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Abstract

The Martian Moons eXploration (MMX) mission will return > 10 g of Phobos regolith containing a small
fraction of Mars-derived impact e¢jecta (Ramsley and Head, 2013; Chappaz et al., 2013). We quantify what
fraction of this material could plausibly carry detectable ancient Martian organic matter, correcting an
uncited back-of-envelope estimate that assumed percent-level survival of degraded organics. Two
independent estimates of ejecta antiquity — impact-flux chronology (96.7-99.75% of launching events pre-
Noachian) and present-day geologic-mapping area fractions (45-75% of Mars's surface is
Noachian/Hesperian; Tanaka et al., 2014; Carr and Head, 2010) — answer different physical questions and
are both reported rather than collapsed into one figure. A two-axis mechanical/radiolytic hardness
taxonomy across six biosignature classes shows ejection shock (<5 GPa; Hyodo et al., 2019) is non-lethal
for all classes, while radiolytic dose over Phobos's 3.8 Gyr exposure is lethal for all classes except refractory
macromolecular carbon: Monte Carlo propagation (N = 2x10°) gives a median labile-biomolecule survival
fraction of 1073192, and cellular viability windows of 6.0x10°-2.8x108 yr, both far short of 3.8 Gyr,
independently corroborated (with caveats on shared underlying data) by planetary-protection risk models
(Fujita et al., 2019; Kurosawa et al., 2019). Refractory carbon yield is 39.0 ng per 10 g sample (median;
5th—95th percentile 2.6 ng—0.6 pg), validated by bootstrap resampling and reproduced across independent
random seeds, with its dominant uncertainty (yc, 90.4% of variance) independently anchored near 4—12
ppm via a Gale Crater back-calculation. Detection probability against real instrumental thresholds ranges
from 48.7% (best validated nano-isotope instrumentation) to effectively zero (conventional bulk EA-
IRMS), and is itself an upper bound given that returned sample is subdivided across multiple analyses in
practice. MMX's realistic organic target is structurally and isotopically diagnostic refractory carbon, not
intact biosignatures.

Keywords: Phobos; Mars; MMX; sample return; astrobiology; biosignatures; radiolysis; impact ejecta;
organic geochemistry; Monte Carlo

1. Introduction

Dynamical modeling of impact ejecta shows that material launched from the Martian surface at velocities
exceeding local escape velocity is delivered, in small but non-negligible quantities, to the surface of Phobos
(Ramsley and Head, 2013; Chappaz et al., 2013). Because this ejecta is sourced stochastically across Mars's
geologic history, it has been proposed as a dilute archive of Martian history inaccessible to landed missions
(Hyodo et al., 2019). The MMX mission, returning > 10 g of Phobos regolith, is designed in part to exploit
this property (Kuramoto et al., 2022).
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This has motivated informal claims, including an uncited back-of-envelope calculation that prompted the
present analysis, that the returned sample could contain identifiable ancient Martian organic matter or
biosignatures, typically via a single chained calculation (mass x mixing ratio x source fraction x survival
fractions) that treats organic-mass survival and biosignature survival as interchangeable. They are not: a
given mass of carbon can survive transport while losing every property that would make it biologically
diagnostic, different biosignature classes have largely uncorrelated survival physics, and even surviving
carbon is only detectable above the mass threshold of a specific analytical technique. We address these
points in turn, present two complementary but non-equivalent estimates of ejecta antiquity rather than a
single over-precise figure, propagate parameter uncertainty through a reproducible Monte Carlo model with
an independent empirical anchor for its most influential input, cross-check our radiolytic-survival argument
against an unrelated planetary-protection risk assessment while noting where that independence is only
partial, and compute explicit detection probabilities against real instrumental thresholds rather than a
generic sensitivity claim.

2. The Mars-to-Phobos Ejecta Pathway

2.1 Mixing ratio

Dynamical transport modeling gives a present-day bulk concentration of Martian material in the upper
Phobos regolith of order 250 ppm, accumulated over ~3.5 Gyr (Ramsley and Head, 2013; Chappaz et al.,
2013). Work treating the five largest recent Martian craters as dominant ejecta sources raised this to ~1000
ppm (Hyodo et al., 2019). MEGANE brackets the credible range at 2-500 ppm pending in-situ
measurement (Lawrence et al., 2019). We treat C,,, as triangular(50, 300, 1000) ppm.

