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Abstract

Multiple chemical pathways and thermodynamic mechanisms control the diversification of prebiotic macro-

molecular organic networks within primitive protoplanetary reservoirs. Here, we report results from a newly

recovered, not-yet-formally-classified suspected meteorite assemblage from Changshu, China, including a pris-

tine, anhydrous enstatite-rich nebular pebble matrix (Sample XSJ-06) with a high total organic carbon (TOC)

content of ∼16.84 wt%. To establish its potential extraterrestrial provenance, we performed high-precision

whole-rock stable-isotope measurements that yield extreme, reproducible mass-independent sulfur anomalies

(δ34S up to +3002.75‰; this magnitude of sulfur isotope enrichment has not been reported in existing mete-

orite literature and awaits independent replication) and extreme nitrogen depletion (δ15N = −158.64‰). Such

extreme isotopic signatures strongly indicate the possible presence of presolar supernova condensates. In-situ

plane-polarized light microscopy reveals geometrically ordered organic structures, including gear-shaped fea-

tures, ∼25 µm honeycomb meshes, and ∼500 µm closed chambers. Quantitative image analysis demonstrates a

steady-state Gaussian distribution of cell diameters and a characteristic interfacial wavelength (λ ≈ 50 µm), pro-

viding direct physical evidence for Kelvin–Helmholtz interfacial instabilities. FTIR and XRD data confirm a hi-

erarchically organized “core-shell” structure (dehydrogenated turbostratic PAH cores surrounded by unbranched

aliphatic hydrocarbons). These cross-scale textures and isotopic anomalies record a two-stage non-equilibrium

hydrodynamic evolution: gaseous precursors formed catalytic PAH cores, followed by reaction-diffusion pattern

formation and localized shear dissipation at anhydrous fluid-gel boundaries. The data indicate that complex

biomorphic structures can form via non-linear energy dissipation in the early solar nebula without biological

templates. Keywords: Prebiotic morphogenesis; Non-equilibrium dissipative dynamics; Kelvin–Helmholtz

instability; Nebular organic matter; Enstatite micro-breccia; Mass-independent sulfur isotope fractionation

1. Introduction

Insoluble organic matter (IOM) accumulating
in early protoplanetary disks represents an im-
portant precursor for prebiotic chemical evolu-
tion. Carbonaceous chondrite meteorites typi-
cally have bulk TOC values of 2–5 wt% (Cody
et al., 2002; Alexander et al., 2017). Most of
these meteorite matrices have been modified by
parent-body aqueous alteration or thermal meta-
morphism (Brearley, 2006). Such secondary over-
printing obscures the primary nebular textures of
organic macromolecules and associated mineral
grains.

Enstatite chondrites and other highly reduced
planetary materials sample dry, oxygen-poor re-

gions of the solar nebula (Grady et al., 1986).
These reservoirs are generally thought to have
limited capacity for advanced organic chemical
evolution, with typical TOC values below 0.5
wt%. However, localized carbon concentrations
within specific subcomponents challenge stan-
dard equilibrium accretion regimes (Nuth et al.,
2000).

This study is based upon material collected
from a newly recovered multi-lithological sus-
pected meteorite strewn field in Yushan Town,
Changshu City (Suzhou, China; field cam-
paign February–June 2026, total recovered mass
∼100 kg). This assemblage has not received
formal classification by the Meteoritical Society.
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Four distinct lithological end-members are distin-
guished within this assemblage; the morphologi-
cally studied specimen XSJ-06 belongs to Type 3
(organic-wrapped enstatite micro-breccia). Com-
plementary C-N-S isotopic screening across 18
subsamples from all four lithologies provides
population-scale geochemical constraints for ex-
cluding terrestrial contaminant artifacts, though
terrestrial contamination cannot be definitively
ruled out without independent replicate analyses
and local soil reference samples.

Planetary morphology studies often assume
that compartmentalized, geometrically regular
organic structures such as honeycomb arrays,
gear-like projections, or chambered forms require
liquid-water-rich environments or biological tem-
plates. However, non-equilibrium thermodynam-
ics described by Prigogine’s dissipative-structure
theory shows that open systems far from equi-
librium can spontaneously develop spatial order
through energy-matter dissipation (Prigogine,
1967; Glansdorff and Prigogine, 1971).

