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Abstract

JWST’s MIRI LRS provides the first opportunity to spectroscopically characterize the surface compositions of
close-in terrestrial exoplanets. Models for the bare-rock spectra of these planets often utilize a spectral library from
R. Hu et al., which is based on room-temperature reflectance measurements of materials that represent archetypes
of rocky planet surfaces. Here we present an expanded library that includes hemispherical reflectance
measurements for a greater variety of compositions, varying textures (solid slab, coarsely crushed, and fine
powder), as well as high-temperature (500–800 K) emissivity measurements for select samples. We incorporate
this new library into version 6.3 of the open-source retrieval package PLATON and use it to show that planetary
surfaces with similar compositions can have widely varying albedos and surface temperatures. We additionally
demonstrate that changing the texture of a material can significantly alter its albedo, making albedo a poor proxy
for surface composition. We identify key spectral features—the 5.6 μm olivine feature, the transparency feature,
the Si-O stretching feature, and the Christiansen feature—that indicate silicate abundance and surface texture. We
quantify the number of JWST observations needed to detect these features in the spectrum of the most favorable
super-Earth target, LHS 3844 b, and revisit the interpretation of its Spitzer photometry. Lastly, we show that
temperature-dependent changes in spectral features are likely undetectable at the precision of current exoplanet
observations. Our results illustrate the importance of spectroscopically resolved thermal emission measurements, as
distinct from surface albedo constraints, for characterizing the surface compositions of hot, rocky exoplanets.

Unified Astronomy Thesaurus concepts: Exoplanet surface composition (2022); Exoplanet surface characteristics
(496); Exoplanet surfaces (2118); Exoplanets (498); Extrasolar rocky planets (511); Super Earths (1655)

Materials only available in the online version of record: data behind figures

1. Introduction

There has been a revolution in our understanding of the
properties of small rocky exoplanets over the last decade, mostly
driven by results from large space-based transit surveys
including Kepler and the Transiting Exoplanet Survey Satellite
(TESS). When combined with ground-based radial velocity
(RV) mass measurements, these transit surveys indicate that
nearly all planets with radii Rp < 1.5R⊕ (hereafter referred to as
“super-Earths” or “sub-Earths,” depending on their radii) have
high bulk densities that are well-matched by terrestrial planet
models (e.g., L. M. Weiss & G. W. Marcy 2014;
L. A. Rogers 2015; A. Wolfgang & E. Lopez 2015; F. Dai
et al. 2019; A. R. Neil & L. A. Rogers 2020; R. Luque &
E. Pallé 2022; C. L. Brinkman et al. 2024a, 2024b). The ongoing
TESS survey has been particularly effective in identifying new
terrestrial planet candidates orbiting nearby low-mass stars; these
systems are the most observationally favorable targets for
detailed characterization studies (e.g., R. Wordsworth &
L. Kreidberg 2022; TRAPPIST-1 JWST Community Initiative
et al. 2024). Thanks to the unprecedented capabilities of JWST,
we can now spectroscopically characterize the surface and
atmospheric properties of these rocky exoplanets for the first

time (M. Zhang et al. 2024; R. Hu et al. 2024; M. Weiner
Mansfield et al. 2024; Q. Xue et al. 2024).
Many of the rocky exoplanets detected to date orbit

relatively close to their host stars, and as a result are expected
to be tidally locked. It is an open question as to whether these
small, close-in planets can retain high mean molecular weight
atmospheres, or whether they are instead bare rocks analogous
to Mercury. Although transmission spectroscopy should in
principle allow us to search for evidence of atmospheres on
rocky exoplanets, attempts to do so using JWST have all
resulted in nondetections to date (e.g., O. Lim et al. 2023;
J. Lustig-Yaeger et al. 2023; E. M. May et al. 2023;
S. E. Moran et al. 2023). However, by measuring their dayside
brightness temperatures and corresponding day–night temper-
ature gradients, we can use the presence (or absence) of day–
night heat transport to indirectly constrain the thickness of their
atmospheres (S. Seager & D. Deming 2009). There are
currently nine close-in rocky planets with dayside temperature
measurements from Spitzer or JWST, all of which have a
cumulative extreme-UV irradiation (K. J. Zahnle & D. C. Catl-
ing 2017) similar to or greater than that of Mercury. Ten of
these planets have hot dayside temperatures indicating they
have little to no atmosphere (L. Kreidberg et al. 2019;
I. J. M. Crossfield et al. 2022; S. Zieba et al. 2022; T. P. Greene
et al. 2023; S. Zieba et al. 2023; A. Gressier et al. 2024;
P. Wachiraphan et al. 2024; M. Weiner Mansfield et al. 2024;
Q. Xue et al. 2024; M. Zhang et al. 2024), while one planet (55
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Cnc e; R. Hu et al. 2024) appears to have a thick CO2 and/or
CO-rich atmosphere. 55 Cnc e's dayside is hot enough to melt
the rocky surface, and it is therefore likely that its escaping
atmosphere is continually replenished by outgassing from this
region (e.g., F. Gaillard et al. 2022).

The apparent lack of thick atmospheres on most close-in
rocky exoplanets means we can use observations of their
thermal emission spectra to constrain the compositions of their
rocky surfaces. This was first proposed as a method to
characterize airless rocky exoplanets in R. Hu et al. (2012),
inspired by the legacy of studies characterizing rocky surfaces
in the Solar System through reflection and thermal emission
spectroscopy. Such data are important because knowledge of
surface composition provides constraints on a planet's bulk
composition and its history of differentiation, volcanism, and
weathering. In this study, R. Hu et al. (2012) proposed that
broadband near-infrared (NIR) albedo measurements can
discriminate between a subset of surface types, and that types
of silicate surfaces on rocky exoplanets can be spectro-
scopically distinguished via measurements of the prominent
mid-infrared (MIR) Si–O feature (7–13 μm; R. Hu et al. 2012).

We can access these wavelengths observationally with
JWST’s MIRI Low Resolution Spectroscopy (LRS) mode;
this is the first instrument sensitive enough to measure the
thermal emission spectra of rocky exoplanets. There are
currently four rocky exoplanets with published MIRI LRS
MIR emission spectra, including LTT 1445 A b (P. Wachirap-
han et al. 2024), GL 486 b (M. Weiner Mansfield et al. 2024),
GJ 1132 b (Q. Xue et al. 2024), and GJ 367 b (M. Zhang et al.
2024). All four of these emission spectra are consistent with a
blackbody (i.e., no statistically significant spectral features
were detected), and these studies instead used their measure-
ments to place constraints on the planets’ Bond albedos of
�0.08–0.2. There are also two additional rocky planets with
Teq < 1200 K (planets likely to still have at least partially solid
day sides) with upcoming or archival JWST emission
spectroscopy using MIRI/LRS: LHS 3844 b (GO 1846, PI
Kreidberg) and TOI-4481 b (GO 4931, P. Mansfield). In this
study, we focus on the benchmark super-Earth LHS 3844 b
(R. Vanderspek et al. 2019), as it is the most favorable target
for thermal emission spectroscopy and has more extensive
JWST observations than any of the other planets on this list. In
addition to the three MIRI LRS observations mentioned above,
its NIR (3–5 μm) phase curve was also measured with
NIRSpec in Cycle 2 (GO 3615, PI Zieba). Although results
from both programs are still pending, L. Kreidberg et al. (2019)
previously found that this planet's high Spitzer 4.5 μm dayside
brightness temperature was best matched by an airless, low-
albedo surface similar to those inferred for the three other
planets with published MIRI LRS observations.

In this study, we aim to develop improved surface spectral
models for interpreting the emerging ensemble of rocky
exoplanet emission spectra from JWST. Unlike models of
atmospheric thermal emission, where the same underlying set
of opacities can be used to model arbitrary mixtures of gases
over a wide range of temperatures and pressures, the thermal
emission spectra of rocky surfaces are not well approximated
by models utilizing libraries of mineral spectra, and most
remote sensing studies of solar system objects therefore rely on
laboratory measurements of analogous materials to interpret
their observations. In the exoplanet community, most thermal
emission models (e.g., L. Kreidberg et al. 2019; M. Mansfield

et al. 2019; E. A. Whittaker et al. 2022; P. Wachiraphan et al.
2024; M. Weiner Mansfield et al. 2024; Q. Xue et al. 2024;
M. Zhang et al. 2024) for rocky exoplanets are currently
derived from the small spectral library presented in R. Hu et al.
(2012). Recently there have been new efforts to use the
RELAB database for modeling rocky exoplanet observations
(e.g., M. Hammond et al. 2025), although this study simulated
broadband photometric (MIRI F1500W and F1280W) observa-
tions. Additionally, E. C. First et al. (2024) recently published a
new library of 15 basaltic samples with varying degrees of
aqueous alteration and used this library to show that aqueous
alteration features may be detectable for the most ideal target,
LHS 3844 b, if present. However, this seems unlikely given
LHS 3844 b's measured dayside temperature of 1040 ± 40 K
(L. Kreidberg et al. 2019).
Silicate rocks are variable compositionally, classified by both

bulk chemistry and mineralogy. Nearly identical bulk chemis-
tries can have different spectral properties because they have
different mineral assemblages, which depend on factors like
temperature, pressure, oxidation state, and volatile content.
Infrared spectra are also very sensitive to the surface texture
(i.e., bulk rock versus regolith), but the spectral library
presented in R. Hu et al. (2012) only included powdered
samples. Although rocky exoplanets initially form with solid
surfaces, impact bombardment will comminute the surface over
time if the planet lacks a thick atmosphere, as is observed in the
Solar System (e.g., B. Hapke 2001; D. L. Domingue et al.
2014). We know very little about the frequency of volcanic
resurfacing events on close-in rocky exoplanets (e.g., T. Licht-
enberg & Y. Miguel 2025), and these planets therefore might
exhibit a wide range of surface textures.
There are extensive libraries of reflectance and emission

