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Key Points:

e A seasonal rainfall proxy using tree rings 5"°C profiles was validated using living trees
and weather station records in southern China

e Late Oligocene fossil tree ring '3C variations were consistent with rainfall levels ~4x
higher in summer than winter

e Results suggest evidence for an East Asian Monsoon-style system in the Late Oligocene
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Abstract

The wet summers and dry winters of monsoon systems in East Asia are a first-order
control on food and water security for a significant portion of the global population today. The
onset, characteristics, and drivers of paleo-monsoonal conditions in East Asia, however, are
debated. Records from the Eocene suggest pronounced rainfall seasonality consistent with
monsoon rainfall across China, likely driven by migrations of the Inter-Tropical Convergence
Zone. Model simulations indicate that modern-like monsoon circulation of China was established
by the early Miocene at the latest, but uncertainty remains due to a paucity of proxy records from
the Oligocene. Here we provide the first annually resolved, quantitative estimates of precipitation
from East Asia during the Oligocene, based upon intra-annual variation in carbon isotopes across
growth rings of exquisitely preserved fossil wood from southern China. We find a clear pattern
of consistent, summer-dominated precipitation with ~4 times more precipitation in summer than
winter. These data demonstrate that by the late Oligocene, precipitation patterns in East Asia had
similar strength and seasonality to modern conditions, which suggests the presence of an East
Asian Monsoon-style system prior to the Neogene.

Plain Language Summary

The seasonal rainfall patterns of Asian monsoon systems affect food and water security
for a substantial portion of global population. Prediction of monsoon behavior under warming
climate conditions can be aided by studies of monsoon dynamics from ancient warm intervals,
such as the Late Oligocene (~25 million years ago). We applied a novel technique to reconstruct
rainfall patterns in southern China using high-resolution stable carbon isotope profiles in
incredibly well preserved fossil wood. To demonstrate the robustness of this approach, we first
validated the method using living trees and a nearby weather station. We then applied this
method to fossil wood from the Late Oligocene. Our results suggest that summer rainfall (May-
October) was ~4 times more than winter rainfall (November-April), which is indistinguishable
from modern conditions in southern China. We conclude that the East Asian monsoon system
was as strong as it is today during its very early stages in the Oligocene.

1 Introduction

The Cenozoic evolution of Asian monsoon systems remains a rich topic of debate and
active, interdisciplinary investigation. Paleoclimate proxies and simulations suggest that highly
seasonal precipitation existed across southern Asia in the Eocene, likely driven by migrations of
the Inter-Tropical Convergence Zone (ITCZ) similar to the modern South Asian Monsoon or
Indonesian-Australian Monsoon systems (Spicer et al., 2016; Li et al., 2018; Farnsworth et al.,
2019; Tardif et al., 2020). A key feature of this early to middle Paleogene climate pattern is a
west-east arid belt spanning much of China (Sun and Wang, 2005) that was possibly driven by
the presence of a persistent high pressure system over central Asia (Tardif et al., 2020). This
pattern differs from the modern East Asian Monsoon (EAM), which involves an incursion of
moist air that penetrates deep into China and therefore disrupts a zonal precipitation gradient
(Wang and LinHo, 2000). The timing of EAM initiation remains debated, ranging from the
Eocene (Quan et al., 2012; Xie et al., 2019) to the late Oligocene (Sun and Wang, 2005) and
Miocene (Clift et al., 2008; Liu et al., 2017; Spicer et al., 2017; Farnsworth et al., 2019). We
contend that a key driver of this disagreement arises from a paucity of proxy records from East
Asia during the Oligocene, compared to the Eocene and Miocene.
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Precipitation seasonality and variability are intrinsic to monsoon systems; however, the
majority of paleoclimate proxies applied to paleo-monsoon systems reconstruct mean annual
conditions averaged across long timescales (decades to 10° years), large geographic areas, or
offer qualitative interpretations of monsoon strength and pattern. The presence and
characteristics of paleo-monsoons have been inferred indirectly through sedimentology (Loope et
al., 2001; Licht et al., 2014), the stable isotope composition of paleosols (Quade et al., 1989;
Zhisheng et al., 2005; Passey et al., 2009; Suarez et al., 2011), soil and rock magnetics (Liu et
al., 2007; Yancheva et al., 2007), cosmogenic radionuclides (Beck et al., 2018), and
paleobotanical proxies (Quan et al., 2012; Spicer et al., 2016, 2017; Xie et al., 2019, 2020).
High-resolution isotope analysis on corals (Pradeep K. Aggarwal et al., 2004; Su et al., 2010),
speleothems (Fleitmann et al., 2003; Cheng et al., 2016; Kathayat et al., 2017), gastropods (Licht
et al., 2014), and mammal tooth enamel (Licht et al., 2014) can record intra- to inter-annual
paleoclimate patterns. However, coral and speleothem records are only available for the
Quaternary Period, and no model exists to quantitatively link annual isotope variations in shells
or teeth to seasonal precipitation levels. Recent schlerochronological analyses from Paratetethys
Sea oysters coupled with numerical model simulations have provided some of the first high
resolution, seasonal paleoclimate reconstructions from the Eocene of central Asia and support
interpretations of strongly seasonal precipitation over the region prior to the Neogene (Bougeois
et al., 2014, 2018). While these marine paleoclimate proxies offer a substantial contribution to
understanding the seasonal paleoclimatology of Asian monsoons, new terrestrial proxy records
are needed for the Oligocene due to the closure of the Paratethys Sea at the end of the Eocene
(van der Boon et al., 2018).

