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ABSTRACT

Large-scale volcanism has been implicated in causing Phanerozoic mass extinctions,
but little direct evidence of the effects of volcanism on microbiota interaction exist.
Here we report abundant endolithic microboring traces from the
Guadalupian—Lopingian (G—L; Permian) mass extinction transition in South China.
Microanalyses using scanning electron microscopy (SEM), Raman spectroscopy, and

nanoscale secondary ion mass spectrometry (NanoSIMS) reveal microborings


mailto:zhong.qiang.chen@cug.edu.cn

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

comprising organic carbon, anatase, calcite, quartz, and clay minerals. Large amounts
of organic carbon exhibit Raman spectrum peaks at ~1366 cm™! and ~1603 cm’!, along
with intense signals of '>C- and '>C'*N- in NanoSIMS ion maps are interpreted as
remnants of endolithic organisms or residues of their metabolic products.
Well-crystallized quartz crystals, which can be assigned to a-quartz of volcanic
provenance, are regularly aligned along microboring margins, reinforced by strong
signals of 2Si* in NanoSIMS ion maps, suggesting that microbial adsorption of
volcanic material during endolithic activity. Stratigraphic peak abundances of
microborings and microbiota coincide with initial eruption phase of the Emeishan
volcanism, implying that volcanic activity may have stimulated an endolithic bloom at

the onset of the G-L mass extinction.

Keywords: Guadalupian—-Lopingian mass extinction, microboring, Emeishan Large

Igneous Province, South China

1. Introduction

Volatile volcanism has been proposed as a trigger of the Ordovician—Silurian,
Frasnian—Famennian, Guadalupian-Lopingian (G-L), Permian—Triassic, and
Triassic—Jurassic mass extinctions (Svensen et al., 2009; Bond and Grasby, 2017;

Burgess et al., 2017; Grasby et al., 2017; Clapham and Renne, 2019; Racki, 2020; Li
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et al., 2024). In addition, volcanic activity has been proposed as a critical driver of a
phased benthic faunal community and microfauna restructuring during various
intervals (Waskowska, 2011; Perrier et al., 2012; Punekar et al., 2014). Despite
extensive studies on the impact of volcanism on heterotrophic macrofaunal and
microfaunal assemblages, the response of microboring organisms (mainly autotrophic
phytoplankton excepting for some heterotrophic fungi) to such an event remain
overlooked, and records of their reactions to volcanic eruptions are sparse.

In modern oceans, inputs from volcanic activities can promote planktonic
communities and thus influencing biogeochemical cycles, not only via macronutrients
but also through limiting micronutrients (e.g., iron and manganese) supplied by
volcanic ash, tephra, especially subaerial volcanism (Duggen et al., 2010; Langmann
et al., 2010; Zhang et al., 2017; Li et al., 2020; Longman et al., 2022; Bisson et al.,
2023). While these are well documented in the present-day ocean, however, such
interactions are rarely preserved in deep-time stratigraphy, particularly during biotic
crises.

The G-L transition was marked by major biodiversity losses of benthic groups
and collapse of metazoan reefs in South China (Jin et al., 1994a; Stanley and Yang,
1994; Shen and Shi, 2002; Wang et al., 2004; Kaiho et al., 2005; Clapham et al., 2009;
Chen et al., 2009; Wignall et al., 2009; Huang et al., 2019a; Song et al., 2023; Li et al.,
2024). The Hg anomalies in strata near the G-L boundary of the Global Stratotype
Section and Point (GSSP) at Penglaitan (PLT) in the Laibin region of South China

(Fig. 1B), revealed that the volatile eruption of the Emeishan Large Igneous Province
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(ELIP) coincided with a biotic crisis (Huang et al., 2019a, 2022; Kaiho et al., 2023).

Microbiota developed in abundance after the collapse of the sponge-bryozoan reef at
onset of the G—L mass extinction. Nevertheless, no direct evidence of the interaction
of volcanism and microbiota over the G—L transition has been reported (Huang et al.,
2019a).

Based on preliminary studies of the microbiota during this period by Huang et al.,
2019a, here we report profuse endolithic microborings presumably produced by
cyanobacteria and chlorophytes (Golubic et al., 1975) from the G—L boundary beds at
the Penglaitan section (Fig. 1). High-precision, in-situ microanalyses probed the
volcanic residues filling in microborings. Combined with the stratigraphic distribution
of these microborings, this study provides direct evidence of volcanic activities linked

with a microbial proliferation at the onset of the G-L extinction.