spectral libraries of rocks at wavelengths relevant for
interpreting JWST data (e.g., the Salisbury library; USGS
library; ASU thermal emission spectral library; the RELAB
database; P. R. Christensen et al. 2001; R. E. Milliken et al.
2021). However, the vast majority of these data were taken at
room temperature, while the airless rocky exoplanets observed
in emission by JWST have surfaces that are substantially hotter
than room temperature (>800–1000 K). The spectra of
minerals and rocks are known to change with increasing
temperature (e.g., J. Helbert et al. 2013; S. Ferrari et al. 2020)
and with thermal gradient effects under lunar-like conditions
(in vacuum with heating from above and below; K. L. Donald-
son Hanna et al. 2017). It is therefore important to quantify the
importance of these temperature-dependent effects for inter-
preting exoplanet observations. Recently, M.-A. Fortin et al.
(2024) presented the first high-temperature spectral library
aimed at understanding JWST observations of lava worlds,
which consists of infrared emissivity spectra of eight synthetic
glass samples measured between ∼1050 K and 1650 K. Here
we examine a complementary set of natural materials spanning
a wider range of textures and grain sizes than those considered
in this study, and consider a slightly lower temperature range
more appropriate for solid (versus partially melted) surfaces.
In this study, we characterize the reflectance and emission

spectra of a representative set of primarily igneous samples
with minimal aqueous alteration, as these rock types are the
most relevant proxies for the surfaces of hot rocky exoplanets.
We begin by measuring hemispherical reflectance and emission
spectra for all samples, including three different textures: a
solid slab, coarsely crushed grains, and a fine powder. We then
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measure the high-temperature emissivities for a subset of our
samples between 500 and 800 K to explore temperature-
dependent changes in their spectral features and quantify the
importance of these effects for exoplanet surface models. We
incorporate our expanded spectral library into the open-source
PLATON modeling code (M. Zhang et al. 2019, 2020), and use
these models to explore the degeneracies between dayside
albedo and surface properties. We then discuss specific MIR
spectral features that can provide unique diagnostics of surface
composition and texture, and quantify their detectability with
JWST. Lastly, we use this new modeling framework to
interpret published Spitzer 4.5 μm photometry of the super-
Earth LHS 3844 b, and to make predictions for upcoming
JWST NIR and MIR spectroscopy of its dayside emission
spectrum.

2. Experimental Methods

2.1. Sample Selection and Preparation

We began by collecting samples of igneous rocks spanning
the ultramafic, mafic, intermediate, and felsic categories, as
well as one Fe-oxidized sample. We assigned our silicate rocks
into each of these categories based on their SiO2 content:
�45% (ultramafic), 45%–52% (mafic), 52%–63% (intermedi-
ate), and �63% (felsic). On Earth, ultramafic rocks form from
the solidification of melts similar in composition to the mantle,
while on Mars they are thought to have formed as primary crust
(L. T. Elkins-Tanton et al. 2005). They also likely make up
some of the lavas on Mercury (B. Charlier et al. 2013). Mafic
rocks comprise the majority of Earth's crust, the lunar mare,
and the surface of Mars. Intermediate rocks are rarer than mafic
or felsic rocks on Earth, and are typically associated with
subduction zones. Felsic rocks are commonly found on Earth
as a result of plate tectonics. Lastly, Fe-oxidized materials have
been found in abundance on Mars (B. L. Ehlmann &
C. S. Edwards 2014).

We measured the reflectance of all samples with an ASD
FieldSpec (FS3 Max) Spectrometer (see Section 2.2.2) between
0.35 μm and 2.5 μm to search for signatures of weathering,
such as aqueous alteration. We eliminated any samples with
strong absorption features at 1.9 μm and 2.2–2.3 μm, which are

typical indicators of aqueous alteration, and signify formation
of secondary mineral phases due to the fact that we do not
expect water to be present on the hot, rocky exoplanets that are
the best targets for potential surface characterization. On Earth,
nearly all natural rocks have some incipient weathering from
interaction with water, so we accepted samples with small 1.9
and 3.0 μm features due to water that are masked in later plots.
In a recent work focused on the detectability of surface
composition for rocky exoplanets, E. C. First et al. (2024)
presented emissivity spectra of 15 basaltic samples that were
not screened for aqueous alteration. However, the hot, rocky
exoplanets (T > 700 K), including LHS 3844 b, that offer the
best opportunity for surface characterization are not expected to
retain the volatile inventory necessary for producing such
alteration (R. Hu et al. 2012). We also prioritized the inclusion
of samples spanning a range in SiO2 abundances. Our final
spectral library includes 11 different rock types ranging from
ultramafic to felsic rocks, more than doubling the number of
samples in these compositional classes from R. Hu et al.
(2012). We have one Fe-oxidized sample: hematite; two
ultramafic samples: dunite xenolith and olivine clinopyroxenite
(EG-19-63); five mafic samples: olivine pyroxenite (EG-19-
70), basaltic andesite, a fine-grained basalt from the Kilauea
1919 flow (K1919), a basalt with olivine phenocrysts, and
olivine gabbronorite (EG-19-68); one more feldspar-rich
sample of intermediate composition: andesite (STM-101); and
two felsic samples: dalmatian granite and orlando gold granite.
Representative images of all of the samples can be found in
Figure 1 and their origins and sources are listed in Table 1 in
Appendix A.
Our samples encompass four of the broad categories of rock

types described in R. Hu et al. (2012): ultramafic, basaltic,
granitoid, and Fe-oxidized. Unlike their study, we did not
include any clay or ice-rich silicate samples, as the rocky
exoplanets accessible to JWST emission spectroscopy are
uniformly too hot for liquid surface water or water ice. We also
did not include any non-oxidized metal-rich materials; while
these may be relevant for other planetary systems, they would
have required special rock synthesis and measurement under
reducing atmosphere conditions and were therefore beyond the
scope of this study. We were also unable to obtain a suitable

Figure 1. Representative images of the sample types used in this study. We show images of the slabs (solid samples) where available. These slabs were cut to a
diameter of approximately 45 mm and a thickness of approximately 3 mm as described in Section 2.1. For very porous and/or smaller sample pieces (K1919 basalt,
basaltic andesite), we assembled individual fragments to cover an equivalently sized area. For samples without solid slabs (hematitite, dunite xenolith), we show the
crushed material (grain sizes between 500 μm and 1 mm) instead.
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feldspathic lunar highlands–like anorthosite sample as in R. Hu
et al. (2012).

We processed our selected samples into three textures: a
solid slab, crushed, and powdered. For the slab, we drilled
45 mm diameter cores and then sliced them into 3 mm disks.
The dimensions of these disks were dictated by the dimensions
of the crucible used for our high-temperature emissivity
measurements as described in Section 2.4. For the crushed
and powdered samples, we ground rock pieces down using a
shatterbox and then sieved the resulting materials to include
grains of 500 μm to 1 mm (crushed) and 25–63 μm (powdered)
in size. The dunite xenolith was too crumbly to properly core
and slice, and the hematite had already been crushed. We
therefore do not have slab samples for either of these materials.

As a final step, we characterized the detailed properties of
each rock sample by submitting them to Actlabs for whole rock
chemical analysis (4B—Lithium Metaborate/Tetraborate
Fusion—ICP) and X-ray diffraction mineral identification
(quantitative). For the igneous rocks (all except the hematite),
we show their Na2O + K2O and SiO2 wt% in a Total Alkali
Silica (TAS) diagram in Figure 2. The detailed chemistry and
mineral characterization results are in Tables 2 and 3,
respectively, in Appendix B.

2.2. Laboratory Measurements

All hemispherical reflectance and high-temperature emissiv-
ity measurements presented in this work were performed in
evacuated conditions at the German Aerospace Center
(Deutsches Zentrum fuer Luft- und Raumfahrt, or DLR)
Institute for Planetary Research in Berlin, Germany. Addition-
ally, the NIR spectra of our samples were measured using an
ASD FieldSpec in the Ehlmann lab at Caltech.

2.2.1. Hemispherical Reflectance

Hemispherical reflectance (the total fraction of light scattered
into all directions in the upward going hemisphere by a surface
illuminated from above by a collimated light source;
B. Hapke 2001) measurements for each sample and its
respective textures were measured with an incidence angle of
13° in evacuated conditions (0.7 mbar) at room temperature
between 0.35 μm and 1.11 μm (visible; VIS) and 1.5–25 μm

(MIR) using a Bruker Vertex80V FTIR spectrometer. The VIS
reflectance measurements were acquired using a spectralon-
coated integrating sphere, an Si-Diode detector, a
UV-VIS-NIR-CaF2 beamsplitter, and a VIS lamp internal to
the spectrometer, and referenced against measurements of a
spectralon-coated plate. The MIR reflectance measurements
were acquired using a gold-coated integrating sphere, an MCT
cooled down detector, a KBr beamsplitter, and an MIR lamp
internal to the spectrometer, and referenced against measure-
ments of a gold-coated plate. Our spectra have a spectral
resolution of 4 cm−1 and are created by averaging 500 multiple
interferograms collected by the instrument to assure high
values of signal-to-noise ratio in our data (A. Maturilli et al.
2006). More detailed information on the laboratory setup at the
DLR can be found in A. Maturilli et al. (2019).

2.2.2. ASD Reflectance Measurements

We used an Analytical Spectral Devices (ASD) FieldSpec
(FS3 Max) Spectrometer to measure relative reflectance of all
of our samples between 0.35 μm and 2.5 μm; this effectively
fills in a gap in NIR coverage of the Bruker FTIR spectrometry,
and also allowed us to eliminate samples from consideration
that showed signs of significant aqueous alteration. We used
the ASD spectrometer in the “contact probe” configuration for
which the light source is internal from an overhead halogen
bulb, and light is collected by a fiber at an 18° angle. For every
measurement, we placed the contact probe flush with the
material. We calibrated the reflectances with a spectralon
reference, which we remeasured every 10 minutes. We
corrected for the properties of the spectralon in a process
performed internally in the ASD RS3 spectal processing
exporter. We collected and averaged measurements for both
preheated and postheated spectra. For preheated spectra, we
averaged 100 measurements each of the standard, dark current,
and sample. For postheated spectra, we averaged 50 measure-
ments of each type.

