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Abstract We present a new and transformative composition for Venus' cloud aerosols using previously
uncharacterized data acquired by the Pioneer Venus Large Probe, which descended through Venus'
atmosphere in 1978. This aerosol composition was extracted by re‐analyzing data acquired by the Large Probe
Neutral Mass Spectrometer (LNMS) and re‐evaluating results from the Large Probe Gas Chromatograph
(LGC). In our approach, the altitude‐based data from the LNMS and LGC were re‐interpreted as the thermal
and evolved gas analysis of aerosol composition. During the descent, the LNMS and LGC inadvertently
collected cloud aerosols and subsequently measured the release of gases and compounds as the captured
aerosols thermally decomposed across the hot sub‐cloud atmosphere. Evolved compounds that were released
into the LNMS included SO2, H2O, SO3, O2, and likely Fe2O3 and MgSO4. Evolved gases that were released
into the LGC included SO2, H2O, and O2, which likely formed during the programmed LGC heating steps.
These results are consistent with the thermal decomposition of aerosols containing comparable masses of
ferric sulfate and sulfuric acid (∼20 wt%, each) and sufficiently high H2O abundances (∼60 wt%) to yield
hydrated iron sulfates, hydrated magnesium sulfate, and other hydrates. We suggest that iron and magnesium
could originate from cosmic sources. Our comparisons indicate that aerosol H2O was also measured by direct
analyses on the Venera and Vega probes. Hence, this work reveals reservoirs of water and possible altered
cosmic materials in the aerosols, which presents new considerations for cloud chemistry and cloud
habitability models.

Plain Language Summary We present a new and transformative composition for the aerosols in
Venus' clouds. This information was obtained by analysis of previously uncharacterized data acquired by the
Pioneer Venus (PV) Large Probe, which descended through Venus' atmosphere in 1978. Our findings support
the assessment that aerosols were captured in the clouds and subsequently decomposed and released several
gases and compounds into the onboard instruments as the PV Large Probe descended through the hot sub‐cloud
atmosphere. The released gases and compounds indicate that the cloud aerosols contain several major species,
including substantial bulk water and comparable masses of ferric sulfate and sulfuric acid. The aerosol water
likely arises from hydrates, including hydrated iron and magnesium sulfates. We suggest that iron and
magnesium could originate from cosmic sources. We additionally propose that the Soviet Vega and Venera
probes also measured the substantial aerosol water. This work significantly expands on the original PV Large
Probe studies and reveals reservoirs of water and possible cosmic materials in the aerosols. Hence, these results
yield new considerations for cloud chemistry models and cloud habitability discussions.

1. Introduction
In this report, we present new and transformative insights into the composition of Venus' aerosols using previ-
ously uncharacterized data acquired by the Pioneer Venus Large Probe (PVLP), which descended through Venus'
atmosphere in 1978 (Fimmel, 1983). The aerosols in Venus' clouds play intricate roles in the atmospheric
chemical processes and thermal balance of the planet (Esposito et al., 1997; Mills et al., 2007; Titov et al., 2018).
During the descent of the PVLP, the onboard instruments inadvertently collected these cloud aerosols and
measured the decomposition of their contents (Hoffman, Hodges, Donahue, &McElroy, 1980). In the initial post‐
flight PVLP investigations, aerosol collection and analysis were inferred for the Large Probe Neutral Mass
Spectrometer (LNMS) (Hoffman, Hodges, Donahue, & McElroy, 1980) and considered for the Large Probe Gas
Chromatograph (LGC) (Oyama et al., 1979a, 1979b; Oyama, Carle, Woeller, Pollack et al., 1980).
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For the LNMS, the inadvertent capture of aerosols resulted in clogging of the inlets and significant though
temporary losses in the intake of atmospheric gases (Hoffman, Hodges, Donahue, & McElroy, 1980; Mogul,
Limaye &Way, 2023). Notably, the resumption of atmospheric intake into the LNMS, which occurred in the hot
sub‐cloud atmosphere, coincided with substantial increases in the measured SO2 and H2O. In the original LNMS
investigations (Hoffman, Hodges, Donahue, & McElroy, 1980), and in our recent analysis of the archived LNMS
data (Mogul, Limaye & Way, 2023), this release of SO2 and H2O during the clog was attributed to the thermal
decomposition of sulfuric acid (H2SO4) from the captured aerosols.

Multiple lines of evidence suggest that the cloud aerosols contain a concentrated water solution of H2SO4 (≥75%,
by mass). Direct measurements for aerosol‐phase H2SO4 include the LNMS (Hoffman, Hodges, Donahue, &
McElroy, 1980), reaction gas chromatography on Vega 1 and 2 (Gel'man et al., 1986; Porshnev et al., 1987), and
pyrolysis mass spectrometry on Vega 1 (Surkov, Ivanova et al., 1986). Spectral or indirect measurements for
aerosol‐phase H2SO4 include remote polarimetry (Barstow et al., 2012; Hansen & Hovenier, 1974), in situ
polarimetry on the Pioneer Venus (PV) descent probes (Knollenberg & Hunten, 1980), and orbital and telescopic
infrared spectroscopy (as reviewed in Esposito et al. (1997), Mills et al. (2007), and Titov et al. (2018)). Spectral
measurements for vapor‐phase H2SO4 include radio occultation (e.g., Imamura et al. (2017), Kolodner and
Steffes (1998), and Oschlisniok et al. (2021)).

Several other species in the aerosols have also been proposed. While H2O is among the presumed species (≤25%
by mass), direct quantitative measurements for aerosol H2O have not been previously indicated. Other proposed
minor species include ferric (Fe3+) chloride and/or ferric sulfates (e.g., Jiang et al. (2024); Krasnopolsky (2017);
Markiewicz et al. (2014); and Petrova (2018)), condensed sulfur (Porshnev et al., 1987), and the tentative
presence of bulk iron and phosphorus (Andreichikov et al., 1987; Petryanov et al., 1981a, 1981b). Nevertheless,
these species have yet to be confirmed.

Here, we demonstrate that the LNMS data contain several mass signals, related to aerosol composition, which
were misassigned or left uncharacterized in the original LNMS investigations. In Mogul, Limaye &Way (2023),
we showed that the LNMS spectra from the sub‐cloud atmosphere possess several unexplained spikes in the ion
counts at differing mass positions. In post‐flight PVLP studies (Fimmel, 1983; Seiff et al., 1995), a review of the
LNMS housekeeping data (which monitored the instrument operations, but was not archived) revealed several
unexplained spikes in the ion pump current in the sub‐cloud atmosphere. These observations are significant since
they serve as further evidence of the aerosol thermal decomposition and subsequent release of the decomposition
products into the LNMS.

In this context, we re‐analyzed and re‐interpreted the LNMS data as the thermal and evolved gas analysis of
aerosols possessing a heterogeneous chemical composition. In our approach, the altitude trends from the LNMS
and the LGC were re‐interpreted as thermal decomposition profiles that followed the temperature gradient of the
PVLP descent (− 30 to 462°C from ∼65 km to the surface, Seiff et al. (1985)). These interpretations of the LNMS
and LGC results as evolved gas analyses are parallel to those conducted for the Sample Analysis at Mars (SAM)
package on the Mars Curiosity rover (McAdam et al., 2014, 2022) and the Thermal and Evolved Gas Analyzer
(TEGA) on the Mars Phoenix lander (Hoffman et al., 2008; Sutter et al., 2012).

In the following sections, we detail extraction of the chemical composition, weight percentage, and mass loading
of the cloud aerosols. We describe the methods used to analyze the LNMS data, which were adapted from the
procedures developed for the LNMS in Mogul et al. (2021), Mogul, Limaye & Way (2023), and Mogul, Avice,
et al. (2023). To construct the thermal decomposition profiles from the LNMS data, the abundances of key gases
(e.g., SO2, H2O, O2, and SO3) were expressed against the temperatures of the intake inlets—rather than altitude.
The procedures used to extract the LNMS inlet temperatures and heating rates are described. We additionally
provide the necessary context for re‐evaluating the LNMS and LGC results by summarizing critical PVLP
descent parameters, instrumental design specifications, and calibrations. Many of these instrumental specifica-
tions are currently unknown to the Venus community. This includes the design of the gas collection assemblies
and inlet heating specifications, which are described in restricted PVLP project reports (controlled by the In-
ternational Traffic in Arms Regulations; ITAR). Hence, these details will likely assist in the design of future
atmospheric sampling instruments. The acronyms and parameters used in this report are summarized in Tables 1
and 2.
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2. Data and Methods
2.1. Data, Project Reports, and Laboratory Notebooks for the PVLP

The availability of LNMS data, laboratory notebooks of J. H. Hoffman
(Principal Investigator in the original LNMS project), and PVLP project re-
ports used in this study are described in the Open Research section.

2.2. Summary of the PLVP Descent and Atmospheric Sampling
Instruments

The PVLP descended through Venus' atmosphere and reached the surface
(4.4°N, 304.0°) on the eastern side of Rhpisunt Mons near the equator on 9
December 1978 (Fimmel, 1983). The PVLP descent profile included para-
chute deployment at ∼66 km, release of the aeroshell at ∼65 km, and para-
chute jettison at ∼45 km (Large & Small Probe Data Book, 1976). As
described in Seiff et al. (1982), Lorenz (2022), and Lorenz (2025), the dy-
namics of the PVLP descent were slightly unsteady with an angle of attack of
≤3° and pitch oscillations of ≤8°. The PVLP spin rate during the descent was
15 rpm (revolutions per minute) just after release from the PV Multiprobe
(Large & Small Probe Data Book, 1976; Nothwang, 1980), ∼16 rpm
at ∼65 km (Tomasko et al., 1980), and ∼6–10 rpm just before surface impact
(Lorenz, 2022).

The PVLP instrument payload (Figure 1a) is described in Fimmel (1983). The
LNMS and LGC (Table 1), instruments onboard the PVLP, yielded mea-
surements of atmospheric composition during descent to the surface. Also
considered in this study were the PVLP nephelometer, cloud particle size
spectrometer (LCPS), and infrared radiometer (LIR) (Figure 1), which yiel-
ded data relating to the scattering coefficients for particles in the clouds, total
aerosol mass loading, and sub‐cloud water abundances.

The LNMS (Hoffman et al., 1979; Hoffman, Hodges, Wright, et al., 1980; Hoffman, Hodges, Donahue, &
McElroy, 1980) was a single focusing, magnetic sector, and electron ionization mass spectrometer. The original
LNMS mass scale (1–208 amu) was re‐expressed in Mogul, Limaye & Way (2023) as 1–208 u (unified atomic
mass unit) and interpreted as m/z 1–208 (m/z, mass to charge ratio) to account for double and triple charged
species (e.g., 36Ar2+, 136Xe2+, and 136Xe3+). Ion counts in the LNMS were measured at 232 pre‐selected mass
positions across the 1–208 u mass scale rather than at regular measurement intervals. This strategy permitted the
acquisition of 232 high‐resolution measurements (mass resolution of∼0.001–0.01 u between 15 and 136 u) over a
short period of 64 s per spectrum (Hoffman et al., 1979; Hoffman, Hodges, Wright, et al., 1980; Hoffman,
Hodges, Donahue, & McElroy, 1980). The downside of this strategy was that several mass positions were only
partly characterized, while other mass positions were skipped and not measured.

The LNMS data set includes 49 total mass spectra (Hoffman, 1978b). The LNMS data set includes (a) 4 back-
ground spectra obtained before opening of the inlets, (b) 38 complete spectra acquired at an electron ionization
energy of 70 eV and obtained between 64.2 and 0.9 km, (c) 3 spectra acquired at 30 eV and obtained at 54.0, 30.1,
and 9.1 km, (d) 3 spectra acquired at 22 eV and obtained at 52.7, 28.1, and 8.2 km, and (e) 1 partial spectrum
obtained at 0.2 km (70 eV), which was interrupted at∼34 u by surface impact. The LNMS data set also contains 1
incomplete spectrum from 56.8 km, which possessed no counts. Across the descent, the LNMSmass spectra were
obtained at intervals of 2.3–1.0 km before parachute jettison (between the altitudes of 64.2–49.4 km) and at
intervals of 3.2–0.7 km after parachute jettison (between the altitudes of 45.2–0.2 km).

The LGCwas a gas chromatograph that contained two chromatographic columns, reference columns, and thermal
conductivity detectors, which operated in parallel to separate the low‐ and high‐boiling point samples from the
atmosphere (Oyama, Carle, Woeller, Rocklin et al., 1980; Oyama, Carle, Woeller, Pollack et al., 1980). The LGC
was designed similarly to the Viking Lander Gas Exchange Experiment (Oyama, Carle, Woeller, Pollack
et al., 1980). The LGC analyzed atmospheric samples at the altitudes of 51.6, 41.7, and 21.6 km (Oyama, Carle,
Woeller, Rocklin et al., 1980; Oyama, Carle, Woeller, Pollack et al., 1980).

Table 1
List of Abbreviations in Alphabetical Order

GC Gas Chromatograph

GSV Gas Sample Valve Assembly

ITAR International Traffic in Arms
Regulations

ISAV 1 and 2 Vega 1 and 2 UV Spectrometers

LGC Large Probe Gas Chromatograph

LIR Large Probe Infrared Radiometer

LNMS Large Probe Neutral Mass
Spectrometer

LCPS Large Probe Cloud Particle Size
Spectrometer

NIR Near Infrared Spectroscopy

OS Optical Spectroscopy

PV Pioneer Venus

PVLP Pioneer Venus Large Probe

SAM Sample Analysis at Mars; Mars
Curiosity

TEGA Thermal and Evolved Gas Analyzer;
Mars Phoenix

UVS Ultraviolet Spectrometer

V12 Venera 12

V13/14 Venera 13 and 14

V11/13/14/15 Venera 11, 13, 14, and 15
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2.3. Altitude, Temperature, Pressure Scales

The altitude scales from the original LNMS, LGC, LCPS, PVLP nephelom-
eter, and LIR investigations were retained in this study (see Table 1 for ab-
breviations) (Hoffman, Hodges, Donahue, & McElroy, 1980; Knollenberg &
Hunten, 1980; Oyama, Carle, Woeller, Pollack et al., 1980; Ragent
et al., 1985). The altitude scales for these instruments were based on data
obtained by the Atmospheric Structure Investigation published in Seiff
et al. (1980) and differ slightly (≤0.76 km) from the revised and accepted
scale in Seiff et al. (1985). For the LGC, comparison of the reported pressure
and altitude relationships in Oyama, Carle, Woeller, Pollack et al. (1980) to
the relationships in Seiff et al. (1985) suggest that the LGC altitudes were
slightly underestimated (by ∼1.7, 0.2, and 1 km at 51.6, 41.7, and 21.6 km,
respectively). The altitude scales from the Venera 11–14 investigations were
likely based on data from Venera 9 (Keldysh, 1977) and were overestimated
by ∼1–3 km between ∼50 and 42 km when compared to the scales in Seiff
et al. (1980, 1985). The altitude scales for the Vega 1 and 2 investigations
were based on data in Linkin et al. (1986) and minimally differ from the scales
in Seiff et al. (1980, 1985) (≤0.3 km and ≤0.9 km between ∼35 and 60 km,
respectively). For the LNMS, the atmospheric temperatures at the altitudes of
measurement were obtained by interpolating the PVLP temperature and
altitude data in Seiff et al. (1985). To obtain estimates with <10% error, the
data from Seiff et al. (1985) were separately interpolated between 0 and 50 km
(R2= 0.9999) and 51–70 km (R2= 0.9998) using the 6th order polynomials in
Table 3.

2.4. LNMS and LGC Gas Collection Assemblies

Relevant design parameters for the PVLP inlet assemblies were extracted
from the following PVLP project reports: Large & Small Probe Data
Book (1976), Final Report, Definition Phase Program of the Large Probe
Neutral Mass Spectrometer for Pioneer Venus (1977), LNMS Final Project
Report (1978), and Acceptance Test Report (1977). The LNMS and LGC
sampled Venus' atmosphere using separate intake inlets, which were installed
on opposing sides of the PVLP (Final Report, Large Probe Neutral Mass
Spectrometer, 1978; Large & Small Probe Data Book, 1976). As outlined in
Figure 1b, the LNMS and LGC inlets were located at 65 and 265°, with the
atmospheric instrument pressure inlet positioned at 0°. The LNMS and LGC
inlets protruded ∼1 cm from the PVLP surface and ∼0.64 cm outside the
estimated spacecraft boundary layer or probe viscous flow region. This
indicated that the LNMS and LGC inlets, by design, sampled the atmosphere
on different sides of the PVLP and did not sample spacecraft outgassing (Final
Report, Large Probe Neutral Mass Spectrometer, 1978; Large & Small Probe
Data Book, 1976). Consequently, the LNMS and LGC inlets were subjected
to a wide range of atmospheric temperatures throughout the PVLP descent.