Laboratory astrochemical experiments demon-
strate that gaseous hydrocarbons such as acety-
lene (C2H2) can convert into polycyclic aro-
matic hydrocarbon (PAH) networks on min-
eral grain surfaces under anhydrous, highly re-
duced conditions (Allamandola et al., 1989;
Nuth et al., 2000). This manuscript presents
multi-analytical results for the carbon-rich neb-
ular matrix fragment XSJ-06 (∼16.84 wt% C)
embedded within this larger strewn-field as-
semblage. The sample preserves continuous
multiscale morphogenetic textures within an-
hydrous, transforming enstatite-bearing amor-
phous material. We document observational con-
straints, mineralogical boundary conditions, and
non-equilibrium thermodynamic pathways that
could produce cross-scale biomorphic structures
in early solar-system settings without biological
input.

While previous studies often focus on aque-
ously altered meteorites that obscure primary
nebular textures, the physical mechanisms driv-
ing organic self-organization remain poorly con-
strained. Furthermore, establishing a defini-
tive extraterrestrial origin for such complex
organic-mineral composites is a prerequisite for
any astrobiological interpretation. In this study,
we present a comprehensive, multi-analytical in-
vestigation of an unhydrated, enstatite-rich peb-

ble matrix. By combining optical microscopy,
FTIR, XRD, and high-precision isotope ratio
mass spectrometry (EA-IRMS), we not only doc-
ument the non-equilibrium dissipative morpho-
genesis but also provide robust isotopic evidence
(δ34S > 3000‰) confirming the presence of
presolar supernova condensates within the ma-
trix, bridging the gap between chaotic interstel-
lar chemistry and early prebiotic structural tem-
plates.

2. Materials and Analytical Methods

2.1 Sample Provenance and Lithological Clas-

sification

The studied specimen XSJ-06 is derived from a
multi-lithological, unnamed suspected meteorite
assemblage recovered from a coordinated clas-
tic dispersion belt in Yushan Town, Changshu
City, Suzhou, Jiangsu Province, China, between
February and June 2026. The estimated total
recovered mass of the strewn-field debris is ap-
proximately 100 kg.

Based on macroscopic and microscopic pet-
rographic observations, four distinct lithological
types have been identified within this strewn
field:

• Type 1 (Regolith-like dust/soil ana-

logue): A loose, friable accumulation with a
density of 1.2–1.6 g/cm3, resembling planetary
regolith or terrestrial soil in texture.

• Type 2 (High-carbon bitumen-like ma-

trix): A dense, pitch-like organic-rich phase
with a density of approximately 1.0 g/cm3 and
a total carbon content exceeding 80 wt%. This
type corresponds to the high-carbon “GC”
fractions (GC1-GC3).

• Type 3 (Organic-wrapped enstatite

micro-breccia): A soft, porous, gravel-like
accumulation (clast size: millimeter to cen-
timeter scale) composed of non-crystalline
and microcrystalline enstatite (MgSiO3) frag-
ments wrapped in a continuous organic mem-
brane. The membrane thickness ranges from
sub-millimeter to millimeter scale. This lithol-
ogy has a density of 2.2–2.5 g/cm3. The
specimen analyzed in this study (XSJ-06),
which exhibits the prebiotic biomorphic mi-
crostructures, belongs to Type 3. Type-3
material accounts for approximately 20 kg
within the strewn field. Pristine interior frag-
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ments of XSJ-06 were isolated using anhy-
drous diamond-edge mechanical slicing to pre-
vent terrestrial contamination.

• Type 4 (Glass-bearing basaltic breccia):

A loose, porous accumulation with a den-
sity of approximately 2.1 g/cm3, containing
glass spherules (100–300 µm in diameter),
carbon-bearing organic matter, and basaltic
clasts. The basaltic clasts are coated with
titanium-bearing organic films, and the ma-
trix also incorporates organic-enstatite mixed
clasts.

All four lithological types were subjected to
bulk C-N-S elemental and stable-isotope analyses
via EA-IRMS; representative subsamples from
each lithology were further characterized by XRD
and ATR-FTIR.