Here we present an annually resolved, quantitative reconstruction of summer and winter
monsoon precipitation from southern China during the late Oligocene using stable carbon isotope
measurements across growth rings of exquisitely preserved fossil wood, thus producing the first
annual record of seasonal precipitation in East Asia from deep time. The late Oligocene Epoch of
the Paleogene Period is an ideal time period for studying monsoon strength and variability
because it post-dates major central Tibetan uplift (Fang et al., 2020) and coincides with the last
time that CO, levels were consistently at least as high as today (Foster et al., 2017; Cui et al.,
2020); however, paleoprecipitation records from the Oligocene in East Asia are rare. This new
paleoclimate record will fill a key gap in proxy records from a region where billions of people
rely on accurate forecasts of current and future monsoon dynamics.

2 Materials and Methods

2.1 Fossil and Living Trees

Three fossil wood specimens were selected for analysis from the Santang Konservat
Lagerstéatte, a newly described fossil plant assemblage (Quan et al., 2016; Huang et al., 2018;
Ying et al., 2018). The taxonomic affinity of these fossils have been described previously by
Huang et al. (2018), who observed traits in fossil specimens to be consistent with Castanopsis
sp., a genus in the Fagaceae family with evergreen habit that lives today in tropical to subtropical
East and Southeast Asia. Wood specimens of the fossil assemblage are stored and fully
accessible in the Biological Museum of Sun Yat-sen University, Guangzhou, China.

The Santang fossil assemblage is preserved within a single lacustrine deposit of the upper
Yongning Formation in Nanning Basin, Guangxi, China (22.881° N, 108.417° E, elevation = 83
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m) (Fig. 1A-B) (Quan et al., 2016). The site is dated to late Oligocene based on Anthracotherium
changlingensis, Anthracokeryx kwangsiensis, and Heothema mammal fossil assemblages within
the upper Yongning Formation (Zhao, 1993; Ying et al., 2018), and independently supported by
palynofloral analysis (Wang et al., 2015). Three fossil wood samples (NNW010, NNW12B, and
NNWO021, Fig. 1F-H) were selected for intra-ring 5'*C analysis in this study. Each ring was
subdivided by hand using a razor blade perpendicular to the growth axis (Schubert and Jahren,
2011). A total of 20 rings were sampled (n = 518 slices).

We also studied two radial cores of evergreen trees living nearby the fossil assemblage
(Pinus massoniana; samples QXS21A and QXS24A, Fig. 1D-E). Tree cores were extracted with
an increment borer in 2016 at Qingxiushan Hill, Nanning, Guangxi, China (22.790 °N, 108.384
°E, elevation = 223 m, Fig. 1B). These trees were selected to test the seasonal precipitation proxy
on extant evergreen trees growing in a monsoon-affected climate (Fig. 1C). Consecutive growth
rings spanning the years 1990 to 2000 were sampled in an identical manner to the fossil wood. A
total of 317 slices were collected from the two cores.

