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High-temperature wood
silicification: constraints from fluid
and carbonaceous inclusions in
quartz from Qitai, NW China
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Silicified wood serves as a crucial geological archive, recording significant information about
palaeoenvironment, palaeoecology, palaeontology and diagenetic conditions. However, temperature
and pressure conditions of silicification remain poorly constrained. In this study, we analysed primary
fluid and carbonaceous material inclusions in quartz from silicified wood in the Qitai Silicified Forest,
Xinjiang. Microthermometry and Raman spectroscopic studies reveal the methane-bearing silicification
fluids, with salinities of 12.05-14.87 wt% NaCl equiv., densities ranging from 0.94 to 0.96 g/cm?,
homogenization temperatures in the range of 238-257 °C, and provide the converting temperatures
of 285 + 30 °C for carbonaceous inclusions. Silicification temperatures are constrained to 238-315 °C,
supported by successive silica precipitation. The thermal model analysis of inclusion isochores and
thermobaric gradients, burial history of the Junggar Basin, and the presence of volcanic tuff hosting
silicified wood limit the silicification pressure in the range between 0.1 MPa (surface conditions)

and ~ 50 MPa. These findings provide the first quantitative P-T constraints on wood fossilization,
revisit its thermal limits, and facilitate the study of wood fossil genesis in volcanic environments
globally. Quantifying the P-T thresholds of wood silicification not only renews models of plant fossil
preservation but also provides insights into how forest fossils reflect extreme palaeoenvironments.
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Modification of wooden material in geological processes is represented by five most typical products: (1) organic
matter and other organic degradation compounds; (2) mummified wood retaining its original structurel; (3)
fossil fuel, e.g. coal and petroleum, and even high-grade metamorphic products, such as anthracite and graphite?
(4) amber, the fossil product of tree resin®; and (5) petrified wood, where cells filled with organic matter are
partially replaced by inorganic matter, such as quartz, calcite, apatite, uranium minerals etc*®. Silicification is a
particularly effective preservation process, maintaining detailed cellular structures as well as enhancing wood
strength, weathering and biodegradation resistance®. Silicified wood occurs across diverse geological settings,
including volcaniclastics, sediments, and hot springs, though volcanic environments appear to be notably
significant’~!°. Compared to surface hot spring environment, volcanic settings may offer higher variability in
the conditions of silicification processes, with early silicification potentially happening in the vapor stability field
Of Hzoll.

Wood silicification imprints critical palaeoenvironmental information during fossilization, yet direct
data on its temperature and pressure conditions are scarce, leaving our understanding speculative>'>13. The
physicochemical conditions of wood silicification can be reconstructed through two complementary approaches:
microthermometry of fluid inclusions and Raman thermometer of carbonaceous materials'*~"7. Although fluid
inclusions provide direct constraints on palaeo-mineralizing fluids, their documented occurrences in silicified
wood remain exceptionally rare, with only a single authenticated case reported from Chemnitz, Germany'!. In
the study of Raman thermometry of carbonaceous materials, the term “carbonaceous material” typically refers to
amorphous or partially ordered carbon-bearing materials undergoing an irreversible progressive transformation
toward pure carbon end-member crystalline graphite, a process known as graphitization!®!8. The structural
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evolution of carbonaceous materials during thermal maturation exhibits systematic, temperature-dependent
changes measurable by Raman spectroscopy'®!. While this organic geothermometer has been extensively
calibrated in metamorphic systems, its application to silicified wood has remained conspicuously absent, creating
a critical gap between empirical observations and theoretical models of plant fossil preservation!¢17:20:21,

While silicification of wood is generally considered to take place at relatively low temperatures, the high
maturity of carbonaceous material in Chemnitz silicified wood indicates potential for elevated temperature
silicification under hydrothermal settings®. Experimental simulations of wood silicification have succeeded at
temperatures between 15 and 150 °C”#!1222 Additionally, natural silicification at higher temperatures may
possibly take place, given that thermal modifications of wood were also observed at 150-240 °C under controlled
atmospheres (air, vacuum, inert gases, or water and saturated steam)?*,

This study addresses the first quantitative P-T conditions and chemical compositions obtained by fluid
inclusion and carbonaceous-material thermometry in a mega-quartz of silicified wood in Qitai Silicified Forest
(QSF), Xinjiang, the most prominent fossil forest in Asia®®, redefines the preservation mode of woody plants in
volcanic environments, and elucidates its palaeoecological significance.

