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Abstract

Fire is an important factor in ecosystems and a significant indicator reflecting
paleoclimate and environmental changes. Therefore, reconstructing fire activ-
ity history can help us understand past climate change and the mechanisms
of fire activity; however, there is currently a significant lack of research on
high-resolution fire activity records from the Miocene period on a global scale.
Charcoal has been proven to be an effective proxy indicator for reconstructing
fire activity history. Based on high-resolution charcoal records from the Mid-
dle Miocene in the Wushan Basin on the northeastern margin of the Tibetan
Plateau, we reconstructed the natural fire activity history of the study area and,
combined with existing data, explored the relationship between fire-vegetation-
climate and the response of fire activity in the study area to global changes. The
results show: (1) During the period of 15.30~13.60 Ma, the total charcoal con-
centration ranged from 59~4324 particles - g~1, with an average concentration
of 835 particles - g~!. The charcoal particles are predominantly sub-rounded in
shape, and almost all charcoal particle sizes are less than 50 m, reflecting that
natural fire activity in the study area was dominated by forest fires burning
arboreal plants, mainly regional fire activity. Based on the variation trend of
total charcoal concentration, the natural fire activity history of the study area
is divided into two main stages. Stage I (15.30~14.00 Ma): The total charcoal
concentration gradually increased, with an average concentration of 866 parti-
cles-g~!. Among them, Stage I can be further subdivided into three sub-stages:
Stage Ta (15.30~14.38 Ma): The total charcoal concentration was the lowest,
with an average concentration of 693 particles « g 1; Stage Ib (14.38~14.20 Ma):
The total charcoal concentration rapidly decreased, with an average concen-
tration of 1140 particles - g71; Stage Ic (14.20~14.00 Ma): The total charcoal
concentration sharply increased, with an average concentration of 988 parti-
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cles - g~ 1. Stage II (14.00~13.60 Ma): The total charcoal concentration sharply
decreased, with an average concentration of 777 particles - g71. (2) The vege-
tation and climate change results reconstructed from pollen data for the study
area show that during 15.30~14.38 Ma, the vegetation was open forest with
low humidity; during 14.38~14.00 Ma, arboreal plants increased and humidity
increased; during 14.00~13.60 Ma, arboreal species significantly decreased and
humidity decreased. (3) Through comparative analysis, the variation trend of
total charcoal concentration is similar to the trend of arboreal pollen percentage,
and the trend of sub-rounded charcoal concentration is significantly positively
correlated with the percentage trend of broadleaf plant pollen. It is concluded
that natural fire activity in the Wushan Basin during the Middle Miocene had
a strong connection with forest vegetation coverage (especially broadleaf forest
coverage), and charcoal concentration was high during periods of warm and
humid climate. In addition, by comparing the trend of total charcoal concen-
tration with changes in deep-sea benthic foraminiferal oxygen isotopes, it can
be inferred that global temperature changes may have had an important impact
on natural fire activity by influencing vegetation changes in the study area.
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Abstract: Fire is a critical component of ecosystem dynamics and serves as
an important indicator of paleoclimatic and paleoenvironmental change. Recon-
structing fire history can thus enhance our understanding of past climate vari-
ability and the mechanisms governing fire activity. However, high-resolution
fire records from the Miocene remain scarce globally. Charcoal has proven to
be an effective proxy for reconstructing fire history. Based on high-resolution
charcoal records from the Middle Miocene in the Wushan Basin on the north-
eastern margin of the Tibetan Plateau, we reconstruct the natural fire history of
the study area and explore the relationship between fire activity and climate, as
well as the response of regional fire regimes to global change. Results show that:
(1) Total micro-charcoal concentration varies from 59 to 4324 grains g~!, with
sub-round particles dominating and almost all charcoal fragments smaller than
50 m, indicating that fire activity in the study area was dominated by regional
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forest fires fueled by woody plants. Based on trends in total charcoal concen-
tration, the fire history can be divided into two main phases. Phase I (15.30-
14.00 Ma) shows a gradual increase in total charcoal concentration, averaging
866 grains g1, and can be further subdivided into two sub-phases: 15.30-14.38
Ma with relatively low average concentration (685 grains g~!), and 14.38-14.20
Ma with a sharp increase (average 1940 grains g—!). Phase II (14.00-13.60 Ma)
is characterized by a rapid decrease in total charcoal concentration, averaging
777 grains g1, and can be subdivided into 14.20-14.00 Ma (gradual increase, av-
erage 1295 grains g ') and 14.00-13.60 Ma (sharp decrease, average 271 grains
g~1). (2) Pollen-based vegetation and climate reconstructions indicate open for-
est vegetation with low humidity during 15.30-14.38 Ma, increasing tree cover
and humidity during 14.38-14.00 Ma, and a significant reduction in both tree
cover and humidity during 14.00-13.60 Ma. (3) Comparison of charcoal and
pollen data reveals that total charcoal concentration trends closely match arbo-
real pollen percentages, while sub-round charcoal concentration correlates sig-
nificantly with broadleaf pollen percentages. This suggests that Middle Miocene
fire activity in the Wushan Basin was strongly linked to forest coverage, par-
ticularly broadleaf forest extent, with higher charcoal concentrations occurring
during warm, humid periods. Furthermore, comparison of total charcoal concen-
tration trends with deep-sea benthic foraminiferal 680 records suggests that
global temperature changes may have influenced regional fire activity indirectly
through effects on vegetation dynamics.

