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Abstract

Opals are commonly associated with gemstones and mineral deposits;
however, organic soil-based opals represent a relatively underexplored class of
siliceous materials formed through interactions between organic matter,
biological activity, and soil geochemistry. This review aims to synthesize
current knowledge on the formation, separation, and characterization of organic
soil-based opals, with particular emphasis on their emerging relevance in
forensic science. A critical evaluation of peer-reviewed literature was
conducted, focusing on biogenic and abiogenic opal formation, organic—silica
interactions in soils, reported separation strategies, and spectroscopic
characterization techniques. The reviewed studies indicate that organic matter,
microbial mediation, and environmental conditions have a strong influence on
opal morphology, composition, and preservation. Meanwhile, analytical
approaches such as FTIR, Raman spectroscopy, and X-ray diffraction enable
the reliable identification and classification of opals. These characteristics
suggest that organic soil-based opals have significant potential as trace
indicators for forensic soil discrimination, provenance analysis, and the
interpretation of burial environments, warranting further systematic
investigation.
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1.Introduction

have been extensively investigated within
gemological and mineralogical contexts [1].

Opals are non-crystalline, hydrated forms of silica
that form predominantly under low-temperature
and near-surface geochemical conditions rather
than  through crystalline ~ mineralization.
Historically, opals have been valued primarily as
gemstones, with documented use dating back to
ancient civilizations and large-scale
commercialization beginning in Australia during
the late nineteenth century. Their optical
properties, including color variation arising from
light interaction with internal silica structures,
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Beyond their ornamental significance, opals also
occur naturally in soils and sediments, where their
formation is closely linked to environmental and
geochemical processes.

Organic soil-based opals represent a distinct and
comparatively underexplored class of siliceous
materials. Unlike purely geological opals, these
soil-derived opals form through interactions
among silica, organic matter, and biological
activity within the soil environment. Biogenic
sources, including diatoms, siliceous sponges, and
higher plants, contribute substantially to soil silica
through the production of phytoliths, microscopic
silica bodies synthesized within plant tissues.
Following plant senescence and decomposition,
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phytoliths accumulate in soils and participate in
the terrestrial silica cycle [2]. In contrast,
abiogenic soil opals form through inorganic
precipitation of dissolved silica from soil solutions
under specific physicochemical conditions such as
variations in pH, temperature, and silica
saturation.

The presence of organic matter strongly influences
silica mobilization and precipitation in soils.
Decomposition  processes  release  organic
compounds that enhance mineral weathering and
promote the availability of monosilicic acid, a key
precursor in opal formation [3]. As a result,
organic soil-based opals often display porous
microtextures, variable hydration states, and trace
elemental compositions that differ from those of
purely geological opals [4], [5]. These
characteristics reflect the combined effects of
biological inputs, organic interactions, and local
environmental conditions during opal genesis.

In recent years, interest in organic soil-based opals
has expanded beyond geochemistry and soil
science into applied disciplines, particularly
forensic science. Soil is widely recognized as
valuable trace evidence due to its heterogeneous
composition and high transfer potential between
locations, objects, and individuals. The
microstructural features, elemental composition,
and biological signatures preserved within soil
opals and phytoliths offer opportunities for
forensic ~ soil  discrimination,  geographic
provenance analysis, and interpretation of burial
environments. Despite this potential, existing
knowledge on organic soil-based opals remains
fragmented across disciplines, and their forensic
relevance has yet to be systematically synthesized.
This review aims to consolidate current
understanding of organic soil-based opals, with
emphasis on their formation, separation strategies,
spectroscopic  characterization, and emerging
applications in forensic soil analysis.

2. Forensic Applications of Organic Soil-Based
Opals

2.1 Soils as Trace Evidence

Soil serves as a crucial form of trace evidence in
forensic investigations due to its widespread
occurrence and high transfer potential between
surfaces, people, and locations. Its heterogeneous
composition comprising minerals, organic matter,
microorganisms, and anthropogenic particles,
makes it ideal for detailed comparative analysis.

Among these components, organic soil opals can
adhere to footwear, clothing, or vehicles, thereby
establishing a tangible link between a suspect or
object and a specific crime scene. Their
composition, shaped by local vegetation and soil
chemistry, enhances their distinctiveness as trace
indicators. Morphological studies of opal
phytoliths, the microscopic silica structures found
in plants, have been effectively used to distinguish
soil samples from different regions, reinforcing
their forensic utility [6], [7].