2.2 Stable Isotopes and Data Analysis

For modern and fossil samples, bulk wood slices weighing between 80-150 ug were
wrapped in tin capsules for §'°C analysis. Cellulose was not extracted for these data; our
previous work has shown a robust linear correlation between the 5'*C value recorded in bulk
wood tissue and o-cellulose (Lukens et al., 2019a), and the goal of our current study was to
analyze relative changes in 8*3C value rather than exact values (after Schubert and Jahren, 2011).
All 383C values were determined using a Thermo Finnigan Elemental Analyzer (Flash EA 1112
Series, Bremen, Germany) coupled with a Delta V Advantage Isotope-ratio Mass Spectrometer
(Thermo Fisher) at the University of Louisiana at Lafayette. Samples were analyzed with three
internal laboratory reference materials (JGLY, 8"°C = -43.51%o; JHIST, 8'*C = -8.13%o; JGLUC,
§3C = -10.52%o). A quality assurance sample (JRICE, §3C = -27.44%0) was analyzed as an
unknown with each batch run, and yielded a <0.1%o analytical uncertainty. Isotope values are
reported in o-notation (%o) with respect to Vienna Pee Dee Belemnite (VPDB).

All statistical analyses were performed in RStudio version 3.6.1 (R Core Team, 2020).

2.3 Seasonal precipitation reconstruction

We reconstructed the ratio of seasonal, 6-month summer (Ps: May through October) and
winter (Pw: November through April) precipitation in the Nanning Basin by applying a model
developed by Schubert and Jahren (2011) to the intra-ring 8*3C analyses from modern and
Oligocene trees. This proxy was calibrated using a global dataset of intra-ring 5">C records from
33 angiosperm and gymnosperm trees growing across a range of environments (15 total sites),
including southeast Asia. We note that other modern and fossil applications of this seasonal
precipitation proxy have confirmed its utility for reconstructing seasonal rainfall across a wide
latitudinal range (tropic to polar regions) and low or high seasonality (Schubert et al., 2012;
Schubert and Timmermann, 2015; Schubert et al., 2017; Judd et al., 2019).

The model relates the amplitude of §"*C values within a ring (H) to the annual variation
in "°C of atmospheric CO; [A(8"3Cco2)] and the ratio of Py, to P
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Figure 1. Location map and samples collected within the Nanning Basin, southern China (A). B)
Locations of the modern tree cores, the local weather station (China Meteorological Data Service
Center, Station No. 59431, http://data.cma.cn/), and fossil trees at the Santang Konservat
Lagerstatte. Imagery courtesy of USGS/NASA Landsat via Google Earth. (C) Average monthly
precipitation (blue bars) and temperature (red line) for Nanning, China (1951-2016 C.E.). D-E)
Photographs of the modern Pinus massoniana tree cores QXS21A (top) and QXS24A (bottom).
Growth direction is to the left. Years are labeled for reference. F-H) Photographs of the fossil
evergreen wood samples used for this study: F) NNWO010, G) NNW12B, and H) NNWO021. For
each wood sample, earlywood occurs as light bands and latewood occurs as subsequent dark
bands. All black scale bars = 1 cm.

H = A(8"Cco2) — 0.82[In(Pw/Ps)] + 0.73 (1)

For the northern hemisphere, the empirical relationship between latitude and A(3"*Ccoy)

A(8™Ccoz) = 0.01L +0.13 (2)

To adapt this model (Eq. 1) to the Nanning Basin "°C records, we substituted Eq. 2 in
Eqg. 1 and solved for P, (see Supplement for full derivation):

Pw = (R)*(Ptota) / (1 + R) 3)
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Figure 2. Profiles of §"*C values across modern (A-C) and fossil wood (D-F). A-B) 8*3C profiles
across modern Pinus massioniana tree cores. C) 8*C profiles normalized to the average of each
sample. D-F) 8*3C profiles across fossil evergreen wood:; note that each profile represents a
different fossil, and consequently rings are not correlated across the three fossil specimens. Gray
vertical lines indicate ring boundaries. Number of analyses (n) is indicated in upper right of each
panel; sample name is indicated in lower right of each panel.