2.3. Constructing a Combined Optical to MIR Hemispherical
Reflectance Spectrum

The Bruker software automatically processes the data to
produce calibrated hemispherical reflectance measurements in

Figure 2. Total Alkali Silica (TAS) diagram of all igneous samples in this study. The labels Pc, Bs, Ba, BA, A, D, T, and R correspond to picrite basalt, basalt,
trachybasalt, basaltic andesite, andesite, dacite, trachyte, and rhyolite, respectively. Though this compositional space is intended for igneous rocks, we include the
dunite xenolith sample in order to provide visual comparison of its chemical abundances relative to the entire sample set. The hematite sample has an SiO2 wt% of
2.15 (contaminant of silicate in the sample), and we do not expand the bounds of this plot to include it.
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each spectral range, which we used as the starting point for our
analysis. We then multiplied the MIR hemispherical reflec-
tances by a factor of 0.95 to take into account the real reflecting
power of the gold standard used as a reference in order to
express them as absolute reflectances. We also removed a
feature from each individual VIS spectrum caused by a laser
signal between 0.6326 μm and 0.6336 μm. To remove this
laser signal, we calculated the median reflectance values for the
left (between 0.632 μm and 0.6326 μm) and right (between
0.6336 μm and 0.6342 μm) continuum regions directly sur-
rounding the feature, and replaced the reflectance values
corresponding to the laser feature with the average of these two
values.

Our models require a single continuous reflectance spectrum
spanning optical to MIR wavelengths. However, there is a gap
in wavelength coverage of our optical and infrared hemi-
spherical reflectance spectra between 1.11 μm and 1.5 μm. We
also found that there were vertical offsets between the
measured optical and infrared reflectances for some samples.
This is not surprising, as the VIS and MIR measurements were
taken with different detectors, and each sample had to be
removed and then replaced between measurements. While the
compositions of the crushed and powdered samples were
relatively uniform within the sample cup, some slabs exhibited
larger inhomogeneities, and the resulting spectrum was there-
fore sensitive to their orientation within the instrument. The
optical and infrared data for the crushed and powdered samples
generally matched up well, while the largest offsets between
the measured optical and infrared reflectances were associated
with the slab samples. We used data from the ASD FieldSpec
Spectrometer, which measures spectra between 0.35 μm and
2.5 μm, to fill in the gap in the DLR Bruker measurements. We
took the VIS measurements as our starting point and normal-
ized the ASD spectra to these measurements by matching their
reflectance values at the longest VIS wavelength of 1.11 μm.
We then normalized the MIR hemispherical reflectance
measurements to match the renormalized ASD spectrum
between 1.5001 μm and 1.5219 μm, and filled the gap with
the ASD spectrum values in the relevant wavelength range. The
normalization values and a figure showcasing this procedure
are in Appendix B. The resulting smoothed and calibrated
hemispherical reflectances are shown in Figure 3.

2.4. High-temperature Emissivity Measurements

We measured high-temperature emissivities for a subset of
10 samples from our spectral library, where the total number of
samples was dictated by the available time in the laboratory.
For these measurements, we prioritized the five most different
rocks in terms of their SiO2 content: basalt with olivine
phenocrysts (slab), dunite xenolith (crushed, no slab available),
orlando gold granite (slab), K1919 basalt (slab), and the
andesite STM-101 (slab). We also included the olivine
pyroxenite EG-19-70 (slab) to have an additional mafic sample.
Lastly, we measured the hematite (crushed, no slab available)
as it was our only Fe-oxidized sample. We also measured
powdered textures for three samples to investigate how texture
affected temperature-dependent changes in SiO2 features.
These powders were the K1919 basalt, dunite xenolith, and
the orlando gold granite.

We obtained our emissivity measurements using an in-house
designed and built emissivity chamber, externally coupled to a
Bruker Vertex80V FTIR spectrometer with an MCT cooled

detector and a KBr beamsplitter, as described in A. Maturilli
et al. (2006). We placed each sample in a steel sample cup and
evacuated the chamber to pressures below ∼0.1 mbar. We
used induction to heat the samples and monitored the
temperatures of both the sample surface and the rim of the
sample holder using high sensitive thermal sensors. We also
monitored the samples visually throughout the heating process
using a webcam mounted in the chamber. Representative
photos of the orlando gold granite slab are shown in Figure 4.
We measured the emission spectrum of each sample at the
following approximate temperature steps: 500 K, 600 K, 700 K,
800 K, and 830 K. The last measurement was taken at the
maximum temperature reachable for the used measurement
setup and samples. Our emissivity spectra have the same
spectral resolution as the reflectance spectra of 4 cm−1. We also
measured the room-temperature hemispherical reflectances of
each sample before and after heating in order to check for
alterations caused by the heating process. There are several
differences between our experimental setup and the one
described in M.-A. Fortin et al. (2024). First, M.-A. Fortin
et al. (2024) used a furnace to heat the sample, making the
surrounding areas the same temperature as the sample, whereas
we heated our samples via induction from the sample cup.
Second, they filled the chamber with dry air and streamed
argon into the furnace and onto the sample whereas our
measurements were obtained in a vacuum. Lastly, the spectral
range of their measurements is modestly larger (2.5–20 μm)
than our spectral range (4–18 μm).
We converted our laboratory emission spectra to wave-

length-dependent emissivity measurements using a graphite
reference target, as described in A. Maturilli et al. (2006) and
A. Maturilli & J. Helbert (2014) with some updates. We first
constructed a library of reference measurements by heating the
graphite target and recording its radiance using the same
experimental setup and spanning a similar range of tempera-
tures to our science data. These reference measurements have
been proven to be extremely stable and repeatable in emissivity
(A. Maturilli & J. Helbert 2014). Next, we fit the measured
intensity spectrum Isample 3(λ) for the middle (third of five)
temperature step by optimizing for the temperature T of the
sample with the following model M for the intensity,

( ) ( )[ ( ( )] ( )*M I T s r, 1 , 1hrefl l l= -

where Iref(T, λ) is the reference wavelength-dependent intensity at
a specific temperature, rh(λ) is the room-temperature hemisphe-
rical reflectance, and s is a scale factor ranging from 0–1 to
account for the shallower measured spectral feature depths in the
high-temperature emissivity data (see Section 4.3 for a more
detailed discussion). After determining the best-fit temperature
Tbest, we calculated the calibrated emissivity εsample 3(λ) as

( )
( )

( )
( )

I

I T ,
, 2sample 3 ref

sample 3

ref best
e l e

l
l

=

where εref is the measured emissivity of the reference
blackbody material (0.975 at all wavelengths). Finally, we
normalized this calibrated high-temperature emissivity mea-
surement to the room temperature derived emissivity 1–rh(λ)
by subtracting a vertical offset between the maxima of the two.
For the silicate samples, we used the emissivity maximum
between 7 μm and 10 μm (the Christiansen Feature) and for the
hematite, we instead used the emissivity maximum between
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14 μm and 16 μm to determine the vertical offsets. This final
step closely follows the default procedure for generating
calibrated emissivities in previous studies using the same
experimental setup (A. Maturilli et al. 2006; A. Maturilli &
J. Helbert 2014).

We calculated the calibrated emissivities εsample n(λ) for each
of the remaining four temperature steps using the same
equations as above. However, instead of optimizing for the
temperature that best matched our measured intensity spectrum
Isample n(λ), we instead optimized for the temperature that

Figure 3. Final calibrated hemispherical reflectance measurements. The name of each sample is given in the top-right corner of each panel, with the color of the curves
in each panel corresponding to the texture of the sample. Whenever available, we obtained measurements for three textures: slab (dark blue), crushed (green; 500 μm
to 1 mm grains), and powder (gold; 25–63 μm grains). We also show hemispherical reflectance spectra for the each of the materials described in R. Hu et al. (2012)
overplotted as gray curves on the panels corresponding to the closest compositional match in our new sample library for comparison. The feldspathic and basaltic
samples in this older study were derived from measurements of rock powders with diameters <200 μm, while the remaining three samples (Fe-oxidized, ultramafic,
and granitoid) were calculated using Hapke radiative transfer modeling of the endmember minerals.
(The data used to create this figure are available in the online article.)
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provided the closest match between εsample n(λ) and
εsample 3 (λ). We adopted this approach because we found that
when we optimized the blackbody temperatures to match the
measured intensity spectra Isample n(λ), we obtained inconsistent
slopes in the calibrated emissivities εsample n(λ) across the five
temperature steps. We speculate that this may be due to the
presence of modest amounts of background flux from the cup
and/or chamber, which are not explicitly included in our model
and can bias our fitted temperatures. We found that optimizing
for the best match between the emissivity spectra resulted in
significantly better consistency in the measured slopes, and
confirmed that the best-fit temperatures obtained using this
method are within ∼10 K of the values obtained by directly
fitting the measured intensity spectra Isample n(λ).

The final calibrated high-temperature emissivity measure-
ments for each of our samples are shown in Figure 5 with their
best-fit sample temperature in the legend of each axis. We find
that some samples exhibit a sharp rise in emissivity toward the
shortest wavelengths, including all three powdered samples;
this is likely due to contaminating thermal emission from the
metal cup used to heat the sample (see Figure 4). We also see
some discrepancies at the longest wavelengths, where the flux
from our sample was rapidly decreasing; this may be due to
either a contaminating flux source or to a bias in the fitted
temperature created by short-wavelength flux contamination.
We mask both regions in our plots using gray rectangles.
Although high-temperature emissivity measurements of the
empty sample cup might have allowed for better calibration of
any contaminating flux, we unfortunately were unable to obtain
such measurements during our time in the laboratory.