Methods

Fluid inclusion microthermometry

The experiments were conducted at the Resources Exploration Laboratory of China University of Geosciences,
Beijing, through a LINKAM MDSG 600 heating-cooling stage equipped with a Zeiss microscope. Liquid
nitrogen and a thermal resistor were used while freezing and heating, respectively, within the temperature range
of - 196 to 600 °C. Fluid inclusions were initially cooled to approximately — 190 °C at a rate of 5 °C/min and was
maintained for 5 min to ensure complete freezing. The heating rate was typically set at 5-10 °C/min during the
initial stages of each heating run, with a reduction to 0.5-1 °C/min near phase transition points. Eventually,
ice-melting temperatures (T ) and homogenization temperatures (T,) of fluid phases in fluid inclusions were
obtained.

Calculation of physicochemical properties of fluid inclusions

Salinities of liquid-vapour two-phase inclusions were obtained using the final melting temperatures of ice?® and
reported as wt% NaCl equiv. Densities and amount-of-substance fractions of all components were calculated
using the BULK program in FLUIDS package?’, whereas homogenization pressures and isochores of individual
fluid inclusions were calculated with the ISOC program.

Raman thermometry of carbonaceous materials

Laser micro-Raman spectroscopic analyses were performed with a HR-Evolution Micro Raman spectrometer at
the Gemmology Experimental Teaching Centre, China University of Geosciences (Beijing). A frequency-doubled
Nd: YAG laser (A = 532 nm) and a grating of 600 gr/mm was used for analysis of the fluid and carbonaceous
material inclusions of quartz. Each spot was analyzed for 30 s (five acquisitions, 6 s each) in the range of 900-
4000 cm™!. The dramatic impact of mechanical polishing on the Raman spectra of carbonaceous materials could
be avoided by testing carbonaceous material inclusions embedded in transparent minerals®®. Background noise
was corrected by subtracting a linear baseline in the spectral range of 1000-1750 cm™ . Characteristic bands
of carbonaceous materials were fitted with pseudo-Voigt function (Gaussian-Lorentzian Sum)!” and the centre
position, intensity (height) and full width at half maximum (FWHM) were determined.

Results

Field observation

The QSF is situated approximately 100 km northeast to the downtown of Qitai County, Xinjiang, China, ~ 30 km
to the town of Jiangjunmiao. It emerges at the eastern Shishugou Formation outcrops along the southern margin
of the Kalamaili Range in the eastern Junggar Basin, Xinjiang, China (Fig. S1)>*%. Silicified wood stumps mainly
support the tops of heavily weathered slopes, with purplish red tuff visible at the root. Notably, no apparent traces
of secondary silicification (i.e., silicified cementation or quartz vein) were found in the surrounding settings of
silicified wood. Some silicified logs lie on the weathered surface along with numerous small fragments (Fig.
la,b).

In some polished silicified trunks, white euhedral quartz grew in clusters along the inner wall of the centre
cavity, while other cavities are filled with large grains of white calcite (Fig. 1¢,d). A colourless and transparent
mega-quartz crystal taken from the druse was used for fluid inclusion and carbonaceous-material thermometry
analysis, which was then polished into a small, doubly parallel, 3.0 mm-thick piece. Other samples for microscopic
observation were taken from the trunks or stumps in the field.