2. Geological setting

During the G-L transition, South China was situated at equator latitudes in
eastern Paleo-Tethys Ocean (Fig. 1A; Gao et al., 2025; Win et al., 2025), and the
Laibin area was located in the eastern Dianqiangui Basin, the southwestern margin of
the South China Block (Feng et al., 1994; Chen et al., 1998; Wang and Jin, 2000; Jin
et al., 2006). Since the Devonian, the Dianqiangui Basin has experienced repeated
tectonic activity and syn-sedimentary faulting, resulting in alternating platform-basin
depositional systems (Feng et al., 1994; Chen et al., 1998; Wang and Jin, 2000). The

Laibin area represents the ramp settings between carbonate platforms located to the
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west and north (Heshan area) and the deep-water Qingzhou Trough to the southeast
(Jin et al., 1994b, 2006; Shen et al., 2007). The development of the ELIP during the
middle-late Permian led to extensive basaltic volcanism, lithospheric thinning, and
regional crustal uplift (He et al., 2003, 2007; Xu et al., 2004). These
volcanism-induced tectonic activities profoundly modified the paleogeographic
settings of South China, causing widespread regression, enhanced erosion of uplifted
areas, and major facies changes across the Diangiangui Basin (Chen et al., 1998, 2009;
Jin et al., 2006; Mei et al., 2007).

Moreover, the largest regression in the Phanerozoic, coinciding with the Dongwu
uplift in China (Feng et al., 1994), occurred in the middle-late Permian transition (Jin
et al., 1994b, 2006; Chen et al., 1998, 2009; Haq and Shutter, 2008; Lucas and Shen,
2018), resulting in a widespread distinct disconformity in most areas around the world,
particularly in the shallow platform settings. Only a few areas, such as central part of
South China, Central Iran, and southeastern Pamir were relatively low and recorded
continuous successions across the G—L boundary (Lucas and Shen, 2018). In central
South China, the complete middle-late Permian successions are well exposed at the
Tieqiao and Penglaitan sections of the Laibin area, Guangxi Province. These two
sections although ~10 km apart both record comparable successions along the western
and eastern limbs of a large syncline (Fig. 1; Jin et al., 2006; Shen et al., 2007; Huang
et al., 2019b).

The GSSP for the Guadalupian-Lopingian (Permian) was nominated at the

Penglaitan section (Jin et al., 2006), which is situated ~20 km of Laibin, central
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Guangxi Province, South China (Fig. 1B and C). The G-L boundary strata at
Penglaitan comprise seven beds. Beds 1-6 comprise limestones and are assigned to
the Maokou Formation, while Bed 7 is dominated by siliceous mudstone of the basal
Heshan Formation. Of these, Bed 4 is a sponge-bryozoan reef. The G-L boundary was
placed at the base of Bed 6k by the first appearance datum (FAD) of conodont
Clarkina postbitteri postbitteri (Jin et al., 2006). Recently, Shen et al. (2023)
redefined the GSSP for the G—L boundary and moved the boundary to the base of Bed
6j, using the FAD of conodont C. postbitteri at Penglaitan. Detailed section and
lithologic descriptions have been given in previous studies (Jin et al., 2006; Wignall et

al., 2009; Huang et al., 2019a; Shen et al., 2023).

3. Material and methods

3.1. Quantitative analyses for microborings and quartz crystals

A total of 143 petrographic thin sections prepared from samples of Beds 2a to 7i in
PLT section were used for identification and statistical analyses of the frequency of
microborings using optical and fluorescence microscopy at the State Key Laboratory
of Geomicrobiology and Environmental Changes (GMEC), China University of
Geosciences (CUG) at Wuhan, China. Thin sections that were investigated covered
Beds 2a-71, and averagely two thin sections (each 3 % 2.5 cm in size) were observed

from each sample. We documented microboring counts (MC) and microboring
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densities (MD) in a single microscopic view to describe the number of microborings
and the percentage of area occupied by microborings within the entire area of the
view, respectively (Chen et al., 2009). The field of view was subdivided into
numerous grids, and microboring and host areas in each grid were measured and their
ratios were calculated, after which the MDs in all views of the entire sample was
calculated.