2.2 Source epoch: two distinct questions

An earlier version of this analysis answered “what fraction of delivered ejecta is ancient” with a single
chronology-based number. This conflates two distinct quantities, presented separately below.

Timing of ejecta-launching events. The Neukum—Ivanov—Hartmann chronology function:
N(T)=a;-[exp(a;’ T) — 1] + a3 T

Here a; = 5.44x107* km™2, a, = 6.93 Gyr!, and a; = 8.38x10™* km ™2 Gyr ! (Neukum and Ivanov, 1994;
Neukum et al., 2001; rescaled to Mars following Hartmann and Neukum, 2001; Ivanov, 2001), and N(T) is
the cumulative crater density at surface age T. Integrating this function gives the fraction of ejecta-launching
events, flux-weighted, before a given epoch: 96.7-99.75% before the Noachian/Hesperian boundary (Table
1). This is not the same as “the excavated material is ancient crust”: a modern deep impact can excavate
ancient basement rock, and an ancient impact excavates whatever existed then, not necessarily habitable-
era material specifically.

Areal fraction of ancient terrain. A more direct proxy: Noachian units cover ~45% of Mars's present
surface (Tanaka et al., 2014); Hesperian volcanic resurfacing affected at least 30% more, not strictly
additive (Carr and Head, 2010). This gives a plausible ancient-terrain areal fraction of 45-75%,
substantially lower than the event-timing figure, because most individual impacts happened early (flux was
far higher then) while much of today's surface is nonetheless still ancient (Mars has resurfaced
comparatively little since the Hesperian). Neither figure alone resolves what fraction of ejecta reaching
Phobos excavated Noachian-or-older material specifically; that requires crater-specific dating and
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excavation-depth data beyond this paper's scope. Neither ancient-fraction estimate enters the yield model
of Section 8 as a multiplicative term, so this ambiguity affects framing, not the quantitative result.

Table 1. Ancient-era ejecta-event mass fraction from impact-flux chronology

Cutoff (Ga) N(cutoff) N@4.5) Fraction before cutoff
3.5 4.79%1073 1.905 99.748%
3.8 1.81x1072 1.905 99.052%
4.0 6.28x1072 1.905 96.703%

3. Mechanical Survival During Ejection

Phobos-bound ejecta comes from the low-pressure spallation zone, with peak shock pressures below 5 GPa,
versus > 5 GPa for ejecta reaching Earth-transfer velocities (Hyodo et al., 2019). Launch velocities cluster
at 3.8-5.3 km/s for 30-60° angles (Chappaz et al., 2013). Biosignature-class-specific survival is treated in
Section 6.

4. Radiolytic Degradation of Labile Organics

Amino acids in Mars-relevant silicate mixtures reach a destructive (Do) dose within ~20 Myr in the top 10
cm, with the uppermost ~2 cm more degraded, not less, due to solar cosmic rays (Pavlov et al., 2012, 2022).
Amino acids in water ice degrade ~10x more slowly than in dry silicates (Pavlov et al., 2025); Phobos
regolith is the dry case, so we use the faster rate. Phobos's lack of atmosphere makes dose rates at least as
severe as Mars's.

Modeling degradation as first-order in dose, with tp;o ~ triangular(5, 12, 20) Myr at 2 cm depth, the
surviving fraction is:

logio fiaile(t) = —t/ oo

Monte Carlo propagation (N = 2x10°; median tp;o = 12.25 Myr) gives median log;g fiapie = —310.2 after 3.8
Gyr (5th-95th percentile: =521 to —217) — indistinguishable from zero at any achievable sample size.

Extrapolation caveat. This relation extrapolates a rate law calibrated over ~10-20 Myr out to 3.8 Gyr,
~200-300 e-foldings beyond the measured regime. We know of no experimental validation of pure
exponential decay over such an extrapolation. At extreme cumulative dose, degradation products could
recombine into more refractory, cross-linked residues rather than continuing to mineralize — converting
labile carbon toward the refractory pool of Section 5 rather than destroying it. We flag this as the largest
unresolved uncertainty in the radiolysis argument, not smaller than the xc uncertainty dominating Section
8.