3. Modeling the Bare-rock Surfaces of Exoplanets

We incorporated the resulting library of reflectance measure-
ments into the open-source PLATON code (M. Zhang et al.
2019, 2020, 2024), which was originally developed to model
the transmission and emission spectra of gas-giant exoplanets
with hydrogen-dominated atmospheres. We adapted this code
to model the surface emission spectra of hot, rocky exoplanets
observed during secondary eclipse, for which the measureable
is the secondary eclipse depth or the planet-to-star flux ratio. In
this updated version, users can choose surfaces from the new
library presented in this work, the spectral library of R. Hu
et al. (2012), or input their own hemispherical reflectance
measurements. These changes are available as part of PLATON
release 6.3.6

We constructed our dayside thermal emission models by
following a similar method to the one described in R. Hu et al.
(2012). Unlike the models in that paper, which divided the
planet's day side into a grid and solved for the local equilibrium
temperature at each grid location, our models assume a single
global dayside temperature. In order to solve for the predicted
dayside temperature, we require the directional-hemispherical
reflectance and the hemispheric emissivity. We calculated both
from hemispherical reflectance measurements as described
below. We do not do this with our emissivity measurements
because they only cover the MIR, and the visible and NIR
wavelengths are the most influential in determining the dayside
temperature. First, we used the hemispherical reflectance
measurements to calculate the single-scattering albedo ω and
the directional emissivity εd for each texture of each sample
that was measured. Next, we followed the simplest version of
the procedure described in B. Hapke (2001), which makes the
following assumptions: (1) particles scatter isotropically, (2)
the opposition effect is negligible for integral reflectances, (3)
roughness is negligible (observations not taken close to the
limb or terminator), and (4) the porosity parameter is set to
unity (as it is extremely difficult to determine). We used the
following expressions from B. Hapke (2001) to estimate the
single-scattering albedo ω as a function of wavelength:
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where γ is the albedo factor, rh is the hemispherical reflectance,
and μ0 is the cosine of the incidence angle i. For our
hemispherical reflectance measurements, we have i = 13o, and
thus, μ0 = 0.97.
Using this single-scattering albedo, we calculated the

hemispheric emissivity εh, defined as the hemispherical average
of the directional emissivity, with the following expressions
from B. Hapke (2001):
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in which r0 is the diffusive reflectance. This quantity is distinct
from the directional emissivity εd, which is given by
εd = 1 − rh.
We follow a similar method to that of R. Hu et al. (2012) to

solve for the dayside surface temperature that satisfies energy
balance, with one exception. Instead of using a geometric
albedo defined by the radiance coefficient, we instead use the
directional and hemispherical emissivities calculated from our
hemispherical reflectance measurements as inputs in our energy
balance equation:

( ) ( )f F d B T d 7d hinc surfò òe l e l= l

where f is a 1D correction factor to account for how the
absorbed stellar energy is redistributed across the planet (see
Appendix B), Finc is the incident energy on the planet and Bλ is
the Planck function. The integration is over the wavelengths
corresponding to our hemispherical reflectance measurements
between 0.5 μm and 23.5 μm. We repeated our calculations

Figure 4. Photos of the orlando gold granite slab sample taken with the
webcam mounted in the emissivity chamber. The picture on the left was taken
at room temperature with the light inside the chamber turned on. The picture on
the right was taken at ∼684 K with the light turned off to accentuate the
glowing sample cup.

6 https://github.com/ideasrule/platon
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Figure 5. High-temperature emissivity measurements of heated samples with their preheating directional emissivities (solid gray line) calculated from our room-
temperature hemispherical reflectance measurements from Figure 3 plotted for comparison. The temperatures for each individual emissivity spectrum are derived from
our best-fit blackbody calibrator model and are indicated by the color in the legend. Regions of the spectrum that are affected by contaminating flux from the metal cup
holding the sample, or where the calibrated spectral shape appears to be inconsistent across temperature bins, are marked with shaded gray rectangles. It is important to
note that the absolute emissivity for these measurements is not very meaningful, only its variation with wavelength.
(The data used to create this figure are available in the online article.)
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using the alternative energy balance equation given in R. Hu
et al. (2012) and found that the differences between emission
spectra calculated using these two approaches were negligible.
We opt for this version of the expression because we are using
hemispherical reflectances rather than bidirectional reflectances
(as done in R. Hu et al. 2012). This distinction means that we
cannot compute geometric albedos for our samples without
making assumptions about their particle phase functions, and
therefore we do not model the temperature in patches across the
dayside as a function of longitude and latitude. Nonetheless,
our 1D approach provides almost equivalent spectra to the 2D
models. We therefore utilize the expression above moving
forward.

Our 1D models assume that the dayside surface of the planet
has a uniform temperature Tsurf, and that no heat is redistributed
to the night side. In this limit, f = 1/2 is needed to ensure that
the energy radiated by the planet is equal to the energy it
absorbs from the star. However, in reality, the day sides of
tidally locked airless bodies should have a temperature gradient
that reflects the spatially varying incident flux at the surface.
This means that the regions of the planet near the substellar
point will be hotter than the regions near the terminator. When
we view the dayside of the planet face-on, the region near the
substellar point contributes more to the hemisphere-integrated
flux than the cooler terminator regions, and setting f = 1/2
causes us to underestimate the total measured flux for this
viewing geometry. B. M. S. Hansen (2008) showed that in this
case, f = 2/3 produces a better approximation for the measured
dayside flux.

We determine the optimal value of f for each surface type in
R. Hu et al. (2012) by solving for the value of f that provides
the best match between our single temperature model and the
predicted emission spectrum calculated using R. Hu et al.'s
(2012) 2D models, which account for the temperature gradient
across the dayside as a function of longitude and latitude. In
this calculation, we assumed that the host was a main-sequence
star with an effective temperature of 3000 K; this should be
reasonably representative of most rocky planet systems that are
accessible to JWST. We found that in all cases, our best-fit f
values varied between 1/2 and 2/3. Although the value for f
also has a weak dependence on equilibrium temperature (colder
planets prefer slightly smaller f values), we opted to use a
single f value for each sample calculated for a planet with
Teq = 1000 K. We found that our fitted f values were an
approximately linear function of the median hemispherical
reflectance value for each sample type over a wavelength range
corresponding to 85% of the integrated stellar flux for a 3000 K
M star. We then used a linear fit to these points to estimate f
values for each of the new samples in this study. Although
several of our new samples have median reflectances greater
than the most reflective surface types in R. Hu et al. (2012), we
find that the maximum f value is still >0.5. A more detailed
discussion of this calculation can be found in Appendix B.

Once we know the optimal value of f for a given surface type
and texture, we can then solve for the dayside temperature of
the planet and calculate the corresponding emitted Fe and
reflected flux Fr as a function of wavelength. For the emitted
flux, we multiply the directional emissivity by π times the
Planck function, and for the reflected flux, we multiply the
hemispherical reflectance by the stellar flux F* and the ratio of
the stellar radius and the semimajor axis. Thus, the total

hemisphere-integrated dayside planet flux Fplanet is given by
summing the two, i.e.,

( ) ( )/* *F B r F R a , 8d hplanet
2pe= +l

where R* is the stellar radius, and a is the semimajor axis of the
planet. To calculate the predicted secondary eclipse depth as a
function of wavelength, we then divide the planet flux by the
stellar flux and multiply by the planet–star radius ratio squared.
Although our final models are dominated by thermal

emission at longer wavelengths, they also include reflected
light and can therefore be used to interpret optical and NIR
observations. Figure 6 shows the predicted wavelength-
dependent secondary eclipse depth for an LHS 3844 b analog
with a bare-rock surface of orlando gold granite powder. By
LHS 3844 b analog, we mean that we are using the parameters
of the LHS 3844 b system as inputs to our model rather than
implying that the surface of the planet is actually granite. The
orlando gold granite is the most reflective surface and texture
combination in our library, but even for this sample, we find
that reflected light only dominates for wavelengths shortward
of 5 μm.

4. Results and Discussion

The spectra of rocky materials are highly variable and
depend on the composition, grain size, and temperature of the
material, among other factors (e.g., B. Hapke 2001; J. Helbert
et al. 2013). In this Section, we use our new spectral library to
explore how variations in these properties can affect our ability
to interpret secondary eclipse observations of hot, bare-rock
exoplanets and constrain their surface compositions. It is
important to keep in mind that prior to the launch of JWST,
published measurements of thermal emission from rocky
exoplanets were typically obtained in a single broad photo-
metric bandpass. In the absence of spectroscopic information,
these studies instead used the measured dayside flux to
constrain the planet's dayside surface temperature and corresp-
onding wavelength-integrated surface albedo. This in turn
allowed them to rule out a subset of the possible surface
compositions from the spectroscopic library of R. Hu et al.
(2012; e.g., L. Kreidberg et al. 2019; I. J. M. Crossfield et al.
2022). This same approach was also used in the first three
studies presenting JWST MIRI thermal emission spectroscopy
of close-in rocky exoplanets, as their measured spectral shapes

Figure 6. The secondary eclipse depths, or planet-to-star flux ratio, for an LHS
3844 b analog with a bare-rock surface composed of orlando gold granite
powder, the most reflective surface and texture combination in our library.
These models were generated assuming a blackbody stellar spectrum.
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were consistent with blackbodies (M. Zhang et al. 2024;
M. Weiner Mansfield et al. 2024; Q. Xue et al. 2024).

In the following Sections, we use our newly expanded
spectral library to demonstrate two key takeaways for
exoplanet observers. First, albedo alone provides relatively
weak and degenerate constraints on surface properties. The
albedos of samples with similar compositions can vary by up to
a factor of 2, while the albedos of individual samples can vary
by up to a factor of 7 depending on their texture. Second, we
identify some of the strongest spectral features at MIR
wavelengths that may be detectable with JWST emission
spectroscopy, and discuss how these features can be used as
unique diagnostics of exoplanetary surface compositions and
textures. We conclude that temperature-dependent changes in
the shapes of these spectral features are likely below the
noise floor of current exoplanet observations. Finally, we
demonstrate the degeneracies between albedo and surface
properties with the use of our new spectral library by
interpreting published Spitzer 4.5 μm photometry of LHS
3844 b (L. Kreidberg et al. 2019).