Ps = Pw + Protal (4)
where
R = e~[(H + 0.01L — 0.6) / -0.82] (5)

Within Eq. 3-5, Pyta is total annual precipitation, e is a mathematical constant (~2.718),
H is the difference between the maximum &'*C value of a given year and the preceding minimum
8"3C value of the annual cycle (after Schubert and Jahren, 2011), and L is latitude (22.8°N for
modern Nanning).
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3 Results

3.1. Development of high-resolution 8*3C profiles

The §"3C values of the two modern P. massoniana tree cores differed significantly across
the entire 1990-2000 series (Wilcoxon rank sum test, p < 0.001) (Fig. 2A-B), which is common
for neighboring modern trees, even of the same species (e.g., Leavitt and Long, 1984). However,
normalized 8"3C records of the modern wood showed the relative changes in 83C value to be
consistent across individuals (Fig. 2C). On average, the late Oligocene wood fossils had
significantly lower §*C values than the modern wood (Kruskall-Wallis rank sum test, p < 0.001)
(Fig. 2D-F), consistent with preferential preservation of lignin relative to cellulose (Lukens et al.,
2019a) and higher atmospheric CO; levels in the Oligocene relative to today (Schubert and
Jahren, 2012; Foster et al., 2017). Notably, the fossil wood showed a similar quasi-periodic intra-
ring 5'°C pattern to the modern wood, consistent with the evergreen habit inferred for the
specimens based on previous work (Schubert and Jahren, 2011; Huang et al., 2018). Further, the
amplitude of varying 5'°C values across each ring was not statistically different between the
modern and fossil tree-rings (Kruskall-Wallis rank sum test, p = 0.27).

We used equations (1-3) to compare Ps and P, calculated from the 5'*C pattern measured
in the modern wood to the local climate station record (Fig. 2A-B; Table 1). We found a strong
correlation between the climate station values and modeled Ps and P, (Fig. 3; Pearson’s r = 0.92)
across the entire study period (1990-2000), confirming that the high-resolution 8*3C profiles
accurately record the inter-annual variability in P and P,, at the site.

3.2 Comparison between Modern and Fossil Wood Isotope Data

The intra-ring patterns of 5"°C used for calculating seasonal precipitation were compared
between modern and fossil wood samples. Median and standard deviations of H for the three
fossils were as follows: NNWO021 = 2.0 + 0.7%o, NNWO010 = 1.5 £ 0.2%0, and NNW12B =14+
0.5%0. Median and standard deviations of H for the cores from the two living tress are as
follows: QXS21A = 1.5 £ 0.9%0 and QXS24A = 1.9 + 0.7%0. The Kruskall-Wallis rank sum test
run on these data resulted in no significant difference between mean ranks (chi-square = 5.1517,
degrees of freedom =4, p = 0.27).

3.3 Late Oligocene Precipitation Reconstruction

We used the intra-ring 8*3C profiles measured across the fossil wood to estimate late
Oligocene Ps and Py, via a Monte Carlo resampling that incorporates the normally distributed
uncertainties associated with each of the dependent variables in equations (1-3). We estimated a
conservative 1o error of + 10% for H values given that Schubert and Jahren (2011) found that an
average of ~10 5"°C measurements per growth ring obtains ~80% of the true H value. We set
Piotar = 1296 £ 227 mm, which was the mean annual precipitation and standard deviation for the
years 1951-2016 at the Nanning climate station. These values were supported for the late
Oligocene based on pollen and plant macrofossils associated with the Nanning fossil wood
deposit that were similar to extant flora in the area and were consistent with warm-temperate and
humid conditions (Ying et al., 2018). Further, the presence of subhumid to humid climates
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interpreted for the now-arid interior of China during the late Oligocene indicated that southeast
China was at least as wet (P > 1000 mm) (Miao et al., 2013). We note that because Pyt IS
independent of P,,/Ps (equations S6 and S7), higher estimates of Py, Serve to increase estimates
of P and Ps, but proportionally, such that the ratio of P, to Ps remains unchanged. In all cases,
we found late Oligocene P > P,, regardless of the Py Value. Because the South China Block has
remained at or near its current latitude since the early Cenozoic (Wu et al., 2017), we used the
modern latitude value (22.8°N) with a conservative standard deviation of 5° for late Oligocene
paleolatitude. We found that changes of + 5° latitude affects calculated Ps and P,, values
minimally.

