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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
® Chang’E-7’s LUnar soil Water molecule Analyzer (LUWA) will measure lunar polar water and hydrogen
isotopes.

Solid materials were developed to release CO, or H,O under vacuum with modest heating.
Ag.CO; enables repeated onboard CO, referencing through controlled partial gas release.
Traceable Cu(OH), provides an H,O and hydrogen-isotope reference for ground calibration.

These solid references support calibration of LUWA water and hydrogen-isotope measurements.

Key Words: Chang’E-7, LUnar soil Water molecule Analyzer (LUWA), Hydrogen isotope measurement, Multi-
payload detection framework; Lunar polar water ice
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ABSTRACT

Lunar polar water ice is a key target of the Chang’E-7 mission because its abundance, physical state, and origin
remain insufficiently constrained. Within the Chang’E-7 multi-payload framework, the LUnar soil Water molecule
Analyzer (LUWA) is designed to measure H,O abundance and hydrogen isotopic composition in permanently
shadowed regions. Reliable measurements require calibration compatible with high vacuum, low power
consumption, limited sealing capability, and restricted heating temperatures, conditions under which conventional
gas- and liquid-phase standards are poorly suited. Here, we develop and validate two complementary solid reference
materials for LUWA. Vacuum thermogravimetric, analysis showed that Ag,CO3; and Cu(OH), decompose at
approximately 100-120 °C, releasing CO, and H,O, Trespectively. Spectroscopic and mass-spectrometric
measurements identified the expected dominant signals, with no obvious interfering gaseous species detected within
the measured ranges. In the current LUWA implementation, Ag,COz was selected as the onboard CO, reference
material for in situ calibration, whereas traceable Cu(OH), was developed primarily for ground-based H,O and 6D
calibration, prototype testing, end-to-end validation, and controlled regolith-simulant experiments. Cu(OH),
synthesized from precursor waters with known 8D values preserved the mean isotopic information of the water
source, with absolute differences between precursor-water and solid-derived vapor means within 10%eo. Independent
Cr-EA/IRMS measurements further supported the isotope-measurement workflow. Beyond its current role,
traceable Cu(OH), can serve as a solid isotope standard for validating heating, gas release, transfer, pressure
measurement, and spectroscopic or mass-spectrometric detection. It also provides a controllable H,O and 8D source
for regolith simulants with known water contents and for future characterization of adsorption—desorption memory
effects, baseline drift, and pressure-dependent isotope response. With further storage, contamination-control, and
flight-qualification studies, Cu(OH),-type materials may support future planetary payloads requiring controlled
H,O and hydrogen-isotope references. Together, these results establish a dual-role solid calibration strategy for
LUWA.

-INTRODUCTION

The significance of lunar water exploration

Lunar water serves two fundamental roles. Scientifically, it provides critical insights into the Moon’s evolutionary history.
As a key volatile, water records the delivery of extraterrestrial materials from multiple sources and constrains the thermal and
geochemical evolution of the lunar interior and surface. As a resource, it enables sustainable bases through in-situ resource
utilization (ISRU), reduces the costs of deep-space mission, and promotes the development of a cislunar economy. The Moon
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was initially regarded as a dry body.! However, subsequent studies demonstrated that the Moon’s small obliquity allows certain
polar regions to remain in permanent shadow, forming permanently shadowed regions (PSRs).? These regions maintain
cryogenic temperatures low enough for water ice to persist over geological timescales.? Under such conditions, the sublimation
rate of exposed water ice can be lower than 1 m per billion years. The scientific and resource potential of lunar polar water ice,
however, can only be fully realized when its abundance, physical state, and origin are constrained.

The history of orbiter remote sensing exploration

Previous lunar missions have provided multiple lines of evidence for the presence and stability of water or hydrogen-
bearing species in the lunar polar regions, but remote-sensing approaches have limitations. Thermal observations from the
Diviner radiometer onboard the Lunar Reconnaissance Orbiter (LRO) demonstrate that temperatures in permanently shadowed
regions (PSRs) can remain sufficiently low for water ice to be stable over geological timescales.* Radar observations also
provided indications of possible polar ice. The Clementine bistatic radar experiment detected signals consistent with the
presence of water ice within PSRs,® and subsequent polarimetric radar observations, such as Mini-RF, reported Circular
Polarization Ratio (CPR) anomalies.® However, CPR is also affected by surface roughness, rock abundance, and viewing
geometry, rendering radar anomalies alone insufficient for unambiguous water-ice identification.

Neutron spectroscopy has provided an additional constraint. The Lunar Exploration Neutron Detector (LEND) aboard
LRO detected enhanced hydrogen abundances in polar regions,” but neutron data cannot discriminate between molecular water
ice, hydroxyl-bearing minerals and solar-wind-implanted hydrogen. Spectral observations further reveal widespread hydration
signatures: the Moon Mineralogy Mapper (M?) aboard Chandrayaan-1 detected OH/H,O-related absorption features in sunlit
regions.®? Molecular water detected near 6 um has primarily been observed in illuminated terrains and is commonly associated
with surface processes, limiting its direct relevance to PSR ice reservoirs.!® The LCROSS impact experiment provided the most
direct evidence for polar volatiles by detecting water in the ejecta plume from Cabeus crater,!! yet impact-induced sublimation
and excavation dynamics limit its ability to determine the undisturbed abundance and physical state of water ice in PSR regolith.

Therefore, although orbital and impact observations strongly support the presence of polar volatiles, they are insufficient
to independently resolve the abundance, physical state, burial depth, stratification, and origin of lunar water ice. In particular,
Mini-RF identifies dielectric or roughness anomalies but lacks the capability to constrain subsurface structure, ice-layer
thickness, burial depth, and lateral continuity, which can be addressed by the Lunar Penetrating Radar (LPR).!>!3 These
limitations highlight the necessity for in-situ measurements combined with multi-payload data integration, in which direct H,O
and hydrogen-isotope measurements are integrated with radar-derived structural constraints.

The rationale for in situ detection

The origin of lunar water remains a central scientific question and can be constrained through hydrogen isotopic analysis.
Three major source mechanisms have been proposed: delivery by asteroidal impacts, particular carbonaceous chondrites;'% 13
contribution from cometary impacts;'¢ and solar-wind hydrogen implantation followed by reactions with oxygen-bearing lunar
surface materials.!” These sources are expected to produce distinct hydrogen isotopic signatures. Terrestrial mantle water and
many carbonaceous chondrites exhibit broadly similar D/H ratios, typically corresponding to intermediate, 6D range (-126 to
46%o),'%!” whereas solar-wind hydrogen is characterized by extremely low D/H ratios, with 8D values lower than -980%o.2°
Accordingly, hydrogen isotope measurements provide a powerful diagnostic for constraining the relative contributions of
different water sources.'4!7

Previous isotope studies have mainly relied on returned samples and terrestrial laboratory analyses. Lunar sample
measurements are commonly conducted using ion microprobe or secondary ion mass spectrometry methods, !¢ while terrestrial
materials can be measured through thermal extraction coupled with infrared spectroscopy and mass spectrometry.?! However,
returned lunar samples are susceptible to terrestrial contamination during collection, curation, transport, and laboratory
processing, particularly for trace water and hydrogen isotopes. In addition, solar-wind-implanted hydrogen may interact with
indigenous lunar materials, complicating the interpretation of returned-sample D/H data. These limitations highlight the
importance of in-situ measurements for minimizing contamination and direct measurement of the isotopic composition of lunar
polar volatiles.

Nevertheless, in-situ H,O and 6D measurements alone are insufficient to fully resolve the abundance, physical state, and
origin of lunar polar water ice. Within the Chang’E-7 framework, LUWA provides calibrated point-scale measurements of
water abundance and hydrogen isotopic composition,?? while complementary constraints must be obtained from other payloads.
Orbital Miniature Synthetic Aperture Radar (MSAR) can identify polarization anomalies and dielectric heterogeneity over
broader polar terrains,'3?* and rover-mounted LPR can further constrain local subsurface profiles, including possible burial
depth, stratification, and lateral continuity. 2% 2> These observations, combined with mineralogical context from infrared and
Raman spectroscopy, enable integrated interpretation of polar ice occurrence. In this context, LUWA-derived H,O and 8D
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measurements function as traceable point-scale anchors within a broader Chang’E-7 multi-payload information chain, rather
than as a standalone solution to the characterization of lunar water-ice.

The importance of Chang’E-7 and calibration materials

The Chang’E-7 mission targets PSRs in the lunar south polar region, where LUWA aboard a mini-flying probe will perform
in-situ measurements of water abundance and hydrogen isotopic composition. These point-scale data require integration with
observations from other Chang’E-7 payloads to constrain the distribution and origin of lunar polar water ice.

LUWA combines Tunable Diode Laser Absorption Spectroscopy (TDLAS) with mass spectrometry to achieve high-
precision compositional analysis. 2° Its operational sequence includes system preparation, bake-out and purge, calibration,
sample collection, sealed heating, gas analysis, and sample disposal. Operation in PSRs requires additional thermal control to
ensure instrument stability. Because LUWA derives quantitative H,O abundance and 6D values from gases released during
soil heating, accurate and traceable calibration is essential for ensuring the reliability of the entire measurement chain.

Conventional terrestrial calibration approaches are not well suited to lunar in-situ conditions. Standard gases are difficult to
store and deliver under high vacuum, mass-limited, and sealing-constrained conditions, while also introducing potential leakage
risks. Liquid water, although widely used for hydrogen-isotope calibration on Earth, requires sampling, vaporization, and
transfer procedures that may introduce adsorption and isotope-fractionation effects.?’?8These limitations are particularly critical
under lunar operating conditions, where calibration opportunities, heating power, and operational time are limited.

Accordingly, LUWA requires compact, stable, and traceable solid calibration materials capable of releasing well-defined
calibration gases under controlled heating. Such materials reduce storage and sealing risks, simplify the calibration procedure,
and provide a metrological basis for converting LUWA spectral and mass-spectrometric signals into reliable in-situ water and
isotope information. This study therefore focuses on the development, synthesis, and validation of solid calibration materials
as a prerequisite for robust LUWA measurements within the Chang’E-7 multi-payload water-ice detection framework. Within
this multi-payload framework, the scientific value of LUWA-derived measurements ultimately depends on the reliability of its
calibration. Without traceable calibration materials compatible with lunar operational constraints, point-scale H,O and 6D data
cannot be confidently integrated with radar-derived structural constraints or orbital observations for comprehensive water-ice
interpretation. This requirement motivates the development of solid calibration materials described in this study.

The state-of-the-art and limitations of calibration material studies

Calibration for in-situ lunar water and isotope measurements faces multiple coupled constraints, including high vacuum,
large temperature variations, limited sealing performance, restricted heating power, and short operational time. Under low-
temperature conditions, polymer seals may lose elasticity and increase leakage risks, while elevated temperatures and vacuum
conditions can reduce the effective volatilization or decomposition thresholds of calibration materials.?® Over multi-week
operations, even minor leakage or adsorption can alter the amount and isotopic composition of calibration gases. In addition,
the limited battery budget and thermal-control capability of the mini-flying probe constrain calibration temperature to a
relatively low range, typically around 80-120 °C.3° These factors require calibration materials that are compact, vacuum-stable,
chemically well defined, and capable of releasing calibration gases under modest heating.

Existing lunar volatile exploration payloads and calibration strategies do not fully satisfy these requirements for LUWA. For
example, VIPER’s Near Infrared Volatile Spectrometer Subsystem (NIRVSS) infers volatile content indirectly from reflectance
spectra and cannot directly quantify hydrogen isotopic composition.3!- 32 Its Mass Spectrometer Observing Lunar Operations
(MSolo) relies on pressurized gas standards stored in an onboard calibration gas system, which remain susceptible to leakage
and temperature-dependent pressure fluctuations during long-duration spaceflight.?®3334 Luna-27’s LASMA-LR laser
ionization mass spectrometer is primarily designed for elemental and isotopic composition analysis of solid regolith, and does
not employ calibration strategies optimized for in-situ water abundance and hydrogen-isotope measurement!®3. Although the
accompanying DLS-L spectrometer targets D/H and oxygen isotope analysis via TDLAS, its calibration relies on liquid water
and gaseous CO, standards that are susceptible to isotopic fractionation during long-duration spaceflight storage and transfer(36l.
The PROSPECT/ProSPA package validates its evolved gas analysis using compounds such as CaCOz, whose decomposition
temperature of approximately 550-750°C is incompatible with the low-power and thermally constrained operating conditions
required for LUWA in PSRs.37-38, LUMVI-X uses perfluorotributylamine as a calibrant, but its limited mass resolution restricts
its ability to distinguish hydrogen isotopic signature relevant to D/H analysis.?*40

These limitations indicate that the key challenge lies not only in detecting water-related signals, but in converting such
signals into traceable and quantitatively reliable water and isotope information under lunar operational constraints. For LUWA,
an ideal calibration material should remain stable during storage, release a single and identifiable calibration gas under vacuum
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at approximately 80-120 °C, minimize adsorption and isotope-fractionation effects, and provide a known reference for both
spectroscopic and mass-spectrometric measurements. These requirements motivate the development of solid, traceable
calibration materials for reliable in-situ water and isotope information acquisition.

