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Opal (5i0,-nH,0) is a common alteration mineral formed at the subsurface of planets
that have experienced liquid water. Occasionally, opals found on Earth exhibit no
discernible trace of biological remnants, but display discrete infrared signature of
organic matter (OM), possibly originating from life (i.e. biosignature). This may sug-
gest another type of interaction between OM and abiotic opal, distinct from silica
fossilisation. To address this, we investigated two samples using pFTIR and AFM-
=Si-0 IR: 35 Myr pink opal from Quincy, France, and 550-1700 Myr black opal from
Volyn, Ukraine. The FTIR results reveal characteristic stretching vibration of aliphatic
(CH, and CH3) in the 2800-3000 cm™~* range in both opals. The AFM-IR spectra high-

light organic signatures at 1450 em~! (CH,), 1620 cm~! (C=C of aromatics) and
1720 cm~! (C=0 of carbonyls). Moreover, the micron-scale IR maps, acquired by AFM-IR, reveal that the organics are clustered
and located in the microporosity. Given these findings, we propose a new hypothesis regarding the occurrence of OM in opal
which we attribute to a two-stage entrapment mechanism during opal formation.
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¥ Introduction

Opal (S5i0,-nH,0) is an amorphous and porous mineral formed
by the aqueous alteration of silicate rocks, through weathering
and hydrothermal processes. Observations on Earth and Mars,
along with fluid-rock alteration experiments, indicate that opal
forms in various geological settings (e.g., alluvial fans and deltas,
hot springs), at different spatial scales (up to several km large out-
crops) and at the expense of silica minerals (Rodgers ef al., 2004;
Chauviré et al., 2017; Lowenstern et al., 2018; Rutledge et al., 2018;
Jones, 2021; Pan et al., 2021). The conditions required for opal for-
mation are characterised by low temperatures (0 to 200 °C) and
near atmospheric pressure. Hence, opal is a ubiquitous indicator
of past fluid—rock interaction at the subsurface of planetary bodies
that have experienced liquid water. On Earth, these environments
are also those that were favourable to the emergence and devel-
opment of prebiotic and biotic chemistry leading to life.

On Earth'’s surface, opal precipitation processes prove to be
able to fossilise and entrap numerous biological remnants, e.g.,
wood, vertebrate skeletons, arthropods, various microfossils as
well as organic matter (OM) (Banerjee and Wenzel, 1999; Bell et al.,
2019; Herrmann et al., 2019; Chauviré et al., 2020; Mustoe, 2023).
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Moreover, opal appears to be able to preserve these biogenic traces
with a high level of chemical preservation over geological time
scale, as demonstrated by some of the most ancient microfossils
found in the 3400-3500 Myr old cherts (originally opal) of the
Pilbara Craton in Australia (Djokic et al, 2017, Alleon et al.,
2018). Furthermore, Alleon et al. (2016) showed that early entomb-
ment of microorganisms in opal significantly limits their molecular
degradation during diagenesis. By preserving these traces, opal
opens windows onto Earth’s biosphere through the ages, enabling
constraints to be placed on various palaeoenvironments and their
evolutionary trajectories. However, among all the entrapped rem-
nants, OM seems to be preserved and/or detected only in very rare
cases (Alleon et al., 2016; Sanchez-Garcia et al., 2020; Teece et al.,
2020; Mustoe, 2023), and when it is found, its biogenicity is often
questioned due to its degraded state (Brasier et al., 2002; van Zuilen
et al., 2002). Nowadays, the limited understanding of the entrap-
ment and preservation mechanisms of OM by silica in nature
therefore prevents a comprehensive interpretation of these poten-
tial earliest life signatures.

Nanospectroscopy has already been proved to efficiently
characterise and map OM inside biominerals (O’Callahan et al.,
2023). This helps better interpret biosignatures inside ancient
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OM-containing rocks (Wang et al., 2022). Here, we utilised
Fourier transform infrared spectroscopy (FTIR) and infrared
nanospectroscopy (AFM-IR) to conduct spatially resolved inves-
tigations of the OM trapped in opal from the macroscale to the
submicrometre scale in order to both reveal the localisation of
OM in the opal matrix and to gather information about its nature
using contamination-free preparation. Moreover, both high res-
olution and non-destructive techniques are employed, which
may prove to be useful for the geochemistry field.