The LNMS inlets were composed of tantalum (Hoffman et al., 1979; Hoff-
man, Hodges, Wright, et al., 1980; Hoffman, Hodges, Donahue, & McEl-
roy, 1980) and passivated using sulfuric acid to yield an inner oxide layer
(Book 2, part 2; page 45; Hoffman (1976‐1979)). The tips of the LNMS inlets,
which protruded into the atmosphere, were crimped to constrain the inner

dimensions (≤100 nm inner gap), which restricted atmospheric intake (Final Report, Large Probe Neutral Mass
Spectrometer, 1978; Large & Small Probe Data Book, 1976). The LNMS inlets opened to the atmosphere at
∼64 km through the explosive removal of a hermetically sealed cover (Hoffman et al., 1979; Hoffman, Hodges,
Donahue, & McElroy, 1980; Hoffman, Hodges, Wright, et al., 1980). Atmospheric samples were actively

Table 2
List and Description of Parameters Used in the Study

Δcounts difference in ion counts using 24.4 km as a reference

i and j target chemical species and species chosen for comparison

x, y, z example species chosen for comparison

ni number density for species i from the atmosphere (number of
molecules of i per volume)

Ni number of molecules, or number abundances, of species i released
from the captured aerosols

xi mixing ratio of species i

a altitude

Ii ion counts for species i

ρi sensitivity factor for species i

vi transmission coefficient for species i

σi electron ionization cross section for species i

fi fraction of the target ion for species i

MMi molecular mass for species i

TD temperature of maximum decomposition

Nmaxi maximum number of released molecules of species i

σstdevi standard deviation for Nmaxi (same units as Nmaxi )

NTi total number of molecules of species i released from the captured
aerosols

NTSO2
total number of SO2 molecules released from the captured aerosols

NH2SO4SO2
number of SO2 molecules released from H2SO4 decomposition

NMSO4SO2
number of SO2 molecules released from metal sulfate
decomposition

NTH2O
total number of H2Omolecules released from the captured aerosols

NH2SO4H2O
number of H2O molecules released from H2SO4 decomposition

NhydratesH2O
number of H2O molecules released from the hydrates

NsolnH2O
number of H2Omolecules released from the aerosol solution phase

Naerosoli number of molecules of species i in the aerosols

gi grams of species i

gx, Nx total grams and number of molecules of species x

gy, Ny total grams and number of molecules of species y

gz, Nz total grams and number of molecules of species z

wt% weight percent

pappi apparent partial pressure for species i

pT total atmospheric pressure

nTC total number densities of CO2 and N2 in the aerosol collection
column

mg m− 3 mg of sample per m3 of the atmosphere
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acquired through the LNMS inlets due to the low pressure in the ion source cavity (≤10− 8 bar), which was
maintained through the use of chemical getters and ion pumps (Hoffman et al., 1979).

Per our understanding, the LGC inlet (160 mm, outer diameter; 159 mm, inner diameter) did not possess a sealed
cover and was exposed to the atmosphere immediately after release of the PVLP aeroshell (Large & Small Probe
Data Book, 1976; Oyama, Carle, Woeller, Pollack et al., 1980; Oyama, Carle, Woeller, Rocklin et al., 1980).
Passive acquisition through the LGC inlet fed atmospheric samples into the Gas Sample Valve (GSV) assembly,
which controlled gas temperatures and flow toward the chromatographic columns (Acceptance Test Report, 1977;
Oyama, Carle, Woeller, Pollack et al., 1980; Oyama, Carle, Woeller, Rocklin et al., 1980). To prevent sample
condensation after acquisition, the GSV was heated to 60, 130, and 160°C (Oyama, Carle, Woeller, Rocklin
et al., 1980; Oyama, Carle, Woeller, Pollack et al., 1980) during the LGCmeasurement intervals at 51.6, 41.7, and
21.6 km (Oyama, Carle, Woeller, Pollack et al., 1980), respectively. The LGC heating steps matched the
respective atmospheric temperatures (∼60, 130, and 290°C) at the altitudes of measurement, barring the GSV
temperature at 21.6 km (160°C), which remained under the reported temperature threshold for LGC integrity
(≤180°C) (Oyama, Carle, Woeller, Rocklin et al., 1980). Ram pressures encountered during the descent
potentially assisted sample acquisition through the LNMS and LGC inlets.

Figure 1. Diagrams of the Pioneer Venus Large Probe pressure vessel. (a) Side view showing the instrument arrangement
(adapted from Panagakos & Waller (1978)). (b) Top‐down view showing the positions of the inlets for the Large Probe
Atmospheric Structure Experiment (LAS), Neutral Mass Spectrometer (Large Probe Neutral Mass Spectrometer), and Gas
Chromatograph (Large Probe Gas Chromatograph), and windows for the Solar Flux Radiometer (LSFR) and Infrared
Radiometer (LIR) (Large & Small Probe Data Book, 1976). Sampling aperture for the Large Probe Cloud Particle Size
Spectrometer is shown in (a).

Table 3
List of Relevant Equations Used for Interpolation in the Study

Equations for interpolating the temperature versus altitude (km) data from Seiff et al. (1985).

0–50 km T (°C)= − 1.11776959082696× 10− 7x6+ 1.47178885567811× 10− 5x5 − 6.66604775659607
× 10− 4x4 + 1.21788942856256 × 10− 2x3 − 8.68984401968191 ×
10− 2x2 − 7.51575320106349x + 4.6219306005456 × 102

51–70 km T (°C)= − 2.07045167621711× 10− 6x6+ 8.87319732964631× 10− 4x5 − 1.55833799257801
× 10− 4x4 + 1.43807345087176 × 101 × 3 − 7.36198812713354 × 102 × 2 +

1.98284945516271 × 104x − 2.19417856062175 × 105

Equation describing the LNMS inlet heating rate versus altitude (km) relationship after parachute jettison.

43.5–0.2 km Heat Rate (°C min− 1) = − 1.5423 × 10− 5x4 + 1.0314 × 10− 3x3 − 1.4129 × 10− 2x2 + 0.23159x
+ 4.8879
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2.5. Heating Profiles for the LNMS and LGC Inlets

The external inlets on the LNMS (Hoffman, Hodges, Wright, et al., 1980) and LGC (Oyama, Carle, Woeller,
Rocklin et al., 1980) were heated during operation to prevent the condensation of atmospheric gases and
collection of particles. According to our understanding of the LNMS project reports (Final Report, Definition
Phase Program of the Large Probe Neutral Mass Spectrometer for Pioneer Venus, 1977; Final Report, Large
Probe Neutral Mass Spectrometer, 1978), the LNMS inlets were heated by applying low power (≤0.5 W) to a
variable pitch wire coiled around the inlets. According to the LNMS project reports (Final Report, Definition
Phase Program of the Large Probe Neutral Mass Spectrometer for Pioneer Venus, 1977; Final Report, Large
Probe Neutral Mass Spectrometer, 1978), this applied low power yielded temperatures of ∼25 to 10°C above
atmospheric conditions before parachute jettison, and ∼5 to 2.5°C above atmospheric conditions after parachute
jettison (∼45–3 km). In contrast, no power (or heat) was applied at < 2.5 km. According to our understanding of
an LGC project report (Acceptance Test Report, 1977), the LGC inlet temperatures were regulated by external
sensors at ≤6°C (51.7 km), 13°C (41.6 km), and 16°C (21.6 km) above the atmospheric temperatures.

For the LNMS, the magnitude of inlet overheating (Δ°C) was obtained by interpolating the calibration data
extracted from the LNMS project reports (Final Report, Large Probe Neutral Mass Spectrometer, 1978). The
atmospheric temperatures at the altitudes of the LNMS measurements were obtained as described in Section 2.3.
The respective atmospheric temperatures were adjusted using the magnitude of overheat obtained from the
interpolated calibration data. The total heating adjustments to the LNMS inlets translated to a temperature range
of∼− 1 to 460°C across the LNMS sampling column (64.2–0.2 km) with the respective atmospheric temperatures
being ∼− 28 to 460°C. The rates of heating (°C min− 1) for the LNMS inlets were obtained using the timestamp
and altitude profiles for the PLVP descent obtained from Seiff et al. (1980).

2.6. LNMS Data Analysis and Peak Fitting

The LNMS spectra obtained at the electron ionization energies of 70, 30, and 22 eV were independently treated
using the peak‐fitting, normalization, and unit conversion strategies described in Mogul et al. (2021), Mogul
Limaye &Way (2023), andMogul, Avice, et al. (2023). For chemical species represented by 1 mass measurement
(e.g., SO2

+ and SO3
+), the mass point was tracked across all altitudes. For example, the vertical trends for SO2

were obtained by tracking changes at the sole measurement at 63.960 u (a pre‐selected mass position), while
trends for SO3 were obtained by tracking the changes at 79.958 u (a pre‐selected mass position). For species
represented by ≥ 2 mass points in the LNMS data (e.g., H2O

+ and O2
+), the respective peak profiles were fitted

using Gauss functions. Expected peak shapes and mass errors were obtained using the in‐flight behavior of the
LNMS internal standards (CH3

+, CO + , N2
+, 40Ar+, and 136Xe+), as detailed in Mogul, Limaye & Way (2023).

Relevant isobars or species with overlapping masses (or m/z values) were considered.

For H2O, peak fitting was conducted as described in Mogul, Limaye &Way (2023) and independently performed
for each spectrum at the LNMS mass positions of 17.985, 18.010, and 18.034 u (referred to herein as 18 u). The
peak fits at 18 u accounted for several isobaric species to H2O, including

36Ar2+, 18O+, and potentially NH4
+. As

described inMogul, Limaye &Way (2023), the peak fits were optimized by constraining the abundances for 18O+

and 36Ar2+ (isobars to H2O) using the counts for
16O+ and the LNMS isotope ratio for 18O/16O, and the counts for

36Ar+ and the LNMS ionization ratio for 40Ar2+/40Ar+, respectively.

For O2, peak fitting was conducted in each spectrum at the LNMS mass positions of 31.972 and 31.990 u (32 u).
Peak fits at 32 u accounted for O2

+ and isobaric 32S+. Fitted counts for O2
+ (70 eV) were corrected for con-

tributions from CO2 ionization, which yielded O2
+ as a side product (Final Report, Definition Phase Program of

the Large Probe Neutral Mass Spectrometer for Pioneer Venus, 1977; Monteiro‐Carvalho et al., 2024). The O2
+

arising from CO2 ionization was estimated by (a) extracting the O2
+/CO2

+ ratio (∼2 × 10− 4) from the lab‐
measured LNMS control spectra obtained at 100 eV (Final Report, Definition Phase Program of the Large
Probe Neutral Mass Spectrometer for Pioneer Venus, 1977), (b) adjusting the O2

+/CO2
+ ratio from 100 eV

by ∼50% to obtain the O2
+/CO2

+ ratio from 70 eV, consistent with the absolute cross sections for O2
+ formation

from CO2 ionization, which decrease by ∼50% between ∼100 and 70 eV (Monteiro‐Carvalho et al., 2024), and
(c) calculating the expected counts for O2

+ at each altitude by multiplying the respective counts of CO2
+ by the

O2
+/CO2

+ ratio from 70 eV (∼1 × 10− 4). While the peak fits at 32 u were reasonable, disambiguation was likely
incomplete given the limited data coverage (only 2 mass points). Control peak fitting for O2

+ using the maximum
and minimum peak widths and mass errors (Mogul, Limaye & Way, 2023) suggested uncertainties of ≤10%.
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As determined in Mogul, Limaye & Way (2023), standard deviations for the LNMS counts were 3.6% for fitted
species and species represented by a single mass point with counts of >600, and 14.2% for species represented by
a single mass point with counts of <600. Instrument noise was considered negligible as indicated in calibration
studies (Hoffman, Hodges, Wright, et al., 1980) and since counts of 0 were measured at multiple mass positions
(>140 u) at various altitudes in the in‐flight data.

2.7. Identifying the Aerosol Decomposition Products

The LNMS spectra were parsed for spikes (temporary increases in the ion counts) that occurred after aerosol
collection beginning at ∼51 km. These spikes were interpreted as signature gases and compounds that arose from
the decomposing aerosols. For the data obtained after the clog (<25 km), the spikes were identified by following
the change in counts (Δcounts) at each altitude, using 24.4 km as the reference altitude. This treatment allowed for
a direct comparison across the 232 pre‐selected LNMS mass positions at < 25 km, which exhibited a wide range
in the ion counts (1–∼2 × 106 counts). Chemical assignments for these spikes were predicated upon (a) mea-
surement of ≥1 count at ≥3 consecutive altitudes in the descent profile, (b) sufficient overlap between the
measured LNMS mass position/s and the target mass, which was assessed using the expected peak shapes and
mass errors, as detailed in Mogul, Limaye & Way (2023), (c) consideration of potential isobars, and (d) prece-
dence of the chemical species in the NIST database (Wallace, 2020) or literature. The chemical assignments
(exact mass in parenthesis) at the respective LNMS mass positions were: H2O

+ (18.011 u) at 18 u, fitted as
described in Section 2.6; O2 (31.990 u) at 32 u, fitted as described in Section 2.6; SO

+ (47.967 u) at 47.966 u,
HSO+ (48.975 u) at 48.974 u, HSOH+ (49.983 u) at 49.968 u; SO2 (63.962 u) at 63.960 u; FeO

+ (71.930 u) at
71.973 u; SO3

+ (79.957 u) at 79.958 u; HSO3
+ (80.965 u) at 80.847 u, H2SO3

+ (81.973 u) at 81.975 u; H2SO4
+

(97.968 u) at 97.948 u; MgSO4
+ (119.937 u) at 119.981 u; Na2SO4

+ (141.932 u) at 141.882 u; NiSO4
+ (153.887

u) at 153.894 u; CoSO4
+ (154.885 u) at 154.911 u, and Mn2O3 (157.861 u) at 157.876 u.

2.8. Extracting the LNMS Number Densities, Number Abundances, and Mixing Ratios

The LNMS number densities (n), number of molecules (N), volume mixing ratios (x), and associated errors were
extracted from the 70, 30, and 22 eV spectra using the procedures adapted from Mogul, Avice, et al. (2023),
Donahue and Hodges (1992), and Hoffman, Hodges, Donahue, and McElroy (1980). Table 2 provides an
explanation for the parameters used in this section. Number densities (n) refer to the number of atmospheric gas
molecules acquired and measured by the LNMS (e.g., number of atmospheric molecules per cm3). The number of
molecules (N), or number abundances, refer to the number of gas molecules that were released from the captured
aerosols in the inlets and measured by the LNMS (e.g., number of molecules released per total aerosol materials
collected). The values for n and N were obtained by comparing the ionization, fragmentation, and transmission
behavior of the target species to CO2, the dominant gas in the LNMS data. Mixing ratios refer to the ratio of the
target species expressed against CO2 and N2, the most abundant gases in Venus' atmosphere. This significantly
updates the procedures for the LNMS from Donahue and Hodges (1992), which obtained number densities by
comparison to 40Ar+ and expressed mixing ratios solely against CO2.