Modern analytical technologies have strengthened
soil comparison methods in forensic contexts.
Techniques such as Fourier-transform infrared
spectroscopy (FTIR) and Raman spectroscopy
provide non-destructive ways to identify the
molecular composition of soil, enabling the
detection of characteristic minerals and organic
compounds [8]. In addition, scanning electron
microscopy combined with energy-dispersive X-
ray spectroscopy (SEM-EDX) allows for detailed
imaging and elemental profiling, helping to
identify distinct soil attributes [9]. Collectively,
these methods enhance the ability to correlate soil
recovered from suspects or objects with that from
crime scenes, improving evidentiary reliability.

2.2 Differentiating Geographic Origins in Criminal
Investigations

Soil  composition naturally varies across
geographic regions due to differing climatic,
biological, and geological influences. Organic soil
opals, formed through silica-organic matter
interactions, reflect these local conditions and can
thus be used to distinguish between soils from
various areas. This differentiation becomes critical
in forensic investigations when associating or
disassociating suspects with particular
environments. Advanced techniques, including
scanning  electron microscopy and X-ray
diffraction, enable detailed examination of soil
microstructures, supporting more accurate
geographic sourcing [9].

Integrating geospatial analysis further strengthens
this approach. The use of Geographic Information
Systems (GIS) allows for spatial mapping of soil
attributes, visually representing potential source
regions for questioned samples [10]. This
combination of analytical and spatial data narrows
investigative focus, improving the precision of
search operations. Additionally, the study of soil
microbiomes, which is the distinct microbial
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populations within soils, provides another level of
discrimination, as microbial signatures often
correspond to specific ecological environments

[11].

2.3 Microstructural Analysis for Crime Scene
Reconstruction

The microstructural characteristics of organic soil
opals also contribute to the reconstruction of
crime scenes. These opals exhibit morphologies
and elemental compositions that can be analyzed
to establish connections between evidence and
environment. Identifying opaline particles or
microstructures on a suspect’s belongings can
directly suggest contact with a particular soil type
or location. Spectroscopic tools such as FTIR and
Raman spectroscopy are valuable for identifying
these microstructural markers with precision [8].
Moreover, hyperspectral imaging has recently
enhanced forensic soil analysis. By capturing data
across numerous spectral bands, it can detect
subtle compositional variations and specific
mineral or organic signatures [12]. These insights
enable investigators to trace movement patterns or
reconstruct events based on soil evidence,
reinforcing links between suspects and crime
scenes.

2.4 Organic Soil Opals in Taphonomy and Burial
Environments

Taphonomic studies, which explore post-mortem
changes in biological remains, increasingly
employ organic soil opals to interpret burial
environments [13]. The formation and
transformation of opals in soils are affected by
decomposition processes, microbial activity, and
geochemical conditions. Assessing these opals at
burial sites can reveal soil pH, moisture content,
and decomposition dynamics, providing crucial
information about post-mortem intervals and
burial durations [14]. Such analyses also assist in
reconstructing burial scenarios and understanding
environmental influences on body decomposition
[15].

The study of necrosols, which are soils modified
by the presence of decomposing remains, has
offered insights into the chemical and
mineralogical changes resulting from burial [16].
Furthermore, forensic geology highlights the
significance of analyzing earth materials,
including mineral fragments within soils, for
locating clandestine graves [17]. The integration
of geological, chemical, and biological soil

analyses demonstrates the essential role of soil
science in understanding post-mortem processes
and enhancing forensic detection methods.

3. Reported Approaches for the Extraction of
Organic Soil Opals

The extraction of opals from organic soil matrices
requires precise chemical treatment to isolate and
preserve their delicate silica structures. Although
direct studies focusing exclusively on opal
extraction from organic soils are limited,
comparable methods reported in geochemical and
mineralogical research provide relevant insights.

3.1 Application of Acetone in Organic Component
Removal

Acetone, a widely used organic solvent, is
effective in dissolving humic and other organic
components within soil matrices. Its application
assists in exposing mineral constituents, including
opals, by removing interfering organic residues
before microscopic or spectroscopic analysis [18],
[19].

3.2 Epoxy Resin for Sample Stabilization

Epoxy resin embedding is a standard geological
practice that stabilizes fragile samples during
sectioning and 1imaging. This method is
particularly  valuable for preserving the
microstructural integrity of opals, enabling
detailed  petrographic ~and  microanalytical
examination without deformation or fracture [20].