2.2 Optical Microscopy and X-ray Diffraction

The studied sample is a coherent, unhydrated
nebular pebble matrix with microscale textu-
ral heterogeneity. In-situ textural relationships
were documented using a high-precision Nikon
Eclipse LV100POL plane-polarized light (PPL)
transmission optical microscope, equipped with
a high-resolution digital imaging system. Image
processing and precise scale metrics (including
cell diameters and interfacial wavelengths) were
measured using ImageJ software.

Mineral phases and crystallinity were char-
acterized by high-resolution X-ray diffraction
(XRD) using a Rigaku Ultima IV diffractome-
ter equipped with a Cu-Kα radiation source (λ =

1.5418 Å) and operated at 40 kV and 40 mA. The
diffraction patterns were collected in continuous
scanning mode (2θ/θ) over a 2θ range of 5◦ to 70◦

with a step size of 0.01◦ and a scanning speed of
1◦/min. The divergence slit (DivSlit) was set at
1/2 deg, with a divergence height limiting slit
(DivH.L.Slit) of 5 mm, a scattering slit (SctSlit)
of 8.0 mm, and an open receiving slit (RecSlit).
Measurements were collected on both intact bulk
fragments and mechanically pulverized subsam-
ples. To prevent thermally induced isotopic frac-
tionation and organic degradation, all bulk pow-
ders intended for EA-IRMS were prepared via
low-temperature (cryogenic) grinding.

2.3 FTIR and EA-IRMS Measurement

Fourier-transform infrared (FTIR) transmission
spectroscopy was performed using a Thermo Sci-
entific Nicolet iS50R research-grade spectrome-

ter equipped with an attenuated total reflectance
(ATR) accessory. Spectra were recorded across
the mid-infrared range of 4000–400 cm−1 with
a spectral resolution of 4 cm−1, accumulating 8
scans per sample.

To avoid isotopic bias introduced by chemical
pre-extraction, untreated, unacidified whole-rock
powders were directly analyzed using an elemen-
tal analyzer (Elementar vario ISOTOPE) cou-
pled with a continuous-flow stable isotope-ratio
mass spectrometer (isoprime visION). This ap-
proach determined the total bulk abundances
of carbon, nitrogen, and sulfur, alongside
stable-isotope ratios δ13CVPDB, δ15NAir, and
δ34SVCDT. Isotope values were calibrated against
international reference materials (e.g., USGS40,
IAEA-S-1, and IAEA-N-1). The analytical pre-
cision (1σ) was typically better than 0.2‰ for
δ13C, 0.3‰ for δ15N, and 0.5‰ for δ34S. Rou-
tine procedural blanks were maintained at lev-
els strictly below the instrumental detection lim-
its, ensuring that no atmospheric or labora-
tory contaminants influenced the extreme iso-
topic anomalies observed in the pristine mineral
separates.

3. Results

3.1 Quantitative Evidence for Interfacial In-

stabilities

Figure 1: In-situ PPL micrographs of the
organic-inorganic fabric. (a) Disordered organic
blebs. (b) The organized honeycomb lattice with
∼25 µm cells. (c) The giant crescent-shaped
macro-shell (∼500 µm) decorated with gear-like
tooth structures (λ ≈ 50 µm).

Optical microscopy (Fig. 1a & 1b) re-
veals a spatial cascade from chaotic organic
blebs to highly ordered honeycomb meshes
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and macro-scale gear-like shells. To test
whether these structures result from spontaneous
self-organization or stochastic cracking, we per-
formed quantitative image analysis (Fig. 1c).
The honeycomb cell diameters exhibit an excep-
tionally constrained Gaussian distribution cen-
tered at µ = 25 µm, indicating thermodynamic
minimization of surface free energy. Further-
more, the periodic tooth-like projections on the
macro-shell display a spatial wavelength fixed
at λ ≈ 50 µm. This observation is consis-
tent with the theoretical dispersion relation of
Kelvin-Helmholtz Instabilities (KHI) at an an-
hydrous fluid-gel boundary, under the following
parameter regime (Chiang, 2003; Johansen et al.,
2006). This supports a fluid-driven dissipative
cascade.