Through Equations 1A and 1B, ion counts (Ii) for the target species (i) were respectively converted to ni or Ni
(defined above and in Table 2) using a species‐specific sensitivity factor (ρi). Through Equation 2, the species‐
specific ρi was related to the ratios of the transmission coefficients (vi), cross sections (σi), fraction of the
respective ions (fi), and exact molecular mass (MMi) between the target species and CO2 (Mogul, Avice,
et al., 2023). Through Equation 3, mixing ratios (xi) at each altitude (a) for the target atmospheric gases were
calculated using ni and the summed number densities for CO2 and N2 (ICO2 + nN2), followed by expression as
ppm (10− 6) by volume. Apparent mixing ratios for the aerosol‐derived gases were obtained by substituting Ni for
ni in Equation 3. Uncertainties from all terms were propagated. Electron ionization cross sections (σ) at 70, 30,
and 22 eV were obtained from the NIST database (Kim et al., 2004) for SO2, H2O, and N2, and literature sources
for CO2 (Straub, Lindsay et al., 1996) and O2 (Straub, Renault et al., 1996). The σ for SO3 (70 eV) was assumed to
be equivalent to SO2. Best fits to the data were obtained by assuming a ± 4 eV uncertainty in the LNMS electron
energies.

ni = ρiIi (1A)

Ni = ρiIi (1B)
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ρi = (
vCO2
vi
) (
σCO2
σi
) (
fCO2
fi
) (
MWCO2
MWi

)

1 /2

(2)

(xi)a = (
ni

nCO2 + nN2
)
a
=

⎛

⎜
⎜
⎜
⎜
⎜
⎝

(Ii)(
vCO2
vi
)(
σCO2
σi
)(
fCO2
fi
)(
MWCO2
MWi

)

1 /2

IaCO2 + n
a
N2

⎞

⎟
⎟
⎟
⎟
⎟
⎠

a

(3)

fSO2 =
SO+2

(SO+2 + SO
+)

(4)

fH2O =
H2O+

(H2O+ + OH+)
(5)

fCO2 =
CO+2

(CO18O+ + 13CO+2 + CO
+
2 + C

18O+ + 13CO+ + CO+ + O+)
(6)

Fractions of the parent ions ( fi) at 70, 30, and 22 eV were extracted from the LNMS mass data and calculated
using Equations 4–6. Values for fi from 70 eV were averaged and the error propagated across 29 spectra acquired
in the sub‐cloud atmosphere (<45 km). Values for fi from 30 and 22 eV were averaged across the 3 respective
spectra. Table 4 lists the fi for SO2

+, H2O
+, and CO2

+ from the LNMS (70, 30, and 22 eV), NIST, and comparable
literature sources (Basner et al., 1995; Straub, Lindsay et al., 1996; Straub et al., 1998; Wallace, 2020), which
were collectively calculated using Equations 4–6.

As adapted from Mogul, Avice, et al. (2023), the transmission coefficients (vi) were obtained by interpolation of
published data regarding the LNMS calibration standards (Donahue & Hodges, 1992). Ion transmission was
assumed to be independent of ionization energy. Therefore, identical values for vi were used for the 70, 30, and
22 eV spectral analyses. Values of vi for H2O (18 u) and N2 (28 u) were obtained by interpolation using the linear
relationship between vi and mass of the LNMS calibration standards between 15 and 40 u (3 points, R2= 0.9977).
Values of vi for SO2 (64 u) and CO2 (44 u) were obtained by interpolation using the linear relationship between
log (vi) and log (mass) for the LNMS calibration standards between 20 and 131 u (3 points, R2 = 0.9984).
Standard errors of the regressions were propagated as the uncertainty for vi. For data obtained during the clog
(LNMS altitudes of 50.3–25.9 km) when atmospheric gas intake was limited, the mixing ratios were calculated
using expected CO2 abundances, which were estimated using calibration data from the original LNMS in-
vestigations (Hoffman et al., 1979) and the procedures described in Mogul, Limaye & Way (2023).

Table 4
The Parent Ion Fractions (fi) for SO2, H2O, and CO2 (at 70, 30, and 22 eV)

Parent ion Energy LNMS f Reference f

SO2
+ 70 eV 0.62 ± 0.07 0.67a, 0.58b

30 eV 0.64 ± 0.02 0.61b

22 eV 0.70 ± 0.01 0.75b

H2O
+ 70 eV 0.81 ± 0.02 0.82a, 0.77c

30 eV 0.88 ± 0.02 0.83c

22 eV 0.97 ± 0.02 0.92c

CO2
+ 70 eV 0.73 ± 0.03 0.69a, 0.71d

30 eV 0.75 ± 0.06 0.88d

22 eV 0.88 ± 0.06 0.95d

Note. Values from the LNMS, NIST, and literature sources were calculated using Equations 4–6. aNIST; Kim et al. (2004).
bBasner et al. (1995). cStraub et al. (1998). dStraub, Lindsay et al. (1996).
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2.9. Constructing the LNMS Thermal Decomposition Profiles

The thermal decomposition profiles for the captured aerosols were constructed by plotting Ni for SO2, H2O, SO3,
and O2 against the LNMS inlet temperatures at the measurement altitudes. The inlet temperatures were extracted
from the LNMS project reports as described in Section 2.5. The peaks (or spikes) in the thermal profiles were fit to
Gauss functions and the regressions minimized by least squares analysis (MS Excel, Solver), which yielded the
temperatures at maximum decomposition (peak center; TD, °C), maximum number of molecules released from
the captured aerosols (peak height; Nmaxi ), and the associated standard deviation for Nmaxi (peak width parameter;
σstdevi , same units as Nmaxi ). For H2O, the inclusion of sequential and overlapping peaks yielded excellent ap-
proximations to the asymmetric release profile for H2O from the aerosols. Fits to the data were sequentially
conducted for each peak, in succeeding pairs of peaks, and across all peaks in the respective profiles. Equation 7
was used to calculate the peak areas (Dyson, 1998), which were defined as the total number of molecules released
from the captured aerosols (Nreli ).

Nreli =
Nmaxi σstdevi
0.3989

(7)

2.10. Calculating the Abundances of the Aerosol Components

2.10.1. Reaction Pathways of Aerosol Decomposition

The thermal decomposition steps of the captured aerosols were characterized using Reactions 8–16. Reaction 8
summarizes the thermally unstable compounds that were present in the aerosols and/or formed within the LNMS
inlet after capture. These compounds included H2O, H2SO4, hydrated metal sulfates (Mx(SO4)y·nH2O), and
uncharacterized hydrates (X·nH2O), where n= relative number of H2O for each species. The thermal dehydration
and decomposition of these species was assumed to proceed through a temperature‐dependent and stepwise
process, consistent with the literature studies on hydrated geological samples (e.g., Thomas et al. (2007),
McAdam et al. (2014), and Kubliha et al. (2017)), hydrated metal sulfates (Frost et al., 2006; Majzlan et al., 2017;
Spratt et al., 2014; Tagawa, 1984; Xu et al., 2010), and H2SO4 (Corgnale et al., 2020). Therefore, the thermal
decomposition of the captured aerosols was assumed to include the temperature‐dependent and stepwise loss of
H2O, decomposition of sulfate (from H2SO4 and metal sulfates), and formation of metal oxides (from the metal
sulfates).

aerosol → a H2O + b H2SO4 + cMx(SO4)y · nH2O + d X nH2O (8)

The thermal decomposition of H2SO4 and associated hydrates are described in Reactions 9–11. Reaction 9 de-
scribes the dehydration of hydrated H2SO4 (H2SO4·nH2O). Reactions 10 and 11 describe the stepwise structural
decomposition of H2SO4 (Corgnale et al., 2020). The thermal dehydration and decomposition of hydrates of ferric
sulfates are described in order across Reactions 12–14 and 11. Reactions 12 and 13 describe the dehydration of
hydronium jarosite ((H3O)Fe3(SO4)2(OH)6), an example hydrate of ferric sulfate. Reactions 14 and 11 describe
the first and second decomposition steps for ferric sulfate (Fe2(SO4)3), respectively (Frost et al., 2006; Majzlan
et al., 2017; Spratt et al., 2014; Wu et al., 2013; Xu et al., 2010). Reaction 15 describes the thermal dehydration of
other hydrated metal sulfates, such as sulfates of magnesium, sodium, and other metals. Reaction 16 describes the
thermal dehydration of uncharacterized hydrates from the aerosols.

H2SO4 · nH2O → H2SO4 + n H2O (9)

H2SO4 → SO3 + H2O (10)

SO3 → SO2 + 0.5 O2 (11)

(H3O)Fe3(SO4)2(OH)6 → Fe3(SO4)2(OH)5 + 2 H2O (12)

2 Fe3(SO4)2(OH)5 → 2 Fe3O2.5(SO4)2 + 5 H2O (13)

Fe2(SO4)3 → Fe2O3 + 3 SO3 (14)
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Mx(SO4)y · nH2On → Mx(SO4)y + n H2O (15)

X · nH2On → X + n H2O (16)

2.10.2. Calculating Aerosol Abundances of H2SO4, Ferric Sulfate, and Iron

The abundances of H2SO4, ferric sulfate, and iron in the aerosol phase were afforded using the mass balance
relationship in Equation 17 and stoichiometric considerations in Reactions 10, 11, and 14. Table 2 explains the
parameters used in this section. Equation 17 describes the total sources of the SO2 that was released from the
aerosols (NTSO2 ) and measured by the LNMS. These total sources included (a) SO2 released from H2SO4 (N

H2SO4
SO2 )

(Reactions 10 and 11) and (b) SO2 released from metal sulfates (MSO4) that were thermally unstable (N
MSO4
SO2 ),

which were presumed to be the ferric sulfates (Reactions 14 and 11).

NTSO2 = N
H2SO4
SO2 + NMSO4SO2 (17)

Therefore, consistent with Reactions 10 and 11, NH2SO4SO2 was converted to the aerosol‐phase abundances of H2SO4
(NaerosolH2SO4 ) using a 1:1 stoichiometry; where N

H2SO4
SO2 related to the SO2 released during the clog. Consistent with

Reactions 14 and 11, NMSO4SO2 was converted to the aerosol‐phase abundances of sulfate (SO4
2− ) arising from

decomposed ferric sulfates (NaerosolSO4 ) using a 1:1 stoichiometry; where N
MSO4
SO2 related to the SO2 released after the

clog at the higher temperatures. In turn, the NaerosolSO4 was converted to the projected number of molecules of ferric
sulfate (NaerosolFe2(SO4)3 ) and bulk iron (N

aerosol
Fe ) in the aerosols using the stoichiometry of ferric sulfate (1 Fe2(SO4)3= 2

Fe3+ + 3 SO4
2− ).

2.10.3. Calculating Aerosol Abundances of H2O

Direct calculation of the total H2O in the aerosol phase was obtained using the mass balance relationships in
Equations 18–21, which described the release of H2O from the aerosols. These calculations considered the
stoichiometry of the thermal dehydration and decomposition reactions (Reaction 9–16). Table 2 explains the
parameters used in this section. The total aerosol‐phase H2O (NaerosolH2O ) was defined in Equation 18 as the sum of

the hydrate‐phase H2O (N
hydrates
H2O ) and solution‐phase H2O (NsolnH2O). In turn, Equation 19 was used to describe the

total sources of the H2O that was released from the aerosols (NTH2O) and measured by the LNMS (N
T
H2O = the total

H2O measured by the LNMS). These sources included (a) H2O released from the structural decomposition of
H2SO4 (N

H2SO4
H2O ) (Reaction 10), (b) hydrate‐phase H2O (N

hydrates
H2O ) released via the dehydration of hydrated H2SO4,

hydrated and/or hydroxylated metal sulfates, and other hydrates (Reactions 9, 12–13, 15, and 16), and (c) minor
abundances of H2O released from the solution phase (NsolnH2O).

NaerosolH2O = NhydratesH2O + NsolnH2O (18)

NTH2O = NH2SO4H2O + NhydratesH2O + NsolnH2O (19)

To properly account for NH2SO4H2O in Equation 19, we used the 1:1 stoichiometry from the decomposition of H2SO4
(Reactions 10 and 11) for the formation of H2O (N

H2SO4
H2O ) and SO2 (N

H2SO4
SO2 ; from Equation 17). This step yielded

the relationship of NH2SO4H2O = NH2SO4SO2 . This relationship was substituted into Equation 19 to yield Equation 20.
Substituting Equation 18 into Equation 20, followed by rearrangement, yielded Equation 21. The total aerosol‐
phase H2O was thus directly calculated using Equation 21.

NTH2O = N
H2SO4
SO2 + NhydratesH2O + NsolnH2O (20)

NaerosolH2O = NTH2O − N
H2SO4
SO2 (21)
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2.11. Calculating Relative Abundances in the Aerosols

Weight percent (wt%) was calculated using Equation 22 (i = x, y, or z = aerosol H2O, H2SO4, or Fe2(SO4)3,
respectively; Table 2). Mole ratios were calculated using Equation 23 (i = target species, and j = species chosen
for comparison; Table 2). The weight percent and mole ratios were separately calculated for the (a) parent aerosol
species using the bulk aerosol abundances, (b) parent aerosol species that were released during the clog, and (c)
parent aerosol species that were released after the clog. Due to the ratio‐based calculations, the inclusion of the
Avogadro constant (NA) (as shown in Equations 22 and 23), total pressure, and temperature was unnecessary.
Masses (gi) for the parent aerosol species were obtained using the molecular masses (MMi).

(wt%)i = (
gi

gx + gy + gz
) × 100 =

⎛

⎜
⎜
⎜
⎜
⎝

MMi (Ni)/NA
(MMx)Nx + (MMy)Ny +(MMz)Nz

NA

⎞

⎟
⎟
⎟
⎟
⎠
× 100 (22)

(mole ratio)i = (
moli
molj

) = (
Ni
Nj
) = (

Ni/NA
Nj/NA

) (23)

2.12. Calculating the Aerosol Mass Loading Values

Mass loading values (mass per m3) were calculated using an aerosol collection column, which was treated as a
cylinder with a diameter of 0.98 m and height of 2.6 km. The collection column diameter was defined as the outer
dimensions of the PVLP (0.98 m) or the distance between the drag plates on the adapter ring on the spherical
pressure vessel (Dutta et al., 2023; Large & Small Probe Data Book, 1976). The collection column height (2.6 km)
was defined as the distance between the altitudes of 51.0 and 48.4 km, where most of the aerosols were collected,
as discussed further in Section 3.2. Table 2 explains the parameters used in this section.

To account for pressure and temperature in the collection column, concentrations were obtained using the ideal
gas law. The respective gaseous decomposition products (SO2 and H2O) were treated as proxies for the parent
aerosol compounds. Through Equation 24, the apparent partial pressures (pappi ) for SO2 and H2O were obtained by
comparing the respective values for Ni to the total expected number densities for CO2 and N2 within the collection
column (nTC) (Mogul, Limaye & Way, 2023) and the total pressure (pT ) at the altitude of interest, which was
chosen as 51.0 km (the start of the aerosol collection column).

pappi = (Ni/nTC) pT (24)

To obtain nTC, we integrated the plot of temperature versus the number densities for atmospheric CO2 and N2.
These steps included (a) plotting the respective atmospheric temperatures (∼− 10 to 90°C) against the summed
LNMS number densities for CO2 and N2 between 59.9 and 48.4 km (which retained a relationship between
temperature and gas abundance, like the thermal decomposition profiles from Section 2.9), (b) fitting the plot to a
quadratic polynomial, and (c) integrating across 51.0–48.4 km (∼70–90°C) to obtain nTC, or the area under the
curve. The procedures described in Mogul, Limaye & Way (2023) were used to obtain the projected LNMS
number densities for CO2 during the initial equilibration of the LNMS after inlet opening (≥58 km) and during the
clog (∼50–48 km), since the respective counts for CO2

+ were less than expected. Counts for N2
+ were disam-

biguated at 28 u and converted to number densities as described previously (Mogul, Limaye & Way, 2023;
Mogul, Avice et al., 2023).

The resultant pappi values for SO2 and H2O from these calculations were then converted to concentration (mol
m− 3) via the ideal gas law using the volume of the collection column and temperature and pressure at 51.0 km
(69°C; 0.93 bar; Seiff et al. (1985)). In turn, these concentrations were converted to mass loading values (mg m− 3)
for aerosol H2O, Fe2(SO4)3, H2SO4, bulk SO4

2‐, and bulk Fe3+ using the stoichiometric relationships from Re-
actions 9–15 and the respective molecular masses.
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3. Results
3.1. Evidence for Nominal Behavior of the LNMS

The LNMS behavior during the descent was assessed by (a) comparing the fragmentation patterns for SO2, CO2,
and H2O from the 70, 30, and 22 eV spectra to published values (Table 4), (b) assessing the in‐flight behavior of
CO2 and the internal standards, and (c) assessing the quality of the peak fits (Figure 2). All LNMS fi values were
consistent with the NIST database and/or literature values. The LNMS fi values for SO2

+ and CO2
+ at 70 eV

(Table 4) were within error to the NIST values (Kim et al., 2004). The LNMS fi values for SO2
+ and CO2

+ at 70,
30, and 22 eV (Table 4) were within error to the literature values when considering the reported uncertainties in
the cross sections for SO2 (±15–20%; Basner et al. (1995)) and CO2 (±3.5–7.5%, Straub, Lindsay et al. (1996)).
The LNMS fi value for H2O

+ at 70 eV (Table 3) was consistent with the NIST value (Kim et al., 2004). The
LNMS fi values for H2O

+ at 70, 30, and 22 eV, including the NIST value for H2O
+ at 70 eV, was consistent with

the literature values for D2O
+ when considering the reported uncertainties (±4.5–5.5%; Straub et al. (1998)).