To do this, we selected abiotic opals without any clear
signs of fossilised organisms, but in which biogenic OM was sus-
pected to be entrapped and proved to be widespread in their
close environment: pink opals from Quincy, France, coloured
by quinones (found in 35 Myr-old lacustrine sediments); and
black opal from Volyn, Ukraine, coloured by carbohydrates
(found in 1700 to 550 Myr-old magmatic rocks) (refer to
Supplementary Information). These two opal samples found
in distinct environments are of strategic importance as: 1) the
presence of OM within them indicates a general trend to an
interaction between OM and silica regardless of their environ-
mental conditions (e.g., pH, chemistry of the surrounding rocks)
and without biotic/microorganism actions; 2) their contrasting
ages suggest an entrapment and potential preservation process
occurring throughout geological periods, thus offering a valuable
opportunity for reconstruction of early palaeoenvironments or
the search for traces of life on other planetary bodies, such
as Mars.

! Materials and Methods

For FTIR analysis, we prepared 200 pm doubly polished thick
sections of the samples, using only ultrapure water to avoid
organic contamination. For pFTIR and AFM-IR, a small amount
of the most intensely coloured part of both samples was pow-
dered in an agate mortar. The most coloured grains were then
selected and tightly pressed between two diamond windows
to reduce surface rugosity. The insoluble residue was then
extracted by the HF-HCl method from the remaining powder
for analysis of the organic residue using pFTIR.

FTIR analyses were performed using a Thermo-Nicolet
FTIR 5700 spectrometer coupled to a Thermo-Nicolet
Continuum microscope with a 200 X200 um beam at LPG
(Nantes, France). pFTIR spectra were collected on a Bruker
Vertex 70 coupled with a Hyperion 3000 microscope at IPAG
(Grenoble, France). CHNS elemental analyses were carried
out using a Thermo Finnigan EA1112 at Spectropole
(Marseille, France) on rough, unprepared samples. IR absorp-
tion spectra and maps (3 x 3 pm) were collected using a Bruker
nanoIR3sTM equipped with two independent laser sources
covering different IR ranges: APE (600-2000 cm™) and
FireFly (3800-2700 cm™}) (see Supplementary Information).
This instrument includes an AFM for acquiring topographical
images at IPAG (Grenoble). As AFM-IR maps are not hyper-
spectral maps, additional representative spectra were acquired
for the entire spectral range of the laser source in the various
zones of interest. The most representative FTIR and AFM-IR
spectra were decomposed using OriginPro8 to infer the nature
of the OM in the samples. Additional information on tech-
niques and decomposition parameters are provided in the
Supplementary Information.

! Results

The CHNS elemental analysis revealed the presence of carbon
in both opals. The carbon content of Volyn black opal is
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1.6 £ 0.2 wt. %. In Quincy pink opal, the carbon is above the limit
of detection (Fig. S-4), but the measured content (0.2 wt. %) is
within the instrument’s error (Table S-3).

The FTIR results on opal sections confirmed the presence
of OM, evidenced by a weak but significant signal of aliphatic
C-H bonds in the 2800-3000 cm™ range (Fig. 1) as shoulders
on the large H,O bands (2800-3700 cm™), typical for opal. In
the Quincy pink opal spectra (Qy), the intensity of the pink col-
our correlates with the intensity of four distinct peaks around
2855, 2880, 2930 and 2965 cm™! (Fig. 1, Qy_2 and Qy_3), repre-
senting the stretching vibration of vs(CH,), vs(CH3), vas(CHy),
and v,s(CHj), respectively (Clark et al., 2009). Conversely, the
Volyn black opal spectra (Vo) exhibit mainly two well defined
peaks around 2855 and 2925 cm™!, characteristic of v4(CH,)
and v,s(CH,), respectively (Clark et al., 2009), with CH; contri-
butions limited to shoulders, as shown by spectral decomposi-
tion (Fig. 1f). These signatures are consistently present in all
Volyn sample spectra with a similar intensity, indicating a diffuse
and homogeneous distribution of OM throughout the sample at
the millimetre scale. As the signal-to-noise ratio of all the spectra
decreased due to total absorption of water in the 3050-3700 cm™"
region, any further organic peak component (e.g., aromatic C-H
band), cannot be identified with certainty. The distinct organic
signatures in the two opals, highlighted by the varying band
intensities in their spectra, suggest differences in the nature of
the OM (Fig. 1) and discard contamination. The CH,/CHj ratios
from the decomposition range from 1.9 to 3 for Volyn black opal
and from 0.9 to 1.5 for Quincy pink opal (Table S-1). According
to Lin and Ritz’s (1993) simplified n-alkane model, Quincy opal’s
OM corresponds to chain lengths of 5-8 carbons, while the
Volyn opal’s OM points to chains longer than 10 carbons
(Marshall et al., 2005). However, the absence of other OM peaks
in the spectra (e.g., carbonyl at 1700 cm™~!, aromatic carbon at
1600 cm~! and CH, bending at 1450 cm™?) indicates the limited
sensitivity of FTIR analysis due to the: (1) low quantity of OM in
these samples; (2) the impact on these OM bands by the over-
abundance of silica and water. To overcome this limitation, we
undertook AFM-IR analyses.