1.6 The innovation and significance

The LUWA onboard Chang’E-7 is designed to provide direct in-situ information on water abundance and hydrogen isotopic
composition in lunar polar environments. Prototype testing has demonstrated its capability for water-vapor pressure and
hydrogen-isotope measurements under laboratory conditions.*!-*3 However, the scientific value of LUWA-derived H,O and 6D
data depends not only on instrument sensitivity, but also on the availability of calibration materials that are stable, traceable,
and compatible with lunar operational constraints. Without reliable calibration, point-scale measurements from LUWA cannot
be confidently integrated with other Chang’E-7 observations for broader water-ice interpretation.

The innovation of this study lies in developing traceable solid calibration materials that convert a difficult in-situ calibration
problem into a controlled solid-to-gas release process. By screening candidate materials under vacuum, identifying Ag,CO3
and Cu(OH); as low-temperature gas-release materials, characterizing the evolved CO, and H,O signals using spectroscopic
and mass-spectrometric measurements, and assessing the hydrogen-isotope fidelity of synthesized Cu(OH),, this work
establishes a practical and traceable calibration basis for LUWA.

The significance of this work is twofold. From an engineering perspective, the proposed solid calibration materials offer
compact, vacuum-compatible, and low-power calibration sources for a resource-constrained lunar payload. From Iunar
scientific perspective, they improve the reliability and traceability of LUWA-derived water and isotope information, allowing
these point-scale measurements to serve as calibrated anchors in the Chang’E-7 multi-payload framework. When combined
with regional hydrogen mapping, radar-derived subsurface structure, mineralogical and spectral context, and complementary
volatile measurements, such calibrated LUWA data contribute to constraining the abundance, physical state, and potential
origin of lunar polar water ice.

METHODS

Ground calibration platform

After the vacuum tank has been evacuated for 72 hours to below 10 Pa, the instrument is held at 35 °C. With the
gas-extraction furnace sealed and valves 1 and 2 closed in Fig. lc, the electronics unit issues a heating command to the
calibration gas unit, raising and maintaining its temperature at 100 °C. The mass spectrometer selects its intake path according
to the measured pressure. If the pressure is below 100 Pa, open self-locking valve 2 and draw gas through the black pipeline.
The main pipeline pressure is then checked with the vacuum gauge. If the main pipeline pressure rises above 200 Pa, close the
self-locking valve 2 and switch sampling to the gray pipeline.

Simulation chamber valve 1 .
o — et patk
(C) +— {Open)

LUWA r ‘;:;'-." —— Calilsation path

prototype

} TInled

Outside Deck Inside

Figure 1. Ground calibration platform and LUWA prototype (A) LUWA prototype in the simulation chamber; (B)
photograph of the prototype; and (C) internal pipeline configuration.
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Standard material selection

LUWA incorporates two independent calibration units to support repeated calibration during lunar operation. An initial
calibration is performed after landing to verify the instrument response following launch, transit, and landing, and additional
calibrations can be conducted before individual in-situ measurements to establish contemporaneous references under the
prevailing vacuum and thermal conditions. Each calibration unit can release the reference gas multiple times through controlled
heating rather than being limited to a single use. During each calibration, an appropriate amount of gas is introduced into the
analytical pathway, after which the gas is vented, and the calibration unit is isolated until the next calibration cycle.

Table 1. Decomposition temperatures of common carbonates.
Carbonate Ag,CO; CdCO; ZnCO; MgCO; CaCO; SrCO; BaCOj
Td (°C) 147 240 250 441 661 615 942

Considering the complexity of binary systems * and the interaction between carbonate and metallic inner surfaces, the
calibration materials were restricted to substances expected to release predominantly a single target gas upon heating (excluding
bicarbonates, oxalates, etc.). Referring to the design specifications of the spectrometer and mass spectrometer in the analyzer,
CO, and H,O were selected as the target calibration gases and used in ground-based pre-experiments. 26 Because CO,-releasing
solid calibrants were of primary interest for onboard referencing, the initial screening focused on carbonates. Thermal
decomposition temperatures of common carbonates at atmospheric pressure are listed in Table 1.4

Accounting for chemical-kinetic effects in vacuum, the onset temperature for thermal decomposition shifts downward;*
Therefore, we targeted carbonates with vacuum-decomposition temperatures between 80 °C and 120 °C. In practice, this
criterion encompasses minerals whose atmospheric-pressure decomposition occurs between 100 °C and 300 °C—such as
magnesium carbonate (MgCO3) and calcium carbonate (CaCO3). Based on their thermal profiles (Table 1), the carbonates of
cobalt (CoCO3), zinc (ZnCO3), cadmium (CdCO3), and silver (Ag,CO3) emerged as the most promising candidates.

Among these candidates, zinc carbonate predominantly occurs as the basic hydrated form 2ZnCO;-3Zn(OH),-H,O,
making it difficult to obtain pure ZnCOs.#" Its thermal decomposition releases both H,O and CO,, which would complicate
calibration. Given the toxicity concerns associated with cobalt-and cadmium compounds,*-4° silver carbonate (Ag,CO3) was
therefore chosen as the solid calibration substance for this temperature range.

CO;, is suitable for pressure, spectroscopic, and mass-spectrometric referencing, but it cannot provide a hydrogen-isotope
reference. We therefore additionally evaluated a water-releasing calibrant with a known hydrogen isotopic composition.

Therefore, we evaluated solid materials that release water upon heating, specifically hydrates and weakly basic compounds.
However, common hydrates typically decompose below the 80-120 °C range, rendering them unsuitable for our in-situ
calibration needs ,°%3! and their decomposition onset shifts even lower in vacuum, making them unsuitable for in-orbit storage.
Among weak bases, the readily available copper hydroxide (Cu(OH),) was selected, as it decomposes at approximately 150 °C
under ambient pressure 21, and it is a practical candidate for producing a controlled water release for calibration.

Vacuum thermogravimetric analysis

Conventional thermogravimetric analysis (TGA) is typically conducted in controlled gas atmospheres (e.g., high-purity
N or O;). The presence of a gas phase can influence the diffusion of decomposition products, modify reaction pathways, or
chemically interact with the sample, thereby introducing confounding factors. To eliminate these confounding effects, vacuum
thermogravimetric analysis (TGA) is required, since prior studies have shown that TGA curves obtained under inert-gas
atmospheres can differ substantially from those measured in vacuum.*

To determine the decomposition temperatures of candidate calibration materials under orbital conditions and to establish
the heating power and duration required for in-situ calibration, we performed vacuum TGA on CaCO3, MgCO3, Ag,COs3, and
Cu(OH),. Measurements were carried out on a NETZSCH STA 2500 vacuum thermogravimetric analyzer (Supplementary
Figure S2a), with the analysis chamber maintained below 1 Pa. The heating protocol applied a rate of 1 °C min™, including
isothermal holds at 25 °C, 50 °C, and 70 °C for 20 min each to assess stability, followed by continuous heating to 150 °C. Each
experiment was repeated twice, and the averaged results are reported. We then conducted end-to-end experiments with the two
selected calibration materials, following the protocol detailed in Section 2.1. Before each sample measurement, the calibration
routine described therein was executed to ensure consistency.

Approximately 50 mg of each material was used for each vacuum thermogravimetric measurement. Each material was
measured twice under identical vacuum and heating conditions. The sample mass was normalized to its initial value, and the
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normalized curves from the two runs were averaged for data presentation.

Chemical synthesis

For CO, referencing, a carbonate with well-characterized composition and predominantly CO, release is required. In
contrast, water-based calibration demands a reference material with a known hydrogen isotopic ratio to evaluate instrument
performance and calibrate its isotope-measurement capability. We tested two samples (A and B) from the same batch of
analytical-grade Cu(OH),. Each sample was vacuum-heated, and the released gases were introduced into a TDLAS
spectrometer pre-calibrated with a liquid-water standard. The spectrometer recorded at 5 Hz, yielding over 500 &D
measurements per sample. The mean 6D values (Figure. 2) differ by approximately 50%o. This variability, attributable to
untraceable hydrogen sources in Cu(OH),, indicates that commercially available analytical-grade copper hydroxide is
unsuitable for direct use as an isotopic calibration standard.

—®— (AR) Cu(OH),-Samplel
®  (AR) Cu(OH),-Sample2

0D %o

0 100 200 300 400 500 600 700

|
—_
—_
o

Spectrum sample points

Figure 2. Time-resolved 6D measurements of H,O released from two commercial analytical-grade Cu(OH), samples
obtained from the same batch.

To address this issue, we developed a simple method for preparing Cu(OH), with a traceable hydrogen isotopic
composition as a solid reference material. A schematic overview of the synthesis procedure is provided in Supplementary
Figure S1.53

The preparation method is guided by chemical reaction kinetics, the thermal stability of the products, and is designed
according to the following chemical equations:

CuSO4 + NaZO + Hzo = Cu(OH)zl + Na2504(1)
During synthesis, we exploit the fact that chemical reaction rates are significantly faster than those of physical thermal
fractionation processes.?®>* Hydrogen sources were tightly controlled through elemental bookkeeping: copper was introduced

as anhydrous copper sulfate, the base as high-purity sodium oxide, and all hydrogen in the product was derived from the added
precursor water. During precipitation, hydrogen from the precursor water was incorporated into the structural hydroxyl groups

https://mc03.manuscriptcentral.com/innovation-inform



oNOYTULT D WN =

The Innovation Informatics Page 8 of 58

of Cu(OH),. The final product was therefore a solid Cu(OH), reference material with a traceable hydrogen isotopic composition.
All operations were conducted in a glovebox under a high-purity nitrogen atmosphere.

We performed the entire preparation inside a high-purity nitrogen glovebox, ensuring that deionized water was the sole
hydrogen source. The procedure comprised the following steps:

Prepare the copper solution: In the glove box, dissolve anhydrous copper sulfate (analytical grade) in deionized water to
obtain a 0.1-0.3 mol/L solution.

Precipitate formation: Add high-purity Na,O gradually in small portions until no further precipitate forms, yielding a
mixed reaction suspension. Maintain the mass ratio of Na,O to anhydrous copper sulfate at 1:(2-2.5).

Filtration and washing: Filter the suspension by suction. Wash the collected residue with anhydrous ethanol to remove
soluble impurities. Use deionized water or anhydrous ethanol as required to assist the suction filtration.

Drying and storage: Dry the filtered precipitate under vacuum and then seal it in bottles inside the glove box under an inert
gas atmosphere. After vacuum drying, a light-blue Cu(OH), powder was obtained, as illustrated in Supplementary Figure S1.

To strictly control the hydrogen source to originate solely from precursor deionized water, analytical-grade anhydrous
copper sulfate and high-purity Na,O (containing ~20 wt% Na,O, impurity) were used. To minimize adventitious hydrogen
incorporation, all reagents and equipment were degassed in the glove box transition chamber prior to use. Heat-resistant
apparatus was degassed at 150-200°C; other items were evacuated naturally for 1-2 days following the vacuum-degassing
protocol.?” All experimental operations were conducted in an inert gas glove box, and required reagents were opened and
handled within the glove box.

Although chemical reaction rates are much higher than those of physical processes such as phase changes, thereby
minimizing D/H fractionation associated with phase transitions, the mass difference between H and D leads to slightly different
bond energies. In other words, compared to D, H is more likely to be incorporated into the product.>®

This phenomenon can be calculated using Rayleigh fractionation:>

Ry =Ro - f41(2)

Here, R, isthe isotopic value in the water. Ry is the isotopic value in the initial reactant. f is the proportion of residual
reactant, which is approximately equal to 1 due to the reaction being in the liquid water. @ is the fractionation factor.>> During
precipitation, the liquid water reservoir was substantially larger than the amount of water (-OH) incorporated into the precipitate,
such that the residual water fraction remained close to unity. According to the Rayleigh fractionation relationship, the isotopic
composition of the residual water therefore changed only slightly throughout precipitation. Consequently, precipitates formed
at different stages interacted with a water reservoir of nearly constant isotopic composition, limiting progressive Rayleigh-type
fractionation and intraprecipitate isotopic heterogeneity. The bulk isotopic composition of the precipitate should thus mainly
reflect the initial solid—water fractionation rather than substantial amplification caused by progressive depletion of the water
reservoir.

However, kinetic equilibrium has not yet been reached. Before product filtration and drying, evaporation of the liquid
phase will cause continuous isotopic changes.?These changes in the liquid phase isotope composition will further exchange
with the product.®® The influence of post-reaction kinetic equilibrium will be verified experimentally.

After preparation, the solid calibration material was subjected to a suite of compositional and performance tests; the details
of these analyses are given in the next section.

Tests

Scanning electron microscopy was used to characterize the morphology and surface features of the synthesized Cu(OH),
particles. Measurements were performed using a ZEISS GeminiSEM 500 scanning electron microscope (Figure S2B). X-ray
diffraction was used to identify the crystalline phases of the synthesized material. Measurements were performed using a Rigaku
SmartLab diffractometer (Supplementary Figure S2C) over a 20 range of 20-80°, and the measured diffraction pattern was
compared with the reference pattern of Cu(OH),. SEM was used for morphological characterization, whereas XRD provided
qualitative crystalline-phase identification.

