
observations providing the best spectral discrimination, to date, of lunar minerals of interest. Furthermore,
simultaneous temperature measurements at targeted lunar surface sites would have provided independent esti-
mates of surface temperature to verify the thermal correction procedure applied to HVM3 3‐μm spectral region
observations (Bowles et al., 2025).

2.1.2. The Moon Mineralogy Mapper (M3)

The M3 imaging spectrometer, launched in 2008 as a guest instrument onboard the Indian Space Research Or-
ganization's Chandrayaan‐1 spacecraft, acquired data in two modes over the 0.46–2.976 μm wavelength range:
global (140–280 m/pixel; 85 spectral channels; 20–40 nm spectral sampling) and targeted (70 m/pixel; 260
spectral channels; 10 nm spectral sampling) (Boardman et al., 2011; Green et al., 2011). Over two optical periods
(OP), informally divided into segments OP1A, OP1B, OP2A, OP2B, and OP2C, >90% global coverage of the
lunar surface was achieved by mission completion in 2009 (Boardman et al., 2011). M3 provided the most
complete near‐IR spatial and temporal global scale coverage of the Moon to date, making these data the most
appropriate for HVM3 spectral parameter development and testing.

M3 global spectral parameters have heritage from NASA's Clementine mission and the Mars Reconnaissance
Orbiter Compact Reconnaissance Imaging Spectrometer for Mars. M3 parameters were revised for hyperspectral
data with a strong continuum slope and tested on lunar soil spectra of known compositions, as well as synthetic
image cubes. M3 parameters were made available to the scientific community via the M3Tools ENVI + IDL
plugin for working with M3 data (Nettles, 2020).

The library of M3 global spectral parameter summary products includes pipeline, supplemental, and in‐progress
parameters. The M3Tools parameters classified as “pipeline” were those that were revised for hyperspectral data,
while the parameters classified as “supplemental” were Clementine‐derived or Clementine heritage parameters
formulated for comparison with previous work. M3 global wavelengths were used in parameter formulations.
Pipeline mineral spectral parameter classes included: (a) reference I/F at various wavelengths, (b) band ratios, (c)
continuum‐removed band depths, (d) continuum‐removed integrated band depths, and (e) absorption band
minimum (i.e., center), full width half maximum (i.e., width), and symmetry; for example, at 1 μm. A visual
representation, and brief description, of the commonly used band depth (i.e., absorption depth) and integrated
band depth formulations is shown in Figure 1.
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Pipeline H2O spectral parameters, discussed in further detail in Section 2.1.3, were also formulated with the intent
of capturing near‐IR OH spectral features, as well as 3‐μm region H2O and ice bands. TheM

3 H2O/OH indices did
prove difficult to define and test however, due the lack of a sufficient “dry” lunar soil reference spectrum (i.e., all
Reflectance Experiment LABoratory (RELAB) data were collected under purged air and not vacuum) (Tompkins
& Pieters, 2010).

We also briefly describe here the M3 thermal correction due to its relevance for accurate interpretation of lunar
3‐μm region observations. The thermal correction approach of Clark et al. (2011) was applied to the M3

reflectance data used for mineral parameter testing (i.e., NASA Planetary Data System Level 2). Known lunar and
terrestrial material spectral properties were used to constrain greybody emission with an iterative approach used
to project observed shorter wavelength reflectance properties to longer wavelengths. Thermal emission was taken
as the positive difference between the observed and projected reflectance properties. Reflectance was estimated
by deriving spectral emissivity and subtracting thermal emission from the observed spectrum with continued
iterations until the derived thermal emission changed by less than 2 K, with a maximum of three iterations
determined as the solution for lunar data. This approach has shown to provide sufficient accuracy to correct lunar
reflectance spectra out to approximately 3.3 μm (Clark et al., 2011).

2.1.3. Deep Impact Extended Mission (EPOXI)

Since M3 does not fully resolve the lunar 3‐μm hydration feature, we conducted water‐related parameter testing
on data collected by the Deep Impact instrument calibration through its extended mission (EPOXI), using the
High Resolution Instrument Infrared (HRI‐IR) spectrometer. The Deep Impact spacecraft observed the Moon as a
calibration body en route to the comet 103P/Hartley 2 flyby in November 2010 (Sunshine et al., 2009). We used
spectra collected by the HRI‐IR spectrometer on 5, 12, and 18 December 2009 (DOY 339, 346, and 352,
respectively). These data were archived at the Planetary Data System Small Bodies Node (DIF‐CAL‐HRII‐2‐
EPOXI‐CALIBRATION S‐V2.0, McLaughlin et al., 2011) and later calibrated by Laferriere et al. (2022). The
Deep Impact/EPOXI data thermal correction is as follows.