Petrography

In this transverse section, the cellular structure of wood precursor was partially replaced and permineralized
by silica, which is referred to as the silicified wood substrate. It appears brownish and is surrounded by radial
colourless euhedral quartz crystals. This pattern has been reported in other localities and is referred to as
‘pointstone preservation™!-3. The remaining spaces were filled by colourless calcite crystals (Fig. 2a-d). Inside
the pattern, irregularly shaped and brown to black materials portray as either the cell wall of the cellular
framework in the centre, or inclusions in the outer rim quartz, generally appearing in a constant diffuse trend
(Fig. 2¢,d). Some large, euhedral quartz crystals grew from the inner substrate, extending beyond the cellular
boundaries, with only euhedral terminations exposed outside the cell structure. It appears to be a “popcorn”
texture where wood tissue has been “exploded” from expansive crystal growth (Fig. 2e,f). This phenomenon
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Fig. 1. Silicified woods of the QSE. (a) field photograph of a siliceous stump occupying the hilltops; (b) a
silicified log in the nearby palaecochannel; (¢ and d) silicified trunks with quartz druse or calcite in central
cavities.

may be explained by the wood tissue having been partially mineralized, causing the disrupted cells to have well-
preserved morphology. These findings suggest a continuous process of silica precipitation from the substrate
lumina to epitaxial quartz, despite the influence of cell structure. Contrastingly, the large number of intricately
distributed impurities between calcite and the outer surfaces of quartz are indications of significant crystalline
discontinuities, suggesting a post-silicification origin of calcite. Moreover, no signs of recrystallisation, such as
unusual extinction and inclusion distribution, are found in the silica phase®**°.

Microthermometry and chemical compositions of fluid inclusions

Microthermometry analyses were carried out on primary inclusions, without inelastic tensile deformation or
leakage signs (Fig. 3). Only one type of liquid-rich two-phase primary inclusions was identified, with similar
gas-phase ratio accounting for ~ 5-13% of the inclusion volume at room temperature. All of them homogenized
to a liquid phase during microthermometric measurements. The final ice-melting temperatures of the fluid
inclusions vary from — 10.9 to — 8.3 °C, indicating salinities of 12.05-14.87 wt% NaCl equiv. The densities
were estimated based on the salinities and the volume fraction of gaseous phases, ranging from 0.94 to 0.96 g/
cm’. Total homogenization temperatures mainly varied from 238 to 257 °C (n = 15), with a single outlier at 281
°C potentially indicating post-entrapment thermal reequilibration (Table 1)*%. The results of Raman analyses
reveal that the vapor phases of fluid inclusions mainly consist of methane (CH,) and H,O mixture in varying
proportions, with trace amounts of CO, (Fig. 3a, S2-4). The liquid phases are almost entirely H,O (Fig. 3b).
These results indicate that the siliceous fluid at QSF is characterized by a ternary fluid system of CH,-H,0-NaCl.

Raman thermometry of carbonaceous materials

The dark solid flakes in quartz are randomly dispersed as isolated individuals or clusters, with irregular shape
or occasional hexagonal shape with uneven edges (Fig. S5). They show the characteristic bimodal spectra of
carbonaceous materials (Fig. 3c). Raman spectra of the sample (Fig. 3d) are dominated by a G and/or D2 band
(designated as D2 (G) in Text S2) and a prominent D1 band, with a faint D4 shoulder and a very wide D3
band, suggesting a relatively high degree of structural disorder. The calibration of Raman carbonaceous material
geothermometer proposed by Kouketsu et al. (2014)'7 was used, as it is suitable for low temperature (150-400 °C)
metamorphic carbonaceous materials. Calculations yielded temperatures of 285 + 30 °C for the samples (Text
S2, Table 2)¥, indicating that the structure of carbonaceous material inclusions was in the transition stage of
low- to medium-grade metamorphism and started to transform from amorphous carbon to crystalline graphite.