Keywords: Wushan Basin; Middle Miocene; charcoal; natural fire; paleocli-
mate

Fire is an important factor in Earth’ s ecosystems and is influenced by cli-
matic and environmental changes. Natural fire activity during the Cenozoic
is considered a key factor affecting modern vegetation and climate, and thus
serves as an important indicator of climate change [1, 4, 10-11]. Charcoal is
produced through incomplete combustion or pyrolysis of plant tissues and is
transported by wind and water into sediments, where it can be preserved con-
tinuously. Charcoal concentration has been proven to be an effective proxy for
fire activity intensity (e.g., burned area) [4, 10-11], particle size can reflect the
distance and extent of fire activity [13, 33], and morphology can indicate the
type of vegetation burned (herbaceous vs. woody) [14, 41]. Therefore, charcoal
provides a basis for studying fire history [1, 16-17, 32] and the drivers of fire
evolution, as well as climate and environmental change [11, 14, 16-17].

Currently, domestic research has focused on charcoal extraction from Holocene
marine [7, 23-25] and loess [6, 26-27] deposits, using charcoal concentration and
flux to reconstruct fire history and exploring relationships between fire, vege-
tation, human activity, and climate-environmental change in combination with
proxies such as pollen, grain size, and magnetic susceptibility [28-31]. However,
high-resolution fire records from earlier geological periods are lacking [1, 31-33],
particularly for natural fire history and mechanisms in China’ s inland regions.
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This study selected the Nanyu section in the Wushan Basin on the northeastern
margin of the Tibetan Plateau, which has high-resolution paleomagnetic age
control [36, 38], to investigate high-resolution charcoal records from the Middle
Miocene climate transition period [34, 36, 38]. We reconstructed the natural
fire history of the Wushan Basin during the Middle Miocene and explored the
evolution of fire activity mechanisms and responses to climate, environmental,
and global changes.

1 Study Area and Profile Characteristics

Geomorphologically, the Wushan Basin is located on the northeastern margin
of the Tibetan Plateau, in the western part of the Tianshui Basin, as a sec-
ondary basin of the Longzhong Basin, situated on the West Qinling fault zone
in eastern Gansu Province (Fig. 1). Climatically, it lies at the intersection of
the Tibetan Plateau alpine region, northwest inland arid region, and eastern
monsoon region, at the apex of the “monsoon triangle,” making it highly sensi-
tive to climate change. The modern climate is temperate continental semi-arid
and semi-humid monsoon climate, with cold but not severe winters, hot but
not extreme summers, and distinct seasons. Annual average precipitation is 500
mm, with mean annual temperature of 9.6°C; rainfall is concentrated in sum-
mer. The main vegetation zones include coniferous and broadleaf mixed forest,
mountain meadow, steppe, and dry steppe [34, 36-38].

The Nanyu section (104.9°E, 34.7°N) is located about 15 km south of Wushan
County, at an altitude of 1809 m, with a section thickness of 171 m and an age
range of 15.30-13.60 Ma (Megaannus/Million years) (Fig. 1). Previous litho-
logical and sedimentary facies studies show that lacustrine deposits are mainly
distributed in the 0-80 m depth interval, consisting of gray-green marl, brown-
red mudstone, and brown siltstone, occasionally with gray-green sandstone; the
127-158 m depth interval consists mainly of floodplain deposits composed of
siltstone, mudstone, and fine sandstone with calcareous concretions; and the
158-171 m depth interval is primarily fluvial deposits (Fig. 2).