We retrieved EPOXI surface reflectance and temperature simultaneously from radiance by applying a simple
single‐temperature emission model to instrument channels above 2,400 nm. We adopt a probabilistic formalism
from model inversion theory (e.g., Rodgers, 2000; Tarantola, 2005). Our forward model f(x) is a function of the

Figure 1. Visual representations of (a) band depth and (b) integrated band depth calculations. (a) Idealized spectrum with
dashed line indicating continuum fit across absorption band. Band depth is calculated by 1 − Rc/Rc*. At the absorption center
point labeled C, Rc is the center wavelength (λc) reflectance. Rc* is the interpolated continuum reflectance, from the short (S)
and long (L) wavelength points along the continuum, at the same wavelength. Rc* is equal to (a*Rs + b*RL) with a = 1 − b
and b= (λc − λs)/(λL − λs). (a, b) Are weighting parameters. (b) Idealized spectrum with dashed line indicating continuum fit
across absorption band where short and long wavelength points are still used to define continuum but the continuum
reflectance at a given wavelength (e.g., Rc1*) is used when summing band depths across the continuum.
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retrieved surface state, which includes the vector‐valued surface reflectance (ρ), the temperature (T), and a co-
efficient (α) which scales the surface‐emitted signal to account for cold shadows:

f (x) = F s ρ π − 1 + α ϵ L e(T)

Here Fs is the solar irradiance, is ϵ is the emissivity via Kirchhoff's law, Le(T ) is the blackbody Planck emission at
temperature T, in radiance units. The observed radiance Lo is the forward model perturbed by random instrument
noise ψo:

Lo = f (x) + ψo

While this inversion can present as having more unknowns than measurements, we overcome this indeterminacy
with a Bayesian prior over surface reflectance spectra (Thompson et al., 2018). We fit a multivariate Gaussian
distribution (i.e., a multivariate normal distribution) in advance to RELAB library reflectances of lunar materials.
This distribution has one dimension for each channel of spectral data. For each new EPOXI spectrum we con-
dition this Gaussian on the observed channels below 2,400 nm, where no thermal emission is present. This
conditional distribution serves as a prior over the reflectance for the channels greater than 2,400 nm. The most
probable state (i.e., the Maximum A Posteriori solution) is that which minimizes the cost function:

χ2(x) = ( f (x) − Lo)T S− 1ϵ ( f (x) − Lo) + (x − xa)T S− 1a (x − xa)

Where xa is the prior mean, Sa is the prior covariance matrix, and Sϵ is the noise covariance matrix. The result is
relatively insensitive to a selection of Sϵ, but to promote close fitting of the measured EPOXI data, we provi-
sionally set Sϵ to be diagonal with negligibly small noise values. We solve the above equation for reflectance and
thermal state simultaneously by gradient descent. As noted in Thompson et al. (2018), regularization via diagonal
loading of the prior covariance matrix is useful for numerical stability and to ensure the retrieved reflectance is
free to fit arbitrary reflectance shapes.

3‐μm region water‐related parameters in the original M3Tools package included a 2.7‐μm OH band depth
(HBD2700), a 3‐μm ice band depth (HBD2850) and a 3‐μm H2O band depth (BD3000). Additional infrared
parameters included a 1.4‐μm OH band depth (NBD1400), a 1.48‐μm OH band depth (NBD1480), and a 2.3‐μm
OH band depth (NBD2300) (Nettles, 2020). The initial HVM3 parameter pipeline will only include a 3‐μm in-
tegrated band depth (IBD3000) parameter (Table 1) to capture lunar surface hydration presence as: (a) an update
to the original M3 spectral parameters package and (b) an improved method to embody the entire 3‐μm OH/H2O
absorption feature of interest through a shift from a static band depth parameter to an IBD parameter.

Many of the Table 1 wavelength values are specific to M3 data channels, with the indicated formulations intended
to capture ideal continuum points and integrals (e.g., IBD parameters). The HVM3 center wavelengths are slightly
different. The package used to calculate the initial set of mineral spectral parameters discussed here will be made
publicly available (see Data Availability Statement) at the time of publication thereby providing the scientific
community with the opportunity to test potential improvement methods (e.g., the use of 10‐nm step sizes on IBD
parameters) for future orbital instrumentation at the Moon. Future work may result in minor shifts to parameter
wavelengths to optimize performance and discrimination of investigated mineral or water phases. Our preparatory
parameter testing was carried out using M3 and Deep Impact/EPOXI data with a specific focus on verification of
newly formulated parameters, necessary prior to HVM3 arrival at the Moon.