* D2 band is equivalent to G, peak in this case.
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Fig. 2. Micrographs of a transverse section of Qitai silicified wood. Bright interference colors are due to a
larger thickness of the section than the conventional 30 pm. (a and b) The silicified wood substrate (brown),
quartz and calcite crystals (colorless) coexist in the sample. Transmitted and polarized light. (c and d) Quartz-
enclosed wood substrate. Transmitted and polarized light. (e and f) Transition region of the inner silicified
wood substrate, large quartz grains with euhedral terminations and outer calcite. Polarized light. SW =silicified
wood, Cal = calcite, Qtz = quartz, CS=cellular structure.

Discussion
Carbonaceous materials can be formed either by converting organic matter into graphite at increasing
temperatures, or by precipitating from carbon-oxygen-hydrogen (C-O-H) fluids'®*®. The carbonaceous
materials of epigenetic origin typically occurs in vein- or pod- type deposits*. In terms of crystal morphology,
fluid-deposited carbonaceous materials may exhibit high crystallinity and homogeneity under high-temperature
conditions. Alternatively, it may adhere to pre-existing crystalline graphite as amorphous carbon or precipitate
in fluid inclusions as daughter crystals or as amorphous coatings of the inclusion walls**~**. Petrographic
observations in Qitai silicified wood did not reveal such morphology of fluid-deposited carbonaceous materials,
or any textural intergrowth of carbonaceous materials with hydrous phases (Fig. S5), suggesting that graphite
nucleation from fluid was hindered under relatively low-temperature and low-pressure conditions*.

In addition to fluid precipitation, amorphous carbon can also arise from the graphitization of organic
matter'®%, In the specific case of silicified wood, the wood precursors could provide a substantial source of
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Fig. 3. Laser Raman spectra for liquid-vapor fluid inclusions and a carbonaceous-material inclusion from the

quartz of QSE. Spectrum d partially enlarged the first-order region of c.

No. | Size (1m) | Gas content (vol%) | T, (°C) | T, (°C) | Salinity (wt% NaCl equiv.) | Bulk density (g/cm3)
1 20 9 -88 244 12.62 0.94
2 12 7 -85 244 12.28 0.94
3 8 7 -8.6 244 12.39 0.94
4 10 13 -83 238 12.05 0.95
5 25 13 -9.8 248 13.72 0.96
6 13 5 -10.5 249 14.46 0.94
7 22 10 -10.3 249 14.25 0.95
8 37 8 -94 238 13.29 0.94
9 17 7 -8.6 281 12.39 0.94
10 |15 9 -10.9 257 14.87 0.95
11 14 7 -87 246 12.51 0.94
12 |23 10 -95 248 13.40 0.94
13 18 9 -10.1 251 14.04 0.94
14 |28 8 -9.7 249 13.62 0.95
15 |33 5 -10.5 255 14.46 0.94
16 10 13 -83 241 12.05 0.95

Table 1. Summary of microthermometric data and calculated parameters for fluid inclusions in the quartz of
Qitai silicified wood?’.

organic matter. In-situ metamorphism of organic matter commonly yields carbonaceous materials in the form
of dispersed graphite flakes®*, which is consistent with the petrographic observations in this study. Charcoal-like
appearance of wood fossils has been observed at the QSF (Fig. 1b). Furthermore, based on our results of fluid
inclusion microthermometry, the fluid at ~ 250 °C has the ability to induce transformation in carbonaceous
materials'”. Therefore, it is more likely that the low-crystallinity carbonaceous material inclusions in Qitai silicified
wood originated from the thermal conversion of organic matter during heating. The pathway of graphitization
is not accessible to all carbonaceous organic precursors. Hydrogen-rich precursors yield graphitizable carbon
after carbonization, whereas oxygen-rich ones form non-graphitizable carbon!®%. The brown residue preserved
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No. | D1 center | D1 intensity | FWHM-D1 | D2 center | D2 intensity | FWHM-D2 | I(D2)/I(D1)* T(FWHMfDl) T(FWHM—DZ)
1 1330.7 7156.1 86.6 1603.5 11259.5 35.6 1.57 291.81 293.63
2 1332.4 9206.0 84.9 1605.1 14167.7 359 1.54 295.47 291.60
3 1332.6 5674.0 90.3 1605.9 9164.7 36.3 1.62 283.86 288.89
4 1331.2 8628.7 89.3 1604.5 13271.0 37.1 1.54 286.01 283.46
5 1331.5 6259.9 90.6 1604.8 9758.0 36.9 1.56 283.21 284.82
6 1331.7 7105.4 91.7 1604.5 11069.4 37.4 1.56 280.85 281.43
7 1332.4 10757.9 94.5 1603.5 17362.4 389 1.61 274.83 271.26
8 1332.0 14903.1 93.0 1603.5 24420.2 37.8 1.64 278.10 278.72
9 1332.1 13747.6 91.5 1604.7 22319.3 37.2 1.62 281.28 282.78