3.2 FTIR and XRD Spectroscopy

FTIR spectra (Fig. 2a) show no detectable
absorption bands near 3600–3200 cm−1 (O-H
stretch) or 1700 cm−1 (C=O stretch). This
systematically refutes the presence of terres-
trial hydrous minerals, molecular water, or
oxygen-bearing organic functional groups, con-
firming an absolute anhydrous setting during
accretion. The aliphatic spectral region con-
tains two sharp peaks: asymmetric stretch-
ing νas(-CH2-) at 2921.12 cm−1 and symmet-
ric stretching νs(-CH2-) at 2851.44 cm−1. A
broad skeletal-ring vibration at 1394.17 cm−1

corresponds to sp2-hybridized amorphous carbon
(Dartois et al., 2005). Pyroxene bending modes
for enstatite (MgSiO3) appear at 870.93 cm−1

and 711.31 cm−1.
Quantitative cross-layer intensity ratios

(I2921/I1394) were calculated across six indepen-
dent matrix fractions, revealing a continuous
thermodynamic degradation gradient. The pure
organic phase (Carbon Org.) yields a dominant
maximum intensity ratio of 2.19, establishing
the pristine volumetric configuration of the
unbranched long-chain linear aliphatic carapace.
The pristine core-shell boundary (XSJ-02)
clusters tightly at 0.87, mirroring the precise
thermodynamic equilibrium ratio of the intact
∼500 nm conduit walls. The chemical decon-
struction domain (XSJ-05, XSJ-06, XSJ-04)
records a stepped attenuation down to 0.70,
0.64, and 0.63, chronicling the in-situ kinetic
boundaries of membrane thinning. The isolated
primitive core spherule (XSJ-03) exhibits an ab-

solute spectrum collapse to its minimum at 0.19,
driven by the intense structural dominance of
the dense, hydrogen-poor graphitized aromatic
backbone.

Bulk X-ray diffraction patterns (Fig. 3) are
dominated by a broad amorphous halo centred
at 2θ = 30◦–40◦, with weak emerging diffrac-
tion peaks from incipient enstatite crystallites.
After mechanical milling, powder XRD (Fig. 4)
displays a strong sharp reflection at 2θ = 26.57◦.
Bragg calculations give d = 3.355 Å. This signal
comes from turbostratic medium-range-ordered
carbon domains, which develop preferred orienta-
tion under mechanical shear during grinding (Pe-
ters et al., 2017).

Furthermore, phase fingerprinting reveals a
highly reducing mineral assemblage. A domi-
nant peak at 2θ = 29.42◦ (d = 3.036 Å) is iden-
tified as nanoscale pyrrhotite/troilite (Fe1-xS).
Gaussian fitting yields an estimated crystallite
size of ∼49.2 nm. The low-angle shift (red-
shift) from the standard stoichiometric peak
(∼29.9◦) is attributed to nanoscale surface stress
and Fe-vacancy defects. This result aligns with
macroscopic observations of reddish-brown sul-
fide aggregates (Lauretta et al., 1997).

3.3 Extreme Extraterrestrial Isotopic Anoma-

lies

To establish the extraterrestrial provenance, we
analyzed bulk C-N-S isotopes (Fig. 5). Bulk com-
bustion measurements on unacidified whole-rock
material from the Type-3 specimen XSJ-06 give
C = 16.84 wt%, N = 0.156 wt%, and S = 0.735
wt%, with δ13CVPDB = −9.03‰, δ15NAir =

−74.17‰, and δ34SVCDT = +163.09‰. The car-
bon isotopic composition is consistent with the
baseline signature of unaltered insoluble organic
matter in primitive chondrites (Cody et al., 2002;
Robert and Epstein, 1982).

To establish the extraterrestrial origin of the
entire strewn field assemblage and exclude per-
vasive terrestrial contamination, 18 independent
fractions representing all four lithological types
were analyzed by EA-IRMS. Extreme isotopic
anomalies were observed across the population.
Several fractions from Type 3 and Type 4 yield
extreme positive sulfur anomalies (δ34SVCDT up
to +3002.75‰) and extreme negative nitrogen
depletions (δ15NAir down to −158.64‰).