We also note here the nomenclature used for unit referencing throughout this contribution; specifically, μm when
referring to an instrument spectral range, as well as mineral and water reference spectra figure wavelength values
(Figure 2; Figure 9), and nm when referring to instrument spectral sampling and acquired spectra figure wave-
length values (Figures 4–8; Figure 10).

2.2. Mineral Parameters

In an effort to capture the full mineralogical diversity of the Moon revealed by M3, we added several newly
updated mineral parameters to the existing M3 global spectral parameter summary products library. These newly
added parameters were subsequently tested for efficacy, individually and along with existing M3 spectral
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parameters, using M3 global data (i.e., the M3 global wavelengths used). In
summary, our testing objectives were to: formulate new parameters not
included in the original M3Tools package (e.g., IBD1250, R1400_1750),
assess newly developed parameter performance independently and with
existing “legacy” M3 parameters, and use M3 global data (i.e., mosaics and
individual strips) to determine initial quantitative detection thresholds for
robust mineral identification. Although some of the parameters tested here,
such as IBD1000 and IBD2000, are well‐established metrics for identifying
ferrous minerals (e.g., pyroxene, olivine), the M3Tools spectral parameters
have never, to the best of our knowledge, been reported on all together in a
single peer‐reviewed publication. Therefore, this contribution is intended to
serve as a centralized resource for the scientific community that includes an
assessment of both existing and updated parameters widely used in the
literature as those anticipated for the interpretation of Lunar Trailblazer
parameter map data products, and for planned lunar composition in-
vestigations from orbit (e.g., Blue Origin, 2025; Firefly Aerospace, 2025).

Table 1 details the new and existing parameters based on M3 spectral
parameter formulations. Parameter testing was conducted using M3 global
image cubes (140–280 m/pixel) at known locations of well characterized
mineralogical diversity on the lunar surface (e.g., Aristarchus crater, Proclus
crater) (Donaldson Hanna et al., 2014; Mustard et al., 2011), as well as the M3

OP2C1 spatially binned (∼1.4 km/pixel) simple cylindrical global mosaic
since this latter data set provided the largest spatial coverage of the Moon
(Besse et al., 2013). The global mosaic was also used to determine quanti-
tative thresholds for individual parameters, examples of which are shown in
this contribution. More specifically, an initial range of quantitative detection
threshold values using mineral indicator parameter map (e.g., olivine
OLINDEX parameter, plagioclase IBD1250 parameter) lunar lithology
identifications were narrowed until a range deemed sufficiently representative
of a mineral of interest was determined. Threshold values are intended to
represent robust detections for specific lunar minerals of interest (Pelkey
et al., 2007). We acknowledge that the presented threshold values may be
revised and improved upon specifically for future orbital lunar
instrumentation.

3. Results
3.1. Mineral Parameters

Mineral parameters are organized and described below by parameter name.
We do this, in part, to caution against misinterpretations of lunar mineralogy
based solely on spectral parameters upon delivery to the scientific commu-
nity. We also stress the importance of validating mineral signatures as indi-
cated by spectral parameters with VSWIR reflectance spectra (Figure 2).

3.1.1. IBD1000 & IBD2000

The 1‐μm integrated band depth (IBD1000) and 2‐μm integrated band depth
(IBD2000) M3 spectral parameters continue to perform well singly and in
concert in capturing Fe2+ mineralogy when applied to the M3 OP2C1 global
mosaic used for parameter testing (Figure 3), as well as M3 global image
cubes tested with newly developed parameters (Figures 4–8). The “standard”
M3 RGB color composite in Figure 3 demonstrates how the IBD1000 and
IBD2000 spectral parameters can differentiate between the dark, smooth mare
basalts and the high albedo highlands that comprise the lunar dichotomy.