2 Materials and Methods

We extracted charcoal from 103 samples using pollen extraction methods. First,
a known quantity of Lycopodium spores (approximately 27,600 grains per tablet)
was added to each sample to determine charcoal concentration [32, 39]. Samples
were then treated with 10% hydrochloric acid (HCI) and 40% hydrofluoric acid
(HF) to remove carbonates and silicates, followed by ultrasonic washing with a
10 m sieve to remove impurities [40]. Charcoal and pollen were extracted using
heavy liquid (specific gravity 2.0-2.2), and processed samples were stored in 10
ml colorimetric tubes. Glycerin was added to prepared samples for slide prepa-
ration, and identification, counting, and photography were performed under a
microscope. All samples were analyzed for charcoal and Lycopodium spores un-
der a Leica DM 2000 optical microscope. Charcoal concentration was calculated
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using the following formula:

N, /B, x 27600/W,
where N, is the micro-charcoal concentration (grains g=1), N, is the number
of micro-charcoal particles counted, B, is the number of Lycopodium spores
counted, W, is the sample weight (g), and « is the sample number.

Charcoal particles were classified by calculating the ratio of long axis to short
axis. Particles with a ratio greater than 2.5 were classified as sub-long, and
those with a ratio less than 2.5 as sub-round [1, 32-33]. Based on long-axis
length, charcoal was divided into three size classes: <50 m, 50-100 m, and
>100 m [13, 33]. To ensure data stability, each sample had more than 300
charcoal particles counted [41], and identified charcoal was photographed under
a Leica DM5500B microscope (Fig. 3).

3 Results and Analysis

Overall, sub-round charcoal dominates, with average concentrations about 10
times higher than sub-long charcoal. In terms of particle size, charcoal <50 m
forms the main component, with average concentrations several times higher
than other size classes.

Phase I (15.30-14.00 Ma, 58 samples): In this phase, sub-round char-
coal concentration ranges from 42 to 3591 grains g—! (average 794 grains g~1),
sub-long charcoal from 2 to 732 grains g~! (average 72 grains g~ !), and total
charcoal from 60 to 4324 grains g~! (average 866 grains g~'). This phase can
be subdivided into two sub-phases:

e Sub-phase 1a (15.30-14.38 Ma, 35 samples): Sub-round charcoal
concentration ranges from 42 to 1940 grains g~! (average 623 grains g™ 1),
sub-long charcoal from 2 to 732 grains g~! (average 62 grains g!), and
total charcoal from 60 to 2602 grains g~ ! (average 685 grains g~!). During
this period, total charcoal, sub-round, and sub-long concentrations all
gradually increase.

¢ Sub-phase 1b (14.38-14.20 Ma, 23 samples): Sub-round charcoal
concentration ranges from 103 to 4324 grains g~! (average 1940 grains
g~ 1), sub-long charcoal from 15 to 732 grains g~ ! (average 102 grains g 1),
and total charcoal from 103 to 4324 grains g~ ! (average 1940 grains g~ 1).
In this sub-phase, total charcoal, sub-round, and sub-long concentrations
all increase sharply.

Phase II (14.00-13.60 Ma, 45 samples): In this phase, sub-round char-
coal concentration ranges from 11 to 636 grains g~ (average 708 grains g~1),
sub-long charcoal from 2 to 829 grains g~! (average 69 grains g~!), and total
charcoal from 58 to 3955 grains g~! (average 777 grains g—!). This phase can
be subdivided into:
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o Sub-phase 2a (14.20-14.00 Ma, 20 samples): Sub-round charcoal
concentration ranges from 271 to 3082 grains g~! (average 1295 grains
g~1), sub-long charcoal from 2 to 829 grains g~ ! (average 73 grains g~!),
and total charcoal from 271 to 3082 grains g~ ! (average 1295 grains g—1).
During this period, total charcoal, sub-round, and sub-long concentrations
all gradually increase.

e Sub-phase 2b (14.00-13.60 Ma, 25 samples): Sub-round charcoal
concentration ranges from 11 to 636 grains g ! (average 271 grains g~!),
sub-long charcoal from 2 to 837 grains g1 (average 65 grains g~ '), and
total charcoal from 58 to 3955 grains g~! (average 271 grains g~!). In
this sub-phase, total charcoal, sub-round, and sub-long concentrations all
decrease rapidly.