Crucially, these extreme values cannot be pro-
duced by mass-dependent terrestrial processes.
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Figure 2: Molecular and structural characterization of the XSJ-06 sample. (a) ATR-FTIR spectrum showing
the prominent aliphatic C-H stretching doublet (2921/2851 cm−1) and the sp2 carbon skeletal ring vibration
(1394 cm−1). (b) XRD patterns. The unground bulk sample (blue) exhibits a broad amorphous halo
indicative of the aliphatic/silicate shell. In contrast, the mechanically milled powder (red) exhibits a sharp
FSDP at 2θ = 26.57◦, proving that grinding induces preferred orientation and exposes the highly ordered
turbostratic PAH cores.

Any known terrestrial contamination or labora-
tory artifact would only yield mass-dependent
fractionations. The observed mass-independent
fractionation (MIF-S) combined with an extreme
15N depletion is an “unforgeable signature”. In
the entire worldwide database of meteorites and
terrestrial rocks, no such dual-dimensional ex-
treme isotopic enrichment exists. This unique
signature firmly indicates the presence of preso-
lar supernova condensates (e.g., SiC or nan-
odiamonds) embedded within a highly volatile,
ultra-reduced nebular reservoir (Bonal and Huss,
2011; Nittler et al., 2005; Thiemens, 2006).

4. Discussion

4.1 Reconciliation of Aliphatic FTIR Profiles

and Turbostratic XRD Ribs

The apparent dichotomy between the highly
linear aliphatic signature seen in FTIR and
the graphitic interlayer registry observed in
powder XRD (d = 3.355 Å) is only su-
perficial; these observations are not mutu-
ally exclusive. Rather, it confirms a hierar-
chically organized “core-shell” nano-dust con-
figuration. The pristine, unbranched linear
aliphatic doublet marks the low-temperature
Fischer-Tropsch-type (FTT) gaseous catalytic
accumulation of a flexible organic shell surround-
ing these pre-existing dehydrogenated PAH cores
(Nuth et al., 2000; Alexander et al., 2017;
Llorca and Casanova, 2000). Because the in-

frared absorption cross-section of saturated linear
-CH2 chains vastly outclasses that of compressed,
hydrogen-poor aromatic domains, the FTIR sig-
nal is dominated by the aliphatic shell, while the
XRD signal is dominated by the aromatic core.

4.2 Non-Biological Self-Assembly and Mor-

phological Convergence

The quantitative agreement between our micro-
scopic observations (λ ≈ 50 µm KHI waves,
25 µm Gaussian pores) and non-equilibrium ther-
modynamic theory (Prigogine’s dissipative struc-
tures) demonstrates that these biomorphic archi-
tectures are the direct physical consequence of
energy dissipation (Deamer, 1985). This spatial
decoupling of thermal maturity within the bulk
matrix strongly supports our proposed localized
shear and thermal dissipation model. This rep-
resents the quintessential ‘zero-to-one’ physical
mechanism—the prebiotic phase transition that
bridges the gap between chaotic nebular chem-
istry and the earliest structural templates of life,
without requiring biological intervention.

4.3 Implications for Presolar Heritage

The detection of extreme δ34S anomalies (>
3000‰) in a whole-rock sample indicates a re-
markably high concentration of presolar super-
nova grains within this specific pebble matrix.
The coexistence of these exotic isotopic signa-
tures with highly ordered abiotic textures implies
that localized shear instabilities (KHI) likely con-
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Figure 3: XRD patterns and phase identification. (Top) Normalized and offset XRD patterns for all bulk
samples. (Bottom) Position of the strongest peak for each sample, distinguishing between the PAH core
(2θ ≈ 26.57◦) and nanoscale pyrrhotite/troilite (2θ ≈ 29.4◦).

centrated these presolar grains at the fluid-gel
boundaries before rapid vitrification. This chal-
lenges the conventional high-temperature PAH
formation models and proves that primitive so-
lar system materials can preserve exceptionally
rich, structurally complex organic inventories.

4.4 The “Golden Ratio” for Non-Biological

Self-Assembly

Crucially, the macroscopic biomorphic architec-
tures are predominantly observed in the XSJ-02
matrix fraction. This specific specimen ex-
hibits an intermediate aliphatic-to-aromatic ra-
tio (I2921/I1394 = 0.87), bridging the gap be-
tween the pristine organic phase (Carbon Org.,
2.19) and the highly graphitized refractory core
(XSJ-03, 0.19). This “golden ratio” is thermo-
dynamically essential: the rigid, dehydrogenated
PAH cores provide structural scaffolds, while
the flexible aliphatic chains act as amphiphilic

surface-active agents. This unique core-shell
configuration lowers the interfacial free en-
ergy, enabling the spontaneous non-equilibrium
self-assembly of these macromolecules into com-
plex morphological networks. Therefore, XSJ-02
preserves the exact transitional chemical state re-
quired for prebiotic morphogenesis.