The critical test for the calibration material is the hydrogen isotopic analysis, which verifies whether the synthesized solid
can serve as a hydrogen-isotope calibrant. Before synthesis, 100 mL of each precursor water was reserved for hydrogen-isotope
analysis. The detailed procedures for precursor-water calibration, solid-derived vapor measurement, and independent Cr-
EA/IRMS validation are described in Section 2.6.

Because the isotope measurement system analyzes gaseous H,O rather than the solid material directly, the LUWA
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prototype was modified to accommodate thermal release from solid samples (Figure 3). Cu(OH), powders were synthesized
from three precursor waters with distinct hydrogen isotopic compositions.

Before isotope measurement, the synthesized Cu(OH), samples were stored in sealed containers inside the glovebox under
an inert atmosphere for 7 days. The measurement assembly was placed in a vacuum chamber and valves 1 and 2 were opened.
The chamber was evacuated for 72 hours until the vacuum gauge read <107 Pa. Valve 1 was then closed, and the
gas-generation/calibration component was heated to release the sample’s water vapor for analysis. To avoid
concentration-dependent isotope effects,’”*8 the gas pressure in the measurement line was kept below 250 Pa. The hydrogen
isotopic composition of the evolved gas was then recorded.

Vacuum Gauge

Valve 1
--a))) Pipeline Unit
[} 1}

2
Vacuum Pump

Calibration Material
Gas Release Unit

Figure 3. Solid-isotope measurement platform based on the LUWA prototype.

Hydrogen isotope analysis protocol

Hydrogen isotope compositions are reported as 6D wvalues relative to the VSMOW scale, defined as 6D =
[(D/H)sample/(D/H)VSMOW — 1] x 1000%0. The isotope protocol comprised three analytical steps: determination of the 6D
values of precursor waters using a Picarro L2130i system, gas-phase 6D measurement of H,O released from synthesized
Cu(OH), using the LUWA prototype TDLAS system, and independent Cr-EA/IRMS validation of representative synthesized
Cu(OH); solid standards.

The hydrogen isotopic compositions of the precursor waters were determined using a Picarro L2130i cavity ring-down
spectrometer (Figure S2D) coupled with an automated PAL LSI liquid sample injector (Figure S2E). The analytical procedure
followed the laser absorption spectroscopy protocol for hydrogen and oxygen isotope analysis of water samples specified in
DZ/T 0184.36—2024. For each analytical batch, the Picarro analyzer was calibrated immediately before sample measurements
using three national certified reference waters with distinct D values: GBW04458, GBW04459, and GBW04460. Their
certified 6D values are —1.7 + 0.4%o, —63.4 £+ 0.6%o, and —144.0 £ 0.8%., respectively (Table 2). According to the certificates,
these reference waters are traceable to international isotope standards, including VSMOW?2 and SLAP2, and their 6 values are
reported relative to the VSMOW scale. A batch-specific linear calibration was established between the raw instrumental values
and the certified values, and this calibration was applied to the precursor-water measurements.

Each precursor-water sample was measured by ten consecutive injections. To minimize carryover and memory effects,
the first six injections were excluded, and the reported value was calculated from the final four injections. The same procedure
was applied to both reference waters and unknown precursor-water samples. Short-term instrumental precision was evaluated
from repeated measurements of the reference waters immediately before sample analysis. Under the analytical conditions used
in this study, the 6D repeatability was better than 0.1%o. This calibration and replicate-measurement procedure provided the
traceability and analytical precision required for evaluating the isotopic offsets between the precursor waters and the
synthesized Cu(OH),-derived water.

For gas-phase measurements of the synthesized solid standards, Cu(OH), samples were heated to release H,O vapor,
which was then introduced into the LUWA prototype TDLAS system for isotope analysis. In the solid-standard measurements,
H,O vapor was first generated by thermal decomposition of Cu(OH), and then analyzed by the same laser absorption
spectroscopic principle. For each synthesized Cu(OH), sample, one independent thermal release was performed. The mean 6D
value and standard deviation were calculated from the accepted time resolved measurements collected during the continuous
release. The resulting standard deviation represents within-release temporal variability under evolving gas pressure conditions
and should not be interpreted as analytical uncertainty or release-to-release reproducibility. This procedure allowed the isotopic
composition of water vapor released from the synthesized solid standard to be evaluated on the same VSMOW-referenced
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scale. The LUWA prototype TDLAS system was independently calibrated using standard waters, and the precursor waters
were also measured to verify consistency between the Picarro and TDLAS measurement scales.

To independently evaluate the isotope consistency of the synthesized Cu(OH), solid standards, representative samples
prepared using the same synthesis protocol were analyzed by Cr-EA/IRMS.*  This analysis was designed to provide an
orthogonal mass-spectrometric validation of the TDLAS-based gas-phase measurement of H,O vapor released from the solid
standards. Continuous-flow analyses were carried out using a Flash 2000HT elemental analyzer with a MAS 200R autosampler
coupled to a Delta V Advantage isotope ratio mass spectrometer via a ConFlo IV interface. Approximately 4-5 mg of each
solid sample was reacted with chromium chips and chromium powder at 1050 °C to generate H,, which was then carried by
helium into the isotope ratio mass spectrometer for analysis. USGS57 and USGS58 were used for data linear regression, and
the analytical accuracy was better than 2%o. This Cr-EA/IRMS procedure provided an independent check on the hydrogen
isotopic composition of the synthesized Cu(OH), standards and on the reliability of the solid-derived vapor isotope
measurement workflow.

Table 2. Certified reference waters used for 8D calibration.
Reference water Certified 6D value Uncertainty  Scale

GBW04458 —1.7%o +0.4%o0 VSMOW
GBW04459 —63.4%o +0.6%0 VSMOW
GBW04460 —144.0%o +0.8%o VSMOW

RESULTS

Figure 4 presents the averaged vacuum thermogravimetric curves obtained from two independent measurements of each
candidate material, with an initial sample mass of approximately 50 mg in each experiment. The two measurements showed
nearly overlapping thermal behavior, indicating good repeatability under the applied vacuum and heating conditions.

Under vacuum, Cu(OH), underwent its principal mass loss between approximately 100 °C and 120 °C. The measured
mass loss was approximately 18.2 wt%, consistent with the theoretical H,O mass fraction of 18.47 wt% for complete
decomposition to CuO and H,O. This agreement. indicates that Cu(OH), was nearly completely decomposed within the
investigated temperature range.

Ag,CO3 began to decompose gradually at approximately 100 °C and continued to lose mass up to the maximum
investigated temperature of 150 °C, without reaching a clear plateau. Therefore, a decomposition completion temperature could
not be assigned. The theoretical mass loss for complete conversion of Ag,CO3 to Ag,O and CO; is 15.96 wt%. The reaction
remained incomplete within the investigated temperature range.

MgCO3 began to decompose slowly at approximately 70 °C, indicating insufficient thermal stability, whereas CaCO3
showed no identifiable decomposition within the investigated temperature range. Based on the criteria outlined in Section 2.2,
Ag,CO3; and Cu(OH), were selected for subsequent full process tests as candidate CO, and H,O reference materials,
respectively.
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Figure 4. Averaged vacuum thermogravimetric curves obtained from two independent measurements of CaCO3,
MgCOg3, Ag,CO3, and Cu(OH),.

During the full process tests, Ag,CO3 and Cu(OH), were used as the CO,- and H,O-releasing materials, respectively.
Figure 5 shows the spectroscopic and mass-spectrometric results obtained from the evolved gases at a vacuum-gauge pressure
of approximately 137 Pa. The spectroscopic measurements show clear absorption features attributable to CO, and H,O vapor.
The mass spectra likewise display the expected dominant molecular-ion signals, together with fragment signals at m/z 16 and
17 for H,0. These fragment peaks arise from facile H-O bond cleavage during ionization, producing O (mass number of 16)
and OH (mass number of 17) species. No obvious interfering gaseous species were observed within the measured spectroscopic
and mass-to-charge ranges. These results demonstrate the feasibility of using Ag,CO3 and Cu(OH), as controlled sources of
CO; and H,O reference signals for LUWA calibration and validation.
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38
39 During the full process tests, Cu(OH), released H,O rapidly and underwent nearly complete decomposition within the
40 applied heating range. The amount of H,O inferred from the measured partial pressure was consistent with the theoretical water
41 content of Cu(OH),, approximately 18 wt%. Nearly complete decomposition ensured that the evolved H,O represented the
42 bulk hydrogen isotope composition of the material and minimized potential isotope fractionation associated with partial release.
43 Ag,COj; exhibited a slower and more gradual CO, release. A pressure above approximately 50 Pa was sufficient to provide
44 spectroscopic and mass spectrometric reference signals, after which the inlet valve was closed and gas introduction was
45 terminated without requiring complete decomposition of the loaded material. No signal at m/z 32 was detected in the full mass
46 scan (not shown), providing no evidence for substantial O, release or further decomposition of the Ag,O product under the
47 applied conditions. The remaining Ag,CO3 could therefore be retained for subsequent controlled gas releases.
48 The full process tests involved vibration, long-term storage (> 4 month) and thermal-cycling procedures. Following these
49 procedures, the tested units remained operational and retained their ability to generate the target-gas reference signals required
50 for calibration.
51 Considering the gas release characteristics observed in the full process tests together with the current LUWA mission
52 requirements, Ag,CO3 was selected as the reference material for the two onboard calibration units. The pressure controlled
53 partial release strategy allows the remaining material to be used in subsequent calibration cycles. With a nominal material
>4 loading volume of approximately 1 cm? per unit, the two calibration units are designed to support approximately four to five
55 calibrations in total, including an initial calibration after landing and additional calibrations before individual in-situ
56 measurements.
U Traceable Cu(OH), was assigned primarily to ground H,O and 8D calibration, prototype testing, full process validation,
;8) and controlled regolith simulant experiments. This assignment reflects the operational requirements and calibration strategy of
60
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the current mission rather than an intrinsic restriction on the possible flight use of Cu(OH),.

Figure 6 presents SEM images of the synthesized Cu(OH),. The sample consists predominantly of plate-like and elongated
particles with a heterogeneous particle-size distribution. Higher-magnification images reveal textured surface features on the
particles. These observations characterize the morphology of the synthesized material.
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Figure 6. SEM images of synthesized Cu(OH), at scale bars of (A) 100 pm, (B) 10 pm, and (C) 2 pm.

Figure 7 presents the XRD pattern of the synthesized material together with the reference pattern of Cu(OH), (PDF#99-
000-3468). The principal diffraction peaks at approximately 23.8°, 34.0°and 53.3°, together with secondary peaks at
approximately 35.9°, 38.1°, and 39.7°, are consistent with the reference peak positions of crystalline Cu(OH),. No prominent
additional crystalline peaks were observed within the investigated 20 range. These results identify Cu(OH), as the dominant
crystalline phase of the synthesized material.

—— Sample XRD
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Figure 7. XRD pattern of the synthesized material compared with the reference diffraction pattern of Cu(OH),
(PDF#99-000-3468).
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The spectroscopic isotope signal approached its lower detection limit at an H,O partial pressure of approximately 150 Pa.
The hydrogen isotope results are summarized in Supplementary Table S1. The precursor waters had 6D values of +4.0%o,
—74.0%o, and —24.0%o. The corresponding H,O released from synthesized Cu(OH), yielded mean 6D values of —4.3 +25.30%o,
—68.7 £ 19.64%o, and —16.4 £+ 25.21%o, based on 116, 114, and 116 accepted time-resolved measurements, respectively (Fig.
8).

One independent thermal release was performed for each synthesized Cu(OH), sample. The reported standard deviations
therefore represent temporal variability during an individual dynamic release rather than release-to-release reproducibility. This
variability reflects the continuously changing H,O partial pressure and signal intensity during decomposition and may also
include contributions from pressure-dependent isotope response, adsorption and desorption within the analytical pathway, and
reduced signal quality near the isotope detection limit.

The absolute differences between the mean precursor-water and solid-derived vapor values were 8.3%o, 5.3%o, and 7.6%o,
respectively. These differences remained within 10%o, indicating that the overall synthesis, drying, thermal release, gas-transfer,
and measurement workflow preserved the mean isotope information of the precursor waters within the investigated accuracy
range. Given the analytical uncertainty and within-release temporal variability, these differences should not be interpreted as a
resolved or systematic isotope-fractionation factor.
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Figure 8. Time-resolved oD measurements of H,O released from synthesized Cu(OH), samples prepared using three

precursor waters with different hydrogen isotopic compositions.

A separate batch of Cu(OH), was synthesized using the same protocol for the Cr-EA/IRMS cross-method comparison.
This cross-method comparison was designed to evaluate the consistency of the solid-derived vapor isotope measurement
workflow against an independent mass-spectrometric method. The Cr-EA/IRMS measurements yielded a mean 6D value of
—113.98 £ 0.36%0 (n =5), whereas the TDLAS gas-phase measurements yielded —121.45 + 4.06%o (n = 5). The mean difference
between the two methods was approximately 7.47%o, which is substantially smaller than the current isotope precision of the
LUWA prototype. This result supports the reliability of the gas-phase isotope measurement workflow for LUWA-related
ground calibration and prototype testing.