Figure 2. Lunar mineral VSWIR spectra. Solid lines are M3Tools and
RELAB reference spectra convolved to HVM3 bandpasses. Symbols
overtop solid lines are M3Tools and RELAB reference spectra. Well‐
correlated laboratory and convolved spectra support confidence that HVM3

and derived reflectance products would have captured lunar mineralogical
diversity well. (a) Blue spectrum is plagioclase (plagioclase_15415_0‐500),
dark red spectrum is clinopyroxene (clinopyroxene_12063_0‐45), bright red
spectrum is orthopyroxene (orthopyroxene_78235_0‐250), and green
spectrum is olivine (olivine_72415_Bulk). (b) Orange spectrum is spinel
(specimen ID: SP‐CMP‐127‐B), lavender spectrum is glass
(maskelynite_A881757_94‐200), gray spectrum is lunar soil
(avg62231_global soil), and pink spectrum is ilmenite (specimen ID:
LR‐CMP‐182). Plot legends denote mineral names that correlate with
spectra colors and symbols.
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Parameters also reveal mineralogical diversity within the mare specifically, regions of olivine‐ and pyroxene‐rich
materials (e.g., Figure 5f). While these IBD parameters are not intended to reveal specific absorption band po-
sitions at 1 and 2 μm, we demonstrate that they do succeed at their intended purpose of capturing pyroxene
presence with a range of compositional diversity on the Moon. More specifically, for each type of pyroxene, the
IBD1000 parameter and IBD2000 parameter individually can indicate this mineral's presence (i.e., identify py-
roxene regardless of composition). Used together these parameters can also aid in differentiating lunar surface
regions with pyroxenes (i.e., discriminate pyroxenes of different composition with limitations on exactly how
they are different) and Fe‐bearing glasses (both IBD1000, IBD2000), as well as olivines (IBD1000 only) and
spinels (IBD2000 only) present along with the acquisition of VSWIR spectra.

Pyroxene spectra are characterized by broad diagnostic absorptions near 1 and 2 μm (Figure 2) caused by crystal
field transitions of Fe in octahdedral coordination (Burns, 1993). Orthopyroxenes ((Fe, Mg)2Si2O6) and clino-
pyroxenes ((Ca, Fe, Mg)2Si2O6) both have two octahedral cation sites, M1 and M2, with Fe

2+ electronic tran-
sitions in the M2 site producing the strongest absorptions near 1 and 2 μm. The 1 and 2 μm absorption positions
shift to longer wavelengths within increasing Fe2+ and Ca2+, generally, and since Ca2+ is low for orthopyroxenes,
band positions reflect the Mg2+/Fe2+ ratio differences; thus, the highest‐Mg and lowest‐Ca pyroxenes exhibit the
shortest 1 and 2 μm absorption band positions (Klima et al., 2011).

3.1.2. OLINDEX

The original M3 olivine index spectral parameter (OLINDEX) is intended to reveal strong positive parameter
values through detection of the broad olivine absorption centered near 1 μm, similar to the rationale of other non‐
lunar OLINDEX parameters (Pelkey et al., 2007; Viviano et al., 2014). The OLINDEX parameter performed well

Figure 3. (a) M3 OP2C1 spatially binned (∼1.4 km/pixel) simple cylindrical projection global mosaic, centered at 0°
longitude, showing lunar maria and highlands materials distribution. (b) R:IBD1000 G:IBD2000 B: R1580 “standard” M3

color composite showing mare and highland mineralogy differences, as well as compositional diversity within the maria, as
revealed by IBD1000 and IBD2000 spectral parameters (i.e., red color indicating olivine presence, yellow indicating
pyroxene presence and, blue denoting highland materials). North is up in this mosaic image and all subsequent M3 images.
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at the Aristarchus test site when compared with other previously documented spectral mapping methods
(Figure 4), and on the M3 global mosaic (Figure 5).

Lunar olivine identifications extend back to telescopic measurements of the Moon (Pieters et al., 1980; Staid &
Pieters, 2001). Subsequent analysis revealed olivine‐rich material and olivine as a common component in
returned highland samples and some Apollo basalts, respectively (e.g., Heiken et al., 1991). M3 confirmed the
presence of olivine in Ti‐rich mare basalts (Staid et al., 2011), and olivine identifications extend across the Moon
in the lunar highlands, around basin exposures (Yamamoto et al., 2010), and locally co‐existing with other li-
thologies (e.g., Kramer et al., 2013); for example, at crater central peaks and walls.