Table 2. Results of peak fitting using Raman spectra obtained for carbonaceous materials>’.

inside the fossil wood structure (Fig. 2c-f) likely represents a pyrolytic product of early carbonization that
preceded the onset of graphitization.

As the temperature increases, the graphitization process is highly associated with the enhancement of crystal
structure order. Owing to the irreversibility of graphitization, the products are believed to record approximate
peak temperature of metamorphism!®\. Thus, the Raman thermometer result of 285 + 30 °C could be considered
as the upper limit of the temperature of silicification process. Nevertheless, numerous factors can contribute to
variations in the crystallinity of carbonaceous materials, such as precursor type, deformation, precipitation from
fluid, or dissolution and reprecipitation of carbonaceous materials*2. Significant deformation and reprecipitation
can be excluded in this case based on the undeformed and continuously crystalline structure of wood cells and
quartz (Fig. 2)*”. Thus, the most relevant factors controlling graphitization are the duration of thermal event and
the kinetics of reactions between wood and fluid*®*’. The correspondence between temperature and crystallinity
is obtained under the premise that the system has reached thermodynamic equilibrium at a specific temperature.
Before reaching thermodynamic equilibrium, the degree of graphitization is time-dependent and progresses
with elapsed time?®*°, That means, since we cannot determine the duration of hydrothermal interaction and
whether the graphitization process had reached equilibrium, the actual peak temperature of this hydrothermal
fluid might be higher than 285 + 30 °C.

The stable vapour-liquid ratio in the fluid inclusions of quartz indicates that the fluid was captured from
a homogeneous fluid system. Since the absence of phase separation, the homogenization temperatures can
only represent the minimum temperature of fluid entrapment. To estimate the actual entrapment temperature-
pressure conditions, a thermal model based on the local geothermal gradient can be used!*. The isochores
(P-T relation) were calculated and then plotted together with the lithostatic and hydrostatic thermobaric
gradients®!~53. The intersection zone (yellow region in Fig. 4a) ought to represent the theoretical P-T conditions
of entrapment, yielding 299-528 °C and 117-469 MPa. According to the local geothermal gradient (24 °C/km)!,
the entrapment depth at these P-T conditions is within the range of 11.7 to 21.3 km.

However, in the burial history of the Junggar Basin, the Middle-Late Jurassic strata have never reached such
depths, with a maximum depth of 6 km in the hinterland and only shallow depths at the margins®>**. As the QSF
is located in the Middle-late Jurassic sedimentary strata, the overlying rocks were the main source of pressure
in the homogeneous system of the late-stage silicification. Despite the absence of local burial history data, it is
reasonable to consider the maximum burial depth (~ 4 km) of the Jurassic strata in the adjacent Luliang Uplift in
the northern margin of Junggar Basin as the upper limit of QSF’s burial depth®. The corresponding pressure is
~ 90 MPa according to the lithostatic thermobaric gradient of 0.0226 MPa/m (Fig. 4a, P__)°’, representing the
upper pressure limit of the silicification process. Petrographic observations revealed that the interface between
epitaxial quartz clusters and the siliceous wood substrate lacked clear signs of crystalline discontinuity or
recrystallization (Fig. 2c-f), indicating a relatively continuous crystallization process. Furthermore, no traces of
secondary silicification were identified in the surrounding rocks and strata®. Therefore, the silicification in QSF
is considered as a relatively successive process which occurred at relatively shallow burial depths. The obvious
colour zoning of brownish red and white may be influenced by the existence of cellular structure or not (Figs.
1c and 2a). However, it was challenging to realize such continuous and long-term siliceous fluid throughout the
burial process.