DISCUSSION

Solid calibration materials provide a practical alternative to conventional gaseous or liquid isotope standards for in-situ
planetary measurements. Their main advantage is the ability to generate calibration gases on demand through controlled thermal
decomposition, thereby reducing the complexity of storing and handling volatile standards under spaceflight conditions.

Material selection was determined not only by decomposition temperature and gas composition, but also by the different
operational requirements of onboard calibration and ground validation. Ag,CO3 and Cu(OH), therefore serve complementary
roles in the current LUWA calibration and validation framework.
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Ag,CO3; was selected as the reference material for the two onboard calibration units. Its comparatively gradual CO, release
is advantageous for controlled calibration because complete decomposition of the material is not required during a single
operation. Instead, an appropriate amount of CO, can be released through controlled heating, and the calibration unit can be
isolated after the required reference pressure is reached. The remaining material can then support subsequent calibration cycles.
This operating mode enables an initial calibration after landing and additional calibrations before individual in-situ
measurements.

Traceable Cu(OH), is used primarily for ground H,O and 8D calibration, prototype testing, full process validation, and
controlled regolith simulant experiments. Its low decomposition temperature, rapid H,O release, and known stoichiometric
water content make it suitable for evaluating the complete LUWA process, including sample heating, gas release, transfer,
pressure measurement, and spectroscopic and mass spectrometric detection. The synthesis route developed in this study links
the mean hydrogen isotope composition of the released H,O to that of the precursor water, with absolute differences between
the mean values remaining within 10%eo.

The uncertainty measures associated with the precursor waters and the solid-derived vapor have different statistical
meanings. The uncertainty of the precursor-water values reflects the consistency of repeated calibrated liquid injections under
relatively stable analytical conditions. In contrast, the standard deviation of the solid-derived vapor reflects temporal variability
during a single dynamic thermal release, in which H,O pressure and signal intensity changed continuously. The present results
therefore demonstrate consistency between the mean isotope values rather than release-to-release precision of the synthesized
solid reference.

The observed differences between the mean precursor-water and solid-derived vapor values may represent the cumulative
effects of precipitation, filtration, vacuum drying, thermal decomposition, gas transfer, adsorption and desorption, measurement
memory, pressure-dependent spectroscopic response, and instrumental uncertainty. Because these stages were not evaluated
independently, their individual contributions cannot be quantitatively separated in the present study. Nearly complete
decomposition of Cu(OH), was used to reduce additional isotope bias associated with selective partial H,O release, but it does
not eliminate possible fractionation or measurement effects during the other stages.

The current role assigned to Cu(OH), reflects the mission configuration-and calibration strategy adopted for LUWA rather
than an intrinsic limitation of the material for spaceflight. Within its current ground-based role, synthesized Cu(OH), offers
several broader methodological advantages for water isotope measurements. First, it can serve as a solid isotope transfer
reference by incorporating hydrogen from precursor water with a known 6D value into a stable solid phase. This enables
repeated evaluation of the complete solid sample measurement process, including heating, gas release, transfer, and detection.
Second, it can support end to end validation of LUWA like analytical systems by allowing controlled assessment of release
kinetics, gas pathway adsorption, pressure dependent isotope response, measurement memory, and consistency between
spectroscopic and mass spectrometric measurements. Third, because the H,O content of Cu(OH), is defined by its
stoichiometry, it provides a practical means of preparing regolith simulants with known and reproducible water contents,
avoiding the uncontrolled sublimation and redistribution that can occur when real ice is handled under laboratory conditions.

These capabilities also indicate potential applications beyond the present LUWA ground validation program. With further
optimization of storage, packaging, contamination and background control, operational procedures, and flight qualification,
traceable Cu(OH), type materials may provide controlled H,O and 6D references for future planetary payloads. In particular,
a solid reference with known water content and isotope composition could provide an intermittent anchor for characterizing
adsorption and desorption memory effects in carrier gas free isotope measurement systems. However, this application has not
yet been implemented in the current LUWA configuration and will require further development and validation.

Known limitations include adsorption and surface exchange with atmospheric moisture, the propensity of copper
hydroxide to react with CO, and form carbonates if stored improperly, potential kinetic isotope effects during partial
equilibration or concentration-dependent release, and instrument detection limits (in our tests, the spectrometer isotope signal
reached its lower detection limit when evolved H,O partial pressure fell to ~150 Pa).

Another important advantage of traceable solid calibration materials is their ability to provide reference anchors for
correcting isotope memory effects during repeated measurements. Water-isotope analyses are particularly susceptible to
memory effects because residual H,O can adsorb on chamber walls, valves, transfer lines, and optical cells, causing the isotope
signal of one measurement to influence subsequent analyses. This problem may become more pronounced in spaceborne
instruments, where repeated purge, bake-out, and full replacement of the gas-handling pathway are constrained by power, time,
and mechanical resources. A solid calibrant with a known H,O content and 0D value can therefore serve as an intermittent truth
anchor in the measurement sequence. By inserting calibration releases before, between, or after sample analyses, the residual
contribution from previous measurements can be quantified, allowing correction of baseline drift, adsorption—desorption effects,
and carryover-induced isotope bias. In this sense, traceable Cu(OH); is not only a calibration source for absolute 8D assignment,
but also a practical tool for maintaining isotope-data consistency during repeated LUWA-related ground validation and, after
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further qualification, for future planetary isotope-measurement workflows.

To mitigate these risks, calibration materials should be stored under inert, anhydrous conditions or in evacuated, gas-tight
containers, and where practical, thermally pre-cleaned, with an aliquot reserved for isotopic verification. Before measurement,
samples must be evacuated to high vacuum (for example, below 10> Pa) and then subjected to controlled heating, ensuring
that the partial pressure of evolved gases remains under the threshold for concentration-dependent isotope effects
(approximately 250 Pa). Rigorous monitoring of background levels and reproducibility through blanks and replicate releases
further safeguards measurement integrity.

The isotope precision of LUWA also defines the level of source discrimination that can be realistically achieved. For a
single dominant source, the designed 8D precision of LUWA, approximately 50%o, is sufficient to distinguish the solar-wind
end-member (3D < —980%o) from the more D-enriched asteroidal/cometary end-members, but is not sufficient to resolve
asteroidal vs. cometary mixtures when the solar-wind contribution is minor. Here, the 5.3—8.3%o isotopic offsets observed for
the synthesized Cu(OH), calibrants are smaller than the instrumental design precision and therefore are not expected to
dominate the current isotope error budget. However, source interpretation becomes less straightforward when lunar water ice
represents a mixture of multiple reservoirs. In particular, if the solar-wind component is absent or minor, mixed asteroidal and
cometary contributions may become difficult to distinguish using 8D alone because their effective isotopic signatures can
overlap depending on the mixing proportion. In such cases, isotope data should be combined with quantitative mixing models,
constrained by the impact history, cold-trap evolution, and thermal history of the Moon, as well as by the spatial and structural
information provided by other Chang’E-7 payloads.

The solid form factor reduces leakage and handling risks relative to pressurized gas and liquid standards and is compatible
with the restricted heating capability of LUWA. Ag,CO;3 supports repeated pressure-controlled partial release for onboard
referencing, whereas Cu(OH), provides a consumable H,O and 8D reference for ground validation. The tested calibration units
retained their functional calibration capability after vibration, thermal cycling, and storage for more than four months. These
results support the robustness of the solid calibration approach under the tested conditions, although longer-duration stability,
shelf life, and formal flight qualification require further systematic evaluation.

Overall, Ag,CO3 and traceable Cu(OH), provide complementary reference functions within the LUWA calibration and
validation framework. The present results demonstrate controlled target-gas generation, repeated onboard CO, referencing
capability, and consistency between the mean isotope compositions of precursor waters and solid-derived H,O. It provides
LUWA with a traceable calibration reference for acquiring reliable H,O and 8D information, which can contribute critical
isotopic constraints for interpreting the origin of lunar water ice, particularly when integrated with subsurface structural
information from in-situ radar sounding, including possible ice layer boundaries, burial depth, ice layer continuity, and
dielectric heterogeneity, as well as orbital remote-sensing constraints on the spatial distribution and geological context of
potential ice-bearing depositst®®l. Further work should quantify release-to-release reproducibility, gas recovery and instrumental
response, long-term storage stability, and the feasibility of memory-effect correction using traceable solid H,O references.

CONCLUSIONS

Accurate in-situ detection of lunar water ice requires reliable measurements of both water abundance and hydrogen
isotopic composition. Deep-space operating conditions, including ultra-high vacuum, tight energy constraints, limited sealing
capability, and extreme temperature variations, challenge conventional gas- and liquid-phase calibration methods and require
calibration strategies compatible with lunar operational constraints.

To meet these requirements for the Chang’E-7 LUWA, we evaluated silver carbonate and copper hydroxide as solid
calibration materials. Vacuum thermogravimetric analysis showed that both materials release calibration gases within an
operationally feasible temperature range under vacuum. Full-process prototype validation further confirmed that Ag,CO3 and
Cu(OH); can generate identifiable CO, and H,O signals, respectively, for spectral and mass-spectrometric calibration. These
results demonstrate the feasibility of using solid materials as compact calibration sources for LUWA under simulated space-
environment constraints.

For hydrogen-isotope calibration, we developed a synthesis route for Cu(OH), with a traceable hydrogen isotopic signature
derived from precursor water. The synthesized Cu(OH), largely preserved the isotopic information of the precursor water,
providing a route toward traceable solid-phase 3D calibration. We then integrated this material into a prototype water-molecule
analyzer and established a solid-phase hydrogen-isotope measurement workflow, demonstrating its applicability for LUWA-
related H,O release and isotope-detection experiments.

The two materials serve different calibration roles. Ag,COj3 provides a stable CO, calibration source and is suitable for
both ground-based testing and final mission calibration. The synthesized Cu(OH), developed in this study provides a traceable
solid H,O source for hydrogen-isotope-related calibration and validation under laboratory conditions. Although our synthesis
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strategy effectively controls the hydrogen source and overcomes the isotope-traceability issue of commercial Cu(OH),,
introducing an additional H,O-releasing material during in-situ lunar measurements could increase the background water signal
and interfere with the analysis of indigenous lunar water. Therefore, Cu(OH) is used primarily for LUWA ground calibration,
prototype testing, and controlled regolith-simulant experiments.

In the ground-based regolith experiments, Cu(OH), was used as a controllable analogue for ice-bearing or “dirty-ice”
regolith. This strategy allows the preparation of regolith simulants with known and reproducible water contents, while avoiding
uncontrolled water loss caused by sublimation during sample preparation and storage. Because the hydrogen in the synthesized
Cu(OH); is chemically incorporated from precursor water with a known isotopic composition, the material also minimizes
sublimation-driven isotope fractionation before measurement. It therefore provides a stable and traceable solid H,O source for
testing the LUWA heating-release and detection process under controlled laboratory conditions.

By establishing a traceable solid-calibration route, this work improves the reliability of the first step in the Chang’E-7
water-ice information chain: the conversion of released gas signals into quantitative H,O abundance and 6D data. They can
provide ground-truth-like point constraints for evaluating radar- and remote-sensing-based interpretations of polar ice deposits.
For example, in-situ radar sounding can reveal subsurface layering, burial geometry, and dielectric contrasts along the rover
traverse, while orbital observations can place these local measurements within the broader spatial and geological setting of
candidate ice-bearing regions. In this way, calibrated LUWA data can strengthen the joint assessment of where lunar polar
water ice occurs, how it is stored in the regolith, and which source reservoirs may have contributed to its formation.
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GRAPHICAL ABSTRACT

PUBLIC SUMMARY

® Chang’E-7’s LUnar soil Water molecule Analyzer (LUWA) will measure lunar polar water and hydrogen
isotopes.

Solid materials were developed to release CO, or H,O under vacuum with modest heating.
Ag,CO; enables repeated onboard CO, referencing through controlled partial gas release.
Traceable Cu(OH), provides an H,O and hydrogen-isotope reference for ground calibration.

These solid references support calibration of LUWA water and hydrogen-isotope measurements.