However, the values from the LNMS (70, 30, and 22 eV; H2O
+), NIST (70 eV; H2O

+), and Straub et al. (1998)
(70, 30, and 22 eV; D2O

+) were higher than the values for H2O
+ from Orient & Strivastava (1987), which

suggested instrumental variances in the detection of OH+ (per Equation 5).

Figure 2. Peak fits and the Large Probe Neutral Mass Spectrometer (LNMS) spectra from before (51.3 km), during (36.8 km), and after the clog (7.0 km). (a) and
(b) Respective peak fits at 18 u for H2O

+ and 32 u for O2
+ showing the included isobars and summed fit (red line). (c) The LNMS spectra from 1 to 75 u, where each

respective mass position is connected by a black line and the change in measured counts for H2O
+ (18 u), CO2

+ (44 u), and SO2
+ (64 u) are shown.
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We assessed the LNMS behavior during acquisition of the background and
descent spectra using CO2

+ and the LNMS internal standards (CH3
+, CH4

+,
40Ar+, 40Ar2+, 136Xe+, 136Xe2+, and 136Xe3+). We tracked the changes in
mass error, peak width, ionization yield, and fragmentation yield across all
spectra (70 eV). Consistent with the analyses in Mogul, Limaye &
Way (2023), the LNMS data (a) showed minimal changes in mass error and
peak width for the LNMS internal standards, (b) the respective ionization
yields were within expected ranges (e.g., 40Ar2+/40Ar+, 136Xe2+/136Xe+,
136Xe3+/136Xe+), and (c) fragmentation yields were consistent with the NIST
and/or MassBank EU databases (e.g., CO2 and CH4 fragmentation). The
LNMS internal standards did not exhibit spikes in the ion counts during and
after the clog (∼50–25 km and <25 km, respectively), unlike the trends
observed for SO2, H2O, O2, SO3, and other mass signals. These combined
observations indicated the nominal behavior of the LNMS mass analyzer
during all components of the PVLP descent with respect to ionization, frag-
mentation, and transmission.

Peak fitting at 18 and 32 u provided an assessment of the mass analyzer
behavior. The LNMS peak fits were obtained by extracting the expected peak
widths and mass errors using the in‐flight behavior of the internal standards.
Shown in Figures 2a and 2b are the example peak fits for H2O and O2 at
51.6 km (before the clog), 34.5 km (during the clog), and 7.0 km (after the
clog). These peak fits showed excellent matches to the data, which indicated
nominal ionization and transmission before, during, and after the clog. For
comparison purposes, Figure 2c shows the full LNMS spectra (between 1 and
75 u) from 51.6, 34.5, and 7.0 km. These spectra highlight the respective
changes for SO2

+, H2O
+, and CO2

+ that occurred due to aerosol capture.

3.2. Aerosol Collection by the LNMS

We estimated the respective altitudes of major aerosol collection and inlet
clogging by tracking the change in LNMS CO2 densities across the descent
(Mogul, Limaye & Way, 2023). As shown in Figure 3, the LNMS data
yielded the expected CO2 densities in the clouds between 55.4 and 51.3 km
and deep lower atmosphere between 24.4 and 0.9 km. However, between
these altitude ranges at 50.3–25.9 km, the LNMS CO2 densities were
≤6,000− fold lower than expected. This significant but temporary decrease in

CO2 was attributed to aerosol capture, clogging of the inlets, reduction of atmospheric intake, and eventual
resumption of nominal intake (Hoffman, Hodges, Donahue, & McElroy, 1980; Mogul, Limaye & Way, 2023).
The loss in CO2 is also evident in the unprocessed LNMS spectra in Figure 2c, which show the substantial loss and
resumption in CO2 counts during and after the clog, respectively. In Figure 3, the LNMS CO2 densities are plotted
against the particle scattering coefficients measured by the PVLP (Ragent et al., 1985) and Venera (Grieger
et al., 2004) nephelometers. This comparison shows that the LNMS inlets clogged where particle scattering
coefficients were the highest in the clouds, consistent with the proposed aerosol capture.

The aerosol collection column was thus identified by treating the LNMS CO2 density profile as a proxy for
aerosol collection and inlet clogging. The LNMS CO2 densities, which were nominal at 51.3 km, decreased by
∼70% and ≥95% in the succeeding measurements at 50.3 and 48.4 km, respectively. Hence, the aerosol collection
column was defined as 51.0 to 48.4 km (highlighted box, Figure 3), or where most of the aerosols were captured
during the descent, and most of the atmospheric intake had decreased. The volume of the collection column was
defined as the volume displaced by the PVLP. Hence, the diameter of the collection column was defined as the
outer dimensions of the PVLP (Section 2.12). Under this assumption, the PVLP inlets (Figure 1; Section 2.4)
sampled on the perimeter of the collection column as gases were displaced around the descending, rapidly
spinning, and slightly wobbling probe (e.g., unsteady angle of attack and pitch; Section 2.2 and references
therein). Through the collection column, the PLVP descent time (3.0 min), fall speed (∼13–16 m s− 1; Sec-
tion 3.5.1), and spin rate (∼6–13 spins km− 1) translated to ∼15–36 total spins, or one spin every ∼5–12 s (∼5–12

Figure 3. Impacts of aerosol collection on the CO2 and SO2 profiles from the
Large Probe Neutral Mass Spectrometer (LNMS) and ISAV 1 (Vega 1)
instruments. The aerosol collection column is highlighted at ∼51–48 km
(purple box). The lower x‐axis represents the CO2 densities (red circles and
line) (Mogul, Limaye & Way, 2023) and SO2 mixing ratios (green dashed
line) (Bertaux et al., 1996), which are expressed as a percent of the Venus
atmospheric densities and maximum reported mixing ratios, respectively;
the blue diamond markers represent the expected Venus %CO2, and the
asterisk denotes the spike at 44 u in the LNMS data. The upper x‐axis
represents the particle scattering coefficients (right side of the plot)
measured by the Pioneer Venus Large Probe (black line) and Venera 14
(blue dotted line) nephelometers.
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rpm) (Lorenz, 2022; Seiff et al., 1980). These descent dynamics suggested sufficient sampling by the PVLP
instruments to yield the representative concentrations of atmospheric gases and aerosols in the collection column.

As referred to herein, these assessments are consistent with a descent sequence that included the inadvertent
collection of clog‐inducing aerosols between 51.0 and 48.4 km, reduction of mass flow into the LNMS mass
analyzer (e.g., atmospheric CO2 and N2) between ∼50 and 25 km, and resumption of nominal intake after aerosol
decomposition at <25 km (Hoffman, Hodges, Donahue, & McElroy, 1980; Mogul, Limaye & Way, 2023).

3.3. LNMS Altitude Profile for SO2

In Figure 4a and Table 5, the apparent mixing ratios for SO2 (xSO2) from the LNMS and LGC are listed and
compared to other Venus values. Congruent trends for the apparent xSO2 are observed between the LNMS spectra
obtained at 70, 30, and 22 eV, which was not indicated in the original LNMS investigations. Figure 4a shows that
the LNMS xSO2 substantially increased after aerosol collection (e.g., during and after the clog); congruent trends
for the ion counts were observed in the unprocessed LNMS spectra in Figure 2c. To provide relevant context, the
LNMS results were compared to the xSO2 obtained by modeling of the ultraviolet spectroscopic measurements
(UV) from the PV Orbiter (Winick & Stewart, 1980) (measurement 1 in Figure 4a), radio occultation from the
Venus Express orbiter (Oschlisniok et al., 2021) (measurement 2 in Figure 4a), nightside orbital and telescopic
near infrared spectroscopy (NIR) (measurements 3, 5, and 6 in Figure 4a) (Bézard & de Bergh, 2007; Marcq

Figure 4. The Large Probe Neutral Mass Spectrometer (LNMS) apparent mixing ratios for (a) SO2 and (b) H2O compared to
the Large Probe Gas Chromatograph (LGC) and other measurements. Brackets to the right of the plots indicate where the
LNMS measured vapor and aerosol H2O before aerosol capture and where SO2 and H2O were released from the aerosols
during the thermal decomposition of H2SO4 (blue) and hydrated metal sulfates (Mx(SO4)y·nH2O) and other hydrates (red).
The LNMS values (squares) were from the spectra obtained at 70 eV (red squares) and 30 and 22 eV (green squares). The
LNMS error bars represent the propagated error. For the LGC (yellow circles), the error bars represent the reported 3 σ
confidence intervals. The comparative Venus mixing ratios (blue triangles) for (a) SO2 and (b) H2O are listed in the legends.
The abbreviations include GC (gas chromatograph), NIR (near infrared spectroscopy), OS (Optical Spectroscopy), UVS (UV
spectroscopy), V12 (Venera 12), V13/14 (Venera 13 and 14), and V11/13/14 (Venera 11, 13, and 14).
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et al., 2008; Marcq et al., 2023; Pollack et al., 1993), gas chromatography (GC) on Venera 12 (V12) (Gel'man
et al., 1980) (measurement 4 in Figure 4a), and in situ ultraviolet spectroscopy (UVS) on Vega 1 and 2 (ISAV 1
and 2) (Bertaux et al., 1996) (measurement 7 in Figure 4a).

The LNMS altitude profile for xSO2 exhibits minima at 51.3 km (3± 1 ppm) and 55.4 km (4± 1 ppm) (Figure 4a).
These minima in LNMS xSO2 were obtained during nominal intake and before aerosol capture. Hence, the LNMS
xSO2 at 51.3 and 55.4 km (∼2–5 ppm, 51.3–55.4 km) likely represent the abundances of atmospheric SO2 gas. In
Winick & Stewart (1980), a similar xSO2 (∼4 ppm; 58 km) was obtained using photochemical models based on
cloud top data for SO2 obtained by the PV Orbiter (PVO) Ultraviolet Spectrometer. However, when considered
together, the PVLP (LNMS) and PVO‐based xSO2 (Table 5) are ∼36 and 30‐fold lower than values obtained by
Vega 1 and 2 (UVS) and Venus Express (radio occultation), respectively (Bertaux et al., 1996; Oschlisniok
et al., 2021). These comparisons suggest considerable variability in atmospheric SO2 in the clouds.

After aerosol capture, the LNMS profile for xSO2 exhibits two maxima at∼32 km (2,800± 600 ppm) and∼10 km
(550 ± 110 ppm) (Figure 4a). These LNMS xSO2 are remarkably higher than all comparative Venus measure-
ments (except the LGC). At ∼42 km (Table 5), the LNMS xSO2 (700 ± 150 ppm) is ∼7− fold higher than values
obtained by UVS on Vega 1 and 2, GC on V12, and NIR (Bertaux et al., 1996; Bézard et al., 1993; Gel'man
et al., 1980). Yet, the LNMS and LGC values at ∼42 km are within error (Table 5), when considering the broad
and asymmetrical LGC errors reported as 1 and 3 σ (Oyama, Carle & Woeller, 1980, Oyama, Carle, Woeller,
Pollack et al., 1980)—which likely represent the broad and asymmetric peak shapes observed for SO2 in the LGC
data (Oyama, Carle, Woeller, Pollack et al., 1980). In contrast, the LGC xSO2 at ∼42 km (Oyama, Carle &
Woeller, 1980) is within error of the upper ranges of the other comparative measurements (Table 5).

Similarly, at ∼35 km (Table 5), the LNMS xSO2 (2,500 ± 700 ppm, 36.8 km) is ∼14–19‐fold higher than the
values obtained via NIR from Venus Express (Marcq et al., 2008, 2023) ground telescopes (Pollack et al., 1993),
and other studies (Arney et al., 2014; Bézard et al., 1993; Marcq et al., 2021). At ∼22 km (Table 5), the LNMS

Table 5
The SO2 Mixing Ratios From the LNMS, LGC, and Other Venus Values

SO2 Mixing ratios (ppm) at differing altitudes

in situ analysis ∼52 km ∼42 km ∼35 km ∼22 km ∼12 km

LNMS, PVLPa 3 ± 1
(51.3 km)

700 ± 150
(42.2 km)

2,500 ± 500 (36.8 km) 390 ± 80
(21.6 km)

640 ± 130
(12.2 km)

LGC, PVLPb [error: 1 σ; 3 σ] <600
(51.6 km)

176+296; 2000− 0; 0
(41.7 km)

– 185+43; 350− 43; 155
(21.6 km)

–

GC, Venera 12c – 130 ± 35
(≤42 km)

– – –

ISAV 1 and 2, Vega 1–2d

(averaged)
108 ± 60 133 ± 11 – 38 ± 0 23 ± 4

remote analysis ∼52 km ∼42 km ∼35 km ∼22 km ∼12 km

Chemical model, pioneer Venus
orbiter datae

∼4 (58 km)

VeRa, Venus expressf 90 ± 60
(52 ± 2 km)

– – – –

VIRITIS‐H, Venus expressg,h – – 130 ± 50 (35 km)
190 ± 34 (35 ± 5 km)

– –

NIR night spectra, Canada‐
France‐Hawaii Telescopei

– 130 ± 40
(40 ± 5 km)

– – –

NIR night spectra, Canada‐
France‐Hawaii telescopej

180 ± 70
(45 ± 7 km)

– – – –

aRe‐analyzed LNMS data. bOyama, Carle, Woeller, Pollack et al. (1980). cGel'man et al. (1980). dBertaux et al. (1996).
eWinick & Stewart (1980). fOschlisniok et al. (2021). gMarcq et al. (2023). hMarcq et al. (2008). iBézard et al. (1993).
jPollack et al. (1993).
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xSO2 (390 ± 80 ppm, 21.6 km) is well within error to the LGC measurement (Oyama, Carle & Woeller, 1980)
when considering the reported 3 σ error. However, the LNMS and LGC xSO2 at∼22 km are respectively∼10 and
5‐fold higher than the values obtained by UVS on Vega 1 and 2 (Bertaux et al., 1996). Likewise, at ∼12 km
(Table 5), the LNMS xSO2 is ∼28− fold higher than the values obtained by UVS (Bertaux et al., 1996).

3.4. LNMS Altitude Profile for H2O

In Figures 4b and Table 6, the apparent mixing ratios for H2O (xH2O) from the LNMS and LGC are listed and
compared to other Venus values. Congruent trends for the apparent xH2O are observed across the LNMS spectra
obtained at 70, 30, and 22 eV, which was not indicated in the original LNMS investigations. Figure 4b shows that
the LNMS xH2O substantially increased after aerosol capture (e.g., during and after the clog); congruent trends for
the ion counts were observed in the unprocessed LNMS spectra in Figure 2c. To provide relevant context, the
LNMS results were compared to the selected xH2O obtained by (a) direct and destructive analysis of atmospheric
samples collected by the moisture meters on Vega 1 and 2 (Surkov, Shcheglov et al., 1986) (measurements 1, 3,
and 4 in Figure 4b), GC on Venera 13 and 14 (V13/14) (measurement 2 in Figure 4b), hygrometers on V13/14
(Surkov et al., 1982) (measurement 5 in Figure 4b), and (b) indirect and non‐destructive analysis of the atmo-
sphere by in situ optical spectroscopy (OS) on Venera 11, 13, and 14, and 15 (V11/13/14/15) (Ignatiev et al., 1997,
1999) and orbital and telescopic nightside NIR (e.g., Arney et al. (2014); Marcq et al. (2008); Pollack
et al. (1993)) (measurement 6 in Figure 4b, as averaged from Table 6).