1500
2 =0.84 O &
p < 0.001 O
C
O
5 1000- 5 o O
—
3 &
o O
a O
©
g 500+
< 0®
© Q2 o
/0
0 T T
0 500 1000 1500

Predicted precipitation

Figure 3. Validation of seasonal precipitation proxy. Winter precipitation (P,,: November
through April; gray symbols) and summer precipitation (Ps: May through October; open
symbols) are plotted against climate station records. Data are from 1990-2000 C.E. The H value
from the two modern tree cores was averaged for each year prior to input into the model
equations (1-5) (data for each core are reported in Table 1). Linear regression metrics are shown
in upper left; diagonal line is a 1:1 line. Root mean square error is 140 mm.
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Table 1. Climate and paleoclimate values for Nanning, China.

Sample Year Piotal Pw Ps H Latitude Pw Ps
(observed) (observed) (%o) (°N) (model) (model)

Modern tree cores and modern climate station data

QXS24A 1990 1095 423 672 212 22.8 116 979
QXS24A 1991 1198 201 996 2.23 22.8 113 1085
QXS24A 1992 1238 307 931 3.18 22.8 39 1199
QXS24A 1993 1285 383 902 2.18 22.8 128 1157
QXS24A 1994 1736 279 1458 0.96 22.8 570 1167
QXS24A 1995 1272 306 966 1.54 22.8 247 1025
QXS24A 1996 1191 255 936 1.72 22.8 193 998
QXS24A 1997 1453 533 920 0.86 22.8 517 937
QXS24A 1998 1286 278 1007 2.69 22.8 72 1214
QXS24A 1999 1113 186 927 1.92 22.8 146 966
QXS24A 2000 1051 312 739 1.90 22.8 141 910
QXS21A 1990 1095 423 672 1.19 22.8 295 800
QXS21A 1991 1198 201 996 2.27 22.8 108 1090
QXS21A 1992 1238 307 931 3.36 22.8 32 1206
QXS21A 1993 1285 383 902 2.69 22.8 72 1213
QXS21A 1994 1736 279 1458 1.27 22.8 435 1301
QXS21A 1995 1272 306 966 1.24 22.8 328 944
QXS21A 1996 1191 255 936 1.73 22.8 191 1000
QXS21A 1997 1453 533 920 0.84 22.8 525 929
QXS21A 1998 1286 278 1007 3.21 22.8 39 1246
QXS21A 1999 1113 186 927 0.58 22.8 486 626
QXS21A 2000 1051 312 739 1.48 22.8 216 835
Late Oligocene tree cores and paleoclimate estimations

NNWO021 Ringl 1296 - - 1.28 22.8 323 971
NNWO021 Ring2 1296 - - 0.88 22.8 453 840
NNWO021 Ring3 1296 - - 1.69 22.8 219 1074
NNW021 Ring4 1296 - - 1.95 22.8 168 1125
NNWO021 Ring5 1296 - - 2.94 22.8 57 1236
NNWO021 Ring6 1296 - - 2.76 22.8 70 1223
NNWO021 Ring7 1296 - - 2.71 22.8 74 1219
NNWO021 Ring8 1296 - - 212 22.8 141 1152
NNW12B Ring9 1296 - - 1.85 22.8 186 1107
NNW12B Ringl0 1296 - - 1.25 22.8 332 962
NNW12B Ringll 1296 - - 1.38 22.8 295 998
NNW12B Ringl2 1296 - - 1.44 22.8 278 1015
NNW12B Ringl3 1296 - - 0.60 22.8 558 736
NNWO010 Ringl4 1296 - - 1.88 22.8 181 1112
NNWO010 Ringl5 1296 - - 1.41 22.8 286 1007
NNWO010 Ringl6 1296 - - 1.60 22.8 239 1054
NNWO010 Ringl7 1296 - - 1.55 22.8 251 1043
NNWO010 Ringl8 1296 - - 1.31 22.8 314 979
NNWO010 Ringl19 1296 - - 1.52 22.8 258 1035