4.1. Albedo Does Not Uniquely Map to Composition

4.1.1. Varying Albedos within Compositional Classes

The optical hemispherical reflectances and corresponding
predicted dayside temperatures can vary significantly within
the same compositional class due to differences in miner-
alogies, grain size, and other sample properties. To illustrate
this point, we consider three mafic rocks in our study that
occupy the same region in the TAS diagram (Figure 2) with
∼50 SiO2 wt% and ∼2.5 Na2O + K2O wt%: basaltic andesite,
K1919 basalt, and olivine gabbronorite (EG-19-68). Control-
ling for texture by considering only the powdered measure-
ments, we see that the EG-19-68 sample is approximately twice
as reflective at wavelengths shortward of 3 μm (see Figure 7).
This difference in reflectivity is due to the higher proportion of
plagioclase in the EG-19-68 sample (70 wt% versus 21 and 48
wt% in the other two samples; see Table 3). In contrast, the
other two samples are noticeably darker due to the greater
proportion (35 wt% for both samples versus 20 wt% in the
olivine gabbronorite) of pyroxene minerals (augite and
diopside).

Crucially, we find that the varying hemispherical reflectances
of these three mafic powders (see top panel of Figure 7) result
in a correspondingly wide range in predicted dayside
temperatures over the wavelength range included in the
relevant figures (0.5-20 mm). We demonstrate this by calculat-
ing predicted emission spectra for a planet with the same
properties as LHS 3844 b (R. Vanderspek et al. 2019). We find
that a planet with a surface similar to the EG-19-68 powder will
have a dayside temperature 20–45 K cooler than a planet with a
surface analogous to the K1919 basalt or basaltic andesite
powders. The lower temperature of the powdered EG-19-68
model surface results in a predicted planet–star flux ratio that is
45–85 ppm lower than the other two surface types at 8 μm
(Figure 7). We conclude that albedo is an unreliable and
degenerate proxy for surface composition, and provide a more
detailed demonstration of this in Section 4.4.

4.1.2. Surface Albedos Depend on Surface Texture

Next, we use our newly expanded library to explore the
effect of varying surface texture on our model emission spectra.

As shown in Figure 3, changes in texture changes reflectance at
NIR and optical wavelengths. This is due to increased
scattering from interfaces relative to absorption by the material
in the NIR and increased volume scattering (multiple-
scattering) relative to surface scattering (single-scattering) in
the MIR, as grain size decreases (e.g., J. F. Mustard &
J. E. Hays 1997). The largest spectral contrast changes are in
the visible/NIR between 0.4 μm and 2.5 μm and between
4 μm and 7 μm in the so-called transparency region, as
discussed in Section 4.2. For silicate rocks, there is also a
decrease in the contrast of the Si–O stretching feature with
decreasing grain size (J. W. Salisbury & L. S. Walter 1989),
although this is a relatively small effect compared to the
increased slope of the transparency feature.

Figure 7. The hemispherical reflectance measurements for a subset of mafic
powders (basaltic andesite, K1919 basalt, and olivine gabbronorite EG-19-68)
in our study. We label the strong ∼1 μm absorption feature due to octahedrally
coordinated Fe2+ in olivine and/or pyroxene, the transparency feature
characteristic of fine-grained material shortward of 8 μm, and the Si–O
stretching feature characteristic of silicate rocks between ∼8 μm and 12 μm
with black. The lighter portions of the lines indicate regions containing aqueous
alteration-related features in secondary minerals that will likely not be present
in surface spectra of hot, rocky exoplanets. In the middle panel, we plot the
corresponding predicted wavelength-dependent secondary eclipse depth (this is
equivalent to the planet–star flux ratio) with the same color scheme for an LHS
3844 b analog with each surface type. In the lower panel, we plot the brightness
temperature of the secondary eclipse depths with the same color scheme. The
dashed lines are blackbody curves with the predicted temperatures from the
bare-surface models of the corresponding surface.
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We use the dalmatian granite sample to illustrate the effect of
texture differences on the predicted surface temperature and
wavelength-dependent planet–star flux ratio of an LHS 3844 b
analog planet in Figure 8. We find that the differences in
reflectance between the slab and powdered textures for the
dalmatian granite sample translate to a 70 K difference in
predicted dayside temperature for an LHS 3844 b analog. This
temperature difference is similar in magnitude to the temper-
ature difference caused by compositional variations in
Section 4.1.1.

4.2. Prospects for Detecting Spectral Features in the Emission
Spectra of Rocky Exoplanets

In Figures 7, 8, and 9, we identify four representative
features in the hemispherical reflectance measurements of the
ultramafic powders and use them as case studies to demonstrate
the feasibility of detecting spectroscopic features in the thermal
emission spectra of rocky exoplanets. (We do not include the
high-contrast 3 μm feature because it is due to OH/H2O in
minerals and is not expected for hot, rocky exoplanets.)

4.2.1. Ferrous Iron Feature

The ferrous iron (Fe2+) feature near 1 μm is associated with
electronic absorptions in Fe-bearing minerals (e.g., G. R. Ross-
man & B. L. Ehlmann 2019). It is also particularly prominent
in olivine-rich materials and is one of the deepest absorption
features visible in Figure 7. The depth of this feature is
dependent on texture, and the band center occurs at slightly
different wavelengths in the three ultramafic samples. The
shape and band center are known to vary depending on the
coordination of the transition metal atom in a mineral structure
(R. N. Clark 1999), so it is expected that samples with different
mineralogical compositions would have different feature
shapes. This feature is visible in our predicted dayside emission
spectra but has a very small amplitude due to the reduced
planet–star flux ratio and correspondingly shallow secondary
eclipse depth at NIR wavelengths. Unfortunately, its location at
1 μm makes it effectively undetectable from a signal-to-noise
perspective for even the most observationally favorable rocky
exoplanets. However, this feature would be favorable for
detection in the reflected light, if the future Habitable World
Observatory finds rocky exoplanets with minimal atmospheres
in more widely separated orbits.

4.2.2. Olivine Feature at 5.6 μm

The emission feature at 5.6 μm for the dunite xenolith
sample (see Figure 9) is characteristic of olivine and is the
result of the vibrational overtone-combination bands of the
Restrahlen bands (J. W. Salisbury et al. 1991; J. E. Bowey &
A. M. Hofmeister 2005). Although the other two ultramafic
samples contain some olivine and may show a weak feature at
this wavelength in their hemispherical reflectance spectra, this
feature is too small to be detected in either of their secondary
eclipse depth models. We therefore focus on the dunite xenolith
model as a “best-case” scenario for the detectability of this
feature.

For LHS 3844 b, we investigated how many secondary
eclipses would be necessary in order to detect this 5.6 μm
olivine feature using JWST MIRI LRS. We simulated
the JWST observations with realistic uncertainties using

Pandexo (N. E. Batalha et al. 2017) with our modeled
thermal emission spectra as inputs, and specified a wavelength
resolution of R = 15. For these tests, we only use the simulated
data corresponding to wavelengths between 5 μm and 12.5 μm.
As our null hypothesis case, we fit the simulated data with the
dunite xenolith powder surface (with the olivine feature
removed) scaled by an overall amplitude (the only free
parameter). For the detection test, we again fit the spectra with
the same surface with the olivine feature removed and fit for the
overall amplitude, but include a second amplitude (a second
free parameter) that scales the feature at its respective
wavelengths. We completed these fits using static nested
sampling with the dynesty package (J. S. Speagle 2020). We
used 300 live points, bound = “multi,” and sample = “rwalk.”
We repeated these fits on 1000 different random realizations of
the Pandexo generated data, and found that at least seven
eclipse observations are necessary to detect the olivine feature
to greater than the 3σ confidence level as determined by the
Bayes factor.

Figure 8. The hemispherical reflectance measurements for the slab, crushed,
and powder textures for the dalmatian granite sample. We labeled the
transparency feature and the Si–O stretching feature in black. The lighter
portions of the lines indicate regions that correspond to alteration features that
will likely not be present in the spectra of hot, rocky exoplanets. The middle
and lower panels show the secondary eclipse depths and brightness temperature
of each texture and corresponding blackbody spectra for an LHS 3844 b
analog.
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4.2.3. Transparency Feature

The transparency feature is characterized by a peak
reflectance at ∼4 μm accompanied by a steep reduction in
reflectance longward to ∼7 μm, and is most prominent for
smaller grain sizes. As the grain size (divided by the
wavelength of interest) and corresponding absorption coeffi-
cient decreases, the silicate grains become optically thin,
resulting in an increase in multiple scattering (J. W. Salisbury
& L. S. Walter 1989). By contrast, solid slabs only exhibit
surface scattering in this spectral range, i.e., no multiple
scattering takes place (Y. Zhuang et al. 2023). The transpar-
ency feature is readily visible for the powdered samples in
Figures 7 and 8. We find that the slope of the feature is quite
different across the three ultramafic samples in Figure 7,
especially when comparing the dunite xenolith to the other two
samples. We speculate that there may be more multiple
scattering occurring in the dunite xenolith powder than in the
other samples due to its overall higher reflectivity (lower
absorptivity), resulting in a steeper transparency feature.

We expect that this feature should be detectable with broad
spectroscopic coverage in the 2–8 μm wavelength range. We
used a similar process as in Section 4.2.2 to determine the
number of eclipses necessary to detect the transparency feature.
For this test, we selected the dalmatian granite powder (shown
in Figure 8) because it has relatively few spectral features in
this wavelength range, making it easier to isolate the effect of
the transparency feature. We specified a wavelength resolution

of R = 10 for our simulated data to maximize signal-to-noise
over the relatively broad wavelength range spanned by this
feature. In order to avoid overlap with the Si–O stretching
feature, we also limited our fits to simulated data at
wavelengths shortward of 8 μm. We fit the simulated data
using a grid of models that were interpolated between the solid
slab and powder textures of the dalmatian granite sample for
these detection tests. This method allowed us to empirically
scale the size of the transparency feature, but can also be
viewed as equivalent to varying the average grain size. The null
hypothesis for this test was a blackbody surface with
temperature as a free parameter. To test whether we detect
the transparency feature, we calculated the Bayes factor for the
interpolated grid of models containing the transparency feature
compared to the null hypothesis. Since the interpolated models
are very similar to each other, we placed a dlogz constraint of
0.5 on the nested sampling routine to keep the sampler from
becoming stuck. We changed sample from “rwalk” to “unif,”
but kept bound = “multi.” We repeated these fits on 1000
different iterations of the Pandexo generated data, and found
that at least 20 eclipse observations are necessary to detect the
transparency feature to �3σ confidence level if only using
MIRI LRS. Given this large number, we performed this test
again but instead used a combination of NIRSpec G395H and
MIRI LRS simulate data. We repeated these fits on 1000
different iterations of the Pandexo combined data, and found
that with two NIRSpec G395H and three MIRI LRS eclipse
observations, the transparency feature can be detected to 4.4σ.
This is particularly promising as there are two JWST GO
programs that have or will measure this exact combination. We
also performed this same test on the STM-101 andesite, K1919
basalt, and EG-19-63 olivine clinopyroxenite powders to
understand the range in detectability of the transparency
feature for each broad category of igneous rock. The different
surface types required three/four, three/four, and three/six
NIRSpec/MIRI eclipses, respectively. Notably, this may be a
means of constraining the surface texture of rocky exoplanets
—fine particulate versus solid rock—similar to the way the
transparency feature is used in Solar System remote sensing,
e.g., as a dust versus bedrock discriminator in global Mars
mapping (e.g., S. W. Ruff et al. 1997).