3.3 Sugar and Sulfuric Acid in Silica Extraction

The combination of sugar and sulfuric acid has
been explored in metallurgical extraction
processes, primarily for metal recovery, where
sugar functions as a reducing agent and sulfuric
acid aids leaching. While this procedure has not
been specifically applied to silica or opal
extraction, its underlying chemical principles
could offer a theoretical basis for developing
alternative extraction strategies. However, such
approaches remain speculative and require
empirical validation before adaptation to opal
recovery methods.

3.4 Cerium Oxide in Polishing Applications

Cerium oxide is a well-established abrasive used
in glass and silica surface finishing. Although it
has not been directly employed for extracting
opals from soils, its fine polishing characteristics
could assist in post-extraction refinement to
remove surface residues and improve the visibility
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of opaline structures [21]. Given the absence of
direct documentation, its use in opal extraction
remains hypothetical.

3.5 Zinc Bromide in Density Separation
Techniques

Zinc bromide solutions possess high specific
gravity and are commonly used in density
separation to distinguish particles based on density
variation. This approach enables lighter organic
matter to float while denser mineral phases, such
as opals, settle. The technique has been validated
in sediment and microplastic recovery studies,
suggesting its potential applicability in separating
silica-based materials from complex soil matrices
[22].

Overall, while the discussed reagents and methods
originate from diverse scientific disciplines, their
adaptation for opal extraction warrants cautious
application. Given the fragile, amorphous nature
of opals, method optimization is essential to
prevent physical or chemical damage during
recovery [10].

Collectively, the reviewed extraction approaches
highlight that no single method is universally
optimal for recovering organic soil-based opals.
Chemical treatments such as acetone washing
primarily facilitate the removal of organic
matrices, whereas density separation techniques
aid in isolating silica-rich fractions from complex
soil assemblages. Stabilization methods, including
resin embedding, support subsequent
microstructural and spectroscopic analyses rather
than direct extraction. From a forensic
perspective, the choice of extraction strategy is
critical, as excessive chemical or mechanical
treatment may alter surface features, hydration
states, or trace elemental signatures that are
essential for soil discrimination and provenance
analysis. Consequently, extraction protocols must
balance recovery efficiency with the preservation
of diagnostically relevant characteristics.

4. Spectroscopic Characterization of Organic
Soil-Based Opals

Organic soil opals, composed primarily of
amorphous silica, present distinct analytical
challenges due to their hybrid biological and
geological origins. Spectroscopic and diffraction-
based techniques such as Fourier Transform
Infrared (FTIR) spectroscopy, Raman
spectroscopy, and X-Ray Diffraction (XRD) are

instrumental in revealing their structural,
chemical, and phase characteristics.

4.1 Fourier Transform Infrared (FTIR)

Spectroscopy

FTIR spectroscopy is essential for detecting
molecular vibrations within the silica framework.
Characteristic absorption peaks near 470 cm™,
790 cm™, and 1100 cm™ correspond to Si—O-Si
stretching and bending vibrations, providing
insight into the opal’s bonding configuration [23].

4.2 Raman Spectroscopy

Raman spectroscopy complements FTIR by
examining lattice vibrations and short-range
structural ordering. Distinct Raman bands near
350 cm™ indicate the presence of tridymite-like
units in microcrystalline opals [24], [25]. Shifts in
band position and intensity serve as indicators of
opal phase transitions and the relative abundance
of silica polymorphs [26].

4.3 X-Ray Diffraction (XRD)

XRD analysis differentiates between amorphous
and crystalline opal forms. Patterns corresponding
to opal-A (amorphous), opal-CT (paracrystalline),
and opal-C (crystalline) reveal formation
conditions and structural evolution. The opal-CT
phase often exhibits cristobalite—tridymite
intergrowths, indicating partial ordering and
diagenetic transformation [23].

4.4 Integrated Spectroscopic Approach

Combining FTIR, Raman, and XRD analyses
provides a comprehensive framework for
understanding opal composition and genesis.
FTIR and Raman spectroscopy elucidate
molecular bonding and hydration features, while
XRD confirms phase identity and structural
arrangement. This integrated spectroscopic
fingerprinting enables accurate classification and
supports the interpretation of opal formation
environments, enhancing their relevance in
environmental and forensic investigations.