Prior to aerosol capture (>51.0 km), the LNMS data yield xH2O (∼100–500 ppm, 51.3–59.9 km) that are ∼3–16‐
fold higher than the values obtained by the listed spectroscopic measurements in Table 6 (32 ± 11 ppm H2O;

Table 6
The H2O Mixing Ratios From the LNMS, LGC, and Other Venus Values

H2O Mixing ratios (ppm) at differing altitudes

Direct analysis ∼52 km ∼42 km ∼35 km ∼22 km ∼12 km

LNMS, PVLPa 270 ± 30
(51.3 km)

2,700 ± 290
(42.2 km)

6,600 ± 700
(36.8 km)

1,900 ± 200
(21.6 km)

14,000 ± 1,500
(12.2 km)

LGC, PVLPb [error: 1 σ and 3 σ] <600 (51.6 km) 5190+80; 680− 80; 680
(41.7 km)

– 1350+20; 150− 20; 150
(21.6 km)

–

GC, Venera 13/14c 700 ± 300
(54 ± 4 km)

– – – –

GC, Venera 12d – <100 ppm
(≤42 km)

– – –

Hygrometer, Venera 13/14e 2,000 ± 400
(48 ± 2 km)

– – – –

Moisture meter, Vega 1f 1,000 ± 400
(50 ± 2 km)

– 140 ± 60
(48–32 km)

– –

Moisture meter, Vega 2f 850 ± 340
(49 ± 1 km)

– 120 ± 50
(31–30 km)

– –

Indirect analysis ∼52 km ∼42 km ∼35 km ∼22 km ∼12 km

OS, Venera 11, 13, 14g 30–40 (54 km) 20–40
(43–40 km)

23–30 (30 km) 20–30
(20–19 km)

18–70 (≤12 km)

VIRITIS‐H, Venus Expressh – – 31 ± 2
(40–30 km)

– –

NIR Night Spectra, Apache Point
Observatoryi

– 34 ± 2
(45–20 km)

– 33 ± 2
(30–10 km)

29 ± 2 (≤15 km)

NIR Night Spectra, Canada‐
France‐Hawaii Telescopej

– 30 ± 6
(47–23 km)

30 ± 7.5
(34–14 km)

– 30 ± 6 (47–3 km)

aRe‐analyzed LNMS data. bOyama, Carle, Woeller, Pollack et al. (1980). cMukhin et al. (1982). dGel'man et al. (1980).
eSurkov et al. (1982). fSurkov, Shcheglov et al. (1986). gIgnatiev et al. (1997). hMarcq et al. (2008). iArney et al. (2014).
jPollack et al. (1993).
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averaged value from Table 6), including the OS measurements reported in Ignatiev et al. (1999). Yet, the LNMS
xH2O at ∼52 km (e.g., 270 ± 30 ppm, Table 6) is within error limits to the broad measurements from the LGC
(Oyama, Carle, Woeller, Pollack et al., 1980) and ∼3–7‐fold lower than values obtained by the GC on V13/14
(Mukhin et al., 1982), hygrometer on V13/14 (Surkov et al., 1982)), and moisture meters on Vega 1 and 2
(Surkov, Shcheglov et al., 1986).

After aerosol capture (<51.0), the LNMS altitude profile for xH2O (Figures 4b, Table 6) exhibits two maxima
at ∼37 km (6,500 ± 700 ppm) and ∼10 km (16,500 ± 1,800 ppm). These LNMS maxima in xH2O are
extraordinarily high when compared to the spectroscopic values listed in Table 6 (∼200 and 515‐fold higher,
respectively), including the NIR measurements from ∼35 km (∼28–34 ppm) reported in Haus et al. (2015). The
LNMS maxima are also much higher than values obtained by the GC on V12 (∼65 and 165‐fold higher,
respectively), which began sampling below the cloud deck at ≤ 42 km, as understood from Gel'man et al. (1980).
However, the LNMS and LGC xH2O are similar at ∼42–35 and ∼22 km (Table 6). We also note that the LNMS
and LGC values (∼22 km) are roughly comparable to the tentative xH2O (>500 ppm, <45 km) measured by the
LIR (Revercomb et al., 1985). The comparable results between the LNMS, LGC, and LIR suggest aerosol
deposition on the LIR window (Figure 1).

3.5. Thermal Decomposition Profiles From the LNMS Data

We treated the spikes for SO2, H2O, and other compounds in the LNMS data as products that evolved during the
thermal dehydration and decomposition of aerosols captured from the clouds—and not as altitude trends for
atmospheric gases. Parsing of the LNMS data also revealed spikes at masses consistent with SO3, O2, HxSOy
(x = 0–2, y = 1–4), and differing metal‐bearing species (e.g., Mx(SO4)y and MxOy; M = metal). To demonstrate
the temperature‐dependent evolution of these gases and compounds, we extracted the estimated LNMS inlet
temperatures at the altitudes of measurement (Section 2.5), including the inlet heating rates across the descent
(Figure 5). Thermal profiles were then constructed by plotting the number of molecules (y‐axis), or number
abundances, for these released gases and compounds (from the 70, 30, and 22 eV spectra) against the LNMS inlet
temperatures (x‐axis) (Figures 6–11). The resultant peaks (or spikes) in the thermal profiles were fitted to multiple
Gauss functions. As demonstrated in Figures 6–9, the inclusion of multiple overlapping peaks yielded excellent
matches to the evolution profiles.

3.5.1. Heating of the LNMS Inlets During the Descent

The estimated range in LNMS inlet temperatures, LNMS inlet heating rates (Figure 5a), PVLP fall speed
(Figure 5b), and PVLP acceleration (Figure 5c) were calculated using calibration information from the LNMS
project reports (Final Report, Definition Phase Program of the Large Probe Neutral Mass Spectrometer for
Pioneer Venus, 1977; Final Report, Large Probe Neutral Mass Spectrometer, 1978) and the PVLP descent profile
(Seiff et al., 1980). The aerosol collection column at∼51–48 km is demarked as an oval in Figure 5a. After aerosol
capture, the LNMS inlet temperatures ranged from ∼80 to 460°C (∼51–0.2 km), while the respective range in
atmospheric temperatures was ∼70–460°C. Heating rates for the LNMS inlets throughout the descent (Figure 5a)
ranged from ∼5 to 19°C min− 1, which is comparable to the heating rates used in evolved gas analyses in labo-
ratory studies (5–20°C min− 1) and on Mars (35°C min− 1) (Frost et al., 2006; McAdam et al., 2014; Spratt
et al., 2014).

The LNMS inlet heating rates were dependent on the PVLP fall speed and acceleration (Figures 5b and 5c) and
varied substantially before and after parachute jettison (demarked as the vertical dotted lines in Figure 5). The
LNMS inlet heating rates after aerosol capture included (a) ∼7.2 min at ∼5°C min− 1 (between ∼51.2 and
45.1 km), (b) a rapid increase to ∼19°C min− 1 over ∼0.2 min (between ∼45.1 and 44.7 km) after jettison of the
parachute, (c)∼0.3 min at∼19°C min− 1 (between∼44.7 and 43.5 km), and (d) a steady, non‐linear decrease from
∼19 to 5°C min− 1 over ∼40 min (across ∼43.5–0.2 km), as the PVLP descended through the dense lower at-
mosphere. The final decrease from ∼19 to 5°C min− 1 followed the 4th order polynomial (R2 = 0.9991) provided
in Table 3.
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3.5.2. LNMS Thermal Profiles for Evolved SO2 and H2O

Figures 6–8 show the temperature‐dependent, stepwise, and differential evolution of SO2 and H2O from the
captured aerosols. These results were interpreted as the aerosols containing different compounds that decomposed
in a temperature‐dependent manner. This interpretation is consistent with the evolved gas and mass spectral
analysis of Martian samples conducted by SAM and TEGA (McAdam et al., 2014, 2022; Sutter et al., 2012,
2024). Figure 6 shows that the maximal release of SO2 from the captured aerosols occurred at 215 and 397°C,
which is consistent with the release of SO2 from ≥2 thermally unstable sulfate species. The release of SO2 likely
occurred during the decomposition of H2SO4 at 215°C (peak 1, Figure 6) and ferric sulfates at 397°C (peak 2,
Figure 6), as justified in the following sub‐sections.

Figures 7 and 8 show that the maximal release of H2O from the captured aerosols occurred at 185 and 414°C, with
several minor release steps at 35, 80, 118, 242, and 276°C. Peak ratios between H2O and SO2 increased by ∼10‐
fold between 185 and 414°C, which is consistent with the dehydration or decomposition of more thermally stable
compounds at the higher temperatures. These results are consistent with the stepwise dehydration and decom-
position of several species, as described in Section 2.10.1.

Thus, the H2O peaks in Figures 7 and 8 were respectively assigned to: (a) atmospheric water vapor and/or
evaporative dehydration of non‐clog‐inducing aerosols (peak 1; 35°C), (b) dehydration of solution‐phase H2O
from clog‐inducing aerosols (peak 2; 80°C), (c) dehydration of slightly more thermally stable species like sulfuric
acid hydrate (H2SO4·nH2O; Reaction 9) and hydrated metal sulfates (e.g., Mx(SO4)y·nH2O; Reaction 15) (peaks 3
and 4; 118 and 185°C), (d) decomposition of H2SO4 (Reaction 10) and dehydration of other moderately thermally
stable species, such as metal sulfates at differing hydration states (e.g., Reaction 15 for Mx(SO4)y·mH2O, where
m < n) (peak 4; 185°C), (e) dehydration of intermediate hydrates formed after loss of H2SO4 and/or uncharac-
terized hydrates (e.g., Reaction 16) (peaks 5 and 6; 242 and 276°C), and (f) dehydration of more thermally stable

Figure 5. Profiles for the (a) Large Probe Neutral Mass Spectrometer inlet heat rate, (b) Pioneer Venus Large Probe (PVLP)
fall speed, and (c) PVLP acceleration. Lower x‐axis represents altitude (km); upper x‐axis represents the elapsed flight time
(minutes) beginning at ∼64.5 km.
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compounds like hydrated ferric and magnesium sulfates and other uncharacterized hydrates (e.g., Reactions 12,
13, 15, and 16) (peak 7; 414°C).

The LNMS H2O thermal profile is expanded in Figure 8 to highlight peaks 1–6. This expanded view more clearly
shows the H2O measured before the clog (peak 1), H2O released immediately after aerosol capture (peaks 2–6),
and H2O released from H2SO4 decomposition (peak 4). Figure 8 also compares the H2O thermal profile with the
cloud particle scattering coefficients measured by the PVLP and V14 nephelometers (Grieger et al., 2004; Ragent
et al., 1985). The respective H2O peaks measured before and during the clog (peaks 1–4; ∼55–36 km) generally
tracked with the increases in scattering coefficients at ∼57–51 km (∼2 km− 1) and ∼50–45 km (∼3–5 km− 1).

3.5.3. LNMS Thermal Profiles for Evolved SO3, O2, and HxSOy

Figure 9 compares the temperature‐dependent evolution of SO3, O2, and SO2 from the captured aerosols.
Maximal release of SO3 was tracked with SO2 at 397°C (Figure 9). The number abundance for SO3 was <5% of
the value for SO2, consistent with the limited detection of SO3 observed in the original LNMS control studies
(Hoffman, Hodges, Donahue, & McElroy, 1980). Maximal release of O2 (peaks 3 and 6; Figure 9) at 205 and
392°C tracked with SO2 (at 210 and 395°C, respectively). The number abundances for O2 at 205 and 392°C were
respectively ∼3 and 51% of the values for SO2. Because the expected value is 50% (Reaction 11), these trends
suggest >95% losses of O2 during the clog and negligible losses of O2 below ∼24 km. The observed release steps
of O2 at 7, 66, 273, 315, and 456°C (peaks 1, 2, 4, 5, and 7) suggest different sources for O2 in the LNMS
(Figure 9).

Figure 10 compares the temperature‐dependent evolution of the different HxSOy
+ species (x= 0–2, y= 1–4) from

the captured aerosols. Several spikes for HxSOy
+ were observed after the clog at ≥275°C (Figure 10). Trace

spikes (≤20 counts) were observed for H2SO4
+, H2SO3

+, and HSO3
+ across ∼330–360°C, which generally

Figure 6. The Large Probe Neutral Mass Spectrometer (LNMS) evolved gas profile for SO2 plotted against the LNMS inlet
temperatures (lower x‐axis) and altitudes of measurement (upper x‐axis). Number abundances were extracted from the mass
spectra obtained at 70 (circles), 30 (squares), and 22 eV (diamonds). Fits to the LNMS data (solid red lines) represent the sum
of the numbered Gauss peaks (dashed and dotted peaks). Temperatures at maximum decomposition (TnD) for each peak
(n) are listed. Propagated errors are displayed. Vertical dotted lines demark the LNMS clog (∼50–25 km).
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tracked with SO2
+, SO+, and SO3

+ (Figure 10a). In contrast, high counts (Figure 10b) were observed for HSOH+

(≤1,000 counts) and HSO+ (≤350 counts). Potential isobars to the varying HxSOy
+ species include the

phosphorus‐bearing analogs (Hx+1POy
+), which are listed in the legends in Figure 10.

3.5.4. LNMS Thermal Profiles for Evolved Metal‐Bearing Species

Parsing of the LNMS data revealed multiple spikes after the clog at masses relating to differing metal‐bearing
compounds (Figure 11). The LNMS data (Figure 11a) suggested the detection of FeO+ (≤50 counts)
across ∼300–460°C (LNMS inlet temperatures). Consistent with literature studies, FeO+ is assigned as a product
of the electron ionization and fragmentation of Fe2O3 in the LNMS (Li et al., 2009; Yan et al., 2010), while Fe2O3
is assigned as a thermal decomposition product of Fe2(SO4)3 (Reaction 14) (Frost et al., 2006; Majzlan
et al., 2017; Spratt et al., 2014; Wu et al., 2013; Xu et al., 2010). The LNMS data (Figure 11b) also suggested the
detection of other parent metal sulfates (≤5 counts). Potential intermittent release of sodium sulfate (Na2SO4

+)
occurred at ≥280°C. The possible release of magnesium, nickel, and cobalt sulfate (MgSO4

+, NiSO4
+, and

CoSO4
+) occurred at ≥385°C. The possible detection of Mn2O3

+ occurred at ≥385°C. These results are
congruent with literature studies, which show the low thermal stability of ferric sulfates compared to other metal
sulfates (e.g., Mg, Ni, Co, and Mn), with respect to the release of SO2 (Majzlan et al., 2017; Mu & Perlmut-
ter, 1981; Spratt et al., 2014; Tagawa, 1984; Xu et al., 2010). Current efforts are focused on obtaining the number
abundances for these species by extracting cross sections from the literature, if available.

3.6. LNMS Aerosol Composition

Weight percentage, mole ratios, and mass loading for the aerosol components are listed in Table 7. These values
were obtained using the respective peak areas for SO2 and H2O from the thermal decomposition profiles
(Figures 6–8) and the stoichiometric relationships outlined in Reactions 9–16 (Section 2.10). The decomposition

Figure 7. The Large Probe Neutral Mass Spectrometer (LNMS) evolved gas profile for H2O (peaks 1–7) plotted against the
LNMS inlet temperatures (lower x‐axis) and altitudes of measurement (upper x‐axis). Number abundances were extracted
from the LNMS spectra obtained at 70 (circles), 30 (squares), and 22 eV (diamonds). Fits to the LNMS data (solid red lines)
represent the sum of the numbered Gauss peaks (dashed and dotted peaks). Temperatures at maximum decomposition (TnD)
for each peak (n) are listed. Propagated errors are displayed. Vertical dotted lines demark the LNMS clog (∼50–25 km).
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yields were inferred to be high, given the Gauss‐like distribution of the evolved gases (Figures 6–9). The total
number abundance for H2O (NTH2O) was corrected for the H2O released during H2SO4 decomposition (Equa-
tions 17–20), as described in Section 2.10.3. This correction enabled the extraction of aerosol H2O (Equation 21).
Due to the detection of FeO+ after the clog, ferric sulfate (Fe2(SO4)3) was assigned as the major source of SO2 at
the higher temperatures (peak 2, 397°C; Figure 6).