The broad olivine ((Mg, Fe)2SiO4) absorption near 1 μm is the result of Fe
2+ electronic transitions in three cation

sites within the mineral's crystal structure resulting in overlapping spectral features (Burns, 1993) (Figure 2). The
OLINDEX parameter tested here is intended to capture the relative strengths of the triplet features that comprise
the broad olivine absorption in an effort to distinguish these component absorption features. Interestingly, more
recent work has demonstrated relevance of an asymmetric Gaussian to fit four overlapping bands to the char-
acteristic 1 μm olivine absorption feature (Brown, 2025). In their analysis of lunar olivine‐rich lithologies,
Isaacson et al. (2011) highlighted olivine‐rich areas using an IBD ratio of the band strengths at 1 and 2 μm. In their

Figure 4. Aristarchus crater spectral parameter testing. (a) M3 image M3G20090612t060502 (OP2C1) of Aristarchus crater (∼40 km diameter). (b) M3 OLINDEX
parameter in greyscale. (c) R:OLINDEX G:IBD2000 B:BD2300 parameter color composite. (b, c) OLINDEX parameter with the following threshold applied: 0.861–
0.927. (d) Spectral plot with M3 spectra acquired from (a), along with reference spectra, consistent with olivine and pyroxene presence at Aristarchus crater. Spectra
from top to bottom are as follows: M3 spectrum from location denoted by dark red box overtop (c) (4.525605, 47.911500), olivine_72415_0‐45 reference spectrum, M3

spectrum from location denoted by dark blue box overtop (c) (4.525633, − 47.911504), pyroxene_A881757_200‐370 reference spectrum, M3 spectrum from location
denoted by lime green box overtop (c), maskelynite_A881757_94‐200 reference spectrum. All spectra in this figure and subsequent mineral spectral parameter figures
(i.e., Figures 5–8) are continuum removed to enhance absorption features of interest. (e) Subset of (a) with OLINDEX threshold parameter results overlain.
(f) Aristarchus crater olivine (red) and glass (green) distribution at the same area as (e) using the Spectral Angle Mapper (SAM) algorithm of Mustard et al. (2011).
Figure modified from Mustard et al. (2011). Note similar results among OLINDEX parameter and Mustard et al. (2011) SAM algorithm. M3 spectrum acquired from
Mustard et al. (2011) SAM algorithm glass detection location and maskelynite reference spectrum included for context.
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1 μm/2 μm ratio formulation, spectra with strong 1 μm features and weak 2 μm features would have high values.
This simple band ratio parameterization was shown to be useful when compared with our M3 OLINDEX
parameter testing results (Figure 5e) and may therefore, be valuable for future orbital VSWIR spectrometers at the
Moon.

3.1.3. IBD1250

The BD1250 M3 spectral parameter was designed to identify the presence of crystalline plagioclase ((Ca,Na)(Al,
Si)4O8)) using the band depth near 1,250 nm. The diagnostic 1,250 nm plagioclase absorption feature was
identified in both Selenological and Engineering Explorer (SELENE)/Kaguya Multiband Imager data (Ohtake
et al., 2009) and M3 data, following a lack of definitive spectral evidence for anorthosite from both Earth‐based
telescopic and remotely sensed data of theMoon (e.g., Hawke et al., 2003). Relative to thisM3 heritage parameter,
we updated the HVM3 spectral library to include an integrated band depth parameter for plagioclase detection
(IBD1250) based on the formulation of Cheek et al. (2013) who identified and conducted a detailed study of
crystalline anorthosite, a rock composed of >90 wt. % plagioclase, at the Orientale basin. This formulation was
also later used to globally map crystalline plagioclase (Donaldson Hanna et al., 2014). We demonstrate that our
updated IBD1250 parameter can be used successfully, alone and in RGB color composite, for crystalline
plagioclase identification (Figures 6c–6e).

The diagnostic crystal field absorption of plagioclase near 1,250 nm is caused by electronic transitions in Fe2+

cations which substitute for Ca2+ in an irregular 8‐ to 12‐fold site (e.g., Adams & Goullaud, 1978; Bell &
Mao, 1973). The Moon's primary anorthositic crust (i.e., the lunar highlands) is dominated by plagioclase (Pieters
et al., 2019), with crystalline plagioclase mapped across the Moon by multiple orbital remote sensing instruments

Figure 5. OLINDEX global mosaic spectral parameter testing. (a) M3 global mosaic image (OP2C1) of Aristarchus crater
(∼40 km diameter). (b) Image (a) OLINDEX parameter with the following threshold applied: 0.840–0.927. (c) M3 global
mosaic image (OP2C1) of Sinus Iridum region. Image is ∼1,200 km across. (d) Image (c) OLINDEX parameter with the
following threshold applied: 0.840–0.927. (e) Image (c) IBD1000/IBD2000 parameter ratio. (f) Image (c) in R:IBD1000 G:
IBD2000 B:R1580 parameter color composite. (g) Spectral plot with M3 spectra acquired from (a, c), along with reference
spectra, consistent with olivine spectral signatures. Spectra from top to bottom are as follows: olivine_72415_0‐45 reference
spectrum, M3 spectrum from location denoted by red box overtop (a) (23.429084, − 46.904334), M3 spectra from locations
denoted by color boxes overtop (c) (5 × 5 averages). Spectra colors correlate with box colors.