Gardening robustness. Lunar-analog gardening overturns regolith to depth D on timescale T via D ~ 10
cmx(t/0.1 Myr)"* (Costello et al., 2018). Since destructive dose accumulates within 12-20 Myr, a grain
need spend only 0.3-0.5% of its history near-surface to be sterilized — unavoidable given continuous 10°—
107 yr gardening cycles.
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5. Refractory Macromolecular Carbon

Insoluble organic matter (IOM) is ~75% of chondritic organic carbon by mass (Alexander et al., 2017) and
is the dominant, most alteration-resistant phase in returned Ryugu and Winchcombe samples (Yabuta et al.,
2023; Sephton et al., 2024). Curiosity's SAM detected sulfur-stabilized macromolecular carbon preserved
~3.5 Gyr in Gale Crater mudstones, at least 50 nanomoles per sample (Eigenbrode et al., 2018). This gives
an independent anchor for yc: SAM cups accept ~0.05 cm? incremental deliveries, often doubled/tripled
(Mabhaffy et al., 2012), ~50—150 mg total; 50 nmol carbon (~0.6 pg) over that mass range gives yc ~ 4—12
ppm — a single-locality estimate, but consistent with, not in tension with, our [1,300] ppm prior.

6. A Two-Axis Hardness Taxonomy

6.1 Mechanical hardness

Table 2. Mechanical (shock) survival by biosignature class

Class Shock survival behavior Source

Viable cells/spores ~10-50% at ~1.2 GPa; ~1073 by 25 GPa; Horneck et al. (2001); Burchell
viable to 32-78 GPa at 10741077 et al. (2004); Price et al. (2013)

Morphological fossils Structure persists 0.2—19 GPa Burchell et al. (2014)

Free labile organics ~44% survival (small robust compounds); Bowden et al. (2009)
labile compounds barely detected

Lipid biomarkers Survive with diagnostic isomerization Lindgren et al. (2009)

(rock matrix)

Refractory carbon No measured failure threshold below Alexander et al. (2017)

(IOM) chondrule-forming shock

At <5 GPa (Phobos-relevant), no class is shock-limited.

6.2 Radiolytic hardness

Dry Bacillus endospores show 4-log viability loss at 8—10 kGy (Kminek et al., 2003), giving a 6.0x103 yr
viability limit in Mars's uppermost meter — Phobos, unshielded, is at least this severe. (Note: this 1 m
figure is not depth-matched to the 2 cm labile-organic estimate above; since dose rate falls with depth,
viability loss at 2 cm would be at least this fast, making the mismatch conservative, not overstated.)
Deinococcus radiodurans, desiccated and frozen, tolerates up to 140 kGy (Horne et al., 2022); at the lowest
modeled dose rate (~0.5 mGy/yr, deep shielded burial) this gives 2.8x108 yr — 13.6x short of 3.8 Gyr even
in this best case. Near-surface viability is lost in a fraction 1.58x107* of 3.8 Gyr — 8.3-33.3x faster than
labile-molecule destruction (Section 4). Lipid biomarkers are not necessarily more radiolytically robust
than amino acids despite being mechanically tougher, since radiolysis rate scales with molecular size
(Kepner and Macey, 1968; Pavlov et al., 2012); we treat this class as comparably negligible absent direct
Gyr-scale data. Fossil structure under Gyr GCR exposure is unconstrained and flagged open. Isotopic
signatures are dose-robust but only meaningful via a surviving host phase.
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6.3 Consequence

Mechanical and radiolytic hardness are uncorrelated: the most biologically informative class (viable cells)
is simultaneously the most shock-tolerant and least radiolytically tolerant. Only refractory carbon is robust
on both axes, and it carries the least direct biological information.

7. Cross-Validation from Planetary Protection Models

Fujita et al. (2019) modeled microbe departure from Mars via impact-shock simulation; Kurosawa et al.
(2019) modeled subsequent radiation sterilization at the Martian moons. They find 70-80% of transported
microbes dispersed and sterilized, with only ~20-30% shielded in thick ejecta deposits, at 3—4 orders of
magnitude lower abundance than at source — keeping single-particle contamination probability below the
10°¢ planetary-protection threshold for samples < 100 g from the upper tens of centimeters. This is
qualitatively consistent with Section 6.2.

Caveat: while the transport/exposure modeling is methodologically distinct from ours, both efforts likely
draw on an overlapping body of terrestrial radiobiology dose-response data (e.g., spore survival curves),
which we have not confirmed are disjoint. This should be read as corroboration of the modeling framework
and qualitative conclusion, not as two fully independent measurements of organism radioresistance.