Key Words: Chang’E-7, LUnar soil Water molecule Analyzer (LUWA), Hydrogen isotope measurement, Multi-
payload detection framework; Lunar polar water ice
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ABSTRACT

Lunar polar water ice is a key target of the Chang’E-7 mission because its abundance, physical state, and origin
remain insufficiently constrained. Within the Chang’E-7 multi-payload framework, the LUnar soil Water molecule
Analyzer (LUWA) is designed to measure H.O abundance and hydrogen isotopic composition in permanently
shadowed regions. Reliable measurements require calibration compatible with high vacuum, low power
consumption, limited sealing capability, and restricted heating temperatures, conditions under which conventional
gas- and liquid-phase standards are poorly suited. Here, we develop and validate two complementary solid reference
materials for LUWA. Vacuum thermogravimetric analysis showed that Ag.COs and Cu(OH). decompose at
approximately 100-120 °C, releasing CO:> and H:O, respectively. Spectroscopic and mass-spectrometric
measurements identified the expected dominant signals, with no obvious interfering gaseous species detected within
the measured ranges. In the current LUWA implementation, Ag-CO; was selected as the onboard CO: reference
material for in situ calibration, whereas traceable Cu(OH). was developed primarily for ground-based H.O and 6D
calibration, prototype testing, end-to-end validation, and controlled regolith-simulant experiments. Cu(OH):
synthesized from precursor waters with known 8D values preserved the mean isotopic information of the water
source, with absolute differences between precursor-water and solid-derived vapor means within 10%o.. Independent
Cr-EA/IRMS measurements further supported the isotope-measurement workflow. Beyond its current role,
traceable Cu(OH): can serve as a solid isotope standard for validating heating, gas release, transfer, pressure
measurement, and spectroscopic or mass-spectrometric detection. It also provides a controllable H-O and 8D source
for regolith simulants with known water contents and for future characterization of adsorption—desorption memory
effects, baseline drift, and pressure-dependent isotope response. With further storage, contamination-control, and
flight-qualification studies, Cu(OH):-type materials may support future planetary payloads requiring controlled H-O
and hydrogen-isotope references. Together, these results establish a dual-role solid calibration strategy for LUWA.

-INTRODUCTION

The significance of lunar water exploration

Lunar water serves two fundamental roles. Scientifically, it provides critical insights into the Moon’s evolutionary history.
As a key volatile, water records the delivery of extraterrestrial materials from multiple sources and constrains the thermal and
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geochemical evolution of the lunar interior and surface. As a resource, it enables sustainable bases through in-situ resource
utilization (ISRU), reduces the costs of deep-space mission, and promotes the development of a cislunar economy. The Moon
was initially regarded as a dry body.! However, subsequent studies demonstrated that the Moon’s small obliquity allows certain
polar regions to remain in permanent shadow, forming permanently shadowed regions (PSRs).? These regions maintain
cryogenic temperatures low enough for water ice to persist over geological timescales.> Under such conditions, the sublimation
rate of exposed water ice can be lower than 1 m per billion years. The scientific and resource potential of lunar polar water ice,
however, can only be fully realized when its abundance, physical state, and origin are constrained.

The history of orbiter remote sensing exploration

Previous lunar missions have provided multiple lines of evidence for the presence and stability of water or hydrogen-
bearing species in the lunar polar regions, but remote-sensing approaches have limitations. Thermal observations from the
Diviner radiometer onboard the Lunar Reconnaissance Orbiter (LRO) demonstrate that temperatures in permanently shadowed
regions (PSRs) can remain sufficiently low for water ice to be stable over geological timescales.* Radar observations also
provided indications of possible polar ice. The Clementine bistatic radar experiment detected signals consistent with the
presence of water ice within PSRs,> and subsequent polarimetric radar observations, such as Mini-RF, reported Circular
Polarization Ratio (CPR) anomalies.® However, CPR is also affected by surface roughness, rock abundance, and viewing
geometry, rendering radar anomalies alone insufficient for unambiguous water-ice identification.

Neutron spectroscopy has provided an additional constraint. The Lunar Exploration Neutron Detector (LEND) aboard
LRO detected enhanced hydrogen abundances in polar regions,’ but neutron data cannot discriminate between molecular water
ice, hydroxyl-bearing minerals and solar-wind-implanted hydrogen. Spectral observations further reveal widespread hydration
signatures: the Moon Mineralogy Mapper (M?) aboard Chandrayaan-1 detected OH/H2O-related absorption features in sunlit
regions.®® Molecular water detected near 6 um has primarily been observed in illuminated terrains and is commonly associated
with surface processes, limiting its direct relevance to PSR ice reservoirs.'? The LCROSS impact experiment provided the most
direct evidence for polar volatiles by detecting water in the ejecta plume from Cabeus crater,!! yet impact-induced sublimation
and excavation dynamics limit its ability to determine the undisturbed abundance and physical state of water ice in PSR regolith.

Therefore, although orbital and impact observations strongly support the presence of polar volatiles, they are insufficient
to independently resolve the abundance, physical state, burial depth, stratification, and origin of lunar water ice. In particular,
Mini-RF identifies dielectric or roughness anomalies but lacks the capability to constrain subsurface structure, ice-layer
thickness, burial depth, and lateral continuity, which can be addressed by the Lunar Penetrating Radar (LPR).!>!* These
limitations highlight the necessity for in-situ measurements combined with multi-payload data integration, in which direct H-O
and hydrogen-isotope measurements are integrated with radar-derived structural constraints.

The rationale for in situ detection

The origin of lunar water remains a central scientific question and can be constrained through hydrogen isotopic analysis.
Three major source mechanisms have been proposed: delivery by asteroidal impacts, particular carbonaceous chondrites;!*!3
contribution from cometary impacts;'® and solar-wind hydrogen implantation followed by reactions with oxygen-bearing lunar
surface materials.!” These sources are expected to produce distinct hydrogen isotopic signatures. Terrestrial mantle water and
many carbonaceous chondrites exhibit broadly similar D/H ratios, typically corresponding to intermediate, 6D range (-126 to
46%o),'31° whereas solar-wind hydrogen is characterized by extremely low D/H ratios, with 8D values lower than -980%.2
Accordingly, hydrogen isotope measurements provide a powerful diagnostic for constraining the relative contributions of
different water sources.'*!”

Previous isotope studies have mainly relied on returned samples and terrestrial laboratory analyses. Lunar sample
measurements are commonly conducted using ion microprobe or secondary ion mass spectrometry methods,'® while terrestrial
materials can be measured through thermal extraction coupled with infrared spectroscopy and mass spectrometry.2! However,
returned lunar samples are susceptible to terrestrial contamination during collection, curation, transport, and laboratory
processing, particularly for trace water and hydrogen isotopes. In addition, solar-wind-implanted hydrogen may interact with
indigenous lunar materials, complicating the interpretation of returned-sample D/H data. These limitations highlight the
importance of in-situ measurements for minimizing contamination and direct measurement of the isotopic composition of lunar
polar volatiles.

Nevertheless, in-situ H.O and 6D measurements alone are insufficient to fully resolve the abundance, physical state, and
origin of lunar polar water ice. Within the Chang’E-7 framework, LUWA provides calibrated point-scale measurements of water
abundance and hydrogen isotopic composition,?? while complementary constraints must be obtained from other payloads.
Orbital Miniature Synthetic Aperture Radar (MSAR) can identify polarization anomalies and dielectric heterogeneity over
broader polar terrains,'>** and rover-mounted LPR can further constrain local subsurface profiles, including possible burial
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depth, stratification, and lateral continuity. 2* 2> These observations, combined with mineralogical context from infrared and
Raman spectroscopy, enable integrated interpretation of polar ice occurrence. In this context, LUWA-derived H.O and 6D
measurements function as traceable point-scale anchors within a broader Chang’E-7 multi-payload information chain, rather
than as a standalone solution to the characterization of lunar water-ice.

The importance of Chang’E-7 and calibration materials

The Chang’E-7 mission targets PSRs in the lunar south polar region, where LUWA aboard a mini-flying probe will perform
in-situ measurements of water abundance and hydrogen isotopic composition. These point-scale data require integration with
observations from other Chang’E-7 payloads to constrain the distribution and origin of lunar polar water ice.

LUWA combines Tunable Diode Laser Absorption Spectroscopy (TDLAS) with mass spectrometry to achieve high-
precision compositional analysis. 2° Its operational sequence includes system preparation, bake-out and purge, calibration,
sample collection, sealed heating, gas analysis, and sample disposal. Operation in PSRs requires additional thermal control to
ensure instrument stability. Because LUWA derives quantitative H-O abundance and 6D values from gases released during soil
heating, accurate and traceable calibration is essential for ensuring the reliability of the entire measurement chain.

Conventional terrestrial calibration approaches are not well suited to lunar in-situ conditions. Standard gases are difficult to
store and deliver under high vacuum, mass-limited, and sealing-constrained conditions, while also introducing potential leakage
risks. Liquid water, although widely used for hydrogen-isotope calibration on Earth, requires sampling, vaporization, and
transfer procedures that may introduce adsorption and isotope-fractionation effects.?”-**These limitations are particularly critical
under lunar operating conditions, where calibration opportunities, heating power, and operational time are limited.

Accordingly, LUWA requires compact, stable, and traceable solid calibration materials capable of releasing well-defined
calibration gases under controlled heating. Such materials reduce storage and sealing risks, simplify the calibration procedure,
and provide a metrological basis for converting LUWA spectral and mass-spectrometric signals into reliable in-situ water and
isotope information. This study therefore focuses on the development, synthesis, and validation of solid calibration materials
as a prerequisite for robust LUWA measurements within the Chang’E-7 multi-payload water-ice detection framework. Within
this multi-payload framework, the scientific value of LUWA-derived measurements ultimately depends on the reliability of its
calibration. Without traceable calibration materials compatible with lunar operational constraints, point-scale H-O and 8D data
cannot be confidently integrated with radar-derived structural constraints or orbital observations for comprehensive water-ice
interpretation. This requirement motivates the development of solid calibration materials described in this study.

The state-of-the-art and limitations of calibration material studies

Calibration for in-situ lunar water and isotope measurements faces multiple coupled constraints, including high vacuum,
large temperature variations, limited sealing performance, restricted heating power, and short operational time. Under low-
temperature conditions, polymerseals may lose elasticity and increase leakage risks, while elevated temperatures and vacuum
conditions can reduce the effective volatilization or decomposition thresholds of calibration materials.?’ Over multi-week
operations, even minor leakage or adsorption can alter the amount and isotopic composition of calibration gases. In addition,
the limited battery budget and thermal-control capability of the mini-flying probe constrain calibration temperature to a
relatively low range, typically around 80-120 °C.* These factors require calibration materials that are compact, vacuum-stable,
chemically well defined, and capable of releasing calibration gases under modest heating.

Existing lunar volatile exploration payloads and calibration strategies do not fully satisfy these requirements for LUWA. For
example, VIPER’s Near Infrared Volatile Spectrometer Subsystem (NIRVSS) infers volatile content indirectly from reflectance
spectra and cannot directly quantify hydrogen isotopic composition.*"> 32 Its Mass Spectrometer Observing Lunar Operations
(MSolo) relies on pressurized gas standards stored in an onboard calibration gas system, which remain susceptible to leakage
and temperature-dependent pressure fluctuations during long-duration spaceflight.?®3*** Luna-27’s LASMA-LR laser
ionization mass spectrometer is primarily designed for elemental and isotopic composition analysis of solid regolith, and does
not employ calibration strategies optimized for in-situ water abundance and hydrogen-isotope measurement(*>l. Although the
accompanying DLS-L spectrometer targets D/H and oxygen isotope analysis via TDLAS, its calibration relies on liquid water
and gaseous COz standards that are susceptible to isotopic fractionation during long-duration spaceflight storage and transfer(>®!,
The PROSPECT/ProSPA package validates its evolved gas analysis using compounds such as CaCOs, whose decomposition
temperature of approximately 550—750°C is incompatible with the low-power and thermally constrained operating conditions
required for LUWA in PSRs.*73%, LUMVI-X uses perfluorotributylamine as a calibrant, but its limited mass resolution restricts
its ability to distinguish hydrogen isotopic signature relevant to D/H analysis.***

These limitations indicate that the key challenge lies not only in detecting water-related signals, but in converting such
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signals into traceable and quantitatively reliable water and isotope information under lunar operational constraints. For LUWA,
an ideal calibration material should remain stable during storage, release a single and identifiable calibration gas under vacuum
at approximately 80-120 °C, minimize adsorption and isotope-fractionation effects, and provide a known reference for both
spectroscopic and mass-spectrometric measurements. These requirements motivate the development of solid, traceable
calibration materials for reliable in-situ water and isotope information acquisition.

1.6 The innovation and significance

The LUWA onboard Chang’E-7 is designed to provide direct in-situ information on water abundance and hydrogen isotopic
composition in lunar polar environments. Prototype testing has demonstrated its capability for water-vapor pressure and
hydrogen-isotope measurements under laboratory conditions.*'*** However, the scientific value of LUWA-derived H.O and 8D
data depends not only on instrument sensitivity, but also on the availability of calibration materials that are stable, traceable,
and compatible with lunar operational constraints. Without reliable calibration, point-scale measurements from LUWA cannot
be confidently integrated with other Chang’E-7 observations for broader water-ice interpretation.

The innovation of this study lies in developing traceable solid calibration materials that convert a difficult in-situ calibration
problem into a controlled solid-to-gas release process. By screening candidate materials under vacuum, identifying Ag.COs
and Cu(OH): as low-temperature gas-release materials, characterizing the evolved CO: and H:O signals using spectroscopic
and mass-spectrometric measurements, and assessing the hydrogen-isotope fidelity of synthesized Cu(OH)., this work
establishes a practical and traceable calibration basis for LUWA.