We employed quartz abundance (QA) to record the approximate content of this
mineral in one sample based on the amount quartz-grain cover with scanning
electronic microscopy (SEM; see below). Quartz grains derived from volcanic ash
were identified based on their euhedral to subhedral crystal forms (bipyramidal and
euhedral pseudo-hexagonal crystals) and low roundness. In contrast, detrital quartz
typically exhibits rounded to subrounded outlines and mechanical surface features
such as percussion dents or amorphous silicon overgrowths (Fisher and Schmincke,
1984; Madhavaraju et al., 2006; Symth et al., 2008; Wu et al., 2017; Itamiya et al.,
2019; Pei et al., 2019). Samples covered Beds 4a—7a, and averagely 4 cm? were
observed from each sample. Note that QA is not the same as the amount of quartz in
the microfacies because it is difficult to count the number of quartz-grains accurately.
Any single area of view may either have a very large number of quartz-grains (e.g.
Bed 6a and 6¢), or only a few (e.g. Bed 6h and 6k). No quartz-grains or crystals were
found in the matrix of any of the limestone samples from the G-L succession at

Penglaitan.
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3.2. Micro-analyses using SEM and Raman spectrum

Freshly broken up rock samples were rinsed for approximately 3s in 10% acetic
acid and washed for 15s to remove residual acid using dionized water. The samples
were then inspected for the presence of microbial fossils under a HITACHI SU8010
field emission scanning electronic microscope (FESEM) [at GMEC] after surface
spraying of platinum for 2 minutes. The voltage used when observing the sample is
15kV, and the current is 10 pA. When using EDS for elemental distribution mapping,
these two values will be increased to 25kV and 15 pA to obtain a stronger signal (Liu
et al., 2024).

Raman spectra were acquired with confocal micro-Raman spectroscopy with
rapid analysis using a WITec Alpha 300-R at BGEG, which is non-destructive for the
sample. The instrument was equipped with a 532-nm wavelength laser set at a power
level of 5SmW. The integration time was 1—10s per point and the accumulation number
was 1-10 times, and for mineral mapping, 2s per point and 1 time accumulation was
used. This approach is required for mapping, which involves performing thousands of
point analyses in a defined area in a systematic manner. Extended continuous analyses,
however, increases the risk of instrument failure. Moreover, before conducting the
mapping, we performed point analyses using the same parameters to ensure adequate

signal strength. The mapping results therefore are reliable.

3.3. lon mapping using NanoSIMS
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Ton maps of carbon ('2C"), nitrogen (measured as '>C'*N-), sulfur (*2S"),
phosphorus (*'P'%0"), and silicon (**Si*) were produced using a Cameca NanoSIMS
50L [at GMEC]. NanoSIMS is an in-situ and nearly non-destructive microanalysis
technique. The primary ion beam with thousands of volts bombards the sample
surface and causes ionized atoms and small molecules (i.e. secondary ions) on the
upper layers of sample, which are physically separated and counted in the mass
spectrometer (Hoppe et al., 2013). This technology is used to detect the ion abundance
of the life-essential elements, such as carbon, nitrogen, and sulfur, which has been
applied to characterize microorganism fossils from the Precambrian strata (Oehler et
al., 2009; Wacey et al., 2011; Peng et al., 2016; Guo et al., 2018; Qiu et al., 2025).
Thin sections polished into 1 cm diameter discs served as samples for analysis. A
focused primary beam of '33Cs* ions produced secondary ions from the sample
surface. Prior to formal analyses, we performed approximately 5 minutes of
pre-sputtering onto the sample surface to remove potential surface contaminants and
enhance the signal quality during subsequent analysis. The total time of analysis of a
single sample was about 25 min. Since samples were non-conductive, the electron gun
was activated during measurements to neutralize the positive charge deposition
caused by the primary beam and to minimize the effects of surface charging. Custom

software, Winlmage (from Cameca), was used to process data and generate images.

4. Results
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4.1. Morphology of microborings

Microborings were abundant in the G—L succession in Penglaitan, and mostly
occurred within bioclasts (Fig. 2A—D). Host taxa of these borings included
brachiopods, trilobites, crinoids, bryozoans, corals and unclassified Tubiphytes. All
microborings showed strong fluorescence under microscopy (Fig. 2B) and could be
assigned to three morphologic categories: nodular, radial, and filamentous (Figs.
2A-2D, 3). The first type appeared as dense networks of dichotomous branching
filaments. The individual filaments were strip-shaped, slightly curved to straight, and
40-200 pm long, with distinct nodular swellings (20-30 pm in diameter) (Figs. 2A
and B, 3A—C). Filamentous microborings included flattened, oval swellings, < 10 um
in diameter, with simple (i.e., non-branching) filaments from tens to hundreds pm in
length (Figs. 2C, 3G-I). These microborings occasionally possess fewer branches, and
individuals from different layers cross-cut and overlap, creating the illusion of a
network-like structure on host substrate. Radial microborings comprised rounded,
clustered swellings, 25-35 um in diameter, without filaments or columnar bifurcated
filaments, (Figs. 2d, 3D-F). The microborings and substrates were composed of
microcrystalline calcite, and recrystallized sparry calcite was not observed (Fig. 4A
and B).