Accordingly, the inferred aerosol relative abundances were 62 ± 8 wt% aerosol H2O, 16 ± 3 wt% Fe2(SO4)3
(projected), and 22 ± 4 wt% H2SO4 (Table 7). Given the potential presence of other aerosol species that did not
decompose and release signature gases, these values represented maximum percentages. The H2O released from
the captured aerosols (Table 7) was assigned as hydrate‐phase H2O released between ∼270 and 460°C (59 ± 8
wt%), minor amounts of H2O released from intermediate hydrates (3± 1 wt%) between∼80 and 270°C, and trace
amounts of H2O released from the solution phase (0.2± 0.1 wt%) between∼50 and 80°C. The bulk mole ratios in
the aerosols were 87 ± 16 for H2O/Fe2(SO4)3, 15 ± 3 for H2O/H2SO4, and 5.6 ± 1.1 for H2SO4/Fe2(SO4)3.

The corresponding aerosol mass loading values were 4.2 ± 0.4 mg m− 3 H2O, 1.1 ± 0.1 mg m
− 3 Fe2(SO4)3

(projected), and 1.5 ± 0.2 mg m− 3 H2SO4 (Table 7). Additional mass loading values were 2.2 ± 0.2 mg m
− 3 for

the bulk sulfate (SO4) arising from all thermally unstable sulfate‐bearing species, 0.3 ± 0.1 mg m
− 3 for projected

Fe3+, and 6.8 ± 0.5 mg m− 3 for the total aerosol mass loading.

Gases released during the clog (∼50–25 km; ∼89–267°C) were independently treated and interpreted as the
decomposition products that evolved from the volatile and thermally unstable components of the aerosols, such as
H2SO4, intermediate hydrates, and solution‐phase H2O. Assessment of the evolved gases at ∼50–25 km yielded
the relative abundances of 86 ± 17 wt% H2SO4 and 14 ± 4 wt% H2O (Table 7). The 14 ± 4 wt% H2O was
apportioned as 13.0 ± 4.0% H2O released from intermediate hydrates (peaks 3–6, Figures 7 and 8) and 1.0 ± 0.1

Figure 8. The expanded Large Probe Neutral Mass Spectrometer (LNMS) evolved gas profile for H2O (showing peaks 1–6)
plotted against the LNMS inlet temperatures (lower x‐axis), altitudes of measurement (upper x‐axis), and particle scattering
coefficients (upper traces; right‐side y‐axis) measured by Pioneer Venus Large Probe and Venera 14 (V14). Number
abundances were extracted from the LNMS spectra obtained at 70 (circles), 30 (squares), and 22 eV (diamonds). Fits to the
LNMS data (solid red lines) represent the sum of the numbered Gauss peaks (dashed and dotted peaks). Temperatures at
maximum decomposition (TnD) for each peak (n) are listed. Propagated errors are displayed. Vertical dotted lines demark the
LNMS clog (∼50–25 km).

Journal of Geophysical Research: Planets 10.1029/2024JE008582

MOGUL ET AL. 21 of 36

 21699100, 2025, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JE

008582 by N
asa G

oddard, W
iley O

nline L
ibrary on [26/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



wt% from the solution phase. The corresponding mole ratio for H2O/H2SO4 from gases released during the clog
was 0.9 ± 0.2.

Gases released after the clog (<25 km; >267°C) were independently treated and interpreted as the decomposition
products that evolved from less volatile and more thermally stable components of the aerosols, such as hydrated
ferric sulfate and other hydrates. Assessment of the evolved gases at <25 km yielded 21 ± 3 wt% Fe2(SO4)3
(projected) and 79± 12 wt% hydrate‐phase H2O. These values were obtained using peak 2 for SO2 in Figure 6 and
peak 7 for H2O in Figure 7, respectively. The mole ratio for H2O/Fe2(SO4)3 from gases released after the clog was
82 ± 15.

3.7. LNMS Mixing Ratios for O2

The xO2 from the LNMS data were extracted at ∼52 and 42 km to permit comparison to the published LGC
values. LGC xO2 was reported in Oyama et al. (1979a), corrected and left unconstrained in Oyama et al. (1980a),
and subsequently updated in Oyama, Carle, Woeller, Pollack et al. (1980). The xO2 from ∼52 to 42 km from the
LNMS (49 ± 6 ppm, 51.3 km; 19 ± 2 ppm, 42.2 km) are within error of the LGC xO2 (43.6 ± 2.9 ppm, 51.6 km;
16 ± 1 ppm, 41.7 km) (Oyama, Carle, Woeller, Pollack et al., 1980). These results reveal good consistency
between the two separate measurements of O2 from the PVLP. LGC xO2 from the deep and dense lower at-
mosphere (21.6 km) was not reported due to significant co‐elution and peak overlap with N2 (Oyama, Carle,
Woeller, Pollack et al., 1980). At 52 km, the congruent LNMS and LGC xO2 were obtained before aerosol capture
(or the LNMS clog) and suggest that the middle clouds possess atmospheric O2 and/or unidentified and non‐clog
inducing atmospheric compounds that released O2 immediately after collection. At∼42 km, the congruent LNMS
and LGC xO2 (apparent), which were obtained after aerosol capture (and during the LNMS clog), suggest that

Figure 9. The Large Probe Neutral Mass Spectrometer (LNMS) evolved gas profiles for O2 and SO3 compared to SO2 and
plotted against the LNMS inlet temperatures (lower x‐axis) and altitudes of measurement (upper x‐axis). Number abundances
were extracted from the 70 (circles), 30 (squares), and 22 eV (diamonds) spectra. Fits to the data (solid red lines) represent the
sum of the numbered Gauss peaks (dashed and dotted peaks). Temperatures at maximum decomposition (TnD) for each peak
(n) are listed. Propagated errors are displayed. Vertical dotted lines demark the LNMS clog (∼50–25 km).
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Figure 10. The Large Probe Neutral Mass Spectrometer (LNMS) evolved profiles for (a) SO2
+, SO+, SO3

+, HSO3
+, H2SO3

+,
and H2SO4

+ and (b) HSOH+, HSO+, HSO3
+, and H2SO3

+, where the change in counts (Δcounts), using 24.4 km as the
reference, are plotted against the LNMS inlet temperatures (lower x‐axis) and altitude of measurement (upper x‐axis).
Phosphorus isobars for HxSOy are provided in the legends.

Figure 11. The Large Probe Neutral Mass Spectrometer (LNMS) evolved profiles for (a) FeO+ and Mn2O3
+, and

(b) Na2SO4
+, MgSO4, NiSO4

+, and CoSO4
+, where the change in counts (Δcounts), using 24.4 km as the reference, are

plotted against the LNMS inlet temperatures (lower x‐axis) and altitudes of measurement (upper x‐axis).
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both instruments collected aerosols and measured the ensuing evolution of O2 during the thermal decomposition
of H2SO4.

4. Discussion
4.1. Re‐Evaluating the LNMS, LGC, and Other Cloud Probe Measurements

Our combined analyses support the assessment that the LNMS and LGC inadvertently collected and analyzed the
contents of Venus' cloud aerosols. Figure 12 illustrates the proposed steps of the unplanned aerosol collection and
analysis by the PVLP. These steps included aerosol capture into the LNMS and LGC gas collection assemblies at

Table 7
The LNMS Aerosol Composition Compared to Other Venus Values

LNMS aerosol composition Comparisons

(A) Bulk aerosol abundances

Compounds N (×105) wt% mg m− 3 mg m− 3

Aerosol H2O 30.02 ± 3.17 62 ± 8 4.2 ± 0.4 –

Fe2(SO4)3 0.35 ± 0.05 16 ± 3 1.1 ± 0.2 –

H2SO4 1.95 ± 0.28 22 ± 4 1.5 ± 0.2 ∼0.4–1a

Total mass loading 6.8 ± 0.5 ∼5b

(B) Bulk mole ratios

Compounds mole ratio – – –

H2O to Fe2(SO4)3 87 ± 16 – – –

H2O to H2SO4 15 ± 3 – – –

H2SO4 to Fe2(SO4)3 5.6 ± 1.1 – – –

(C) Aerosol constituent abundance

Constituents N (×105) wt% mg m− 3 mg m− 3

Total sulfate (SO4) 2.98 ± 0.32 – 2.2 ± 0.2 >2c

Total iron (projected) 1.48 ± 0.71 – 0.3 ± 0.1 0.2 ± 0.1d

(D) Aerosol water sources

TD N (×105) wt% mg m− 3 –

Hydrates TD ∼270–460°C (peak 7, Figure 7) Mx(SO4)y·nH2O
other hydrates

28.32 ± 3.14 59 ± 8 3.9 ± 0.4 –

Hydrates TD ∼100–270°C (peaks 3–6, Figure 8) H2SO4·nH2O
Mx(SO4)y·nH2O

1.58 ± 0.40 3.3 ± 1.0 0.2 ± 0.1 –

Solution Phase TD ∼70–100°C (peak 2, Figure 8) 0.12 ± 0.01 0.2 ± 0.1 0.02 ± 0.01 –

Aerosol H2O (peaks 2–7, Figures 7 and 8) 30.02 ± 3.17 62 ± 8 4.2 ± 0.4 –

(E) Aerosol volatile fraction

Compounds N (×105) wt% mg m− 3 wt%

H2SO4 1.95 ± 0.28 86 ± 17 1.5 ± 0.2 ≥75e

H2O 1.73 ± 0.41 14 ± 4 0.2 ± 0.1 –

Note. Aerosols were captured in the LNMS between ∼51 and 48 km. The compositional parameters are expressed as number
of released molecules (N), weight percentage (wt%), and mass loading (mgm− 3). The table is organized by (A) abundances of
the major aerosol compounds, (B) bulk mole ratios, (C) bulk abundances of selected constituents, (D) abundances of aerosol
H2O apportioned using the decomposition temperatures (TD), peak numbers from Figures 7 and 8, and possible sources,
including hydrates (e.g., H2SO4·nH2O and Mx(SO4)y·nH2O; M=metal) and the solution phase, and (E) abundances from the
volatile fraction of the aerosols. aGel'man et al. (1986); Porshnev et al., (1987). bKnollenberg and Hunten (1980); Ragent
et al. (1985). cSurkov, Ivanova et al. (1986). dAndreichikov et al. (1987); Krasnopolsky (1989). eArney et al. (2014) and other
works (see Section 3.3).
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∼51–48 km (and possibly on the LIR window), differential thermal decomposition of the aerosol components as
the PVLP descended through the hot sub‐cloud atmosphere, and the ensuing release of the decomposition
products into the LNMS and LGC (and possible release of water vapor off the LIR window). The collection of
aerosol particles on the exterior surfaces of the PVLP is suggested by the noted observations for the LIR (Sec-
tion 3.4). The exterior collection of particles was also considered in Seiff et al. (1995) as the cause of the tem-
perature sensor failure at ∼12.5 km.

The unplanned collection and analysis of aerosols were likely not unique to the PVLP. We propose that the cloud
sampling instruments onboard the Venera and Vega probes also collected and analyzed the contents of the cloud
aerosols. In Sections 4.1.2–4.1.3, the steps of aerosol collection by the LNMS, LGC, and Venera and Vega in-
struments are summarized. In Sections 4.2–4.5, we discuss the newly identified LNMSmass trends, including the
congruent results from the LGC and Venera and Vega instruments, in the context of aerosol composition.

4.1.1. Aerosol Collection and Analysis by the LNMS

Per our understanding of the LNMS project reports (Final Report, Definition Phase Program of the Large Probe
Neutral Mass Spectrometer for Pioneer Venus, 1977), the heating profile for the LNMS inlets provided sufficient
time for the rapid evaporation of purely volatile aerosol particles after deposition onto the inlet surfaces (e.g.,
∼10 s for ∼100 μm particle). Despite these precautions, the LNMS inlets experienced a significant though
temporary clog of the inlets. Hence, this clogging is consistent with the capture of non‐volatile aerosol com-
ponents. Due to the differences between the LNMS and LGC gas collection assemblies (e.g., inlet tube inner
dimensions and gas collection mechanisms), the captured aerosols in the LNMS were subjected to much higher
temperatures during the descent. As a result, several thermal decomposition products were measured by the
LNMS. Most of these products were not characterized in the original LNMS investigations.

Our results support the following assessments: (a) Aerosols predominantly collected within the flattened tips of
the LNMS inlets (≤100 nm inner gap) between 51.0 and 48.4 km; (b) The captured aerosols caused substantial
though temporary decreases in atmospheric intake (e.g., ∼6000‐fold decreases in CO2); (c) The captured aerosols
thermally decomposed along the ensuing PVLP descent; (d) The products of aerosol decomposition released into
the ion source cavity of the LNMS mass analyzer; and (e) The released products were measured as spikes in the
ion counts and ion pump current at the corresponding altitudes of decomposition. The spikes in the ion pump
current, which were proportional to the pressure in the mass analyzer, were among the several PVLP anomalies
reported by Fimmel (1983) and Seiff et al. (1995). Assignment of these spikes as aerosol decomposition products
(e.g., spikes in the pressure in the mass analyzer) represents the first (reported) rational explanation for this
apparent LNMS anomaly.

Figure 12. Diagram outlining the capture and analysis of aerosols (yellow sphere) by the Pioneer Venus Large Probe
instruments. Aerosol capture in the intake inlet assemblies occurred at ∼51–48 km, the aerosol thermal decomposition
differentially occurred across the atmosphere, and the decomposition products were released into the Large Probe Neutral
Mass Spectrometer and Large Probe Gas Chromatograph. The order of aerosol decomposition included loss of solution‐
phase H2O (n H2O), sulfuric acid (H2SO4), hydrated ferric sulfate (Fe2(SO4)3·nH2O), and uncharacterized hydrates
(X·nH2O).
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4.1.2. Aerosol Collection and Analysis by the LGC

For the LGC, the collection and analysis of cloud aerosols were considered (Oyama et al., 1979b, Oyama, Carle,
Woeller, Pollack et al., 1980) due to the broad and asymmetric peak shapes for H2O, which were found to be
similar between chromatograms obtained in‐flight (at 21.6 km) and from laboratory control studies using
concentrated H2SO4 solution (70.5% by mass). However, the high abundances of SO2 in the LGC data (at
21.6 km) were not attributed to H2SO4 decomposition, since H2SO4 decomposition in the LGC was treated as
negligible in Oyama et al. (1979b) and Oyama, Carle, Woeller, Pollack et al. (1980). Their evaluation was based
on control studies, which showed limited release of SO2 from SO3 (a decomposition product of H2SO4; Reactions
10 and 11) in analog inlet tubing heated to 160°C (Oyama et al., 1979b). These studies employed typical flow
conditions and presumed nominal residence times within the inlet system (Oyama et al., 1979b). However, the
effective residence time for the captured aerosols in the LGC was likely up to ∼30 min, when considering the
collection of aerosols between ∼51 and 48 km, and the final LGC measurement at 21.6 km.

Therefore, for the LGC, we suggest that: (a) Aerosols collected into the inlet and GSV assembly during descent
across ∼51–48 km; (b) The captured aerosols remained adhered in the inlet and GSV across the ∼30‐min descent
between 51.6 and 21.6 km; (c) In the heated LGC inlet, the captured aerosols thermally decomposed as the PVLP
descended deeper into the atmosphere; (d) In the GSV, the captured aerosols dehydrated and partially decom-
posed due to GSV heating steps (from 60 to 160°C) and appreciable residence times (∼30 min); and (e) The
decomposition products from the inlet and GSV were measured as gases with unexpectedly high mixing ratios,
asymmetric peak shapes, and/or high uncertainties—such as SO2, H2O, and O2 (Oyama, Carle, Woeller, Pollack
et al., 1980).

4.1.3. Aerosol Collection and Analysis by the Venera and Vega Probes

The Venera 13 and 14 and Vega 1 and 2 landers, which sampled and collected gases in the clouds during the
descent, likely also inadvertently captured aerosols and measured their contents. The location of atmospheric
sampling by the Venera and Vega probes is an important consideration. For example, the GCs and hygrometers on
V13/14 and moisture sensors on Vega 1 and 2 sampled within the clouds (Mukhin et al., 1982; Surkov et al., 1982;
Surkov, Shcheglov et al., 1986), while the GC on V12 likely began sampling below the clouds (Gel'man
et al., 1980). Correspondingly, the cloud measurements obtained high xH2O (∼700–2,000 ppm), while the sub‐
cloud measurement yielded low xH2O (<100 ppm) (Table 6). These cloud xH2O are further discussed in
Section 4.4.