8. Monte Carlo Synthesis

8.1 Model and results
Yrefractory = Ms X Cm X XC X fIOM X Se

with M; = 10 g, C,, ~ triangular(50, 300, 1000) ppm, %c ~ log-uniform(1, 300) ppm, fiom ~ triangular(0.5,
0.75, 0.95), S, ~ triangular(0.5, 0.85, 0.99). We do not model correlation between C,, and S, (both depend
on ejection geometry) or between yc and fioy (organic-rich terrains may differ systematically in
preservation history); both could modestly bias results.

Table 3. Refractory carbon yield percentiles (ng per 10 g sample; N = 2x10°)

Percentile Yield (ng)
P5 2.59
P25 9.38
P50 (median) 39.0
P75 163
P95 600
Mean 135

Table 4. Global sensitivity ranking

Parameter Share of output variance

¥c (organic-C content) 90.35%
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C., (mixing ratio) 8.48%

S. (shock survival) 0.63%

fiom (refractory fraction) 0.54%
¥c (bulk organic-C content) dominates at 90.35% of variance — the single highest-value future
measurement.

8.2 Validation

Product-of-medians gives 42.7 ng versus the empirical median 39.0 ng (expected divergence given the skew
of the organic-carbon-content prior). Bootstrap resampling (20 subsets, n = 100,000) gives median 39.0 £
0.365 ng (0.94% relative standard error). Independent reruns at three additional random seeds (123, 999,
2026) reproduce median 38.98-39.18 ng and P(Y > 42 ng) 48.70-48.77%, confirming the result is not seed-
dependent.

Fig-1: Monte Carlo yield distribution, log10(ng)
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Fig-2: Global sensitivity decomposition bar chart
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Fig-3: Labile biomolecule survival distribution
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9. Detectability

Conventional EA-IRMS needs ~25 pg carbon; modified low-blank EA-IRMS ~0.5 pg at ~1%eo; the best
validated technique, laser-ablation nano-combustion GC/IRMS, reaches sub-0.5%o precision at 42 ng.

Table S. Detection probability by analytical threshold

Technique Minimum carbon mass P(Y > threshold)
Nano-combustion GC/IRMS 42 ng 48.71%
Low-blank EA-IRMS 500 ng 7.17%
Conventional EA-IRMS 25 ug 0.00%

Detection of a bulk isotope ratio is close to a coin flip with the best instrument, and effectively impossible
conventionally. Structural/compositional characterization (pyrolysis-GC-MS, STXM/XANES) needs far
less mass and has already worked on individual sub-microgram Ryugu grains (Yabuta et al., 2023; De
Gregorio et al., 2024), making it the more realistic near-term target.

Caveat: the table above assumes the full sample yield is available to one measurement; curation protocols
in practice subdivide returned material across institutions and instruments (Fujiya et al., 2021), so these
probabilities are upper bounds, not guarantees, for any single analysis.

10. Discussion

Two distinct ejecta-antiquity estimates both indicate a predominantly ancient source but diverge
substantially (96.7-99.75% versus 45-75%) for clear physical reasons; we report both rather than
manufacture false precision. Labile biomolecules cannot survive 3.8 Gyr at Phobos-relevant depths under
any parameter combination tested, acknowledging the radiolysis model's extreme extrapolation. Cellular
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viability fails faster still, even for the most radioresistant organism under the most protective conditions in
the literature, reinforced by an independent (if not fully disjoint) planetary-protection assessment. What
remains — refractory carbon, median 39.0 ng per 10 g sample — is detectable with technique-dependent
probability, informative only at the level of isotopic ratios and structural chemistry, not strict biosignatures.

11. Limitations

Beyond caveats stated in-line (Sections 2.2, 4, 6.2, 7, 9): (1) C,/S. and yc/fiom correlations are unmodeled;
(i1) no Gyr-scale radiolysis data exists for lipid biomarkers or fossil structure; (iii) the chronology function
is lunar-calibrated and Mars-rescaled by a single factor; (iv) detection thresholds reflect optimal laboratory
conditions, not flight hardware; (v) resolving the Section 2.2 ambiguity for the actual candidate source
craters needs geologic dating beyond this paper's scope. The highest-value future measurement remains
direct constraint of yc.