The significance of this work is twofold. From an engineering perspective, the proposed solid calibration materials offer
compact, vacuum-compatible, and low-power calibration sources for a resource-constrained lunar payload. From Iunar
scientific perspective, they improve the reliability and traceability of LUWA-derived water and isotope information, allowing
these point-scale measurements to serve as calibrated anchors in the Chang’E-7 multi-payload framework. When combined
with regional hydrogen mapping, radar-derived subsurface structure, mineralogical and spectral context, and complementary
volatile measurements, such calibrated LUWA data contribute to constraining the abundance, physical state, and potential origin
of lunar polar water ice.

METHODS

Ground calibration platform

After the vacuum tank has been evacuated for 72 hours to below 107 Pa, the instrument is held at 35 °C. With the
gas-extraction furnace sealed and valves 1 and 2 closed in Fig. lc, the electronics unit issues a heating command to the
calibration gas unit, raising and maintaining its temperature at 100 °C. The mass spectrometer selects its intake path according
to the measured pressure. If the pressure is below 100 Pa, open self-locking valve 2 and draw gas through the black pipeline.
The main pipeline pressure is then checked with the vacuum gauge. If the main pipeline pressure rises above 200 Pa, close the
self-locking valve 2 and switch sampling to the gray pipeline.

LUWA
prototype

Valve 1 Messurenent patl:
(€) — ©pen

Yacuun ez
|2 p‘ug«l = Calilseation path

Inlet

Maw
specdenreey

Outside Deck Inside

Figure 1. Ground calibration platform and LUWA prototype (A) LUWA prototype in the simulation chamber; (B)
photograph of the prototype; and (C) internal pipeline configuration.
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Standard material selection

LUWA incorporates two independent calibration units to support repeated calibration during lunar operation. An initial
calibration is performed after landing to verify the instrument response following launch, transit, and landing, and additional
calibrations can be conducted before individual in-situ measurements to establish contemporaneous references under the
prevailing vacuum and thermal conditions. Each calibration unit can release the reference gas multiple times through controlled
heating rather than being limited to a single use. During each calibration, an appropriate amount of gas is introduced into the
analytical pathway, after which the gas is vented, and the calibration unit is isolated until the next calibration cycle.

Table 1. Decomposition temperatures of common carbonates.
Carbonate Ag,CO; CdCOs ZnCO; MgCOs; CaCOs SrCOs; BaCOs
Td (°C) 147 240 250 441 661 615 942

Considering the complexity of binary systems * and the interaction between carbonate and metallic inner surfaces, the
calibration materials were restricted to substances expected to release predominantly a single target gas upon heating (excluding
bicarbonates, oxalates, etc.). Referring to the design specifications of the spectrometer and mass spectrometer in the analyzer,
CO2 and H:20 were selected as the target calibration gases and used in ground-based pre-experiments. 26 Because COz-releasing
solid calibrants were of primary interest for onboard referencing, the initial screening focused on carbonates. Thermal
decomposition temperatures of common carbonates at atmospheric pressure are listed in Table 1.9

Accounting for chemical-kinetic effects in vacuum, the onset temperature for thermal decomposition shifts downward;*®
Therefore, we targeted carbonates with vacuum-decomposition temperatures between 80 °C and 120 °C. In practice, this
criterion encompasses minerals whose atmospheric-pressure decomposition occurs between 100 °C and 300 °C—such as
magnesium carbonate (MgCOs) and calcium carbonate (CaCOs). Based on their thermal profiles (Table 1), the carbonates of
cobalt (CoCO0:3), zinc (ZnCOs), cadmium (CdCOs), and silver (Ag2C0Os) emerged as the most promising candidates.

Among these candidates, zinc carbonate predominantly occurs as the basic hydrated form 2ZnCOs-3Zn(OH)2-H20,
making it difficult to obtain pure ZnCOs.#’ Its thermal decomposition releases both H2O and COz, which would complicate
calibration. Given the toxicity concerns associated with cobalt and cadmium compounds,*®* silver carbonate (Ag2CO3) was
therefore chosen as the solid calibration substance for this temperature range.

CO: is suitable for pressure, spectroscopic, and mass-spectrometric referencing, but it cannot provide a hydrogen-isotope
reference. We therefore additionally evaluated a water-releasing calibrant with a known hydrogen isotopic composition.

Therefore, we evaluated solid materials that release water upon heating, specifically hydrates and weakly basic compounds.
However, common hydrates typically decompose below the 80-120 °C range, rendering them unsuitable for our in-situ
calibration needs ,°**! and their decomposition onset shifts even lower in vacuum, making them unsuitable for in-orbit storage.
Among weak bases, the readily available copper hydroxide (Cu(OH):) was selected, as it decomposes at approximately 150 °C
under ambient pressure °2), and it is a practical candidate for producing a controlled water release for calibration.

Vacuum thermogravimetric analysis

Conventional thermogravimetric analysis (TGA) is typically conducted in controlled gas atmospheres (e.g., high-purity
Nz or O2). The presence of a gas phase can influence the diffusion of decomposition products, modify reaction pathways, or
chemically interact with the sample, thereby introducing confounding factors. To eliminate these confounding effects, vacuum
thermogravimetric analysis (TGA) is required, since prior studies have shown that TGA curves obtained under inert-gas
atmospheres can differ substantially from those measured in vacuum.*®

To determine the decomposition temperatures of candidate calibration materials under orbital conditions and to establish
the heating power and duration required for in-situ calibration, we performed vacuum TGA on CaCOs, MgCOs, Ag.COs, and
Cu(OH).. Measurements were carried out on a NETZSCH STA 2500 vacuum thermogravimetric analyzer (Supplementary
Figure S2a), with the analysis chamber maintained below 1 Pa. The heating protocol applied a rate of 1 °C min™', including
isothermal holds at 25 °C, 50 °C, and 70 °C for 20 min each to assess stability, followed by continuous heating to 150 °C. Each
experiment was repeated twice, and the averaged results are reported. We then conducted end-to-end experiments with the two
selected calibration materials, following the protocol detailed in Section 2.1. Before each sample measurement, the calibration
routine described therein was executed to ensure consistency.

Approximately 50 mg of each material was used for each vacuum thermogravimetric measurement. Each material was
measured twice under identical vacuum and heating conditions. The sample mass was normalized to its initial value, and the
normalized curves from the two runs were averaged for data presentation.
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Chemical synthesis

For CO: referencing, a carbonate with well-characterized composition and predominantly CO: release is required. In
contrast, water-based calibration demands a reference material with a known hydrogen isotopic ratio to evaluate instrument
performance and calibrate its isotope-measurement capability. We tested two samples (A and B) from the same batch of
analytical-grade Cu(OH).. Each sample was vacuum-heated, and the released gases were introduced into a TDLAS
spectrometer pre-calibrated with a liquid-water standard. The spectrometer recorded at 5 Hz, yielding over 500 6D
measurements per sample. The mean 8D values (Figure. 2) differ by approximately 50%o. This variability, attributable to
untraceable hydrogen sources in Cu(OH):, indicates that commercially available analytical-grade copper hydroxide is
unsuitable for direct use as an isotopic calibration standard.

—®— (AR) Cu(OH),-Samplel
®  (AR) Cu(OH),-Sample2

3D %o

6DAVG1 =-33.9°/oo

-11 0 | L | L | L | 1 | 1 | L | L
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Spectrum sample points

Figure 2. Time-resolved 6D measurements of H:O released from two commercial analytical-grade Cu(OH). samples
obtained from the same batch.

To address this issue, we developed a simple method for preparing Cu(OH): with a traceable hydrogen isotopic
composition as a solid reference material. A schematic overview of the synthesis procedure is provided in Supplementary Figure
S1.3

The preparation method is guided by chemical reaction kinetics, the thermal stability of the products, and is designed
according to the following chemical equations:

CuS0, + Na,0 + H,0 = Cu(0H), \ +Na,S0, (1)

During synthesis, we exploit the fact that chemical reaction rates are significantly faster than those of physical thermal
fractionation processes.?®>* Hydrogen sources were tightly controlled through elemental bookkeeping: copper was introduced
as anhydrous copper sulfate, the base as high-purity sodium oxide, and all hydrogen in the product was derived from the added
precursor water. During precipitation, hydrogen from the precursor water was incorporated into the structural hydroxyl groups
of Cu(OH).. The final product was therefore a solid Cu(OH): reference material with a traceable hydrogen isotopic composition.
All operations were conducted in a glovebox under a high-purity nitrogen atmosphere.
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We performed the entire preparation inside a high-purity nitrogen glovebox, ensuring that deionized water was the sole
hydrogen source. The procedure comprised the following steps:

Prepare the copper solution: In the glove box, dissolve anhydrous copper sulfate (analytical grade) in deionized water to
obtain a 0.1-0.3 mol/L solution.

Precipitate formation: Add high-purity Na,O gradually in small portions until no further precipitate forms, yielding a
mixed reaction suspension. Maintain the mass ratio of Na>O to anhydrous copper sulfate at 1:(2-2.5).

Filtration and washing: Filter the suspension by suction. Wash the collected residue with anhydrous ethanol to remove
soluble impurities. Use deionized water or anhydrous ethanol as required to assist the suction filtration.

Drying and storage: Dry the filtered precipitate under vacuum and then seal it in bottles inside the glove box under an inert
gas atmosphere. After vacuum drying, a light-blue Cu(OH): powder was obtained, as illustrated in Supplementary Figure S1.

To strictly control the hydrogen source to originate solely from precursor deionized water, analytical-grade anhydrous
copper sulfate and high-purity Na2O (containing ~20 wt% Na2O2 impurity) were used. To minimize adventitious hydrogen
incorporation, all reagents and equipment were degassed in the glove box transition chamber prior to use. Heat-resistant
apparatus was degassed at 150-200°C; other items were evacuated naturally for 1-2 days following the vacuum-degassing
protocol.?” All experimental operations were conducted in an inert gas glove box, and required reagents were opened and
handled within the glove box.

Although chemical reaction rates are much higher than those of physical processes such as phase changes, thereby
minimizing D/H fractionation associated with phase transitions, the mass difference between H and D leads to slightly different
bond energies. In other words, compared to D, H is more likely to be incorporated into the product.*

This phenomenon can be calculated using Rayleigh fractionation:*

Ry, =Ry - fa_l (2)

Here, R, is the isotopic value in the water. R, is the isotopic value in the initial reactant. f is the proportion of residual
reactant, which is approximately equal to 1 due to the reaction being in the liquid water. « is the fractionation factor.® During
precipitation, the liquid water reservoir was substantially larger than the amount of water (-OH) incorporated into the precipitate,
such that the residual water fraction remained close to unity: According to the Rayleigh fractionation relationship, the isotopic
composition of the residual water therefore changed only slightly throughout precipitation. Consequently, precipitates formed
at different stages interacted with a water reservoir of nearly constant isotopic composition, limiting progressive Rayleigh-type
fractionation and intraprecipitate isotopic heterogeneity. The bulk isotopic composition of the precipitate should thus mainly
reflect the initial solid—water fractionation rather than substantial amplification caused by progressive depletion of the water
Ieservoir.

However, kinetic equilibrium has not yet been reached. Before product filtration and drying, evaporation of the liquid
phase will cause continuous isotopic changes.? These changes in the liquid phase isotope composition will further exchange
with the product.*® The influence of post-reaction kinetic equilibrium will be verified experimentally.

After preparation, the solid calibration material was subjected to a suite of compositional and performance tests; the details
of these analyses are given in the next section.

Tests

Scanning electron microscopy was used to characterize the morphology and surface features of the synthesized Cu(OH):
particles. Measurements were performed using a ZEISS GeminiSEM 500 scanning electron microscope (Figure S2B). X-ray
diffraction was used to identify the crystalline phases of the synthesized material. Measurements were performed using a Rigaku
SmartLab diffractometer (Supplementary Figure S2C) over a 20 range of 20-80°, and the measured diffraction pattern was
compared with the reference pattern of Cu(OH).. SEM was used for morphological characterization, whereas XRD provided
qualitative crystalline-phase identification.

The critical test for the calibration material is the hydrogen isotopic analysis, which verifies whether the synthesized solid
can serve as a hydrogen-isotope calibrant. Before synthesis, 100 mL of each precursor water was reserved for hydrogen-isotope
analysis. The detailed procedures for precursor-water calibration, solid-derived vapor measurement, and independent Cr-
EA/IRMS validation are described in Section 2.6.

Because the isotope measurement system analyzes gaseous H.O rather than the solid material directly, the LUWA
prototype was modified to accommodate thermal release from solid samples (Figure 3). Cu(OH). powders were synthesized
from three precursor waters with distinct hydrogen isotopic compositions.

Before isotope measurement, the synthesized Cu(OH). samples were stored in sealed containers inside the glovebox under
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an inert atmosphere for 7 days. The measurement assembly was placed in a vacuum chamber and valves 1 and 2 were opened.
The chamber was evacuated for 72 hours until the vacuum gauge read <107 Pa. Valve 1 was then closed, and the
gas-generation/calibration component was heated to release the sample’s water vapor for analysis. To avoid
concentration-dependent isotope effects,’’® the gas pressure in the measurement line was kept below 250 Pa. The hydrogen
isotopic composition of the evolved gas was then recorded.