SEM imaging revealed that outline of microborings were usually strip- or
tube-shaped, occasionally branched in longitudinal sections (Fig. 2E and F), and were

10
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radial or irregular in transverse section. Tubular microborings truncated the original
texture of hosting shell (Figs. 2E and F, 4). About 85% and 15% of the microborings
were oriented parallel and perpendicular to the alignments shown by the shell texture,

respectively.

4.2. Mineral, elemental and isotopic compositions infillings

SEM imaging showed that microboring infillings comprised quartz and clay minerals.
The central clay minerals were typically interlayered with discrete quartz crystal
layers and bordered externally by brachiopod shell fragments, forming a distinct
clay-quartz-shell tripartite sequence (Figs. 2E-H, 4C and D). The quartz crystals were
distributed along microboring margins in cross section (Fig. 2G and H), with a small
amount scattering in the core of microboring. A few crystals were occasionally
observed on the surface of the non-boring part of the same hosting shell, where these
crystals slightly truncated the outer layers of the brachiopod shell (Fig. 2I-L). No
quartz crystals were observed in the matrix of any of the limestone samples from the
G-L succession of Penglaitan either under optical microscopy or SEM.

The EDS elemental mapping exhibited strong signals of Si, O, Al, K, and Ti in
infillings (Fig. 5A), while Ca signal was very strong in host shell. Si concentrated
along microboring margins, with a small amount in the core of infilling, and almost
no signal of Si occurred in host shell. Ca, C and O all were present in both infillings
and host shells, but both Ca and C signals are distinct in hosting shell and O is

11
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stronger in fillings than that in hosting shells (Fig. 5SA). Elemental mapping
observations are corroborated by point analysis of EDS in which Si, Ca, O, Al, K, and
Ti signals are rather strong, and the signal of Fe weak (Fig. 6).

Raman spectroscopy spectra (Fig. 5B and C) showed peaks of organic carbon
(~1366 cm™ and ~1603 cm™!, Fig. 5G). In addition to organic carbon, the result
revealed two minerals identified as anatase (at ~143, 395, 517, 638 cm™!, Fig. 5F), and
calcite (~281 and 1088 cm™!; Fig. 5E), respectively. The organic carbon and anatase
were associated with infillings, while calcite mostly occurred at microboring margins
and adjacent to host shells. Abundant quartz grains, with spectrum peak of ~466 cm’!
were present along microboring edges (Fig. 5D).

NanoSIMS ion maps of 12C-, 12C'¥N, 32S-, 28Si*, and 3'P'°O~ along a transverse
section of a microboring displayed strong signals of 12C-, 12C!*N-, S, and *'P'%0 in
the core of infilling. In contrast, infilling margins yielded higher concentrations of 32S-,
which signals were decoupled with the distribution of '2C- (Fig. 7A). A longitudinal
section of another microboring showed intense signals of both '2C- and >C*N-
scattered throughout the infilling (Fig. 7B). The '?C--enriched area was typically
accompanied by a high intensity of '2C!*N-, similar to the distribution of *2S-, although
the latter had a weaker signal (Fig. 7B). Signals of 2Si* had a broader distribution
pattern than the isotopes of other elements within the microboring and were more

intense around microboring margins (Fig. 7B).

4.3. Stratigraphic abundance and distribution of microborings and quartz grains

12



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

In the Penglaitan section, microboring counts section increased from Bed 5a and
peaked in Bed 6f, then steadily declined to Bed 6k (Fig. 8). Microboring density (MD)
was low in Beds 4 and 5, with a maximum value in Bed 4k (capping the
bryozoan-sponge reef). The MD increased in Bed 6, with maxima coinciding with
high values of quartz abundance (Fig. 8). The highest MD was observed in Bed 6g—j.
Only either coccoid-like spheroids or bacterial clump-like spheroids occurred in Bed
4-5b, both coccoid-like spheroids and bacterial clump-like spheroids in Bed 5c and
all three types, coccoid-like spheroids, bacterial clump-like spheroids and Ovummurus
duoportius (Huang et al. 2019a), were found in Bed 6a—k, indicating an upward
increase of morphotype abundance (Fig. 8).