Note: Abbreviations are as follows. Py, = total precipitation, P,, = winter precipitation (November-April),
Ps = summer precipitation (May-October), Actual = climate station-derived data, Model = proxy-derived

estimates
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We found that average late Oligocene Ps = 1058 £ 190 mm and P,, =236 = 55 mm (lo
error; n = 19 fossil rings) (Fig. 4A; Table 1). One sample (the first ring in sample NNW12B,
labelled as ring 15 in Fig. 2) was omitted from analyses due to the peak §'*C value occurring at
the start of the ring. When calculating Ps and P,, for each fossil ring, we found that P was greater
than P, for all years, consistent with a summer-dominated precipitation regime for each of the
years in which these trees grew during the late Oligocene. Further, these values were
indistinguishable from present-day Ps and P,, measured at the local climate station (1000 + 199
mm and 292 £+ 99 mm, respectively; Fig. 4) and from model application on modern trees in
Nanning, China (1044 + 153 and 221 + 164, respectively; Fig. 3). These results suggest that the
strength and inter-annual variability of summer precipitation in the late Oligocene was similar to
modern conditions, providing firm evidence for a strong monsoon. Using these results, we
calculate conservative average summer rainfall rates during the late Oligocene of 5.8 £ 0.6
mm/day (with Ps = 82% of Py On average), which closely matches present-day values at the site
(5.5 £ 1.1 mm/day; Ps = 77% of Py for 1951-2016). Because these daily rainfall rates represent
6-month averages, these values likely underestimate maximum daily rainfall rates during peak
monsoon months. Nevertheless, these values exceed the threshold for monsoon climates defined
by Wang and LinHo (2002)(>3.0 mm/day and Ps >55% of Pa), and provide firm quantitative
evidence for a paleo-monsoon using the metrics employed in modern climatology.
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Figure 4. Kernel density functions plotted for winter precipitation (P, blue) and summer
precipitation (Ps, red). A) Seasonal precipitation estimated from 19 fossil tree-rings. Note that Ps
> P, regardless of the Py Value input into equations (1-3) using the observed H values from the
fossil tree-rings. B) Instrumental climate record for Nanning, China.
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4 Discussion

Most studies that investigate monsoon systems in the geologic record focus on
Quaternary records or rely on climate models to assess monsoon intensity and variability (Wang
et al., 2017). Estimates of monsoon characteristics in deep-time using traditional mean annual
precipitation (MAP) proxies such as stable isotopes in paleosols and fossil teeth (Passey, 2012),
leaf morphometrics (Peppe et al., 2011), floral assemblages (Utescher et al., 2014), paleosol
magnetics (Maxbauer et al., 2016), and paleosol bulk geochemistry (Stinchcomb et al., 2016;
Lukens et al., 2019b), might be biased within monsoon regions that receive a large proportion of
their annual precipitation within a few weeks or months, or during time intervals wherein spatial
variability of isotopes in meteoric water may fundamentally alter isotope-precipitation
relationships (e.g., Johnson and Ingram, 2004). These proxies can provide important information
on long-term climate trends for a particular region (i.e., the EAM; Wang et al., 2019); however,
they are unable to resolve inter- or intra-annual precipitation patterns that are characteristic of
monsoon systems.