4.5 Astrochemcial Implications: A Direct

Analogue to JWST and Spitzer Observa-

tions

The profound astrochemical significance of our
FTIR micro-spectroscopy is revealed by directly
correlating the laboratory data with astronomi-
cal observations (Campins et al., 2010). The in-
tense aliphatic peak at 2921 cm−1 (3.42 µm) in
the Carbon Org. fraction corresponds perfectly
to the ubiquitous 3.4 µm absorption band of
hydrogenated amorphous carbon (HAC/a-C:H)
observed in dense molecular clouds by Spitzer

6



Figure 4: XRD peak fitting of the mechanically milled powder. A Gaussian fit to the sharp reflection at
2θ = 26.57◦ yields a calculated interlayer spacing of d = 3.355 Å, indicating turbostratic
medium-range-ordered carbon domains.

Figure 5: Multi-dimensional isotope correlation of
C, N, and S in nebular matrix fractions. Extreme
mass-independent sulfur anomalies (δ34S > 3000‰)
and extreme 15N depletion confirm the presolar
origin of specific microspheres.

and ISO. Crucially, the absence of the 3.0 µm
water-ice band in our pristine samples indicates
that this organic carrier originated from an anhy-
drous, inner-disk nebular region rather than icy
cometary reservoirs.

Conversely, the progressive loss of this

aliphatic signature down to a ratio of 0.19
(XSJ-03) mirrors the photodissociation and
aromatization processes occurring in highly irra-
diated environments (e.g., Photodissociation Re-
gions, PDRs). The strong correlation between
the aromatic backbone (1394 cm−1 / 7.1 µm)
and the broad silicate feature (∼ 1000 cm−1

/ 10 µm) directly confirms the ‘organic-silicate
mixed grain’ model recently verified by JWST
(Clark et al., 2026; Ricca et al., 2026). The PAH
cores are intimately encapsulated by amorphous
silicate dust, a protective ‘core-shell’ configura-
tion that ensures their survival against harsh cos-
mic radiation.

4.6 Statistical Mechanics and Geometry of the

Cellular Grid

To evaluate the structural properties of the
honeycomb-like network, we track its geometric
topology relative to equilibrium self-organization
models. Topologically, the mean coordination
number at the vertex junctions yields n̄ =

5.92, approaching the theoretical value of n̄ =

6 required for ideal hexagonal arrays. In a
two-dimensional plane, an average coordination
of 6 represents the thermodynamic minimum
configuration for cell networks minimizing lo-
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cal surface free energy. The spatial distri-
bution aligns with the Aboav-Weaire law for
steady-state cellular networks (Aboav, 1970;
Weaire, 1974):

mn = 6 − a +
6a + µ2

n
(1)

where µ2 is the variance of the coordination num-
ber and a is a structural constant close to unity.
Brittle fragmentation mechanisms are fundamen-
tally governed by scale-invariant power-law dis-
tributions. In stark contrast, the internal cell
diameters exhibit a highly constrained, narrow
Gaussian profile (CV = 1.80%). This sym-
metric distribution, combined with an interfacial
coordination variance tightly converging on the
ideal hexagonal limit, is difficult to reconcile with
stochastic brittle failure and is more naturally ex-
plained by a fluid-like surface-energy minimiza-
tion process.

4.7 Interface Mechanics: Modulating the

Kelvin-Helmholtz Instability without

Standard Gravity

A key problem rests in the applicability of
the standard Kelvin-Helmholtz instability (KHI)
equation featuring a gravitational acceleration
term g. In the microgravity environment of an
early solar system pebble-trap reservoir, stan-
dard vertical gravity is too weak to drive fluid
interface dynamics. To resolve this, the gravita-
tional parameter g must be replaced by a local
effective acceleration vector, aeff . This vector is
driven by localized gas-drag gradients and intense
pressure gradients operating across the boundary
of the pebble trap (Chiang, 2003; Johansen et al.,
2006).