The quartz crystals were only present in Bed 6 and showed peak abundances in
Bed 6a—c and Bed 6g—j. Quartz crystals were not observed in microborings from Beds
4-5 (Fig. 8), and were also absent in the matrix outside of the bioclasts in all thin

sections of the G—L succession at Penglaitan that were investigated.

5. Discussion

5.1. Endolithic microorganisms

Although microborings occur in various benthic taxa, they are predominantly found

associated with brachiopod shells (Figs. 2E and F, 3). Nodular, radial, and filamentous
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287  microborings are morphologically similar to the microboring ichnotaxa: Eurygonum
288  nodosum Schmidt, 1992 (Huang et al., 2019a), Fascichnus frutex Radtke, 1991, and
289  Ichnoreticulina elegans Radtke, 1991, respectively. The latter two have been

290  re-described and illustrated by Wisshak et al. (2008). Vacuum-cast embedding is an
291  ideal approach for the taxonomic study of microboring. However, this method cannot
292 be applied to fossil microboring that have been filled in with sediments (Golubic et al.,
293 1970; Wisshak et al., 2008). Therefore, many studies resort to optical microscopy to
294  describe the characteristics of microborings but not assign to specific ichnotaxa

295  because of the limitations in two-dimensional visualization from three-dimensional
296  objects (Oloriz et al., 2004; Wisshak, 2012; Rifl et al., 2022). Notably, microborings
297  under petrographic thin sections typically preserve more informative data. For

298  example, variations in abundance morphological features of microborings provide
299  invaluable insights in the properties of the depositional environments (Oloriz et al.,
300  2004; Rifl et al., 2022). In addition, these materials also typically preserve

301  information about impregnation minerals, spar cement, and secondary mineralization
302 in situ, which can be employed for assessing the taphonomic process of endoliths

303 (Kolodziej et al., 2012).

304 The microboring records in our samples did not show significant calcite

305  recrystallization, blocky cementation, or fabric-disruptive dolomitization (Fig. 4),

306  indicating that the microborings have been minimally affected by later diagenetic

307  alteration and retained their original geochemical signals. In our study, Raman

308  spectrum clearly shows the abundance of organic matter within microborings (Fig. 5C
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and G). This observation is substantiated by co-occurrence of distinct '>C- and >C'*N-
patterns using NanoSIMS ion mapping (Fig. 5A and B) (Oehler et al., 2009; Wacey et
al., 2011; Peng et al., 2016; Trembath-Reichert et al. 2021). The intense signal of
3P0~ and moderate distribution of *2S- further strengthen the presence of organic
carbon in microborings (Fig. 7A and B). The presence of these ions typically indicates
microbial activity, particularly 2C'*N- and *'P'0~, which are commonly found in the
residual cell walls/sheaths of microfossils rather than surrounding rocks (Peng et al.,
2016). The 32S- may originate from microbial preservation processes or could be
introduced during early diagenesis (Werne et al., 2000). We also ruled out that sulfur
was incorporated by sedimentary processes and mineralization alteration since pyrite
was rather rare in our samples. These results demonstrate that organic matter could
represent remnants of endolithic microorganisms or residues of their metabolic
products, which would imply that endolithic microorganism produced the

microborings.

5.2. Interactions between endolithic microorganism and volcanic products

Quartz crystals were absent in the limestone matrix of the G—L succession, but were
commonly associated with microborings in brachiopod shells (Figs. 2E and H, 5A, 7A
and B) and occasionally on non-bored shell surface (Fig. 2G—L). Authigenic quartz
crystals with blocky morphology likely formed within brachiopod shells during early
diagenesis (Schmitt and Boyd, 1981). These quartz inclusions mimic the fibrous
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structure of brachiopod skeletal carbonates, as silicate-rich pore fluids could
precipitate rapidly, replacing fine structures upon calcite dissolution (Maliva and
Siever, 1988; Schmitt and Boyd, 1981). Microbially-induced authigenic quartz
precipitates typically exhibit ordered alignment with minimal surface abrasion and are
often associated with iron-bearing illites (Luo et al., 2016), which were not observed
here. Instead, well-crystallized quartz was found within microborings and on shell
surfaces in Bed 6a—k (Fig. 2). The quartz displays hexagonal, bipyramidal, or
combined morphologies (Fig. 2G—H, K—L), consistent with a-quartz (a polymorph),
which is stable at low surface temperatures (<573°C), suggesting a volcanic
provenance (Smyth et al., 2008).