Earth and Space Science 10.1029/2025EA004557

DAPREMONT ET AL. 10 of 19



Figure 6.
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(Donaldson Hanna et al., 2014; Ohtake et al., 2009; Pieters, Boardman, et al., 2009). We acknowledge that there
are plagioclase detection difficulties in the form of the presence of “featureless” plagioclase characterized by a
spectrum with no absorption features near 1, 1.25, and 2 μm, and often observed contiguously with lunar
highlands “pure” anorthosites which likely lack Fe in their crystal structure (Ohtake et al., 2009). However, our
integrated band depth plagioclase parameter is designed to detect the 1.25 μm due to crystalline Fe‐bearing
plagioclase on the Moon.

3.1.4. R1400_1750

Mg‐spinel (MgAl2O4), initially detected by M
3 on the lunar farside at Moscoviense Basin, is spectrally

characterized by the lack of a 1‐μm ferrous absorption with a prominent and broad absorption near 2 μm
(Pieters et al., 2011). Mg‐spinel identifications have since extended across the lunar highlands crust, and to
several basin geologic settings (Pieters et al., 2014; Sodha & Dhingra, 2025; Sun et al., 2017). Spinels exhibit a
strong electronic transition absorption near 2 μm due to different amounts of Fe2+ in a tetrahedral site (Cloutis
et al., 2004).

Pieters et al. (2014) presented a spinel ratio (R1400/R1750), to approximate Mg‐spinel band strength variations,
that we have added to the M3 spectral library and subsequently tested at the Moscoviense detection site, as well as
globally. While this new ratio parameter could be used locally to distinguish Mg‐spinel detections in an RGB
color composite at Moscoviense (Figure 7), the ability to differentiate spinel and pyroxene globally was more
challenging (Figure 8). We note that a strong IBD2000 and a weak IBD1000 could also be a characteristic
combination of parameters to aid in spinel detection.

3.2. Water Parameters

The IBD3000 integrated band depth parameter presented here is intended to be used as a lunar surface hy-
dration signature indicator by providing a measure of the total strength of the hydration feature between
2.6–3.6 μm. This 3‐μm absorption feature can be attributed to the presence of OH (fundamental vibration
between ∼2.7–2.8 μm) and/or H2O (asymmetric and stretches between ∼2.8 and 2.9 μm with first bending
overtone at ∼3.1 μm) (Bishop et al., 1994; Clark et al., 1990) (Figure 9). The lunar 3‐μm hydration feature is
characterized by an absorption minimum near ∼2.8 μm that increases in reflectance asymmetrically toward
longer wavelengths (Sunshine et al., 2009). Figure 10 is an example of the consistent 3.0‐μm absorption feature
that we observe across the surface of the lunar southern hemisphere upon application of this parameter to Deep
Impact/EPOXI data, supporting the parameter reliability for HVM3. It is also apparent from Figure 10b that
variations in the strength of the 3‐μm feature exist across the lunar surface. This observation correlates with
prior work (e.g., Laferriere et al., 2022) that documented variations in the strength of hydration signatures at the
southern hemisphere of the Moon and concluded that they were largely dependent on instantaneous temperature
and composition. Additional factors that could influence these observed variations include latitude and time of
day. A detailed assessment of the 3‐μm feature strength differences is beyond the scope of this manuscript
intended to focus on the methodology and application of a new reliable water parameter for the Moon. For
further detail on the variations in the 3‐μm feature in the data set from which Figure 10 is derived, we refer the
reader to Laferriere et al. (2022).