4.2.4. Si–O Stretching Feature

The Si–O stretching feature shown in Figures 7 and 8 also
lies in the range covered by MIRI LRS. This feature arises from
the vibrational Si–O asymmetric stretch fundamental, and is the
strongest diagnostic spectral feature for the presence of silicates
(J. W. Salisbury 1993; R. Hu et al. 2012). This feature is
typically located between 8 μm and 12 μm, but its exact shape
and location are dependent on the mineralogy of the rock and
the constituent minerals’ silicate polymerization (Figure 5). The
mafic powders shown in Figure 7 each have a different Si–O
feature shape and center location. The differences in shape and
center location between the three stems from differences in
their mineral breakdowns, such as their plagioclase and
pyroxene content.
The detectability of this feature in exoplanet emission spectra

is strongly dependent on its depth, which varies significantly
across our sample set. One of the most important determining
factors for the depth of this feature is the size of individual
mineral grains in the sample (note that this is distinct from the
sample texture, which is a macroscopic material property). For

Figure 9. Predicted wavelength-dependent secondary eclipse depths for an
LHS 3844 b analog assuming a blackbody for the stellar spectrum. We show
two models spanning the range from lowest (dunite xenolith) to the second
highest (dalmatian granite) SiO2 wt%. We modeled the dalmatian granite
instead of the orlando gold granite (the sample with the highest SiO2 wt%) due
to its lower reflectivity allowing for an easier comparison with the dunite
xenolith sample. The changing location of the CF in these two models reflects
their differing SiO2 contents.
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igneous rocks, the grain sizes reflect the cooling history of the
sample; materials that cool faster will typically have smaller
grain sizes, while those that cool more slowly will have larger
grain sizes. To illustrate this effect, we measured the depth of
the Si–O bending feature in model exoplanet emission spectra
for each slab surface type, using the same LHS 3844 b system
parameters as before. For the dunite xenolith, we modeled the
crushed texture, as this sample was not available in slab form.
We calculated the depth of this feature by comparing the
wavelength-dependent planet–star flux ratio for each surface
type with a blackbody emission model at the same temperature
(1000 K), and recorded the maximum depth of the Si–O
bending feature shortward of 12.5 μm.

We find that the crushed dunite xenolith and the orlando
gold granite slab have significantly deeper Si–O stretching
features (>150 ppm decrease in planet–star flux ratio in the
deepest part of the feature) than any of our other samples. This
is in good agreement with our expectations based on visual
inspection, as both samples have grains large enough to see
with the naked eye. The basaltic andesite, K1919 basalt, and
andesite (STM-101) have the smallest feature depths (<70 ppm
decrease in planet–star flux ratio in the deepest part of the
feature); these are all very fine-grained rocks with no visible
crystals.

Next, we quantified the detectability of the Si–O stretching
feature in JWST observations, using the same methodology as
in Sections 4.2.2 and 4.2.3. We selected the dalmatian granite
sample for this test, as it displays one of the deepest Si–O
stretching features in our spectroscopic library. We utilized the
slab texture in order to eliminate the transparency feature,
which partially overlaps with this feature. We then calculated
the number of eclipses necessary to detect the Si–O feature (see
Figure 8 for a plot of the modeled emission spectrum
corresponding to this surface). We specified a wavelength
resolution of R = 10, and only used data up to 12.5 μm for
these simulations, as the predicted measurement errors become
so large at longer wavelengths that those points contribute
negligibly to the fit. For this test, the null hypothesis was a
blackbody surface with the temperature as a free parameter. We
calculated the detection significance for the feature by adding a
second free parameter that scales the amplitude of the Si–O
feature within its respective wavelengths. We then carried out
the nested sampling fit following the same procedure as in
Section 4.2.2. We repeated these fits on 1000 different
iterations of the Pandexo generated data, and found that at
least five eclipse observations were necessary to detect the Si–
O feature to �3σ confidence level. This is more favorable than
any of the other features considered, albeit with the caveat that
most other samples have shallower Si–O stretching features
than the dalmatian granite. Again, we also performed this same
test on the EG-19-63 olivine clinopyroxenite, STM-101
andesite, and K1919 basalt slabs to understand the range in
detectability of the feature. The different surface types required
8, 12, and >30 eclipses, respectively. This suggests that the
Si–O stretching feature is only likely to be detectable for the
subset of surface types with moderate to large mineral grain
sizes. On the other hand, E. C. First et al. (2024) demonstrated
that it is possible to detect the aqueous alteration features
present in their basaltic samples with the same number of
eclipses we found for detecting the Si–O feature for the
dalmatian granite of five eclipses.

4.2.5. Christiansen Feature

The Christiansen Feature (CF) corresponds to the wave-
length region where the refractive index of the material
approaches the refractive index of its surrounding medium
(e.g., air or vacuum), resulting in a reflectance minimum
(emissivity maximum) between 7 μm and 9 μm. This feature
marks the beginning of the Si–O stretching feature discussed in
Section 4.2.4. The location of this feature in wavelength space
varies as a function of the polymerization of silicates (number
of shared oxygen in SiO4 tetrahedra in the mineral structure),
which coarsely tracks to SiO content of the material
(J. E. Conel 1969), making it a useful diagnostic for
determining the composition of bare-rock surfaces. Materials
with a higher SiO2 wt% will have a CF located closer to 7 μm,
while materials with a lower SiO2 wt% will have a CF located
closer to 9 μm. The CF is frequently used as a diagnostic for
surface composition in studies of Solar System bodies (e.g.,
T. D. Glotch et al. 2010), and has played an important role in
the design of several missions including the Lunar Reconnais-
sance Orbiter (D. A. Paige et al. 2010) and the BepiColombo
mission to Mercury (H. Hiesinger et al. 2020) because even a
few judiciously placed spectral channels can discriminate
ultramafic, mafic, feldspathic, and silic lithologies. However,
M.-A. Fortin et al. (2024) found that there was not a clear shift
in the location of the CF with the SiO2 content alone for their
samples when measured at high temperatures, so they derived
an empirical model between the CF and the composition of the
rock including its Al2O3, FeO, and CaO contents in addition to
the SiO2 content. This model is generally consistent with their
samples, but the measured CFs are still quite scattered around
the linear fit.
We use the information from our compositional analysis to

plot the location of the CF in our hemispherical reflectance
measurements as a function of their SiO2 wt% in Figure 10. We
also overplot the CF locations for four pure minerals, including
forsterite, augite, oligoclase (a type of plagioclase), and quartz,
and the lunar anorthosite powder from R. Hu et al. (2012) in
Figure 10 for comparison. We obtained the thermal emission
spectra for the four minerals from the ASU Thermal Emission
Spectroscopy Laboratory Spectral Library (sample identifica-
tions BUR-3720A, HS-119.4B, BUR-060, and Quartz, respec-
tively). The forsterite and oligoclase measurements were for
powders with 710–1000 μm grains, the augite measurements
were for a powder with 250–1000 μm, and the quartz
measurement was for a powder with 125 μm–2 mm grains.
As expected, we see a quasi-linear relationship between the

CF wavelength location and the SiO2 wt% of each sample. The
pure mineral samples show a broadly similar trend, but do not
exactly match the trend for our samples. This is not surprising,
as each sample contains a different mixture of SiO2-bearing
minerals, each with their own distinct CF locations. The texture
of the material also affects the CF location, as demonstrated by
published studies of pure minerals (L. M. Logan et al. 1973;
J. F. Mustard & J. E. Hays 1997) and rocks (B. L. Cooper et al.
2002). For rocks, the authors found that the CF shifts to longer
wavelengths for powdered material relative to solid material,
exactly matching the behavior that we see in our measure-
ments. This is because the Si–O stretching feature with the CF
at the shortest wavelength will dominate the spectra of solid
material, while the volume-scattering increase and Si–O feature
contrast decrease of powdered material causes the CFs at
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longer wavelengths to dominate instead (B. L. Cooper et al.
2002).

We illustrate the changing location of this feature for an LHS
3844 b analog in Figure 9, focusing on dalmatian granite and
the dunite xenolith as the two samples with the most widely
varying SiO2 wt%. We quantified our ability to measure the
changing location of this feature by adding an additional free
parameter to our parametric Si–O feature model from
Section 4.2.4 that allows the location of the Si–O feature to
shift in wavelength space. We simulated JWST observations of
the dalmatian granite, STM-101 andesite, and EG-19-63
olivine clinopyroxenite slab surface models, and set the
number of eclipses to the value required to achieve a 3σ
detection of the Si–O feature (5, 12, and 8, respectively). We
did not model the K1919 basalt surface, as its Si–O feature
would require more than 30 eclipses to achieve a statistically
significant detection. We repeated the same nested sampling
routine on 1000 different iterations of each surface type, and
found that the CF can be constrained with 1σ uncertainties of
0.3 μm (dalmatian granite), 0.7 μm (STM-101 andesite), and
0.5 μm (EG-19-63 olivine clinopyroxenite). These uncertain-
ties are small enough to allow us to roughly differentiate
between ultramafic, mafic, intermediate, and felsic igneous
rock types, but more observations will allow us to pin down
their wavelength locations more precisely.