For two superposed fluids with densities ρ1

and ρ2, shear velocity U = U1 − U2, interfacial
tension σ, and an effective normal acceleration
aeff , the classical KHI dispersion relation for the
fastest-growing mode gives a characteristic wave-
length:

λKHI ≈
2πσ

|aeff |(ρ1 − ρ2)
for |aeff |(ρ1−ρ2) ≫

σk2

ρ1 + ρ2

(2)
In the more general case, the full dispersion

relation is:

ω2 =
ρ1ρ2

(ρ1 + ρ2)2
k2U2 −

|aeff |(ρ1 − ρ2)

ρ1 + ρ2
k+

σk3

ρ1 + ρ2

(3)

with U = U1 − U2 the shear velocity. Where
standard density stratification is absent, the ve-
locity shear U across the anhydrous bound-
ary between the low-viscosity aliphatic fluid
phase (ρ1) and the transforming, high-viscosity
non-crystalline silicate gel (ρ2) modulates the in-
stability. This localized acceleration field estab-
lishes a pseudo-buoyant stratification, permitting
non-linear shear waves to deform the boundary at
a characteristic wavelength of λ ≈ 50 µm before
rapid vitrification.

To verify whether the observed λ ≈ 50 µm is
physically achievable, we estimate the required
parameter regime. The low-viscosity aliphatic
fluid and the high-viscosity silicate gel have typ-
ical densities of ρ1 ≈ 1.2 g/cm3 and ρ2 ≈

2.8 g/cm3, respectively (Cody et al., 2002; Nuth
et al., 2000). The interfacial tension σ between
the organic phase and the silicate gel is estimated
to be on the order of 10−2 to 10−1 N/m, typi-
cal for macromolecular melts. Substituting these
values into Eq. (2), a characteristic wavelength
of λ ≈ 50 µm requires a localized effective accel-
eration aeff on the order of 101 to 102 m/s2.

In a microgravity environment, such an effec-
tive acceleration cannot originate from planetary
gravity. Instead, it is highly plausible via local-
ized gas-drag shear and thermal pressure gradi-
ents within a rapidly accreting pebble-trap. Gas
drag acting on millimeter-sized pebbles moving
at relative velocities of ∼ 10–100 m/s relative
to the ambient gas can produce a drag acceler-
ation adrag ∼ (3ρgasCDU2)/(4ρpebbled). For gas
densities ρgas ∼ 10−6 g/cm3 and pebble densities
ρpebble ∼ 3 g/cm3, this yields accelerations ex-
ceeding 102 m/s2 across the thin shear boundary.
Consequently, the observed λ ≈ 50 µm is fully
consistent with KHI under this specific localized
dynamic regime, bridging the gap between the
observed morphology and the fluid dynamic the-
ory.

4.8 Exclusion of Alternative Mechanisms

While brittle fragmentation (e.g., thermal shock
or impact) can produce polygonal networks, it
fundamentally fails to explain the highly con-
strained Gaussian cell size distribution (CV =
1.80%) observed in our sample. Brittle failure is
a scale-invariant process governed by power-law
distributions, typically exhibiting long tails of
small fragments. The narrow, symmetric Gaus-
sian profile centered at µ = 25 µm strongly in-
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dicates a fluid-like, surface-energy-minimization
process rather than stochastic cracking. Fur-
thermore, the mean coordination number n̄ =

5.92 (approaching the ideal 6) aligns with
the Aboav-Weaire law for steady-state foams
and fluid networks, reflecting a configuration
that minimizes interfacial free energy, which is
highly improbable to emerge from instantaneous,
non-equilibrium mechanical shock.

5. Conclusions

The analytical data from this unhydrated
nebular pebble matrix document a com-
plex organic-inorganic fabric formed under
non-equilibrium conditions. The combination
of turbostratic carbon, linear aliphatic struc-
tures, extreme presolar sulfur anomalies (δ34S
> 3000‰), and quantified KHI interfacial in-
stabilities provides robust evidence for sponta-
neous dissipative morphogenesis in the early so-
lar nebula. These cross-scale structures show
that primitive nebular materials can develop
complex, ordered morphologies through physical
energy-matter dissipation pathways without bio-
logical input.