We also propose that the UV spectrometers (ISAV 1 and 2) on Vega 1 and 2 (Bertaux et al., 1996) experienced a
partial clog of the intake inlet beginning at ∼52 km in the clouds. Figure 3 aptly demonstrates that clogging of the
ISAV 1 and LNMS inlets likely began at similar altitudes (∼51–52 km). These clogs caused ∼4 and 6,000‐fold
decreases in SO2 (ISAV 1) and CO2 (LNMS), respectively. Figure 3 also supports the assessment that the ISAV 1
and LNMS collected aerosols where particle scattering coefficients were highest in the clouds. Unlike the LNMS,
the proposed ISAV 1 and 2 clogs rapidly cleared after the probes exited the sub‐cloud haze layer. Nominal intake
for ISAV 1 and 2 resumed by ∼40 km (Bertaux et al., 1996). This rapid clearing of the clog likely occurred due to
the wider inlet and outlet tubes (16 mm, diameter) on ISAV 1 and 2, which were pointed downward and upward
during the descent, respectively, and thus subjected to the substantial ram pressures (Bertaux et al., 1996).

Expanding on the interpretations in Bertaux et al. (1996), we propose that after clearing of the ISAV 1 partial clog,
a substantial fraction of the collected aerosols remained deposited in the collection tube on the instrumental
window and mirrors. These deposited aerosols then underwent thermal decomposition as Vega 1 descended
through the sub‐cloud atmosphere, since the collection tube was external to the probe and subject to the increasing
atmospheric temperatures. The products of the thermal decomposition (e.g., ferric oxide from ferric sulfate and
aromatized organic matter of cosmic origin), which increased in abundance across the descent, remained adhered
to the window and mirrors. As a result, transmittance through the window decreased, and scattering on the mirrors
increased. Per our understanding, the calculations in Bertaux et al. (1996) did not account for any decreases or
scattering in incident and/or transmitted light. Instead, the spectrum from ∼62 km was used as the reference
incident light for all spectra.

If these inferences are correct, the substantial decreases in xSO2 toward the surface reported in Bertaux
et al. (1996) (∼120 to 24 ppm from ∼41 to 7 km) do not represent a gradient in atmospheric SO2 gas. Rather, the
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substantial decreases in xSO2 were likely the result of over‐correction using too high of a reference light intensity.
Under these assumptions, the reported decreases in xSO2 are consistent with the increased darkening of the
window and mirrors (per se) resulting from the aerosol decomposition. Later in the descent at ∼18 km (Bertaux
et al., 1996), a mechanical shock to Vega 1 then released these decomposed materials off the window and mirrors
and into the optical pathway, fortuitously yielding the absorption spectra for the aerosol‐derived compound/s after
partial thermal decomposition. We note that the UV spectra (∼250–325 nm) from Bertaux et al. (1996) for the
aerosol‐derived compound/s are similar, though not identical, to the UV absorption properties of differing ferric
sulfates (Egan et al., 2025; Fazl‐Ur‐Rahman et al., 2021; Jiang et al., 2024) and gaseous polycyclic aromatic
hydrocarbons (Sanz‐Vicente et al., 1999; Van Engelen et al., 1987).

4.2. Altitude Profiles for SO2 and H2O From the LNMS and LGC

The LNMS altitude profiles for xSO2 and xH2O show a clear dependence on the capture of aerosols. Prior to
aerosol capture (>51.0 km, Figure 4), the LNMS xSO2 values are consistent with the values based on the PV
Orbiter data, which is noteworthy since the PVLP and PV Orbiter concurrently analyzed Venus' atmosphere in
1978. However, after aerosol capture (<51.0 km, Figure 4), the LNMS and LGC xSO2 and xH2O (and LIR xH2O)
are substantially higher than the compared spectroscopic measurements (e.g., OS and NIR). In addition, the
LNMS profiles for xSO2 and xH2O exhibit two maxima at ∼35 and 10 km (Figure 4). These observations are
inconsistent with interpretation of the LNMS, LGC, and LIR results obtained after aerosol capture as relating to
the abundances of atmospheric gases. Moreover, these observations are inconsistent with the assignment of the
LNMS H2O at ∼10 km as a terrestrial contaminant, which was proposed in the original LNMS reports (Donahue
& Hodges, 1992; Hoffman, Hodges, Donahue, & McElroy, 1980). Rather, the altitude‐dependent maxima in the
LNMS xSO2 and xH2O are consistent with the sequential decomposition of ≥2 sulfate‐bearing and hydrated
compounds (e.g., H2SO4·nH2O and metal sulfates (Mx(SO4)y·nH2O)). This assessment is highlighted in Figure 4.

4.3. Aerosol Thermal Decomposition Profiles From the LNMS Data

The thermal decomposition profiles from the LNMS data were constructed by considering the number of released
molecules, and not mixing ratios, and the temperatures of the inlet assembly, and not altitude. This approach
yielded the evolution profiles for SO2, H2O, SO3, O2, HxSOy, and differing metal‐bearing species (e.g., FeO

+ and
MgSO4

+). These results suggest that the captured aerosols contain—at the minimum—ferric sulfates (e.g.,
Fe2(SO4)3), H2SO4, and substantial H2O arising from hydrates, such as hydrated ferric, magnesium, and other
metal sulfates. These hydrates likely formed after capture and thermal evaporation of the aerosols. Figure 13a
summarizes the timeline for aerosol capture and sequential thermal decomposition and analysis by the LNMS.
Aerosols were captured ∼9 min after the beginning of sampling by the LNMS (at ∼64 km). Aerosol collection
occurred over ∼3 min (∼51–48 km). The captured aerosols dehydrated and H2SO4 decomposed over the

Figure 13. (a) The Large Probe Neutral Mass Spectrometer sampling timeline (∼64–0.9 km) showing the elapsed time of
aerosol capture and thermal decomposition of H2SO4 (blue), short‐lived intermediate species (green), hydrated ferric sulfates
(e.g., Fe2(SO4)3·nH2O) (red), and other hydrates (red). (b) Pie chart representing the bulk aerosol composition and
abundances.
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following∼17 min (∼48–20 km) and hydrated ferric sulfates and other hydrates predominantly decomposed over
the remaining ∼23 min of the descent (∼20 km to the surface).

4.3.1. Comparing the LNMS, Laboratory, and Venus Thermal Decomposition Profiles

Relative to the LNMS, laboratory studies (on Earth) indicate that higher temperatures are required to release SO2
from H2SO4 gas (>500°C, 1 bar) and ferric sulfates (>550°C, ∼1 bar) (Corgnale et al., 2020; Frost et al., 2006;
Majzlan et al., 2017; Spratt et al., 2014; Wu et al., 2013; Xu et al., 2010). A rationale for this observation was
provided in the original LNMS investigations (Hoffman, Hodges, Donahue, & McElroy, 1980). As explained in
Hoffman, Hodges, Donahue, and McElroy (1980), the release of SO2 from H2SO4 was partly replicated using a
Venus atmospheric simulator and an LNMS flight spare. In the described control experiments (Hoffman, Hodges,
Donahue, &McElroy, 1980), H2SO4 was coated onto a tantalum inlet, heated to similar temperatures experienced
during the LNMS clog (≤325°C) in the presence of CO2, and the release of SO2 and H2O at∼250°C, including the
resumption of flow through the inlet, was confirmed by mass spectral measurements. The control experiments
described in Hoffman, Hodges, Donahue, and McElroy (1980) also showed the release of SO2 after the flow of
SO3 through the tantalum inlet, which likely occurred due to the dissociation of SO3. These combined re-
sults suggest that surface chemistry within the tantalum inlets assisted in H2SO4 and SO3 decomposition. An
example surface contribution could include the chemical adsorption of oxygen on the tantalum surfaces (Belov
et al., 1978).

Another major factor contributing to the lowered decomposition temperatures is the considerable pressure dif-
ference between the ion source cavity of the LNMS (≤10− 8 bar) and Venus' atmosphere (≤15 bar, ≤25 km). In
Corgnale et al. (2020), the release of SO2 gas from SO3 (Reaction 11) is described as being favored at low
pressures. Reaction 11 is a shared decomposition step for all sulfate‐bearing species. Additional contributing
factors toward the lowered decomposition temperatures include the acquisition of micron and smaller‐sized
grains (Archer et al., 2013; Smith et al., 2022), the decomposition of amorphous or partly crystalline materials
(Sklute et al., 2018), and instrument geometry (Archer et al., 2013). Formation of sub‐micron amorphous or partly
crystalline materials is expected in the LNMS inlets during the thermal evaporation of the captured aerosols,
which could be predominantly liquid. By extension, these combined contributions may have lowered the effective
decomposition temperatures for ferric and other metal sulfates.

At Venus, substantial depletions in atmospheric H2SO4 vapor are observed in the sub‐cloud atmosphere between
∼47 and 35 km (∼100–182°C and ∼1.6–5.9 bar)—as summarized from chemical models for the lower atmo-
sphere (Bierson & Zhang, 2020; Krasnopolsky, 2007, 2013; Krasnopolsky & Pollack, 1994) and radio occultation
studies (Imamura et al., 2017; Jenkins et al., 1994; Kolodner & Steffes, 1998). In the LNMS, H2SO4 decomposed
over a wider relative altitude range of ∼48–25 km, which translated to a heated inlet temperature range of ∼102–
269°C, compared to a respective atmospheric temperature range of ∼93–266°C (Section 2.3 and 2.5). The heated
LNMS inlets likely promoted decomposition at higher relative altitudes, while the collection of substantial
aerosol materials likely resulted in the decomposition occurring deeper into the lower atmosphere.

4.3.2. Thermal Decomposition of Sulfates and Other Species in the LNMS

The LNMS thermal profiles for SO2 support the assignments of H2SO4 and ferric sulfate as major aerosol
components that thermally and differentially decomposed after aerosol capture. In Knollenberg and
Hunten (1980), sulfates were suggested to be components of the mode 3 cloud particles. Figures 6–11 show the
temperature‐dependent evolution profiles for SO2, H2O, O2, SO3, and differing metal‐bearing species such as
FeO+, MgSO4

+, and others. These combined results are consistent with the decomposition of H2SO4 and ferric
sulfate at roughly 200 and 400°C, respectively. The LNMS data also suggest the presence of sulfides (e.g., H2S
and OCS), other metal sulfates, and P‐bearing species.

The assignment of H2SO4 is supported by the congruent releases of SO2 (215°C) (Figure 6), H2O (185°C)
(Figures 7 and 8), and O2 (205°C) (Figure 9) during the LNMS clog (∼50–25 km). For H2SO4, the release of H2O
(∼185°C) occurred before SO2 (∼215°C), which is consistent with the expected order of gas evolution during the
decomposition (e.g., Reaction 10, then Reaction 11). The relative peaks areas for SO2 and O2 released during
H2SO4 decomposition indicate substantial losses of O2 (>95%), presumably due to reactions with the aerosol
components (e.g., organic matter), methane (an in‐flight LNMS calibrant), and/or the inner surfaces of the
tantalum inlet.
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The assignment of ferric sulfate (e.g., Fe2(SO4)3) is supported by the congruent releases at the higher temperatures
(or deeper into the descent) for SO2 (397°C; Figure 6), H2O (414°C; Figures 7 and 8), O2 (392°C; Figure 9), SO3
(402°C; Figure 9), various HxSOy species (≥340°C; Figure 10a), and FeO

+ (∼360 and 405°C; Figure 11a). At
these higher temperatures, the maximal release of SO2 (∼397°C) occurred before H2O (∼414°C), suggesting the
presence of other hydrates besides hydrated ferric sulfates. No losses in O2 were observed during the ferric sulfate
decomposition. The assignment of ferric sulfates containing hydronium is supported by the release of H2SO4 at
the higher temperatures. Experimental studies show that H2SO4 is a thermal decomposition product of hydronium
jarosite ((H3O)Fe3(SO4)2(OH)6) and rhomboclase ((H5O2)Fe(SO4)2·2H2O), which contains hydronium (H3O

+)
(Frost et al., 2006; Xu et al., 2010). The release of H2SO4 from the aerosols at the higher temperatures is supported
by the trace spikes (≤20 counts) for H2SO4

+, H2SO3
+, and HSO3

+ (<15 km, or ≥ 340°C, LNMS inlet tem-
peratures) (Figure 10a), which are generally consistent with the electron ionization and fragmentation of H2SO4
(Snow & Thomas, 1990).

The release and oxidation of H2S from the decomposing aerosols is additionally suggested by the LNMS data.
The release of sulfenic acid (HSOH) is suggested by the spikes (Figure 10b) for HSOH+, HSO+, HSO3

+, and
H2SO3

+ (<20 km; >300°C, LNMS inlet temperatures). These species are generally consistent with the oxidation
of sulfides (Berndt et al., 2024; Makarov et al., 2019). Preliminary analyses of the LNMS data reveal increasing
H2S abundances (∼14–600 ppm; ∼17–2,000 counts) and spikes in the ion counts for COS

+ (≤1,200 counts) and
S+ (≤700 counts) toward the surface (Mogul et al., 2021, Mogul, Limaye & Way, 2023; Zolotov et al., 2023).
Similarly, reaction gas chromatography on Vega 2 suggested the release of H2S and OCS from intentionally
captured and heated Venus aerosols (Porshnev et al., 1987). Hence, the LNMS and Vega 2 results suggest the
presence of other sulfur and potential carbon species in the aerosols.

The LNMS data additionally suggest the presence of Na2SO4, MgSO4, NiSO4, CoSO4, and Mn2O3. Trace counts
for these metal‐bearing species were only present at the higher temperatures (<25 km; >270°C). The detection of
trace Mn2O3

+ is consistent with the thermal decomposition of MnSO4. However, the identification of corrobo-
rating counts for MnSO4

+ was not possible, since the corresponding mass (∼151 u) was skipped by the pre‐
programmed LNMS measurement sequence (Section 2.2).

The release of phosphorous acid (H2PO3) from the aerosols (and/or lower atmospheric gases) is supported by the
respective spikes at≥420°C at the mass position assigned to H2PO3

+ and HSO3
+ (isobaric species), which appear

independent of the other HxSOy
+ species (Figure 10b). Additional support for phosphorus‐bearing species was

obtained in our preliminary peak fits in the LNMS data (at 31 u), which show trace counts for P+ at < 25 km (≤30
counts), yet no counts during the clog. However, as shown in Mogul et al. (2021), trace counts of P+ (≤8 counts)
were measured in the clouds before the clog at ∼60–50 km (≤8 counts), which is potentially consistent with the
tentative detection of phosphorus at∼52–47 km by X‐ray radiometry on Vega 1 and 2 (Andreichikov et al., 1987).

4.3.3. Hydrates Suggested by the LNMS Data

The LNMS profiles for H2O support the abundance of substantial hydrates in the captured aerosols. Given the
sequence of aerosol capture and thermal decomposition, the parent mineral species for these hydrates (e.g., metal
sulfates, silicates, and/or insoluble organic matter (IOM)) were possibly soluble or particulate species in the
aerosols prior to capture. However, a correlation between the aerosol optical properties and hydrate contents is
suggested by the congruent relationships between the cloud particle scattering coefficients and cloud H2O
abundances (peaks 1–4, Figure 8).

The minor amounts of H2O released between ∼70 and 270°C (peaks 2–6, Figure 8) likely arose from the solution
phase and intermediate hydrates that likely formed during thermal evaporation of the aerosols after capture (e.g.,
sulfuric acid hydrate and hydrated metal sulfates). The major release of H2O at ∼414°C is consistent with
differing hydrates that may have also formed within the LNMS inlets after precipitation or crystallization during
the thermal evaporation of the aerosols. The release of H2O at ∼414°C is consistent with (a) the dehydroxylation
(e.g., Reactions 12 and 13) of hydronium jarosite at ∼300–400°C (Spratt et al., 2014; Šolc et al., 1988), kaolinite
(Al2Si2O5(OH)4) at ∼400–600°C (Kubliha et al., 2017), and perlite and/or opal (amorphous SiO2·nH2O), con-
taining OH and/or silanol (Si–OH) groups, at ∼250–570°C (Thomas et al., 2015), (b) the dehydration of kieserite
(MgSO4·H2O) at 390°C (Lauer Jr et al., 2000) and bulk opal at 300–400°C (Thomas et al., 2007), and (c) the
pyrolysis of acid‐insoluble organic matter (IOM) of cometary/chondritic origin at ∼300–450°C (Mimura
et al., 2020; Okumura & Mimura, 2011).
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Potential detection of MgSO4
+ is consistent with the assignment of kieserite as a source of hydrate‐phase H2O.