We produced maps and combined them for three wave-
numbers: 1100 (Si-O), 1450 (CH,) and 1720 cm™! (C=0)
(Fig. 2). Both opals exhibit a porous structure comprising micro-
metre-sized silica grain aggregates. The band at 1100 cm™! of
silica matrix is heterogeneously distributed and spectra one
(Qy_1 and Vo_1) refers to the silica matrix dominated phase.

Both opals’” AFM-IR spectra reveal the presence of three
weak bands located around 1450, 1620, and 1720 cm™!. These
band positions and their relative intensity are found to correlate
with OM bonds, identified on mature coal by Phan ef al. (2023)
also using AFM-IR, and are present in the insoluble residue
spectra of each sample (Fig. 2). Given that H,O constitutes
the second main component of opals, the 1620 cm~! may also
arise from it. However, the intensity of these three bands evolves
concomitantly and independently from the 1100 cm™ Si-O
band, indicating a decorrelation from the opal structure.

Hence, we propose that all three of these bands are ascrib-
able to OM in the two samples. We ascribe them to the bending
of CH, (1450 cm™), the stretching vibration of C=C of aromatics
(Car, 1620 cm™Y), and the stretching of C=0 of carbonyls (CO,
1720 em™) (Colthup, 1950). The distribution of the 1450 and
1720 cm~! signals in the AFM-IR maps indicates that OM is pri-
marily located between the silica grains in the two opals.

The intensity of these three bands is directly proportional to
the abundance of functional groups in the OM in the samples
(Marshall et al., 2005). Therefore, the CO/C,, band intensity ratio
reflects their relative abundance in OM composition. Spectral

Geochem. Persp. Let. (2025) 35, 42-48 | https://doi.org/10.7185/geochemlet.2522 43


https://www.geochemicalperspectivesletters.org/article2522/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2522/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2522/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2522/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2522/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2522/#Supplementary-Information
https://doi.org/10.7185/geochemlet.2522

Geochemical Perspectives Letters

(a)

Absorbance

(d)

Absorbance

;S

1880 1625 v,o(CHa) vs(CHs) c Bassine == va(CH)
] 2965 v, (CH,) 2580 vo(CH,) © o
, w0 | s .
\ ' AR AT
|
: | ©
8 Qy_2
\ | g !
| | 8 2965 2930
| @ 1
\ 2 2880
| 2855
I
! (A/\M\\M
I
| 0 MW Qy_3
T T T T T T J AR AR
4000 3500 3000 2500 2000 1500 3000 2900 2800 3000 2900 2800
Wavelength (cm™) Wavelength (cm™)
2s(CH,) Baseline == ::.;(CH:)
“S025° () 2oz o
! | vo(CHy)
Vvs(CH,) wi(CHy)

2855 2855

Ao
.