4 Discussion

4.1 Natural Fire History in the Wushan Basin During the Middle
Miocene

Charcoal particle size reflects the distance and extent of fire activity. Modern
charcoal transport studies indicate that only particles larger than 125 m can
be assumed to be local [13, 33]. The charcoal record shows that MC<50 m
concentrations are about 10 times higher than those >50 m, with particles
>100 m being extremely rare, reflecting that fire activity in the study area was
primarily large-scale regional fires.

Total charcoal concentration trends reflect changes in fire activity. Higher char-
coal concentrations indicate more intense regional fire activity, and vice versa
[1, 16-17, 32]. The charcoal record shows (Fig. 4) that MCtotal gradually
increased during 15.30-14.00 Ma, then sharply decreased during 14.00-13.60
Ma, reflecting that natural fire activity gradually intensified and then rapidly
diminished.

Different plant types produce charcoal with different morphologies. After
laboratory processing, herbaceous charcoal has an average length-to-width
ratio of  3.98+0.1, whilewoodyplantcharcoalhasanaverageratioo f1.84+%$0.1
[14, 41]. Therefore, sub-round charcoal concentration can reflect forest fire
intensity, while sub-long charcoal concentration reflects grassland fire intensity.
The Nanyu section charcoal record shows (Fig. 4) that sub-round charcoal
(L/W<2.5) concentrations are much higher than sub-long charcoal (L/W>2.5),
with sub-round average concentrations about 10 times those of sub-long
charcoal, indicating that natural fire activity in the study area was dominated
by woody plant combustion, primarily forest fires.

4.2 Mechanisms of Fire Activity in the Wushan Basin

4.2.1 Natural Fire Response to Vegetation Change Charcoal originates
from plant combustion, and the relationship between vegetation and charcoal
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is most intimate. Plant burning is influenced by multiple factors including
atmospheric humidity and temperature, vegetation type and quantity, light-
ning, and volcanic eruptions [4, 19, 42-44]. Pollen records show that during the
Middle Miocene, vegetation in the Wushan Basin was coniferous and broadleaf
mixed forest [36]. In terms of plant distribution, coniferous and broadleaf forests
formed the forest canopy, with coniferous forests mainly growing at high alti-
tudes and broadleaf forests at mid-low altitudes, while herbs and shrubs grew
in the understory [36].

Comparing pollen data with charcoal concentration trends (Fig. 5), during sub-
phase la (15.30-14.38 Ma), arboreal pollen percentages were relatively low, while
total charcoal, sub-round charcoal, and broadleaf pollen percentages gradually
increased, indicating relatively low humidity, open forest vegetation, and gradu-
ally increasing broadleaf forest coverage. During sub-phase 1b (14.38-14.20 Ma),
arboreal pollen percentages increased while total charcoal, sub-round charcoal,
and broadleaf pollen percentages decreased significantly, indicating increased
overall forest coverage but reduced broadleaf forest coverage at low altitudes.
During sub-phase 2a (14.20-14.00 Ma), arboreal pollen percentages were rela-
tively high and stable, while broadleaf arboreal pollen, total charcoal, and sub-
round charcoal concentrations all increased significantly, indicating increased
humidity and broadleaf forest coverage. During phase 2b (14.00-13.60 Ma),
total charcoal, sub-round charcoal, arboreal pollen percentages, and broadleaf
arboreal pollen percentages all decreased significantly, indicating reduced forest
vegetation and broadleaf forest coverage.

Fire activity intensity is related to climate conditions, fuel biomass, and vegeta-
tion type and flammability [45-48]. The trends of MCtotal and sub-round char-
coal concentration correlate with arboreal pollen percentage trends (R?=0.63)
and are consistent with broadleaf plant pollen percentage trends (R?=0.71),
and charcoal data indicate that natural fire activity in the Wushan Basin was
dominated by forest fires. Correlation analysis shows that sub-round charcoal
concentration trends are significantly correlated with broadleaf pollen percent-
age (p<0.01). Pollen data show that during 15.30-13.60 Ma, broadleaf arboreal
pollen averaged 58.3% of total arboreal pollen, while coniferous pollen averaged
41.7%. Comprehensive analysis of vegetation change trends and charcoal con-
centration trends in each phase suggests that natural fire activity in the Wushan
Basin mainly occurred in low-altitude broadleaf forest areas, with fire intensity
influenced by changes in broadleaf forest coverage. During warm, humid peri-
ods, MCtotal was higher than in relatively cold periods, and natural fire activity
was more intense.