In general, the strength of wood precursors is relatively limited, and a compressive stress of 5-10 MPa
was sufficient to induce significant deformation in the direction perpendicular to the texture®”. Also, elongate
and tangential fractures in the cell structure started to occur at an additional load of 1 MPa and ruptured
cells gradually stratified till 2 MPa during radial compression®. In numerous wood modification attempts,
silicification has been recognised as an effective method of enhancing the strength of wood, although the initial
organic-template silicification has limited increment in enhancing the mechanical properties of wood®>. In
our samples, in both axially oriented silicified stumps and horizontally positioned silicified logs, significant
deformation and typical cellular cracks have not been observed at either macroscopic or microscopic scales
(Figs. 1 and 2). Therefore, the wood tissue should have been largely silicified before being buried to deep depths.
It is important to note that while this study cannot definitively constrain the existence or P-T conditions of
initial organic template silicification, this uncertainty does not invalidate the subsequent discussion. During
the evolution of silicification, the early and final stages of silicification could be well-defined by the silicification
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Fig. 4. Thermal models for P-T constrains. (a) The intersection of the fluid inclusion isochores in QSF

quartz and the geothermal gradients (yellow area) represents the theoretical entrapment temperature and
pressure of fluids under local thermobaric gradient. The realistic P-T range (green area), constrained by the
maximum pressure (~ 90 MPa) derived from the burial history at the Junggar Basin margin and the highest
temperature obtained from carbonaceous materials, lies outside of the yellow region. (b) The red and blue areas
represent the restricted P-T conditions of the early or final stages of silicification, respectively. The blue area is
constrained by isochores, the liquid-vapor curve of pure water and the bubble point curve of the CH,-H,0-
NaCl fluid mixtures at x bulk (CH,) = 0.001, m NaCl = 3 mol/kg. The bubble point curve was modified after
Mao et al. (2013)°,

of the bulk of wood tissue and the precipitation of epitaxial quartz, respectively, which should be discussed
separately to determine the P-T range of the silicification process.

We suggest that the epitaxial quartz of the late silicification stage®* slowly crystallized in a miscible fluid at
the minimum temperature range of 238-257 °C. Although it was uncertain whether the carbonaceous material
inclusions were protogenetic or syngenetic, the thermal converting process was time-consuming, tending to
support the protogenetic origin. Based on the idea that silicification was a relatively successive process without
recrystallization, the peak silicification temperatures of 285 + 30 °C measured by Raman thermometry appeared
at the early stage. Thus, the peak temperatures and the fluid homogenization temperatures restricted the
silicification process in a temperature range of 238-315 °C (Fig. 4b).