Except for quartz, microborings contain anatase and authigenic titanium oxide
particles (Fig. 5A and B). Anatase may form through (1) diagenetic alteration, (2)
detrital release from clay minerals, or (3) in sifu authigenic precipitation (Weibel and
Friis, 2004). During early diagenesis, Ti ions can complex with organic ligands on cell
surfaces or exopolymeric matrices (Galvezetal et al., 2012). Subsequent alteration
releases Ti, which precipitates as anatase, implying organic matter adsorption
(Sirantoine et al., 2021). However, Raman spectroscopy (Fig. 5F and G) reveals that
dispersed organic matter within microboring (Fig. SM and N), indicating that anantase
formation was not microbially mediated but rather derived from exogenous sources.

Cyanobacterial microborings in carbonate grains of Bahamian sediments showed
rapid infilling by radial fibrous aragonite, indicating that the microboring activity and
carbonate precipitation could occur almost simultaneously in carbonate depositional
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environments (Reid and Macintyre, 2000). Penglaitan sediments share an analogous
carbonate environment, yet the microborings contain considerably less carbonate.
This could imply that volcanic minerals were actively agglutinated by endoliths rather
than passively deposited. Some endolithic microorganisms produce exopolymeric
substances (Golubic et al., 2000; Reid and Macintyre, 2000; Bonacolta et al., 2024)
that could bind fine material (Flemming et al., 2025), including volcanic ash. This
trapping mechanism could produce large aggregates composed of Si and Al-rich
granular or irregular fibrous and/or flaky minerals (Fang et al., 2017; Kawano and
Tomita, 2001). Thus, endolithic boring behavior could deposit organic-ash mineral
complexes similar to dissolution-precipitation activity in modern sediments
(Macintyre et al., 2000; Reid et al., 2000). Such a biogenic mechanism in our samples
is supported by an alignment of quartz crystals along the microborings (Fig. 2G and
H), which similarly to observation in contemporary carbonate systems would ensure
tunnel functionality during active boring. Despite volcanic quartz scarcity in
high-energy environment like packstones (Pei et al., 2019), our findings emphasize a

critical role of microbes in amalgamation of volcanic material.

5.3. Endolithic bloom linking with volatile volcanism and biocrisis

Our observations support that both microborings and quartz reach peak abundance in
Bed 6 (Fig. 8; Tables S1-S3 in Supplementary Information). The negative 8'*Ccar
excursion and initial Hg/TOC peak in Bed 6a likely reflect the initial eruption or soot
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deposition from volcanic heating associated with the ELIP (Huang et al., 2019a;
Kaiho et al., 2023). Subsequent records show the most pronounced negative 8'3Ccars
excursion coupled with elevated Hg/TOC ratios in Beds 6g and 7a, marking the main
eruptive phase of ELIP volcanism (Huang et al., 2019a, 2022). In addition to
geochemical records from the Penglaitan section, previous studies have confirmed
that the ELIP experienced multiple episodes of volcanic activities and the earlier
activity occurred prior to 260 Ma (He et al., 2007; Sun et al., 2010; Huang et al., 2016;
Xiao et al., 2024; Zhao et al., 2025). The claystones between Beds 5 and 6 in
Penglaitan section were derived from ELIP (Zhong et al., 2013). The integration of
our new findings and previous studies indicates the synchroneity of microbiotal
proliferation and volcanism just before the G—L mass extinction.