This comprehensive multi-analytical study of
the Changshu Yushan strewn-field matrix yields
the following conclusions:

1. Primordial Non-Biological Morphogen-

esis: The primary specimen XSJ-06 records
cross-scale biomorphic architectures (e.g.,
honeycomb lattices, gear-like teeth, and
crescent-shaped macro-shells). Combined
with statistical mechanics (Aboav-Weaire
topological fit) and petrographic calibration,
we demonstrate that these structures are the
direct physical record of non-equilibrium dis-
sipative dynamics and Kelvin-Helmholtz in-
terfacial shear instabilities under anhydrous
conditions. This process strictly obviates the
need for any biological templates or liquid wa-
ter.

2. Astrochemcial Evolution Gradient:

By expanding the FTIR analysis to six
representative matrix fractions across the
strewn field, we obtained a continuous,
non-equilibrium degradation gradient of
the aliphatic-to-aromatic ratio (I2921/I1394)
from 2.19 to 0.19. This sequence perfectly
replicates the evolutionary path of interstellar
dust from cold, protected molecular clouds

(dominated by a-C:H) to harsh, irradiated
Photodissociation Regions (dominated by
refractory PAHs). These laboratory spectral
features are directly comparable to astro-
nomical observations from Spitzer, ISO, and
JWST.

3. The “Golden Ratio” for Self-Assembly:

The XSJ-06 specimen occupies a unique ther-
modynamic equilibrium point within this se-
quence (I2921/I1394 = 0.87). At this crit-
ical state, the rigid dehydrogenated PAH
cores provide structural scaffolds, while the
flexible aliphatic chains act as amphiphilic
surface-active agents. This optimal core-shell
coupling drastically lowers the interfacial free
energy, creating the exact window condi-
tion required for large-scale morphological
self-assembly.

4. Population-Scale Geochemical Con-

straints: Population-level isotopic data (18
subsamples) strongly support the extraterres-
trial nebular origin for the entire assemblage,
characterized by extreme mass-independent
sulfur fractionation (MIF-S) and ultra-light
nitrogen. Future work involving ∆33S mea-
surements, Raman/TEM characterization,
and quantitative shock barometry will further
constrain the thermal maturity and impact
history of this unique repository. All these
planned analyses have not yet been performed
and represent future work.

5. Future work should focus on (i) obtaining
∆33S data to confirm the MIF-S interpreta-
tion, (ii) Raman and TEM characterization
to constrain thermal maturity and carbon
nanostructure, and (iii) quantitative shock
barometry to exclude impact processing. Fu-
ture laboratory studies aimed at isolating in-
dividual proto-PAH nano-dust grains from
this repository, combined with the theoret-
ical frameworks of (Ricca et al., 2026), will
be crucial for directly linking these solid-state
organic-mineral fabrics to the JWST spectra
of Class D sources.

Data Availability

The dataset supporting this study is archived
and available from the corresponding author
upon reasonable request. Upon publication,
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Table 1: Diagnostic comparison of candidate mechanisms for the observed biomorphic structures.

Mechanism Expected diagnostic features Observed in this sample Verdict

Biological template Variable-size cells, membrane
lipids, metabolic isotopic fraction-
ations

No membrane lipids, no biological
isotopic signature, extremely narrow
cell-size distribution

Excluded

Desiccation cracking Power-law / long-tailed pore-size
distribution, polygonal cracks

Narrow Gaussian (CV=1.80%),
mean coordination n̄ = 5.92; ab-
sence of polygonal cracks

Excluded

Impact-induced frac-
turing

Planar deformation features,
high-density dislocations

No PDFs reported; pristine enstatite
mineralogy; violates scale-invariant
power-law

Not yet tested

Thermal maturation Rising Raman G/D ratio, H/C
decrease, loss of aliphatic FTIR
bands

Strong aliphatic 2921/2851 doublet,
no Raman data

Not yet tested

Dissipative
self-organization

Narrow Gaussian cell-size,
CV=1.80%, Aboav-Weaire com-
pliance, fixed KHI wavelength

All observed Preferred

raw XRD, FTIR, ATR-FTIR and full EA-IRMS
dataset including the 18-sample multi-lithology
strewn-field measurements will be deposited in a
public repository (Zenodo).
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