The presence of Si‐Al oxide‐rich phases (e.g., kaolinite) and silica‐rich materials (e.g., opal) is indirectly sup-
ported by the appreciable spike observed in the LNMS CO2 profile in Figure 3 (demarked by the asterisk
at ∼440°C or ∼3 km). This spike may correspond to SiO+ (44 u), an isobar to CO2 (44 u), which could have been
released from SiO2‐rich compounds into the LNMS.When considered together, these hydrate‐forming and water‐
liberating compounds (sulfates, oxides, silicates, and IOM) are expected acid alteration products of “rocky”
materials delivered to the clouds (Section 4.6).

4.4. Reconciling the Diverse H2O Measurements in the Clouds

To date, all cloud xH2O obtained by direct methods (∼270–2,400 ppm; PVLP, Venera, and Vega) are much
higher than the values obtained by spectroscopy (32 ± 11 ppm). Our work yields unified measurements of water
abundances from the PVLP (LNMS, LGC, and LIR). Hence, these total comparisons support the assessment that
the cloud measurements obtained by direct and destructive sampling yielded the abundances of H2O from the
captured aerosols. In contrast, spectroscopic measurements yielded the abundances of atmospheric H2O vapor.

When considering the measurements obtained prior to aerosol capture (>51 km), the results from the PVLP,
Venera, and Vega instruments indicate a cloud xH2O of ≤1,000 ppm (Table 6). As summarized in Figure 4b, this
cloud H2O likely arises from the vapor phase and/or non‐clog inducing aerosols. However, after aerosol capture
(<51 km), the extreme range in xH2O obtained by these instruments (∼850–16,500 ppm) is likely due to the
dissimilarities in the degree of dehydration promoted by the differing sampling profiles. The LNMS was the only
cloud probe that continued to analyze samples deeper in the lower atmosphere. As a result, the LNMS sampling
sequence encountered the highest atmospheric temperatures and therefore measured the largest evolution of H2O
from the captured aerosols.

To reconcile these diverse measurements of cloud xH2O (Figures 4b, Table 6), we provide the following ex-
planations for each probe. For the LNMS and LGC, the respective xH2O at 59.9–51.3 km (∼110± 12 to 290± 30
ppm) and 51.6 km (<600 ppm), which were obtained prior to aerosol capture, represent higher than expected
water vapor and/or water released from non‐clog inducing hydrates that evaporated at the inlet tips upon capture
(Figure 4b). For the LGC, these hydrates could have been collected in the GSV between ∼65 and 52 km and
subsequently dehydrated at 60°C under the constant flow of carrier gas (He) toward the chromatographic columns
(Oyama, Carle, Woeller, Pollack et al., 1980; Oyama, Carle, Woeller, Rocklin et al., 1980).

For the GCs on V13/14, the xH2O from 58 to 49 km (700 ± 300 ppm) represents the H2O released from the
aerosols captured over a ∼9 km collection column, where the collected aerosols likely dehydrated in the GC at a
presumed operating temperature of 70°C under the constant flow of carrier gas (Gel'man et al., 1980; Mukhin
et al., 1982). For the cloud moisture sensors (52 to 46 km) on V13/14 (2,000 ± 400 ppm H2O) and Vega 1 and 2
(935± 525 ppmH2O; average and propagated error), the instruments relied on the hygroscopic properties of LiCl
(V13/14 and Vega 1 and 2) and P2O5 (Vega 1 and 2), which likely acquired H2O from the captured aerosols
(Surkov et al., 1982; Surkov, Shcheglov et al., 1986). Moreover, the high xH2O from Vega 1 and 2 at ∼35 km
(∼120–140 ppm; Table 6) suggests that a portion of the aerosol H2O remained adhered in moisture sensors in the
sub‐cloud atmosphere, despite the constant flow of gases through the inlet and outlet tubes (Surkov, Shcheglov
et al., 1986).

For optical spectroscopy (OS) (Ignatiev et al., 1997, 1999), these xH2O remain to date the only in situ and indirect
measurements for H2O obtained from the middle and lower clouds. This is significant since the OS measurement
possesses considerable uncertainties, as described by Ignatiev et al. (1997, 1999). In summary (Ignatiev
et al., 1997, 1999), the OS instruments exhibited (a) low resolving powers between H2O and CO2, (b) low
sensitivity toward H2O vapor (stated as “saturation of H2O lines”), and (c) uncertainties in the aerosol model,
including an assumption that the cloud aerosols were composed of only H2SO4 and H2O. Figure 10 in Ignatiev
et al. (1997) shows the insensitivity of their radiative transfer model toward H2O vapor. Their calculations
showed that ∼25‐fold increases in H2O vapor (40–1,000 ppm H2O) resulted in only ∼0.2–fold decreases in
irradiance intensities (∼3.75–3 at 0.945 μm). Further, in Table 1 and Figure 6 in Ignatiev et al. (1999), the
provided errors from ∼56 km (8 ± 6 ppm, Table 1) were obtained by comparison to Earth‐based experiments and
do not represent the errors obtained from their retrieved mixing ratios, which are substantially higher (as shown in
their Figure 6). We note that the actual errors from ∼50 to 57 km in Ignatiev et al. (1999) are uninterpretable,
since they were plotted off the provided scale (0–30 ppm, Figure 6). Hence, the OS xH2O values for the middle
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and lower clouds could be underestimated. This indicates that an assessment of ≤1,000 ppm cloud H2O vapor, as
suggested by the direct PVLP, V13/14, and Vega 1 and 2 measurements, is potentially within the uncertainty
limits of the OS xH2O values.

4.5. Aerosol Composition From the LNMS Data

The LNMS data reveal a novel heterogeneous composition for Venus' aerosols. As visualized in Figure 13b, the
captured aerosols contain comparable masses of ferric sulfate (∼16 wt% of the total aerosol mass; ∼1.1 mg m− 3)
and H2SO4 (∼22 wt%; ∼1.5 mg m

− 3), and ∼3‐fold higher abundances of H2O arising from hydrates (∼62 wt%;
∼4.2 mg m− 3) (Table 7). An acidic environment containing sufficient H2O to yield multiple hydrates is consistent
with the bulk aerosol mole ratios for H2O/Fe2(SO4)3 (87 ± 16), H2O/H2SO4 (15 ± 3), and H2SO4/Fe2(SO4)3
(5.6 ± 1.1). These hydrates, which predominantly lost H2O at ∼300–460°C (Table 7), likely formed after capture
and thermal evaporation of the aerosols. These hydrates likely include H‐bearing ferric sulfates (e.g., containing
structural water, hydronium, and/or hydroxyl groups), other thermally stable hydrate species (e.g., kieserite and
hydrated sulfates of Na, Ni, Co, and Mn), and/or additional uncharacterized hydrates. Given the impacts of
aerosol capture and thermal decomposition, these extracted hydrates may not relate to the mineral identities in the
native aerosols.

Our aerosol mass loading values (Figure 13b) are consistent with all prior in situ and remote Venus measurements
(Table 7). These congruent values support the assumptions used to estimate the aerosol collection column volume
(Sections 2.12 and 3.2). The LNMS value for H2SO4 from the volatile fraction of the aerosols (87 ± 17 wt%) is
consistent with the abundances of H2SO4 (≥75 wt%) inferred from remote polarimetry, in situ polarimetry, and
NIR measurements (Arney et al., 2014; Barstow et al., 2012; Hansen & Hovenier, 1974; Knollenberg &
Hunten, 1980). The LNMS mass loading for H2SO4 in the aerosols (1.5 ± 0.2 mg m

− 3) is comparable to the
abundances of H2SO4 (∼0.4–1 mg m

− 3) measured by reaction gas chromatography on Vega 1 and 2 (Gel'man
et al., 1986; Porshnev et al., 1987), which likely did not measure reaction products of ferric sulfates, given a
limited reactivity with elemental carbon, the reactive agent used in the analysis.

The LNMS mass loading for total sulfate from thermally unstable species (2.2 ± 0.2 mg m− 3) is consistent with
the mass loading for sulfates (≥2 mg m− 3 SO4

2‐) measured by pyrolysis mass spectrometry on Vega 1, which
heated the collected aerosols to 400°C (Surkov, Ivanova et al., 1986). The LNMS mass loading for total Fe
(0.3 ± 0.1 mg m− 3) is consistent with the tentative mass loading for bulk Fe (0.2 ± 0.1 mg m− 3) inferred from X‐
ray fluorescence measurements on Vega 1 and 2 (Andreichikov et al., 1987). Lastly, the LNMS value for total
aerosol mass loading (6.8 ± 0.5 mg m− 3) is comparable to measurements from the LCPS on the PVLP
(∼5 mg m− 3; ∼51 km) (Knollenberg & Hunten, 1980; Ragent et al., 1985).

4.6. Potential Sources for the Aerosol Components

The LNMS detection of iron species and potentially Mg and Si‐bearing compounds in the aerosol phase is
consistent with the long‐term input of cosmic dust into Venus' atmosphere (Carrillo‐Sánchez et al., 2020). Cosmic
dust input into Venus' clouds is also suggested by the tentative detection of Fe+ and Mg+ in the ionosphere by the
PV Orbiter Ion Mass Spectrometer (Taylor Jr et al., 1979). Expected constituents of the cosmic dust include Fe,
Mg, Si, Al, Ca, S, and C.While similar constituents are expected from the basaltic dust on Venus' surface (barring
C), the transport of particulates to the clouds via atmospheric global circulation, gravity waves, and volcanic
plumes remains to be assessed. Currently, there are no measurements of metal content in the deep lower atmo-
sphere or from volcanic plumes on Venus. In Krasnopolsky (2017), vaporous iron chloride from the surface was
suggested to rise and ultimately mix with H2SO4 in the clouds. However, this hypothesis harbors substantial
uncertainties due to a reliance on extrapolated vapor phase properties for iron chloride (Krasnopolsky, 2017).
Further, iron oxides, rather than iron chloride, were found to be the stable phases at Venus' surface conditions in
Zolotov (2021).

In contrast, the cosmic influx into Venus' atmosphere (3.2± 1.8× 104 kg day− 1), as estimated by Carrillo‐Sánchez
et al. (2020), reaches the total aerosol mass in 3 ± 2 Myr. This suggests sufficient time for chemical alteration,
dissolution, and/or suspension of the cosmicmaterial in theH2SO4 aerosols (Zolotov et al., 2023). The geologically
short residence time of cosmic materials in the clouds implies saturation of clouds with respect to cosmicmaterials
and a net sink toward the surface in the present epoch. Most of the cosmic material that enters Venus' atmosphere
consists of cometary dust (Carrillo‐Sánchez et al., 2020). While many cosmic compounds (silicates, Fe‐Ni metal,
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sulfides) dissolve in sulfuric acid, alteration products could include temporarily suspended grains of S8, silica (e.g.,
opal), ferric sulfates (e.g., this work; Frankland et al. (2017), Jiang et al. (2024), Krasnopolsky (1989), Krasno-
polsky (2017), and Zolotov et al. (2023)), and IOM formed through the incomplete dissolution of high molecular
weight organic matter (Alexander et al., 2017; Spacek et al., 2024; Zolotov et al., 2023).

Particle flux of cosmic materials toward the surface likely includes global circulation, degradative loss, and
fallout through the hot atmosphere. These processes would likely include (a) evaporation of the aerosol droplets
to yield grains of opal, metal sulfates (e.g., Fe, Mg, Ca, Na, Ni, Al, and Co) and silica alumina gel (and/or Al‐
rich opal), (b) thermal decomposition of the aerosol materials, such as ferric sulfate decomposing to ferric oxide
(Reaction 14) and IOM decomposing to C‐H‐O‐N‐S gases, graphite, and/or polycyclic aromatic hydrocarbons
(as potentially consistent with the Vega 1 results described in Section 4.1.3), and (c) reactions with the hot
atmospheric gases (Zolotov, 2018, 2021). Hence, these altered cosmic materials could contribute to the sub‐
cloud haze (47–30 km) and deep atmospheric dust layers (<20 km), which are observed on Venus (Grieger
et al., 2004; Seiff et al., 1995; Titov et al., 2018).

5. Conclusions
The Large Probe Neutral Mass Spectrometer (LNMS) data are the highest resolution mass spectra obtained in
Venus' atmosphere to date. In this work, we show that the LNMS data and Large Probe Gas Chromatograph
results are consistent with the thermal and evolved gas analysis of aerosol composition. Our results suggest that
aerosols from Venus' middle and lower clouds, which were inadvertently captured, possess a heterogeneous
composition, where water, ferric sulfate, and sulfuric acid are major components. The mass spectral data suggest
that the aerosols contain sufficient water to yield hydrated ferric sulfates, potentially hydrated magnesium sulfate,
and other uncharacterized hydrates. However, the exact mineral identities in the native aerosols (pre‐capture,
thermal evaporation, and decomposition) remain to be assessed. Current efforts aim to elucidate the water ac-
tivity, acidity, and degree of ferric sulfate hydration and solubility under aerosol conditions.

The assessment that Venus' aerosols contain several major species significantly updates the current perception that
the cloud aerosols are composed of concentrated or pure sulfuric acid. These results significantly expand upon the
original PVLP investigations. We further propose that unplanned aerosol collection and analysis occurred in all
direct measurements conducted thus far in Venus' clouds (e.g., PVLP, Venera, and Vega probes). The unplanned
capture of aerosols is consistent with the temporary losses in signal due to inlet clogging for the LNMS and Vega 1
and 2 Ultraviolet Spectrometers. The unplanned analysis of aerosol composition is consistent with the measure-
ment of unexpectedly high‐abundant gases, such as SO2, H2O, and O2, by the LNMS, LGC, Venera 13/14 gas
chromatographs, Venera 13/14 hygrometers, and Vega 1 and 2 moisture meters.

These assessments of unplanned aerosol collection, including the summaries provided for the PVLP gas collection
assemblies, are relevant to the planned DAVINCI mission (Garvin et al., 2022; Yew et al., 2024), which intends to
samplewithin the clouds. TheDAVINCImeasurements could also rectify uncertainties regarding the abundance of
water vapor in themiddle and lower clouds. The identification of potential cosmicmaterials in the aerosols (e.g., Fe,
Mg, and Si) is relevant to the selected ISROVenusOrbiterMission, which plans tomeasure the abundance and flux
of interplanetary dust particles using the Venus Orbit Dust Experiment (I.S.R.O., 2024; Widemann et al., 2024).

Thus, this work reveals previously underestimated reservoirs of bulk water and possible altered cosmic materials
in Venus' aerosols. The sulfuric acid abundances and total aerosol mass loading presented in this study are
consistent with all prior Venus measurements. Together, these results provide new considerations for cloud
chemistry models and cloud habitability discussions.

Data Availability Statement
The LNMS data are available for download on Zenodo and at the NASA Space Science Data Coordinated Archive
(NSSDCA) (Hoffman, 1978a, 1978b). The LNMS data were originally released online by the NSSDCA in 2021
and further described in 2022. The LNMS data were uploaded to Zenodo in 2025. The gas abundances of CO2,
SO2, and H2O from this study are available on Zenodo (https://doi.org/10.5281/zenodo.17148805). The labo-
ratory notebooks of J. H. Hoffman (Principal Investigator in the original LNMS project) from 1976 to 1979 are
available for download as a collection on Zenodo (Hoffman, 1976–1979). The Hoffman laboratory notebooks
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were obtained from the archives at theWilliam B. Hanson Center for Space Sciences, University of Texas, Dallas.
The PVLP project reports used in the study, which are currently under ITAR control, are available for review
upon request at the NASA Ames Research Center Archives (https://www.nasa.gov/archives/arc‐archives/#Col-
lectionsOvw‐arc) as part of the Pioneer Project Collection (Acceptance Test Report, 1977; Final Report, Defi-
nition Phase Program of the Large Probe Neutral Mass Spectrometer for Pioneer Venus, 1977; Final Report,
Large Probe Neutral Mass Spectrometer, 1978; Large & Small Probe Data Book, 1976).
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