4.3. Temperature-dependent Changes in Spectral Shape

When we heat the dunite xenolith powder, we see that the
measured depth of the Si–O stretching feature increases
smoothly with increasing temperature, while the depth of the
transparency feature (due to multiple scattering between grains)
is constant across all temperatures. We see a similar behavior in
the orlando gold granite powder, which also exhibits a clear
temperature dependence in the measured depth of the Si–O
stretching feature. This behavior is consistent with the spectra
in M.-A. Fortin et al. (2024) where the Si–O feature of all of
their samples becomes deeper as a function of temperature.
K1919 basalt powder does not show an obvious temperature
dependence in the depth of its Si–O stretching feature, but this
feature is also much shallower than in the other two powders,
and it is therefore likely that any temperature-dependent
changes lie below our detection threshold. For the dunite
xenolith and orlando gold granite powders, we also observe a

shift in the wavelength location of the CF (see Section 4.2.5 for
a detailed definition) as a function of temperature. In both
samples, the CF shifts to shorter wavelengths as temperature
increases (see Figure 11), in good agreement with results from
previous studies (e.g., K. L. Donaldson Hanna et al. 2017;
S. Ferrari et al. 2020).
We do not see temperature-dependent trends in the depths or

locations of spectral features in any of the other samples,
including the orlando gold granite slab and the crushed dunite
xenolith. While it is possible that the crushed dunite xenolith
suffered from additional flux contamination from the cup as a
result of its relatively high transparency, this is not the case for
the orlando gold granite slab. We speculate that thermophysical
properties of powders may enhance the amplitude of temper-
ature-dependent changes. Regardless of its origin, the fact that
we see little to no change in feature depth for most of our
samples, and that the changes in feature depth for the dunite
xenolith and orlando gold granite powders are relatively small,
suggests that these effects likely lie beneath the noise floor of
JWST observations of hot, rocky exoplanet surfaces.
This statement comes with one significant caveat. Most

exoplanet emission models, including our own, are constructed
by converting room-temperature reflectance measurements into
emissivity measurements. When we compare the feature depths
in emissivities calculated using this method versus those
measured directly in emission, we see a systematic discrepancy
in that the spectral contrast is lower in our emissivity data. We
note that for our more heterogeneous slab samples, it is
possible that we measured a slightly different location on the
sample in reflectance versus emission. Similarly, particulate
samples may have had slightly different packing (porosity)
between the two measurements. Both of these effects can lead
to differences in the measured spectral properties. However,
neither effect can explain why our reflectance-derived emissiv-
ities consistently display deeper features than the measured
high-temperature emissivities, regardless of sample texture or
(for slabs) heterogeneity.
Previous studies that carried out equivalent comparisons

have also noted that absorption bands measured in reflectance
display deeper contrasts than those measured in emissivity
(e.g., J. W. Salisbury et al. 1994; B. Hapke 2001; S. Ferrari
et al. 2020). B. Hapke (2001) enumerated several potential
explanations, including the possibility that increased multiple
scattering in emissivity measurements might cause the depth of

Figure 10. The location of the Christiansen Feature as a function of the SiO2 wt% for the silicate samples in our spectral library. The textures (slab, crushed, and
powder) of each sample are denoted by the marker shapes (square, circle, and triangle, respectively). We also include labeled markers showing the CF of four pure
minerals for comparison: forsterite (olivine), augite (pyroxene), oligoclase (plagioclase), and quartz. Since we do not have a feldspathic sample in our library, we
include the CF of the lunar anorthosite powder from R. Hu et al. (2012) as an unfilled triangle in gray.
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bands to diminish. More generally, Kirchhoff's law of thermal
radiation tells us that 1 − R = ε when the system is in thermal
equilibrium (B. Hapke 2001). Our emissivity measurements
violate this assumption, because the surrounding background is
not at the same temperature as the sample. Furthermore, our
method of heating the sample via induction from beneath likely
resulted in an internal temperature gradient within the sample.
This effect was previously explored in K. L. Donaldson Hanna
et al. (2017), which performed controlled emissivity measure-
ments to reproduce the spectra of rocky surfaces on the Moon,
including the effect of a temperature gradient in the upper
surface layer. Controlling for atmospheric pressure alone, the
authors observed a change in the contrast between the CF and
Si–O stretching regions.

We conclude that the depths of features measured in
emission are dependent on exact experimental setup, including
the atmospheric pressure, the temperature of the sample, the
temperature of the surrounding medium, and how the sample is
heated. It is likely that some or all of these effects may
contribute to the differences between feature depths measured
in reflection versus emission for our samples. However, none
of these effects alter the fundamental nature of these features,
and their presence or absence in the emission spectra of rocky
exoplanets is therefore a reliable diagnostic of the surface
properties of these objects with the caveat that shallower
features will be more difficult to robustly identify in
observations with substantial noise.

4.4. LHS 3844 b as a Case Study

As introduced in Section 1, LHS 3844 b is one of the most
favorable rocky exoplanet targets for emission spectroscopy
with JWST. Published 4.5 μm photometric phase curve
measurements with Spitzer revealed that the planet has little
to no atmosphere, and L. Kreidberg et al. (2019) found that its
measured dayside brightness temperature was most consistent
with a basaltic surface when comparing to the spectral library
from R. Hu et al. (2012). We generate new models for this
planet using an updated SPHINX model with an effective
temperature of 3000 K, log(g [cm s−2]) of 5, and solar C/O and
metallicity for the host star, which provides a good match to the
stellar spectrum measured with MIRI LRS (S. Zieba et al.

2025, in preparation). We begin by modeling the same set of
surfaces presented in R. Hu et al. (2012), in order to quantify
the impact of this change on our interpretation of the Spitzer
photometry and demonstrate the degeneracies between albedo
and surface properties. The resulting emission spectra are
shown in Figure 12. We find that the new basaltic surface
model still provides the best match to this measurement, but
now only agrees to within <2σ rather than the previous <1σ.
E. C. First et al. (2024) also generated a similar set of models
for their basaltic samples, and found that they were all
consistent with the previous Spitzer measurement.
Next, we explore whether our updated spectral library can

provide an improved match to this measurement. With our 11
samples and variety of textures, there are 31 possible
combinations. Of those, 18 are �2σ consistent with the Spitzer
measurement in Figure 13. These include the hematite, dunite
xenolith, basalt with phenocrysts, olivine clinopyroxenite (EG-
19-63), olivine clinopyroxenite (EG-19-70), basaltic andesite,
K1919 basalt, olivine gabbronorite (EG-19-68), andesite
(STM-101), and the dalmatian granite. For all but one surface
type, the data prefer the slab and/or crushed textures. The
hematite sample is the only one for which the powdered texture
is consistent with the data. As expected, we prefer the subset of
models that have the lowest wavelength-averaged optical and
NIR albedos and the correspondingly highest surface
temperatures.
With our expanded spectral library, there are now repre-

sentative samples from multiple compositional classes that are
at least 2σ consistent with the Spitzer measurement. This is
weaker than the conclusions in L. Kreidberg et al. (2019),
which used the spectral library from R. Hu et al. (2012) to
argue that feldspathic and granitoid materials provided a
relatively poor fit to this measurement. We conclude that when
we allow for a greater diversity of compositions and textures, a
single broadband measurement is of limited use for constrain-
ing the surface compositions of rocky exoplanets.

Figure 12. Predicted wavelength-dependent secondary eclipse depths for the
super-Earth LHS 3844 b generated using the powdered samples from R. Hu
et al. (2012) and an updated stellar spectrum. As discussed in Section 2.1, we
only show the subset of surfaces relevant for hot, rocky exoplanets. We
overplot the published Spitzer measurement from L. Kreidberg et al. (2019) as
a black circle with the corresponding 1σ uncertainty shown as a vertical error
bar. The horizontal error bar indicates the approximate wavelength range of the
4.5 μm Spitzer bandpass, and the gray curve corresponds to the instrument's
spectral response function.

Figure 11.Measured Christiansen Feature location as a function of temperature
for the dunite xenolith powder (top) and the orlando gold granite powder
(bottom). Note the different horizontal axis ranges.
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5. Conclusions

In this work, we present a new spectral library for modeling
the thermal emission spectra of hot, rocky exoplanets with little
to no atmosphere. We collect new reflectance and emissivity
measurements for a set of igneous rock samples spanning a
wide range in SiO2 abundances, including samples in all four
compositional classes (ultramafic, mafic, intermediate, and
felsic), as well as one Fe-oxidized sample. We measure the
reflectances of these samples in three textures, including solid
slabs, coarsely crushed material (500 μm to 1 mm), and finely
ground powder material (25–63 μm). We also directly measure
the MIR emissivities of a subset of 10 samples at temperatures
ranging between 500 and 800 K, analogous to the temperatures
of many rocky exoplanets.

We incorporate both the old spectral library from R. Hu et al.
(2012) and our new spectral library into an updated version of
the open-source python package PLATON (M. Zhang et al.
2019, 2020) in order to calculate the thermal emission spectra
of close-in rocky exoplanets. Our model also accounts for
contributions from reflected light, which are typically only
important shortward of 5 μm. This new version of the PLATON
package is be publicly available in version 6.3.

We use our new spectral library and modeling framework to
demonstrate that samples with similar chemical compositions
can have significantly different reflectance spectra, with
correspondingly large differences in dayside albedos and
surface temperatures. We also quantify how changes in texture
can alter the albedos of our samples. Because powdered
materials can be significantly more reflective at optical and NIR
wavelengths than slabs of the same material, these large
differences in reflectance directly translate to a wide range of
predicted dayside temperatures. We conclude that albedo is a
relatively weak and degenerate indicator of surface properties.