Modern forest fire dynamics show that under global warming, forest fires world-
wide are increasing significantly, with fires becoming more frequent as tempera-
tures rise, primarily because climate warming affects plant properties and forest
vegetation distribution, influencing forest flammability and combustibility [49].
Additionally, warm, humid conditions are suitable for vegetation growth and de-
velopment, leading to increased biomass accumulation that provides more fuel
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for fire activity, while frequent thunderstorms and lightning also contribute to
increased forest fires [42, 50].

4.2.2 Natural Fire Response to Global Change in the Wushan Basin
To explore the relationship between natural fire activity and global change dur-
ing the Middle Miocene in the Wushan Basin, we compared the MCtotal trend
with deep-sea benthic foraminiferal §180 records [52] (Fig. 5). The analysis
shows that during the transition from the Middle Miocene Climatic Optimum
to the Middle Miocene Climate Transition, 6'®0 content from deep-sea ben-
thic foraminifera remained stable, with high global average temperatures and
small variations [52]. Against this global temperature background, forest veg-
etation coverage and biomass in the Wushan Basin gradually increased, and
natural fire activity gradually intensified. After 14.20 Ma, 6'80 content de-
creased significantly, indicating a global warming period that corresponds well
with vegetation and climate changes reconstructed from pollen data [36, 52].
Charcoal records show that during this further warming period, MCtotal in-
creased significantly. During 14.00-13.60 Ma, when MCtotal decreased sharply,
deep-sea benthic foraminiferal §'®0 records increased significantly, indicating
notable global cooling [52]. Pollen data show that forest coverage decreased
dramatically during this period, mainly due to a sharp reduction in broadleaf
arboreal pollen, with cold-tolerant coniferous forests replacing broadleaf forests
as the main forest components [36], and forest fire activity decreased rapidly.

The most comparable global event to this phenomenon may be the Mi-3 event
[65], which later split into Mi-3a (13.82-13.65 Ma) and Mi-3b (14.00-13.50 Ma)
[56]. Mi-3 had significant impacts on vegetation and organisms, with a sudden
end to the warm period recorded in mid-Miocene central Europe and regional ex-
tinction events of most thermophilic biological groups [56]. We hypothesize that
during the Middle Miocene Climate Transition, global cooling caused large-scale
die-offs of most organisms on Earth, leading to vegetation transformation in
the Wushan Basin, significantly reduced forest coverage, and greatly decreased
biomass, resulting in rapid reduction of natural fire activity. Comparing MCto-
tal trends in the Wushan Basin with global deep-sea benthic foraminiferal 6180
records suggests that natural fire activity in the study area had a strong con-
nection with global temperature changes, which may have influenced regional
fire activity through effects on vegetation in the Wushan Basin.

5 Conclusions

Charcoal has proven to be an effective proxy for reconstructing paleofire activ-
ity. Based on high-resolution charcoal records from Middle Miocene sediments
in the Wushan Basin, we reconstructed the natural fire history during 15.30-
13.60 Ma. Charcoal records indicate that fire activity was dominated by forest
fires fueled by woody plants, mainly occurring on a regional scale. The trend
in total charcoal concentration reflects that natural fire activity gradually in-
tensified during 15.30-14.00 Ma, then rapidly decreased during 14.00-13.60 Ma.
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By comparing existing climatic and environmental proxy data, we explored the
relationship between natural fire activity and climate-environmental changes, as
well as responses to global temperature changes, reaching the following conclu-
sions:

1) Natural fire activity in the Wushan Basin as reflected by charcoal records
was dominated by forest fires, with fire intensity closely related to
broadleaf forest coverage. Fire activity was influenced by climate change;
under warm, humid conditions, forest vegetation coverage increased,
natural fire activity intensified, and total charcoal concentration was
high.

2) Comparison of total charcoal concentration trends with deep-sea benthic
foraminiferal 68O records reveals a strong connection between charcoal
concentration and global temperature changes. We infer that global tem-
perature changes may have influenced natural fire activity in the study
area through effects on vegetation in the Wushan Basin.
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