Deep Impact/EPOXI spectra acquired during IBD3000 spectral parameter testing does reveal similarities with
IIRS Level‐2 photometrically corrected reflectance image data. IIRS reflectance spectra acquired from Mare
Nubium basin (Chauhan et al., 2025 Figure 8bi) and close to Malapert A crater at the lunar south polar region
(Chauhan et al., 2025 Figure 10bi) exhibit absorption features of similar shape and position near∼2.8 μm as those
from the southern hemisphere of the Moon revealed by Deep Impact/EPOXI (Figure 10c). The consistency of
these results, as well as the comparable spectral coverage (Chauhan et al., 2021; Hampton et al., 2005) among

Figure 6. Proclus crater spectral parameter testing. (a) M3 image M3G20090202T024131 (OP1B) of Proclus crater (∼27 km diameter). (b) M3 BD1250 parameter in
greyscale. (c) M3 IBD1250 parameter in greyscale. (d) R: IBD1250 G: IBD1000 B: IBD2000 parameter color composite. (e) Image (c) with the following threshold
applied: 0–1.37. (f) Spectral plot with M3 spectra acquired from (a) consistent with plagioclase, pyroxene, and olivine presence at Proclus crater. Spectra from top to
bottom are as follows: plagioclase_15415_0‐500 reference spectrum, orthopyroxene_78235_0‐250 reference spectrum, olivine 72415_0‐45 reference spectrum, M3

spectrum from location denoted by green box overtop (d) (15.827594, 47.204937), M3 spectrum from location denoted by red box overtop (d) (16.307904, 47.220360),
M3 spectrum from location denoted by blue box overtop (d) (16.479159, 46.955823).
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instrument data, suggests that the presented IBD3000 parameter formulation would likely perform reliably when
applied to high‐resolution IIRS data—an opportunity space for future work particularly when radiometric cali-
bration of IIRS data beyond 3.5 μm has been finalized (Chauhan et al., 2025).

Figure 7. Moscoviense spectral parameter testing. (a) M3 image M3G20090125T172601 (OP1B) of original Mg‐spinel
detection (Pieters et al., 2011). (b) R: IBD2000 G: R1440_R1750 B: IBD1000 parameter color composite of image (a).
(c) Image (a) IBD2000 parameter in greyscale. (d) Image (a) R1440_R1750 parameter in greyscale. (e) Close‐up view of
image (b) color composite. (f) Spectral plot with M3 spectra acquired from sites denoted by color boxes overtop (d) and (e).
Spectra colors correspond with box colors. (g) Spectral plot with reference spectra from top to bottom as follows:
maskelynite_A881757_gt370, pyroxene_A881757_gt370, specimen ID: SP‐CMP‐127‐B.
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Figure 8. R1440_R1750 Mg‐spinel indicator global mosaic spectral parameter testing. (a) M3 global mosaic image (OP2C1) of Zwicky test site. Image is ∼1,200 km
across. (b) Image (a) R:IBD1000 G:IBD2000 B: R1440_R1750 parameter color composite. (c) Image (a) R1440_R1750 parameter in greyscale. (d) Image (a) IBD2000
parameter in greyscale. (e) Spectral plot of M3 spectra acquired from locations denoted by color boxes overtop (b–d) consistent with pyroxene andMg‐spinel presence at
Zwicky test site. Green spectrum (− 17.566043, 169.104899), red spectrum (− 18.674019, 170.628366), yellow spectrum (− 13.918954, 166.242626), and magenta
spectrum (− 18.535522, 167.950757) correspond to color boxes overtop (b–d). (f) Spectral plot of reference spectra from top to bottom as follows:
clinopyroxene_12063_0‐250, orthopyroxene_78235_0‐250, specimen ID: SP‐CMP‐127‐B.
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3.3. Parameter Limitations

Interpretations about mineral presence made from spectral parameters can be
influenced by many of the same factors that complicate the VSWIR reflec-
tance spectra from which they are derived including, material particle size,
surface texture, and mineral mixtures, among others (e.g., Clark, 1999;
Hapke, 1993). Given that it is typical to encounter mineral mixtures on the
surfaces of terrestrial bodies in the Solar System, we acknowledge that the
spectral parameters presented here, intended as a guide for the presence of a
particular spectral feature, may not always be exclusive to one type of min-
eral. Specifically for the Moon, differentiating among major minerals of in-
terest using spectral parameters can be challenging due to overlapping
diagnostic absorptions of distinct minerals in the 1 and 2 μm region
(Figure 2). Through our calculation and testing of new parameters, we have
supplemented the existing library of lunar mineral spectral parameters with
the aim of improving upon the ability to detect lunar mineral spectral features
of interest; for example, shifting from a band depth to integrated band depth
parametrization given that the latter may be more noise resistant because
more channels are used in the parameter calculation. We also acknowledge
that the integrated band depth parametrization may be less specific about the
wavelength of a particular absorption peak.