2965,

Absorbance

4000 35I00 30I00 25IOO
Wavelength (cm™)

2000 1500 3000 2900 2800 3000 2900 2800
Wavelength (cm™)

Figure 1 (a, d) Photographs of the samples: (a) Quincy pink opal sample showing a heterogeneous distribution of the pink colour with a
vivid pink layer; (d) Volyn black opal sample comprising magmatic clasts cemented by homogeneous black opal. (b, €) FTIR spectra of the
selected zones in the sample (left) with a focus on the region of vibrations of aliphatic CH bonds (right), for the pink opal (b) and the black
opal (e). (¢, f) Spectral decomposition of the OM signals: (c) Qy_2 and Qy_3 (pink opal), and (f) Vo_1, Vo_2 and Vo_3 (black opal). CO,* band is

linked to atmospheric contamination.

decomposition (Fig. S-3) shows a CO/C,, ratio of 0.5 for the OM in
Quincy opal and 1.2 in Volyn opal, suggesting more CO groups in
Volyn opal and more C,, groups in Quincy opal (Table S-2).

The insoluble residues of the two opals reveal spectral
contributions of OM (Fig. 2). However, the extraction may have
altered the OM, leading to incomplete information. uFTIR spec-
tra of extracted residues (Fig. 2) differ from untreated samples.
Quincy pink opal residue displays a sharp peak at ~1580 cm™!
with a shoulder at ~1600 cm™}, along with weak bands near
1420 and 1750 cm™~'. The Volyn black opal residue shows broad
bands near 1750, 1580, and 1420 cm™!, with shape, position and
intensity closely matching those observed with AFM-IR. Hence,
AFM-IR on bulk untreated sample appears to be more relevant
overall for analysing the signature of OM in opals.

Further AFM-IR analyses were conducted in the organic’s
region between 2800 and 3000 cm™! to supplement the FTIR
analysis. This was only carried out on the Quincy opal sample.
As Si-O does not produce a signal in this region, we compared
the IR maps to an AFM topography image of the investigated
area (Fig. 3). The size of the observed objects on both topography
and AFM-IR maps (Fig. 3b, ¢) is similar to those observed in
Figure 2 and mapped with the Si-O wavelength (1100 cm™?).
Some spectra exhibit two main bands located at approximately
2860 cm~! with a shoulder at 2880 cm™?, and around 2930 cm™!
with a shoulder at 2960 cm™ (Fig. 3c). These positions match
those observed in FTIR and correspond to vibration of CH,
and CH; symmetric and asymmetric modes.

Depending on the spectrum’s location, the relative contri-
butions of the bands vary in intensity, but the asymmetrical
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stretching remains overall more intense than the symmetrical
ones. To study the spatial distribution of OM, a map was pro-
duced by combining the data from two modes of CH, (Fig. 3).

The organic signatures for the symmetric v, (2860 cm™)
and asymmetric v, (2930 cm™Y) stretching of CH, are predomi-
nantly located within the low to medium height regions on the
topographic image, corresponding to pores (Fig. 3b). The map
reveals a bimodal distribution with a periphery of v,s(CHo), indi-
cated by the red corona (2930 cm™Y), and a centre consisting of a
mixture of both vs(CH,) and v,s(CH,), indicated by the bluish-
purple colour (combined 2860 and 2930 cm™). This effect is
attributed to the relative intensity of the signals. When OM is
scarce, the v{(CH,) band becomes too weak to detect, while
the more intense v,s(CH,) band remains visible, leading to a
red shift (Fig. S-3). Consequently, these two modes show the
differences in the distribution of OM in the pores: asymmetric
stretch shows the OM-filled pore edges (thinner OM) and sym-
metric stretch the interior (thicker OM), suggesting a somewhat
OM lenticular morphology. Moreover, this reveals a hetero-
geneous distribution of OM at the submicrometre scale.

! Discussion and Conclusions

OM identification. Our results on two opal samples, one mag-
matic (Volyn black opal) and one sedimentary (Quincy pink
opal), confirm the presence of OM in their structure. FTIR analy-
sis revealed organic signatures through several bands between
2800 and 3000 cm™ characteristics of symmetric and asymmetric
stretching vibrations of CH, and CHj;. The precise AFM-IR
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Figure 2 (a, e) Optical microscope photographs of the Quincy pink opal (a) and Volyn black opal (d) samples. The red square represents the
studied zone. (b, f) 3 x 3 micron-sized AFM topographic maps of the studied zones in the Quincy pink opal (b) and Volyn Black opal (f). (c, g)
3 x 3 micron-sized AFM-IR maps combined for three wavelengths: 1100 (Si-O, green), 1450 (CH,, blue), and 1720 cm~" (C=0, red) for the
Quincy pink opal (c) and the Volyn black opal (g). The labelled white circles indicate the acquired high resolution spectra areas. (d, h)
AFM-IR spectra in the 800-1800 cm~' range for the Quincy pink opal (d) (Qy) and the Volyn black opal (h) (Vo).