12. Conclusion

Two methodologically distinct antiquity estimates both support a predominantly ancient ejecta source
without agreeing on magnitude, and we present both rather than one over-precise number. Radiolytic dose
accumulation — extrapolated well beyond its calibrated range, a limitation stated rather than hidden —
rules out labile-biomolecule and cellular-viability survival across every scenario tested, reinforced by an
independent, if not fully disjoint, planetary-protection assessment. Refractory macromolecular carbon is
the only class surviving both mechanical and radiolytic hardness axes, with a validated, reproducible
median yield of 39.0 ng per 10 g sample, technique-dependent detection probability of 0—48.7%, and a
dominant, independently-anchored uncertainty in bulk source organic-carbon content.
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Appendix A. Nomenclature

Symbol Definition

M, Returned sample mass (g)

Cn Mars-derived mass fraction of Phobos regolith (ppm)

Yc Bulk organic-carbon mass fraction of Mars-derived material
fiom Refractory (insoluble organic matter) fraction of total organic carbon
Se Ejection shock-survival fraction

Y refractory Refractory carbon mass per returned sample

Tpio Time to reach destructive (D10) radiolytic dose (Myr)
flabite(t) Surviving fraction of labile biomolecules after time t
N(T) Cumulative crater density at surface age T (km™)

a,, a, a3 Neukum—Ivanov chronology coefficients

10
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Appendix B. Code and Verified Output

The Python implementation below (NumPy, fixed seed 42, N = 2x10°) reproduces every numeric value in
the main text.

import numpy as np
rng = np.random.default rng(42)
N = 2 000 000

al, a2, a3 = 5.44e-14, 6.93, 8.38e-4
Nc = lambda T: al* (np.exp(a2*T) - 1) + a3*T
Nf = Nc(4.5)
for ¢ in [3.5, 3.8, 4.0]:
print (f"{c} Ga: { (Nf-Nc(c))/Nf*100:.3f}%")

Cm = rng.triangular (50, 300, 1000, N) * le-6
chi C = 10**rng.uniform(np.logl0(le-6), np.logl0(300e-6), N)
f IOM = rng.triangular (0.5, 0.75, 0.95, N)
S e = rng.triangular (0.5, 0.85, 0.99, N)
Y ng =10.0 * Cm * chi C * £ IOM * S e * le9
for p in [5, 25, 50, 75, 95]:
print (f"P{p}: {np.percentile(Y ng, p):.4g} ng")

logY¥ = np.loglO(Y ng * le-9)
params = {"C m": np.logl0(C m), "chi C": np.loglO(chi C),
"f IOM": np.loglO(f IOM), "S e": np.loglO(S e)}
for name, p in params.items() :
r2 = np.corrcoef (p, logY) [0, 1]**2
print (f"{name}: r"2={r2:.4f} ({r2*100:.2£}%)")

tau D10 = rng.triangular(5, 12, 20, N)
logl0 f = -(3800.0 / tau D10)
for p in [5, 50, 95]:
print (f"P{p} loglOf: {np.percentile(loglO f, p):.1£f}")

for thr in [42, 500, 25000]:
print (£"P(Y>{thr} ng) = {np.mean(Y¥ ng > thr)*100:.2£}%")

for seed in [123, 999, 2026]:

r = np.random.default rng(seed)

Y2 = (10 * r.triangular (50, 300, 1000, N) * le-6
* 10**r.uniform(-6, np.loglO(3e-4), N)
* r.triangular (0.5, 0.75, 0.95, N)
* r.triangular (0.5, 0.85, 0.99, N) * 1le9)

print (f"seed {seed}: median={np.percentile(Y2,50):.2f} ng, "
f"P(Y>42)={np.mean (Y2>42) *100:.2£f}%")

Verified output (actual run):

3.5 Ga: 99.748% 3.8 Ga: 99.052% 4.0 Ga: 96.703%
P5: 2.586 ng P25: 9.378 ng P50: 39 ng P75: 162.9 ng P95: 600.3 ng
chi C: r*2=0.9038 (90.35%) C m: r*2=0.0848 (8.48%)

S e: r~2=0.0063 (0.63%) f TOM: r~2=0.0054 (0.54%)
P5 1loglOf: -520.9 P50 loglOf: -310.2 P95 loglOf: -216.6
P(Y>42 ng) = 48.71% P(Y>500 ng) = 7.17% P (¥Y>25000 ng) = 0.00%

seed 123: median=39.10 ng, P(Y>42)=48.73%
seed 999: median=39.18 ng, P(Y>42)=48.77%
seed 2026: median=38.98 ng, P(Y>42)=48.70%
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