Such volcanic events typically induce marine eutrophication, temporarily
enhancing marine primary productivity while ultimately expanding anoxic zones, a
biogeochemical cascade that frequently precedes biocrises (Ernst and Youbi, 2017).
While ELIP-derived nutrients may have initially stimulated endolithic proliferation,
analogous to interactions between volcanic ash and microbes in modern oceans
(Uematsu et al., 2004; Zhang et al., 2017), the resulting prolonged anoxia likely
imposed metabolic limitations on these communities (Zhang et al., 2021). This
sequence explains the stratigraphically resolved decline observed across the G-L
boundary interval (Fig. 8). Notably, endolithic blooms undoubtedly predate the first
Hg peak (Fig. 8) and were succeeded by diverse microbiota filled the vacated niche
(Huang et al. 2019a), suggesting their role in metazoan reef collapse.
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Previous studies showed that most of deep-time endolithic microborings
destroyed predominantly relatively soluble material (e.g., carbonate or phosphate
biogenic substances) such as shells or fragmented skeletons (Golubic et al., 1975). In
the Penglaitan section, the majority of microborings presumably occurred on shell
fragments of various taxa (Fig. 2A-D), irrespective of the host animals were alive or
dead. Modern observation and fossil records show that some microborings occur in
live stromatoporoids and corals, and are preserved within the hosts' accretional
skeletal fabrics, because endolithic microbiota synchronize their colonization rate
with the skeletal accretion rates of their hosts to sustain exposure to light, which is
critical for their phototrophic survival (Le Campion-Alsumar et al., 1995; Kotodziej et
al., 2012; Wu et al., 2013; Pernice et al., 2020). Although microboring and quartz
crystal deposition occasionally occur on brachiopod shell surfaces, slightly truncating
the outer fibrous layers (Fig. 2K and L), it is difficult to determine whether the hosts
were alive when the erosion occurred. It is not possible to identify whether the
changes in the shell fibrous structure are resulted from repair or diagenesis (Casella et
al., 2018). Whether endolithic microorganisms drove the G-L extinction remains
unclear, but they plausibly played a major role in the collapse of the metazoan reef
(Fig. 8).

Microborings and benthic microbiota were absent in and above Bed 7, and we
hypothesize that the disappearance of microboring was caused by the combined
effects of the G—L mass extinction and depositional environmental change. The G-L
extinction led to the widespread disappearance of calcareous benthic organisms (Bond
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et al., 2010), depriving microborings of their fundamental preservation substrate. In
addition, Bed 7 and above strata are comprised of cherty mudstone with interlayer of
bioclastic limestone, indicative of a relatively deep offshore to basin setting (Chen et
al., 2009; Wignall et al., 2009; Huang et al., 2019a; Fig. 8), where endoliths could not
survive via photosynthesis. It should be noted that the disappearance of microborings
did not indicate that the endoliths were suffered from G—L mass extinction, because
similar fossil records were preserved in later geological periods (Glaub and Vogel,
2004).

Beds 56 are associated with shallow, agitated environments (Wignall et al.,
2009). Such wave-active shallow zones favored phototrophic endolithic proliferation
(Rifl et al., 2022). However, even in environments with persistently high-energy
settings, microborings are typically discontinuous because only external drivers
stimulate the microbial boring activity (e.g., tectonic activity and grazing) (Oloriz et
al., 2004; Kotodziej et al., 2012). Mineral composition of microboring infillings
combined with statistical analyses reveals coinciding shifts in volcanic geochemical
proxies (e.g., Hg/TOC ratios, Fe, Cu). These analyses demonstrate a significant
association between microboring activity and the ELIP, suggesting that volcanic
forcing, rather than sea-level fluctuations, was the primary driver of endolithic blooms
during the G—L transition. Based on the presented evidence, we propose that this
proliferation represents a regional anomaly rather than a global stratigraphic signature.
However, further validation from additional sections is required to confirm this
hypothesis.
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6. Conclusions

Abundant nodular, radial, and filamentous microboring traces are detected in skeletal
fragments of various taxa associated with the G-L boundary beds in the Penglaitan
section. Elemental, mineral and isotopic mappings of EDS, Raman spectrum and
NanoSIMS reveal that microboring infillings comprised organic carbon, anatase,
calcite, quartz, and other clay minerals. Organic carbon within microboring, indicated
by intense signals of both >C~ and '2C'¥*N- are interpreted as remnants of endolithic
microorganisms or residues of their metabolic products. Quartz grains are abundant
within microborings, with additional few scattered on non-bored shells. These quartz
crystals are usually tetragonal, hexagonal, and bipyramidal in outline, typical of
a-quartz of volcanic provenance. Regular arrangement of quartz along microboring
margins suggests that endolithic microorganisms were involved in the active
sequestration of volcanic material. Stratigraphic peak abundances of microborings and
microbiota coincide with the initial eruption of the ELIP indicated by Hg anomaly.
This implies that volcanic ash inputs may have promoted microbial blooms at the