We identify a select set of the most promising spectral
features for constraining the surface composition and texture of
rocky exoplanets. We focus on features located in the MIR, as
the higher planet–star flux ratio at these wavelengths makes
them easier to detect than the NIR spectral features commonly
used in studies of solar system objects. We identify four
promising features for future MIR spectroscopic studies,
including the 5.6 μm olivine feature, the transparency feature
(a key diagnostic of grain size), the Si–O stretching feature (the

location of this feature changes as a function of SiO2 wt%), and
the Christiansen feature. Finally, we use our high-temperature
emissivity measurements to demonstrate that the spectral
shapes of features at MIR wavelengths are only weakly
dependent on temperature. However, we also find that the
depths of features measured in emission are systematically
shallower than expected based on their room-temperature
reflectance measurements. This is likely due to a combination
of factors, including increased multiple scattering in the
emission spectra, the degree of vacuum, and the presence of
internal temperature gradients within our samples.
Finally, we provide an updated interpretation of published

4.5 μm photometry of dayside emission from the benchmark
super-Earth LHS 3844 b from L. Kreidberg et al. (2019). After
incorporating an updated spectrum for the host star, we find
that this planet's dayside emission can be matched by most
rocks and coarse-grained materials in our spectral library but
cannot be matched by fine-grained silicate powders. The
compositions that match the observations range from granitic to
ultramafic, including the R. Hu et al. (2012) surface types, both
silicates and oxidized iron. This is contrary to the interpretation
published by L. Kreidberg et al. (2019), who concluded that
feldspathic and granitoid surfaces were a poor match (�3σ
different) to the data. This highlights the importance of texture
as well as composition when modeling the fluxes expected
from different types.
Our new modeling framework and spectral library provides

important new capabilities to model the bare-rock spectra of
JWST targets, and be used to inform observing strategies for
future spectroscopic observing programs with JWST. These
observations offer an unprecedented opportunity to obtain
improved constraints on the surface compositions of rocky
exoplanets, providing a new window into the geological
evolution of exoplanets.
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Appendix A
Sample Information

Information about the origins and sources of the samples in
our library can be found in Table 1. The chemical compositions
and mineral abundances of our samples from the results of the
Actlabs analysis are shown in Table 2 and Table 3,
respectively.

Table 1
Origins of Samples

Sample Origin Source Notes

dunite xenolith Hualalai Volcano, HI Paul Asimow J. Kauahikaua et al. (2002)
basalt w/ phenocrysts Hualalai Volcano, HI Paul Asimow L
olivine clinopyroxenite EG-19-63a Emigrant Gap, CA Juliet Ryan-Davis J. Ryan-Davis et al. (2025, in preparation)
olivine clinopyroxenite EG-19-70a Emigrant Gap, CA Juliet Ryan-Davis J. Ryan-Davis et al. (2025, in preparation)
basaltic andesite Eastern Lau Spreading Center Paul Asimow Rolling Deck To Repository (2015)
K1919a Kilauea, HI Caltech collection D. E. Anderson et al. (2017)
olivine gabbronorite EG-19-68a Emigrant Gap, CA Juliet Ryan-Davis J. Ryan-Davis et al. (2025, in preparation)
andesite STM-101a Santiam, OR Caltech collection T. P. Thayer (1934)
dalmatian granite Unknown T&L Granite Countertop Warehouse Located in El Monte, CA
orlando gold granite Unknown T&L Granite Countertop Warehouse Located in El Monte, CA

Note.
a Naming scheme adopted from source.

Table 2
Chemical Compositions of Samples (wt%)

Sample Name SiO2 Al2O3 Fe2O3(T) MnO MgO CaO Na2O K2O TiO2 P2O5 LOIa Total

hematite 2.15 0.54 96.45 0.04 0.05 0.19 0.02 <0.01 0.08 0.13 0.46 100.10
dunite xenolith 39.04 0.19 12.86 0.16 49.28 0.24 0.04 <0.01 0.03 <0.01 −1.01 100.80
basalt w/ phenocrysts 44.50 10.12 13.13 0.17 15.78 11.07 1.57 0.29 1.86 0.21 0.83 99.54
olivine clinopyroxenite EG-19-63 47.10 1.72 9.07 0.18 24.06 16.04 0.19 0.01 0.16 <0.01 0.44 98.96
olivine clinopyroxenite EG-19-70 47.58 1.71 11.26 0.20 19.62 16.20 0.18 0.01 0.25 <0.01 1.84 98.87
basaltic andesite 49.94 12.77 13.94 0.18 8.53 10.48 2.22 0.39 2.32 0.23 −0.88 100.10
K1919 basalt 50.65 13.52 12.79 0.17 6.83 11.57 2.28 0.52 2.80 0.28 −1.39 100.50
olivine gabbronorite EG-19-68 51.05 13.32 10.32 0.18 11.65 11.33 1.96 0.35 0.39 <0.01 −0.13 100.40
andesite STM-101 52.82 16.02 12.10 0.20 4.42 8.43 3.30 0.80 1.75 0.31 0.73 100.90
dalmatian granite 67.51 16.35 3.56 0.05 0.73 2.41 2.49 6.32 0.40 0.16 0.63 100.60
orlando gold granite 73.30 15.36 1.24 0.03 0.10 1.08 3.88 5.31 0.01 <0.01 0.26 100.60

Notes. The detection limit for all of the samples is 0.01%, except for MnO (0.005%) and TiO2 (0.001%).
a Loss on Ignition: represents the amount of organic matter that was in the sample.
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Table 3
Mineral Abundances of Samples in wt%.

Sample Name Plagioclase K feldspar Quartz

Augite/
Diopside

Forsterite,

ferroan Amphibole Enstatite Serpentine Talc Muscovite/Illite Biotite Chlorite Ilmenite Magnetite Hematite Amorphous

hematite n.d. n.d. 3.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 80.8 15.8
dunite xenolith n.d. n.d. n.d. n.d. 100.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

basalt w/
phenocrysts

47.8 n.d. n.d. 34.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. trace n.d. n.d. 17.4

olivine clin-

opyrox. EG-

19-63

2.0 n.d. n.d. 66.9 26.9 2.2 n.d. 2.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

olivine clin-
opyrox. EG-

19-70

34.4 n.d. n.d. 34.9 23.9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 6.8

basaltic andesite 21.0 n.d. n.d. 35.2 7.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 36.4

K1919 basalt 47.8 n.d. n.d. 34.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. trace n.d. n.d. 17.4
olivine gab-

bronor. EG-

19-68

69.9 n.d. 6.3 19.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.5 2.6 n.d. n.d.

andesite

STM-101

44.9 n.d. n.d. 24.3 n.d. n.d. 29.8 n.d. n.d. 1.0 n.d. n.d. n.d. n.d. n.d. n.d.

dalmatian

granite

25.7 34.1 29.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 8.7 1.7 n.d. n.d. n.d. n.d.

orlando gold

granite

37.0 28.1 28.9 n.d. n.d. n.d. n.d. n.d. n.d. 2.0 n.d. n.d. n.d. n.d. n.d. 4.0
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Appendix B
Determining the Optimal Redistribution Factor

To ensure that our 1D models capture the temperature
gradient on the dayside surface of a planet, we used a
redistribution factor f in our energy balance equation as
described in Section 3. We estimated the best-fit f for each
surface in R. Hu et al. (2012) by scaling f until our 1D models
matched the R. Hu et al. (2012) 2D models from 0–25 μm,
which summed the flux contributions from patches with
different temperatures across the dayside. The best-fit f values
for a planet with an equilibrium temperature of 1000 K as a
function of median hemispherical reflectance are shown as
colored points in Figure 14, and scale approximately linearly
with the median hemispherical reflectance of each sample. We
repeated this fitting for a narrower wavelength range, 5–12 μm,
and found that the differences in the generated models were
negligible.

We performed this fitting for a range of equilibrium
temperatures and found that the best-fit f is weakly dependent
on equilibrium temperature. Specifically, colder planets were
better matched by larger f values. We found that the difference
in best-fit f is negligible relative to the expected observational
precision for JWST, and therefore opted to use the f value
corresponding to a planet with an equilibrium temperature of
1000 K for all models. We quantified the impact of this
assumption by calculating the emission spectrum for a planet
with a cooler equilibrium temperature of 400 K, and found that
the difference between the temperature-dependent f model and
fixed f model at 9 μm (in the middle of the Si–O stretching
feature) for every surface ranged from 0%–5.3%. Taking the
Trappist-1 system as our test case, we find that even when
combining multiple eclipse observations in a broad photometric
bandpass, the JWST measurement precision for planets cooler
than 600 K exceeds 10% (T. P. Greene et al. 2023; S. Zieba
et al. 2023). We therefore do not expect these small differences
to affect our ability to proficiently model the data, and leave
them out of the default model implementation in PLATON.
However, we nonetheless include the temperature-dependent
values in Table 4, in case they are useful for future studies.

We show how our 1D models compare to the 2D models
from R. Hu et al. (2012) in Figure 15 for LHS 3844 b system
parameters. Our 1D model spectra with a uniform dayside
temperature are very similar to the 2D model spectra with, and
without, a temperature gradient. They are not identical because
the 2D models additionally incorporate angle of emission. We

also show what the spectra look like with f= 2/3, and see that
this assumption generally leads to an overestimation of the
planet flux. This overestimation is the greatest for the most
reflective surfaces.
Rather than calculating the full 2D Hu et al. models for the

new samples presented in this work in order to estimate their
respective f values, we instead leveraged the approximately
linear relationship between the best-fit f values as a function of
median hemispherical reflectance. We fit the points in
Figure 14 with a linear function and found coefficients of
m = −0.137 and b = 0.620. We then used this relationship to
obtain f values for our new samples. We test the validity of this
approach using the most reflective rock and texture combina-
tion in the library, which is the orlando gold granite powder
(median hemispherical reflectance of 0.80). This material is
more reflective than any of the surfaces in R. Hu et al. (2012).
Nonetheless, our linear relation predicts that its corresponding f
value is 0.51. This result is reassuring, as the value of f should
always lie between 1/2 and 2/3 (B. M. S. Hansen 2008).

Figure 14. The best-fit f values for the surfaces in R. Hu et al. (2012) as a
function of median hemispherical reflectance taken over a wavelength range
corresponding to 85% of the integrated flux of a 3000 K host star. The best-fit
linear function used to estimate the f values for the samples in our expanded
spectral library is shown as a solid black line. Each new sample is shown as a
gray marker. The range in median hemispherical reflectance for the linear
function corresponds to the range of reflectances of the samples in the library.
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