analysis of the sample surface at the submicrometre scale pro-
vides access to the potential signature of OM in the region
where, in classic FTIR, the spectra are dominated by the
contribution of the opal matrix (Si-O, H,O). The spectra show
three discreet bands located around 1450 cm™! of the bending
vibration of CH, (overlapping with H,O bending vibration),
1620 cm~! of the stretching vibration of C,,, and 1720 cm™" of
the stretching of CO. Based on spectral decomposition, the
OM in Volyn opal shows more CO groups (CO/C,, of 0.9),
longer, less branched aliphatic structures, and larger n-alkane
chains (>10 carbons) compared to the OM in Quincy opal.
These findings support the hypothesis of Franz et al. (2022)
regarding carbohydrate-type molecules in Volyn opal. In
Quincy opal, the n-alkane chains (5-8 carbons), the CH,/CHj,
ratio, and abundant C, bonds corroborate the polycyclic,
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branched molecules (peri-xanthenoxanthene), thought to cause
its pink colour (Prowse et al., 1991).

OM entrapment. The maps in both samples (Figs. 2 and 3)
show that OM is preferentially located in the micro- to nano-
closed porosity. This spatial distribution suggests that OM was
trapped during the formation and deposition of the opal, rather
than during a later event. This implies a strong geochemical
affinity between OM and silica in solution, which is consistent
with the strong ability of polysilicic acids to bond with OM
through their hydroxyl groups in solution (ller, 1978). These
labile bonds are formed both by the SiOH groups of the polysi-
licic acid in solution and with those on the surface of silica par-
ticles (nanograins and aggregated structures) (ller, 1979).
Moreover, these types of bonds are considered a preliminary
step in the petrifaction process of wood (e.g, templating)
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Figure 3 (a) 3 x 3 micron-sized AFM-IR map combined for two modes of CH,: v (2860, dark blue), v, (2930, red) of the pink opal sample
shown in Figure 2a. (b) 3 x 3 micron topographic map acquired by AFM. (c) AFM-IR spectra acquired in the 2800-3500 cm~' range.

(Leo and Barghoorn, 1976; Mustoe, 2023). The organic mole-
cules composing the cell walls (e.g., lignin, cellulose) are rich
in OH-functional groups that are capable of binding with silicic
acid. Additionally, long-term preservation of OM-silica bonds is
more probable in the amorphous structure of opal, where nano-
porosity is often large and Si-OH terminations are abundant,
than in cryptocrystalline quartz (chalcedony), where Si-O-Si
bonds dominate the structure.

The infrared signatures of the OM acquired in situ in the
black Volyn opal and in the insoluble residue are quite similar.
This may suggest either that the organic molecules trapped in
Volyn opal were dominated by insoluble molecules, which have
been preserved over time, or that the long residence time of this
opal did not protect against soluble OM alteration by geologic
fluids. By contrast, the infrared signatures of the OM acquired
in situ in the Quincy pink opal and in the insoluble residue differ
significantly. This indicates that the OM at Quincy is mainly
soluble and has been protected by the silica matrix over the
35 Ma.

These results and interpretations, although based on a
limited amount of pioneer data and hence possibly somehow
conjectural, lead us to propose a mechanism of OM incorpora-
tion during opal formation feasibly involving two combining
steps (Fig. 4): 1) The precipitation of silica into opal may act as
a segregator of OM in fluids by hydrogen bonding, the surface
of dispersed silica nanograins in fluids providing an abundant
source of -OH to which OM can bond; 2) The mechanical dep-
osition of these nanograins covered by OM may act as a local
accumulator of OM.

Finally, the ability of opal to preserve OM over a long
period of time on Earth, as shown by the estimated age of the
Volyn black opal (550 to 1700 Myr), makes it a promising mineral
phase for the search for ancient biosignatures on other rocky
bodies, such as Mars.
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