onset of G—L extinction.
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786  Fig. 1. Middle Permian global paleogeographic map (A; modified from Ziegler et al.,
787  1998) showing the location of South China, and modern geographic map (B) showing
788  the location of Laibin area. Geographic map (C) showing locality of the Penglaitan
789  section (modified from Jin et al., 2006).
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Fig. 2. Selected microphotographs of thin sections (A—-D), and SEM images (E-L) of

microborings and quartz crystals from the Penglaitan section. (A—B) Nodular
microborings in brachiopod shell (A) with strong fluorescence (B). (C—D)
Filamentous and radial microborings (white arrows) in brachiopod shell and bryozoan
skeleton, respectively. (E-F) Microborings embedded parallel (E) and perpendicular
(F) to fibrous layers of brachiopod shell under SEM, with clay minerals filling
microboring and quartz crystals (yellow arrows) along microboring margins (white
dot lines). Yellow dash lines indicate directions of fibrous layers (E, F). (G-H) Cross
section of a microboring and its sketch (H) showing that a microboring truncates
fibrous calcite (fc) layers of brachiopod shell, with quartz crystals (qc) along
microboring margin and clay minerals (cm) in its center. (I-L) SEM images showing
quartz crystals embedded in the outer layers near the surface of the non-boring part of
the same brachiopod shell. (I-]) A large number of quartz crystals (yellow arrows),
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oriented differently from the texture of the fibrous shell, are distributed across its

surface, which also shows indentations (J). (K) A hexagonal quartz crystal embedded

within the fibrous shell. (L) The tetrahedral-shaped quartz crystal.

Fig. 3. Various morphologies of additional microborings from the upper Laibin
Limestone of the Maokou Formation at the Penglaitan section, South China. (A—C)
Nodular, strip-shaped microborings, with nodular appendices (red arrows in Fig. 3B).
(D-F) Radial microborings (yellow arrows). (G—I) Filamentous microborings (orange

arrows). Scale bar = 100 um.
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Fig. 4. Microphotographs (A and B) and SEM images (C and D) of additional
microborings details. (A-B) Microborings are well-preserved within bioclasts with
micrite, without inner significant recrystallization. (C—D) Microborings disrupt

texture of fibrous shell and are filled with clay minerals. White dash lines indicate
outlines of microborings, while orange dash lines represent the extending directions of

shell texture.
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Fig. 5. SEM image and EDS mappings (A) and Raman spectrum analyses of
microborings (B—G). (A) two microborings on a brachiopod shell and elemental
distributions in fillings; note that abundant quartz crystals are distributed along
microboring margins; elements Si, Al, K, Ti and O are enriched in microboring, while
Ca and C are enriched in hosting shell. (B—C) Microphotograph of nodular
microborings (B) and Raman spectrum peaks of quartz (~466 cm™), calcite (~281 and
1088 ¢cm™), anatase (~143, 395, 517, 638 cm™') and organic carbon (~1366 cm™' and
~1603 cm™) in microboring filling (C). (D-G) Raman spectrum mappings showing

that distributions of quartz (466 cm'; D), calcite (1088 cm’!; E), anatase (143 cm™'; F)

and organic carbon (1603 ¢cm™'; G) in microboring. The brighter color represents the
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Fig. 6. EDS point analysis reveals elemental compositions of microboring fills: Si, Ca
and O are most abundant, while Al, K, Ti and Fe are moderate. The location of

analysis is selected from Fig. SA. Scale bar = 30 um.
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Fig. 7. NanoSIMS ion maps of microborings in cross section (A) and longitudinal
view (B). (A) Microphotograph of a microboring in cross section and NanoSIMS ion
maps showing stronger ion signal of 28Si* and 32S- along microboring margins, while
12C-, 12C'N", and P are rather high within fills. (B) Microphotograph of a microboring
in longitudinal section and NanoSIMS ion maps showing stronger in signals of '>C-
and '2C'N- in fills, and strong signals of 28Si* around microboring margins. Scale bar

= 10 um (white) and 20 um (red).
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Fig. 8. Composite correlations of stratigraphic abundance of microborings, microbiota
and quartz grains with 8!*Cca, and Hg/TOC excursions, sea-level change, TFe>03, Cu
and last occurrence of taxa through the G—L transition in the Penglaitan section.
Microbiota: coccoid-like spheroids (Cs), bacterial clump-like spheroids (Bs) and
Ovummurus duoportius (Od). Detailed of microboring counts, microboring density and
stratigraphic abundance of quartz grains/crystals are available in Supplementary Table

S1, Table S2 and Table S3, respectively.
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