Calibration uncertainty is a separate factor that can influence I/F values and
the spectral parameters from which they are derived (e.g., Rangarajan
et al., 2024). M3 on‐orbit radiometric calibration was tested through com-
parison of the shape of M3 Level 1b radiance data and radiance spectra from
Apollo 16 returned soil samples. The Apollo 16 landing site imaged by M3

was also used as a ground calibration site for radiometric calibration through
comparison of a modeled radiance spectrum and the measured M3 spectrum.
Finally, an enhanced radiometric calibration validation was conducted
through M3 measurement comparison with United States Geological Survey
RObotic Lunar Observatory (ROLO) measurements during which a search
for similar observation geometries among the M3 and ROLO data sets

resulted in a good match at Mare Serenitatis. Subsequently, apparent reflectance measurements from M3 and
ROLO at Mare Serenitatis were compared and showed good agreement over the measured spectral range which
was taken as a good initial validation of M3 on orbit radiometric calibration (Green et al., 2011).

We also emphasize that the overlapping nature of OH and H2O related absorptions in the 3‐μm region, and the
need to correct for thermal emission, may pose initial challenges in discerning the speciation of hydration on the
lunar surface, and special care should be taken when interpreting the 3‐μm feature. As such, we initially present
the simple 3‐μm integrated band depth (IBD3000) parameter to serve as a general indicator of potential hydration
and flag key areas for further study. At the time of writing, we refrain from providing parameters (i.e., band depths
at various isolated wavelengths) that may otherwise be misinterpreted as the presence or lack thereof of either
H2O or OH species. Additional water‐related parameters can be further investigated upon future data set return to
better suit the appropriate instrument; for example, revision of the wavelengths used to define the continuum for
the IBD3000 parameter and, likely, a specific band position indicator to establish the variable forms of water.

The following techniques can aid in spectral parameter mineral identification limitations: the use of RGB
parameter combinations, application of minimum threshold values to indicate the strongest spectral signatures,
and verification of spectral parameter mineral indications with original reflectance spectra (Pelkey et al., 2007).
Finally, the spectral parameters presented here are intended to serve as qualitative indicators of mineral spectral
signature(s) (i.e., mineral and water indicator maps) to identify key areas for follow up investigations using
spectra. We caution against direct parameter strength conversion to quantitative abundance because textural
parameters and viewing geometry can also influence their magnitudes. Prior authors have estimated uncertainties
in the values of three spectral parameters, presented to aid in pure water ice feature detection using multispectral
High Resolution Imaging Science Experiment data at Mars, due to viewing geometry contributions and have

Figure 9. Reference spectra plot showing spectral signatures of the different
forms of water (OH, H2O, ice) to be investigated by Lunar Trailblazer
(Ehlmann et al., 2022). Bound OH spectrum is RELAB specimen ID:
BE‐JFM‐061. H2O ice spectrum is 100% water ice (Calvin & Clark, 1991).
Molecular H2O spectrum is Apollo 17 soil sample, RELAB database
BKR1LR117. Contamination from organics in the optical path near
3.3–3.4 μm was spliced and replaced by linear interpolation.
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demonstrated that viewing geometry contributions to I/F cancel out for more simple spectral parameters but not
for those considered more complicated (Rangarajan et al., 2024).

4. Conclusions
Global M3 imaging spectrometer and Deep Impact/EPOXI data were used to formulate and test both mineral and
water VSWIR spectral parameters for the Lunar Trailblazer HVM3 instrument. ExistingM3 and newly formulated
parameters can distinguish major lunar minerals alone, and in conjunction with one another as color composites.
The newly presented IBD water parameter serves as a reliable indicator of hydration on the lunar surface. While
the presented spectral parameters do have limitations, we show that overall they perform well and are valuable
tools from which new information about lunar mineralogy and water presence could be derived when applied to

Figure 10. IBD3000 spectral parameter testing. (a) Deep Impact/EPOXI observation of the Moon on 05 December 2009 (day
of year 339) and scan 01. (b) IBD3000 parameter map in blue, with color boxes correlating with spectra shown in (c).
(c) Deep Impact/EPOXI spectra showing the 3‐μm absorption feature with dashed line at ∼2.8 μm.
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Lunar Trailblazer HVM3 data, as well as for future lunar data sets similar to Trailblazer such as the UCIS‐Moon
instrument recently selected for a future orbital flight opportunity by NASA (Jet Propulsion Laboratory, 2025).
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