The maximum entrapment pressure of the final stage was limited to ~ 50 MPa by plotting the average peak
temperature (285 °C) obtained from carbonaceous materials on the isochores (Fig. 4b, P _ . & T .). The
minimum pressure of the late-stage homogeneous system is constrained by the fluid bubble point curve. The
bubble point curve® of the ternary CH,-H,0-NaCl system with similar components to that of our inclusions
was plotted in P-T space (Fig. 4b). Its trend within the temperature range of 238-257 °C exhibits minimal
variation with temperature, and indicates that the pressure required for phase homogenization was notably low
(< 8 MPa). Due to the approximate fluid composition data and the bubble point curve, the phase behaviour
of pure water could also be taken into consideration. Within this temperature range, the water system could
transition from a phase-separated state to a homogeneous state at a pressure as low as ~ 4 MPa. At this pressure,
the required depth of burial was only approximately 150 m. Considering the presence of surrounding tuffs (Fig.
1a)%, incipient silicification likely occurred shortly after the wood was buried by volcanic ash, lowering the
pressure threshold to 0.1 MPa. Two possible mechanisms are proposed: (1) the high-temperature volcanic ash
instantly vaporized water upon contacting with the surface; or (2) the ash acted as a seal, allowing hydrothermal
fluids overflowing from volcanoes to penetrate beneath it and boil due to lower pressure. Thereby, the fossil
site entered a vapor stability field shown in the P-T diagram (Fig. 4b), where accelerated wood degradation
was counterbalanced by rapid silicification and preserved the wood cellular anatomy (Fig. 2). A successful
experimental illustration of silica-enriched vapour silicification of wood has been reported by Libe et al. (2012)'!.
According to the undeformed wood structure, the maximum pressure of the early stage is roughly limited to 2
MPa. As the volcanic eruption and subsequent burial proceeded, the elevated temperatures and vapour could
generate significantly higher internal pressures within the fluid system. Consequently, the actual burial depth
might be less than 150 m. Although the rate of early silicification remains uncertain, it can be remarkably rapid,
i.e. within several days or several months, as evidenced by the steam silicification simulation and the silicified
branch found in hot springs, respectively':°.

The preservation of wood fossils encoded critical information about their taphonomic environments, as well
as the physicochemical conditions of formation. The presence of CH, and the lack of CO, in the fluid inclusions
imply that the silicification fluid possessed a reduced oxygen fugacity within the C-H-O ternary system®..
Notably, the temperatures we obtained are higher than those typically used in experimental simulations of wood
silicification”®!!2223, challenging the common belief that the silicified wood forms at lower temperatures'>!3.
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High temperatures have dual effects, promoting the thermal degradation of unstable organic components (such
as cellulose) and accelerating the precipitation of silica by raising the effective diffusion coefficient as well as the
solubility of silica in water’. Our results may explain the recurrent observations of charcoal-like appearances,
the lack of delicate anatomical details and the absence of small twigs or cuticular materials) for wood fossils
in QSF or other volcaniclastic environments (i.e., the Jehol Biota®»%. The alignment of mineral compositions,
microstructures, in-situ occurrence and formation environments of the silicified wood from Qitai with those
found in other volcanic settings underscores the broader applicability of our findings®*-%%,

This model explains fossil plant preservation in volcanic active palaecoenvironments and offers a new route
to decode plant fossilization mechanisms in palaeoecological records. Crucially, conventional taphonomic
interpretations based solely on sedimentary context (e.g., assuming low-temperature origins for fossils found in
sedimentary sequences) may be misleading. Mineralogical and geochemical studies may overturn stratigraphic
inferences and reinterpret the palaeoenvironment. Therefore, future studies need to incorporate multi-proxy
analyses (e.g., fluid inclusions, silica textures) to critically examine plant fossil preservation.

Conclusion

The thermal model derived from the intersection of geothermal gradients and isochores yielded a P-T
range that conflicted with the burial history of the Junggar Basin, thereby ruling out a deep burial origin for
wood silicification of the QSE The silicification temperature range, constrained by the peak temperatures of
carbonaceous materials formed in the early stage and the homogenization temperatures of fluid inclusions in
late-stage quartz crystals, was limited to 238-315 °C. Based on the strength properties of wood and the presence
of overlying tuff, pressure conditions were estimated at 0.1 -50 MPa within a shallow burial origin associated
with a spatio-temporal correlated volcanic event. These results, as well as the existence of CH ,in fluid inclusions,
suggest that the silica precipitation continuously took place under relatively high-temperature, low-pressure
and oxygen-limiting conditions, and might undergo a fluid transition from boiling to homogenization. Our
findings challenge the common belief that silicified wood forms at low temperatures and contribute to a deeper
understanding of fossil wood formation in volcanic environments.

Data availability
Tables 1 and 2 contain all data used for analysis and plots generation. All data used in this study are available at
https://doi.org/10.57760/sciencedb.22952.
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