S.Applications and Future Perspectives

Organic soil-based opals, particularly phytoliths
and other forms of biogenic silica, are increasingly
recognized as valuable proxies for reconstructing
past climatic conditions. These microscopic
siliceous bodies preserve their morphology and
chemical stability over geological timescales,
serving as reliable indicators of the environmental
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settings in which they formed [27]. Because
phytoliths develop within plant tissues, their
distinct morphologies often reflect the taxa that
produced them, allowing scientists to infer
vegetation composition and, in turn, reconstruct
climate parameters characteristic of ancient
ecosystems [28].

In tropical and subtropical regions, where high
microbial activity and soil acidity limit pollen
preservation, phytolith analysis provides a
dependable alternative for paleoenvironmental
reconstruction. This approach has proven
particularly effective in regions such as the
Amazon Basin and Southeast Asia, where
traditional proxies are scarce [29]. The
morphology and spatial distribution of these opals
are shaped by climatic variables like precipitation,
temperature, and vegetation density-factors crucial
to developing accurate paleoclimatic models [24].
The chemical composition of organic soil opals,
especially the oxygen and silicon isotope ratios,
offers additional insight into ancient hydrological
cycles. Shifts in isotopic values reflect variations
in evaporation and precipitation, contributing to
the reconstruction of long-term climate patterns
[30]. Furthermore, the trace elements embedded
within these opals can indicate volcanic activity,
anthropogenic influence, or nutrient cycling,
enriching multi-proxy reconstructions of past
environments [31].

Looking forward, integrating organic soil opal
data with other proxies such as charcoal, pollen,
and sediment profiles can significantly enhance
the resolution and reliability of paleoclimatic
reconstructions. Advances in  spectroscopic
techniques, including FTIR and Raman analyses,
now allow for non-destructive characterization of
opal structures, preserving spatial and textural
integrity while yielding compositional data [32].

Emerging computational tools, particularly
machine learning approaches, are also being
explored to automate phytolith morphotype
classification and refine climate predictions [33].
As analytical technologies advance and datasets
expand, the contribution of soil opals to
paleoenvironmental reconstruction is expected to
grow substantially. Their durability, abundance,
and capacity to record ecological information
position them as powerful archives for decoding
Earth’s climatic history.

Conclusion

The exploration of organic soil-based opals
highlights their broad interdisciplinary relevance,
linking  forensic science, geochemistry,
environmental studies, and paleoclimatology. This
study comprehensively examined their
classification, extraction, characterization, and
diverse applications, with particular emphasis on
opals embedded within organically enriched soils.
From humic and non-humic deposits to biogenic
and anthropogenic forms, each variant contributes
uniquely to interpreting soil composition and
historical processes.

The forensic potential of organic soil opals is
especially significant. Their ability to preserve
geochemical and microstructural features allows
them to function as trace evidence, facilitating
geographic differentiation and aiding in crime
scene reconstruction. Through spectroscopic
fingerprinting, these microscopic silica structures
can be distinctly identified and correlated, creating
new opportunities for linking individuals or
objects to specific locations and understanding
post-mortem burial contexts.

Advancements in extraction and analytical
methodologies have further enhanced the
scientific value of these materials. The combined
use of selective chemical agents and spectroscopic
techniques such as FTIR and SEM-EDS provides
a reliable framework for isolating, examining, and
interpreting these siliceous particles across various
research domains.

In paleoclimatic studies, soil-derived phytoliths
and opaline silica serve as durable proxies for
reconstructing ~ vegetation  history, climatic
fluctuations, and ecosystem transitions over long
timescales. Their morphology and composition
encapsulate subtle environmental signatures,
offering critical insights into the evolution of
terrestrial ecosystems and climate patterns.

Ultimately, organic soil-based opals embody the
intersection of natural processes and human
investigation. As analytical technologies and
interdisciplinary research continue to progress,
these microscopic entities are poised to play
increasingly  significant roles in forensic,
environmental, archaeological, and geological
sciences. Continued research aimed at refining
extraction and identification protocols will expand
their evidentiary and reconstructive potential,
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strengthening their position as key tools in modern
scientific inquiry.

Future research should focus on developing

standardized extraction protocols,

integrating

machine learning—based classification of phytolith

morphotypes, and

establishing  geochemical

fingerprinting databases to enhance the reliability
and routine forensic application of organic soil-
based opals.
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