Vacuum Gauge

Valve 1
ano))) Pipeline Unit
<1} <1}

Vacuum Pump

Calibration Material
Gas Release Unit

Figure 3. Solid-isotope measurement platform based on the LUWA prototype.

Hydrogen isotope analysis protocol

Hydrogen isotope compositions are reported as 6D values relative to' the VSMOW scale, defined as 6D =
[(D/H)sample/(D/H)VSMOW — 1] x 1000%o. The isotope protocol comprised three analytical steps: determination of the 3D
values of precursor waters using a Picarro L2130i system, gas-phase 8D measurement of H:O released from synthesized
Cu(OH): using the LUWA prototype TDLAS system, and independent Cr-EA/IRMS validation of representative synthesized
Cu(OH): solid standards.

The hydrogen isotopic compositions of the precursor, waters were determined using a Picarro L2130i cavity ring-down
spectrometer (Figure S2D) coupled with an automated PAL LSI liquid sample injector (Figure S2E). The analytical procedure
followed the laser absorption spectroscopy protocol for hydrogen and oxygen isotope analysis of water samples specified in
DZ/T 0184.36—2024. For each analytical batch, the Picarro analyzer was calibrated immediately before sample measurements
using three national certified reference waters with distinct 6D values: GBW04458, GBW04459, and GBW04460. Their
certified 6D values are —1.7 £ 0.4%o, —63.4 £ .0.6%0, and —144.0 £ 0.8%., respectively (Table 2). According to the certificates,
these reference waters are traceable to international isotope standards, including VSMOW?2 and SLAP2, and their 6 values are
reported relative to the VSMOW scale. A batch-specific linear calibration was established between the raw instrumental values
and the certified values, and this calibration was applied to the precursor-water measurements.

Each precursor-water sample was measured by ten consecutive injections. To minimize carryover and memory effects, the
first six injections were excluded, and the reported value was calculated from the final four injections. The same procedure was
applied to both reference waters and unknown precursor-water samples. Short-term instrumental precision was evaluated from
repeated measurements of the reference waters immediately before sample analysis. Under the analytical conditions used in
this study, the 8D repeatability was better than 0.1%.. This calibration and replicate-measurement procedure provided the
traceability and analytical precision required for evaluating the isotopic offsets between the precursor waters and the
synthesized Cu(OH).-derived water.

For gas-phase measurements of the synthesized solid standards, Cu(OH). samples were heated to release H.O vapor, which
was then introduced into the LUWA prototype TDLAS system for isotope analysis. In the solid-standard measurements, H-O
vapor was first generated by thermal decomposition of Cu(OH): and then analyzed by the same laser absorption spectroscopic
principle. For each synthesized Cu(OH). sample, one independent thermal release was performed. The mean 3D value and
standard deviation were calculated from the accepted time resolved measurements collected during the continuous release. The
resulting standard deviation represents within-release temporal variability under evolving gas pressure conditions and should
not be interpreted as analytical uncertainty or release-to-release reproducibility. This procedure allowed the isotopic
composition of water vapor released from the synthesized solid standard to be evaluated on the same VSMOW-referenced scale.
The LUWA prototype TDLAS system was independently calibrated using standard waters, and the precursor waters were also
measured to verify consistency between the Picarro and TDLAS measurement scales.

To independently evaluate the isotope consistency of the synthesized Cu(OH). solid standards, representative samples
prepared using the same synthesis protocol were analyzed by Cr-EA/IRMS.>® This analysis was designed to provide an
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orthogonal mass-spectrometric validation of the TDLAS-based gas-phase measurement of H-O vapor released from the solid
standards. Continuous-flow analyses were carried out using a Flash 2000HT elemental analyzer with a MAS 200R autosampler
coupled to a Delta V Advantage isotope ratio mass spectrometer via a ConFlo IV interface. Approximately 4-5 mg of each
solid sample was reacted with chromium chips and chromium powder at 1050 °C to generate H», which was then carried by
helium into the isotope ratio mass spectrometer for analysis. USGS57 and USGS58 were used for data linear regression, and
the analytical accuracy was better than 2%o. This Cr-EA/IRMS procedure provided an independent check on the hydrogen
isotopic composition of the synthesized Cu(OH):. standards and on the reliability of the solid-derived vapor isotope
measurement workflow.

Table 2. Certified reference waters used for 6D calibration.
Reference water Certified 6D value Uncertainty  Scale

GBW04458 —1.7%0 +0.4%o VSMOW
GBW04459 —63.4%o £0.6%o VSMOW
GBW04460 —144.0%o £0.8%o VSMOW

RESULTS

Figure 4 presents the averaged vacuum thermogravimetric curves obtained from two independent measurements of each
candidate material, with an initial sample mass of approximately 50 mg in each experiment. The two measurements showed
nearly overlapping thermal behavior, indicating good repeatability under the applied vacuum and heating conditions.

Under vacuum, Cu(OH): underwent its principal mass loss between approximately 100 °C and 120 °C. The measured
mass loss was approximately 18.2 wt%, consistent with the theoretical H.O mass fraction of 18.47 wt% for complete
decomposition to CuO and H.O. This agreement indicates that Cu(OH). was nearly completely decomposed within the
investigated temperature range.

Ag:COs began to decompose gradually at approximately 100 °C and continued to lose mass up to the maximum
investigated temperature of 150 °C, without reaching a clear plateau. Therefore, a decomposition completion temperature could
not be assigned. The theoretical mass loss for complete conversion of Ag2CO; to Ag>O and COz is 15.96 wt%. The reaction
remained incomplete within the investigated temperature range.

MgCOs began to decompose slowly at approximately 70 °C, indicating insufficient thermal stability, whereas CaCOs
showed no identifiable decomposition within the investigated temperature range. Based on the criteria outlined in Section 2.2,
Ag>CO; and Cu(OH): were selected for subsequent full process tests as candidate CO- and H2O reference materials, respectively.
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Figure 4. Averaged vacuum thermogravimetric curves obtained from two independent measurements of CaCOs,
MgCOs, Ag:COs, and Cu(OH).

During the full process tests, Ag2COs and Cu(OH)2 were used as the CO»- and H.O-releasing materials, respectively. Figure
5 shows the spectroscopic and mass-spectrometric results obtained from the evolved gases at a vacuum-gauge pressure of
approximately 137 Pa. The spectroscopic measurements show clear absorption features attributable to CO- and H-0 vapor. The
mass spectra likewise display the expected dominant molecular-ion signals, together with fragment signals at m/z 16 and 17
for H20O. These fragment peaks arise from facile H—O bond cleavage during ionization, producing O (mass number of 16) and
OH (mass number of 17) species. No obvious interfering gaseous species were observed within the measured spectroscopic
and mass-to-charge ranges. These results demonstrate the feasibility of using Ag-COs and Cu(OH): as controlled sources of
CO:z and H:0 reference signals for LUWA calibration and validation.
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Figure 5. Spectroscopic and mass-spectrometric signals of gases evolved from Ag.CQOs and Cu(OH): (A) CO: absorption
spectrum from Ag>COs; (B) H20 absorption spectrum from Cu(OH)z; (C) mass spectrum of gas evolved from Ag>COs; and
(D) mass spectrum of gas evolved from Cu(OH)..

During the full process tests, Cu(OH): released H2O rapidly and underwent nearly complete decomposition within the
applied heating range. The amount of H2O inferred from the measured partial pressure was consistent with the theoretical water
content of Cu(OH)2, approximately 18 wt%. Nearly complete decomposition ensured that the evolved H20 represented the bulk
hydrogen isotope composition of the material and minimized potential isotope fractionation associated with partial release.

Ag>CO:; exhibited a slower and more gradual CO: release. A pressure above approximately 50 Pa was sufficient to provide
spectroscopic and mass spectrometric reference signals, after which the inlet valve was closed and gas introduction was
terminated without requiring complete decomposition of the loaded material. No signal at m/z 32 was detected in the full mass
scan (not shown), providing no evidence for substantial O: release or further decomposition of the Ag.O product under the
applied conditions. The remaining Ag.COs could therefore be retained for subsequent controlled gas releases.

The full process tests involved vibration, long-term storage (> 4 month) and thermal-cycling procedures. Following these
procedures, the tested units remained operational and retained their ability to generate the target-gas reference signals required
for calibration.

Considering the gas release characteristics observed in the full process tests together with the current LUWA mission
requirements, Ag-COs was selected as the reference material for the two onboard calibration units. The pressure controlled
partial release strategy allows the remaining material to be used in subsequent calibration cycles. With a nominal material
loading volume of approximately 1 cm? per unit, the two calibration units are designed to support approximately four to five
calibrations in total, including an initial calibration after landing and additional calibrations before individual in-situ
measurements.

Traceable Cu(OH): was assigned primarily to ground H-O and 6D calibration, prototype testing, full process validation,
and controlled regolith simulant experiments. This assignment reflects the operational requirements and calibration strategy of
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the current mission rather than an intrinsic restriction on the possible flight use of Cu(OH)..

Figure 6 presents SEM images of the synthesized Cu(OH).. The sample consists predominantly of plate-like and elongated
particles with a heterogeneous particle-size distribution. Higher-magnification images reveal textured surface features on the
particles. These observations characterize the morphology of the synthesized material.
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Figure 6. SEM images of synthesized Cu(OH): at scale bars of (A) 100 pm, (B) 10 pm, and (C) 2 pm.
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Figure 7 presents the XRD pattern of the synthesized material together with the reference pattern of Cu(OH). (PDF#99-
000-3468). The principal diffraction peaks at approximately 23.8°, 34.0°,-and 53.3°, together with secondary peaks at
approximately 35.9°, 38.1°, and 39.7°, are consistent with the reference peak positions of crystalline Cu(OH).. No prominent
additional crystalline peaks were observed within the investigated 20 range. These results identify Cu(OH). as the dominant
crystalline phase of the synthesized material.

—— Sample XRD
«  Cu(OH)2 PDF#99-000-3468

Intensity (a.u.)

. Ihhlﬂ“l ml “ “ml.“uf‘.. L L”“J Lt
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Figure 7. XRD pattern of the synthesized material compared with the reference diffraction pattern of Cu(OH):
(PDF#99-000-3468).
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The spectroscopic isotope signal approached its lower detection limit at an H.O partial pressure of approximately 150 Pa.
The hydrogen isotope results are summarized in Supplementary Table S1. The precursor waters had 8D values of +4.0%o,
—74.0%o, and —24.0%o. The corresponding H20 released from synthesized Cu(OH): yielded mean 8D values of —4.3 £ 25.30%o,
—68.7 £ 19.64%o, and —16.4 + 25.21%o, based on 116, 114, and 116 accepted time-resolved measurements, respectively (Fig.
8).

One independent thermal release was performed for each synthesized Cu(OH). sample. The reported standard deviations
therefore represent temporal variability during an individual dynamic release rather than release-to-release reproducibility. This
variability reflects the continuously changing H>O partial pressure and signal intensity during decomposition and may also
include contributions from pressure-dependent isotope response, adsorption and desorption within the analytical pathway, and
reduced signal quality near the isotope detection limit.

The absolute differences between the mean precursor-water and solid-derived vapor values were 8.3%o, 5.3%o, and 7.6%o,
respectively. These differences remained within 10%o, indicating that the overall synthesis, drying, thermal release, gas-transfer,
and measurement workflow preserved the mean isotope information of the precursor waters within the investigated accuracy
range. Given the analytical uncertainty and within-release temporal variability, these differences should not be interpreted as a
resolved or systematic isotope-fractionation factor.
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Figure 8. Time-resolved 6D measurements of H:O released from synthesized Cu(OH): samples prepared using three
precursor waters with different hydrogen isotopic compositions.

A separate batch of Cu(OH). was synthesized using the same protocol for the Cr-EA/IRMS cross-method comparison.
This cross-method comparison was designed to evaluate the consistency of the solid-derived vapor isotope measurement
workflow against an independent mass-spectrometric method. The Cr-EA/IRMS measurements yielded a mean 3D value of
—113.98 + 0.36%o (n = 5), whereas the TDLAS gas-phase measurements yielded —121.45 + 4.06%o (n = 5). The mean difference
between the two methods was approximately 7.47%o, which is substantially smaller than the current isotope precision of the
LUWA prototype. This result supports the reliability of the gas-phase isotope measurement workflow for LUWA-related ground
calibration and prototype testing.

DISCUSSION

Solid calibration materials provide a practical alternative to conventional gaseous or liquid isotope standards for in-situ
planetary measurements. Their main advantage is the ability to generate calibration gases on demand through controlled thermal
decomposition, thereby reducing the complexity of storing and handling volatile standards under spaceflight conditions.

Material selection was determined not only by decomposition temperature and gas composition, but also by the different
operational requirements of onboard calibration and ground validation. Ag.COs and Cu(OH): therefore serve complementary
roles in the current LUWA calibration and validation framework.