Our analyses of modern and fossil wood 8"*C profiles show similar overall patterns that
are characteristic of evergreen trees growing in a strongly seasonal climate (Schubert and Jahren,
2011). This interpretation is supported by paleobotanical analyses from the Santang fossil
assemblage by Huang et al. (2018). The wood fossils of the Fagaceae family have predominantly
faint to absent growth rings, though some samples have distinct ring boundaries (such as those in
this study; Fig. 1F-H). Importantly, though, some of the Castanopsis specimens in the fossil
assemblage show indistinct growth ring boundaries with ring-porous patterns, which are features
that have been observed in Castanopsis living today in Meghalaya, India (Sharma et al., 2011)
and northern Thailand (Phromprasit et al., 2016). Both of these areas have strongly seasonal
precipitation under the South Asian Monsoon. However, the Castanopsis fossils with distinct
ring boundaries that lack ring porosity are possibly similar to those living in subtropical, EAM-
affected areas of modern Japan, Taiwan and continental China (Huang et al., 2018). Collectively,
the Santang wood fossils are therefore consistent with our interpretation of monsoon-style
precipitation patterns in southern China during the late Oligocene.

A Kkey input variable in the seasonal precipitation proxy used in this study is the annual
cycle of §Ccoz (A(8*Ccoz), EQ. 2). The slope and intercept of Eq. 2 are fitted to the modern
pattern of annual variations in 8**Ccoy value for the northern hemisphere, where A(8**Ccos)
increases with northing latitude. This relationship is driven by seasonal exchanges of C between
the biosphere and atmosphere: photosynthesis in the boreal summer depletes the atmosphere in
12C and enriches the remaining CO, in *3C, followed by a wintertime release of *2C back to the
atmosphere as a result of soil respiration and reduced productivity (Keeling et al., 2005). The
paleogeography of the Oligocene (e.g., Kennedy-Asser et al., 2019) suggests that northern
hemisphere net primary productivity may have been enhanced relative to today, given 1) the lack
of a permanent arctic ice cap, meaning more vegetation cover in the northern hemisphere and
longer growing seasons, and 2) continent positions were largely similar to modern conditions.
We tested the sensitivity of A(8*3Cco,) on seasonal precipitation estimates by varying this term
in Eq. 1 from 0.0%o (no annual change in 8**Ccop) to 2.0%o (twice the maximum possible value
of 8"*Ccoz under modern conditions). Full details of this sensitivity analysis are provided in the
Supplementary Materials. We found that for all measured H values, the ratio of estimated
summer precipitation is little affected by an enhanced annual A(8**Ccoy) cycle (Fig. 5). We
therefore conclude that our summer precipitation reconstructed values are robust.
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Our results suggest that strong seasonality of rainfall in southern China may have been a
feature of a late Oligocene, nascent EAM system. This conclusion is supported by recent work
that shows evidence for a high central Tibetan Plateau (Fang et al., 2020) and a strong west-east
hydroclimate gradient across Central Asia being established by the late Oligocene (Wang et al.,
2020). Further, recent analyses of sporopollen populations across Chinese sedimentary basins are
consistent with an EAM-style system arising in southern China starting as early as the middle
Eocene (Xie et al., 2019, 2020) and strengthening through the late Oligocene (Sun and Wang,
2005).

5 Conclusions

The Oligocene remains a markedly understudied interval in monsoon paleoclimatology of
southern and eastern Asia. The high-resolution "*C records from late Oligocene wood fossils
presented in this study help to fill a critical gap in paleoprecipitation data from southern China.
We report a robust record of summer-dominated rainfall for each of the 19 fossil rings we
analyzed, consistent with 11 years of high resolution 5**C profiles from living trees growing
nearby. We suggest that these patterns indicate the presence of an East Asian Monsoon-style
system in the late Oligocene, but further work is needed to connect these rainfall seasonality
reconstructions with mechanisms of monsoon systems.
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Figure 5. The fraction of summer precipitation to total annual precipitation (Ps/Piota) as a
function of annual variation in atmospheric 8**Cco value (A(8"*Ccoy)). The maximum,
minimum, and mean H values for Nanning wood fossils are shown. At the modern latitude of
Nanning, China (22.8 °N), the A(6"*Cco2) value is 0.35%o (vertical line at 1x). Note that a
doubling (2x) or tripling (3x) of this magnitude of 8**Ccop variation has relatively little effect
and only increases estimates of summer rainfall proportions. Reduction of A(8"Ccoy) also has
little effect the interpretation of late Oligocene summer-dominated rainfall.
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