Ag.COs was selected as the reference material for the two onboard calibration units. Its comparatively gradual CO- release
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is advantageous for controlled calibration because complete decomposition of the material is not required during a single
operation. Instead, an appropriate amount of CO: can be released through controlled heating, and the calibration unit can be
isolated after the required reference pressure is reached. The remaining material can then support subsequent calibration cycles.
This operating mode enables an initial calibration after landing and additional calibrations before individual in-situ
measurements.

Traceable Cu(OH): is used primarily for ground H-O and 6D calibration, prototype testing, full process validation, and
controlled regolith simulant experiments. Its low decomposition temperature, rapid H-O release, and known stoichiometric
water content make it suitable for evaluating the complete LUWA process, including sample heating, gas release, transfer,
pressure measurement, and spectroscopic and mass spectrometric detection. The synthesis route developed in this study links
the mean hydrogen isotope composition of the released H2O to that of the precursor water, with absolute differences between
the mean values remaining within 10%eo.

The uncertainty measures associated with the precursor waters and the solid-derived vapor have different statistical
meanings. The uncertainty of the precursor-water values reflects the consistency of repeated calibrated liquid injections under
relatively stable analytical conditions. In contrast, the standard deviation of the solid-derived vapor reflects temporal variability
during a single dynamic thermal release, in which H>O pressure and signal intensity changed continuously. The present results
therefore demonstrate consistency between the mean isotope values rather than release-to-release precision of the synthesized
solid reference.

The observed differences between the mean precursor-water and solid-derived vapor values may represent the cumulative
effects of precipitation, filtration, vacuum drying, thermal decomposition, gas transfer, adsorption and desorption, measurement
memory, pressure-dependent spectroscopic response, and instrumental uncertainty. Because these stages were not evaluated
independently, their individual contributions cannot be quantitatively separated in the present study. Nearly complete
decomposition of Cu(OH): was used to reduce additional isotope bias associated with selective partial H2O release, but it does
not eliminate possible fractionation or measurement effects during the other stages.

The current role assigned to Cu(OH): reflects the mission configuration and calibration strategy adopted for LUWA rather
than an intrinsic limitation of the material for spaceflight. Within-its current ground-based role, synthesized Cu(OH). offers
several broader methodological advantages for water isotope measurements. First, it can serve as a solid isotope transfer
reference by incorporating hydrogen from precursor water with a known 8D value into a stable solid phase. This enables
repeated evaluation of the complete solid sample measurement process, including heating, gas release, transfer, and detection.
Second, it can support end to end validation of LUWA like analytical systems by allowing controlled assessment of release
kinetics, gas pathway adsorption, pressure dependent isotope response, measurement memory, and consistency between
spectroscopic and mass spectrometric measurements. Third, because the H-O content of Cu(OH): is defined by its stoichiometry,
it provides a practical means of preparing regolith simulants with known and reproducible water contents, avoiding the
uncontrolled sublimation and redistribution that can occur when real ice is handled under laboratory conditions.

These capabilities also indicate potential applications beyond the present LUWA ground validation program. With further
optimization of storage, packaging, contamination and background control, operational procedures, and flight qualification,
traceable Cu(OH): type materials may provide controlled H-O and 6D references for future planetary payloads. In particular, a
solid reference with known water content and isotope composition could provide an intermittent anchor for characterizing
adsorption and desorption memory effects in carrier gas free isotope measurement systems. However, this application has not
yet been implemented in the current LUWA configuration and will require further development and validation.

Known limitations include adsorption and surface exchange with atmospheric moisture, the propensity of copper
hydroxide to react with CO2 and form carbonates if stored improperly, potential kinetic isotope effects during partial
equilibration or concentration-dependent release, and instrument detection limits (in our tests, the spectrometer isotope signal
reached its lower detection limit when evolved H2O partial pressure fell to ~150 Pa).

Another important advantage of traceable solid calibration materials is their ability to provide reference anchors for
correcting isotope memory effects during repeated measurements. Water-isotope analyses are particularly susceptible to
memory effects because residual H2O can adsorb on chamber walls, valves, transfer lines, and optical cells, causing the isotope
signal of one measurement to influence subsequent analyses. This problem may become more pronounced in spaceborne
instruments, where repeated purge, bake-out, and full replacement of the gas-handling pathway are constrained by power, time,
and mechanical resources. A solid calibrant with a known H-O content and 3D value can therefore serve as an intermittent truth
anchor in the measurement sequence. By inserting calibration releases before, between, or after sample analyses, the residual
contribution from previous measurements can be quantified, allowing correction of baseline drift, adsorption—desorption effects,
and carryover-induced isotope bias. In this sense, traceable Cu(OH)- is not only a calibration source for absolute 6D assignment,
but also a practical tool for maintaining isotope-data consistency during repeated LUWA-related ground validation and, after
further qualification, for future planetary isotope-measurement workflows.

To mitigate these risks, calibration materials should be stored under inert, anhydrous conditions or in evacuated, gas-tight
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containers, and where practical, thermally pre-cleaned, with an aliquot reserved for isotopic verification. Before measurement,
samples must be evacuated to high vacuum (for example, below 10° Pa) and then subjected to controlled heating, ensuring that
the partial pressure of evolved gases remains under the threshold for concentration-dependent isotope effects (approximately
250 Pa). Rigorous monitoring of background levels and reproducibility through blanks and replicate releases further safeguards
measurement integrity.

The isotope precision of LUWA also defines the level of source discrimination that can be realistically achieved. For a
single dominant source, the designed 6D precision of LUWA, approximately 50%o, is sufficient to distinguish the solar-wind
end-member (8D < —980%o) from the more D-enriched asteroidal/cometary end-members, but is not sufficient to resolve
asteroidal vs. cometary mixtures when the solar-wind contribution is minor. Here, the 5.3—8.3%o isotopic offsets observed for
the synthesized Cu(OH). calibrants are smaller than the instrumental design precision and therefore are not expected to
dominate the current isotope error budget. However, source interpretation becomes less straightforward when lunar water ice
represents a mixture of multiple reservoirs. In particular, if the solar-wind component is absent or minor, mixed asteroidal and
cometary contributions may become difficult to distinguish using 6D alone because their effective isotopic signatures can
overlap depending on the mixing proportion. In such cases, isotope data should be combined with quantitative mixing models,
constrained by the impact history, cold-trap evolution, and thermal history of the Moon, as well as by the spatial and structural
information provided by other Chang’E-7 payloads.

The solid form factor reduces leakage and handling risks relative to pressurized gas and liquid standards and is compatible
with the restricted heating capability of LUWA. Ag.COs supports repeated pressure-controlled partial release for onboard
referencing, whereas Cu(OH): provides a consumable H>O and 8D reference for ground validation. The tested calibration units
retained their functional calibration capability after vibration, thermal cycling, and storage for more than four months. These
results support the robustness of the solid calibration approach under the tested conditions, although longer-duration stability,
shelf life, and formal flight qualification require further systematic evaluation.

Overall, Ag:COs and traceable Cu(OH): provide complementary reference functions within the LUWA calibration and
validation framework. The present results demonstrate controlled target-gas generation, repeated onboard CO: referencing
capability, and consistency between the mean isotope compositions of precursor waters and solid-derived H-O. It provides
LUWA with a traceable calibration reference for acquiring reliable H-O and 6D information, which can contribute critical
isotopic constraints for interpreting the origin of lunar water ice, particularly when integrated with subsurface structural
information from in-situ radar sounding, including possible ice layer boundaries, burial depth, ice layer continuity, and dielectric
heterogeneity, as well as orbital remote-sensing constraints on the spatial distribution and geological context of potential ice-
bearing deposits!®”. Further work should quantify release-to-release reproducibility, gas recovery and instrumental response,
long-term storage stability, and the feasibility of memory-effect correction using traceable solid H-O references.

CONCLUSIONS

Accurate in-situ detection of lunar water ice requires reliable measurements of both water abundance and hydrogen
isotopic composition. Deep-space operating conditions, including ultra-high vacuum, tight energy constraints, limited sealing
capability, and extreme temperature variations, challenge conventional gas- and liquid-phase calibration methods and require
calibration strategies compatible with lunar operational constraints.

To meet these requirements for the Chang’E-7 LUWA, we evaluated silver carbonate and copper hydroxide as solid
calibration materials. Vacuum thermogravimetric analysis showed that both materials release calibration gases within an
operationally feasible temperature range under vacuum. Full-process prototype validation further confirmed that Ag.COs and
Cu(OH): can generate identifiable CO. and H-O signals, respectively, for spectral and mass-spectrometric calibration. These
results demonstrate the feasibility of using solid materials as compact calibration sources for LUWA under simulated space-
environment constraints.

For hydrogen-isotope calibration, we developed a synthesis route for Cu(OH): with a traceable hydrogen isotopic signature
derived from precursor water. The synthesized Cu(OH). largely preserved the isotopic information of the precursor water,
providing a route toward traceable solid-phase 6D calibration. We then integrated this material into a prototype water-molecule
analyzer and established a solid-phase hydrogen-isotope measurement workflow, demonstrating its applicability for LUWA-
related H2O release and isotope-detection experiments.

The two materials serve different calibration roles. Ag.COs provides a stable CO- calibration source and is suitable for
both ground-based testing and final mission calibration. The synthesized Cu(OH). developed in this study provides a traceable
solid H20 source for hydrogen-isotope-related calibration and validation under laboratory conditions. Although our synthesis
strategy effectively controls the hydrogen source and overcomes the isotope-traceability issue of commercial Cu(OH).,
introducing an additional H.O-releasing material during in-situ lunar measurements could increase the background water signal
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and interfere with the analysis of indigenous lunar water. Therefore, Cu(OH): is used primarily for LUWA ground calibration,
prototype testing, and controlled regolith-simulant experiments.

In the ground-based regolith experiments, Cu(OH). was used as a controllable analogue for ice-bearing or “dirty-ice”
regolith. This strategy allows the preparation of regolith simulants with known and reproducible water contents, while avoiding
uncontrolled water loss caused by sublimation during sample preparation and storage. Because the hydrogen in the synthesized
Cu(OH): is chemically incorporated from precursor water with a known isotopic composition, the material also minimizes
sublimation-driven isotope fractionation before measurement. It therefore provides a stable and traceable solid H.O source for
testing the LUWA heating-release and detection process under controlled laboratory conditions.

By establishing a traceable solid-calibration route, this work improves the reliability of the first step in the Chang’E-7
water-ice information chain: the conversion of released gas signals into quantitative H-O abundance and 6D data. They can
provide ground-truth-like point constraints for evaluating radar- and remote-sensing-based interpretations of polar ice deposits.
For example, in-situ radar sounding can reveal subsurface layering, burial geometry, and dielectric contrasts along the rover
traverse, while orbital observations can place these local measurements within the broader spatial and geological setting of
candidate ice-bearing regions. In this way, calibrated LUWA data can strengthen the joint assessment of where lunar polar water
ice occurs, how it is stored in the regolith, and which source reservoirs may have contributed to its formation.
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Figure 1. Ground calibration platform and LUWA prototype. (a) LUWA prototype in the simulation
chamber; (b) photograph of the prototype; and (c) internal pipeline configuration.
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Figure 2. Time-resolved 6D measurements of H2O released from two commercial analytical-grade
Cu(OH): samples obtained from the same batch.
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Figure 5 Spectroscopic and mass-spectrometric signals of gases evolved from AgCOs and Cu(OH).:
(a) CO: absorption spectrum from Ag.COs; (b) H20 absorption spectrum from Cu(OH)z; (¢c) mass
spectrum of gas evolved from Ag.COs; and (d) mass spectrum of gas evolved from Cu(OH)a.
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Figure 6. SEM images of synthesized Cu(OH): at scale bars of (a) 100 um, (b) 10 pm, and (c) 2 pum.
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58 Figure 8. Time-resolved 8D measurements of H-O released from synthesized Cu(OH). samples
59 prepared using three precursor waters with different hydrogen isotopic compositions.
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Figure S1. Schematic synthesis procedure for the traceable Cu(OH): hydrogen-
isotope reference material.

Figure S2. Instruments used in this study: (a) NETZSCH STA 2500 vacuum
thermogravimetric analyzer; (b) ZEISS GeminiSEM 500 scanning electron
microscope; (c) Rigaku SmartLab X-ray diffractometer; (d) Picarro L2130i hydrogen-
isotope analyzer; and (e) PAL LSI automatic liquid-sample injector.

Table S1. Summary of hydrogen isotope measurements for precursor waters and
H-O released from synthesized Cu(OH)..

Cu(OH):

Precurso derived Inde
r water Retained ILO 8D en delll)t Time Absolute
Sample oD, injection ’ ’ resolved offset
mean releas .
mean + S, n points, n (%0)
SD(%) +temporal es, n
SD(%o)
1 +4.0+0.1 4 —4.3+25.30 1 116 8.3
- +
2 74'10 0 4 —68.7£19.64 1 114 53
- +
3 24'10 0 4 —16.4+£25.21 1 116 7.6

The precursor-water uncertainty represents the estimated analytical uncertainty of
the calibrated liquid-injection procedure. The standard deviations reported for solid-
derived H-O represent temporal variability during one continuous thermal release and
do not represent release-to-release reproducibility.
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