'.) Check for updates

Y ad B s
AT D seacescience

Paleoceanography and
Paleoclimatology

RESEARCH ARTICLE
10.1029/2021PA004229

Key Points:

« A seasonal rainfall proxy using tree
ring 8"C profiles was validated using
living trees and weather station
records in southern China

« Late Oligocene fossil tree ring §°C
variations were consistent with
rainfall levels ~4.5X higher in
summer than winter

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

Supporting Information:

Supporting Information may be found
in the online version of this article.

Correspondence to:

W. E. Lukens,
lukenswe@jmu.edu

Citation:

Vornlocher, J. R., Lukens, W. E.,
Schubert, B. A., & Quan, C. (2021). Late
Oligocene precipitation seasonality

in East Asia based on 8"C profiles in
fossil wood. Paleoceanography and
Paleoclimatology, 36, €2021PA004229.
https://doi.org/10.1029/2021PA004229

Received 20 JAN 2021
Accepted 21 MAR 2021

© 2021. American Geophysical Union.
All Rights Reserved.

Late Oligocene Precipitation Seasonality in East Asia
Based on §"°C Profiles in Fossil Wood

J. R. Vornlocher"?, W. E. Lukens® ©©, B. A. Schubert’ ©, and C. Quan*

School of Geosciences, University of Louisiana at Lafayette, Lafayette, LA, USA, 2Department of Geology and
Environmental Science, University of Pittsburgh, Pittsburgh, PA, USA, *Department of Geology and Environmental
Science, James Madison University, Harrisonburg, VA, USA, *School of Earth Science and Resources, Chang'an
University, Xi'an, China

Abstract The onset, characteristics, and drivers of paleo-monsoon conditions in East Asia remain a
topic of heated debate. 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 seasonal 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 ~4.5 times more precipitation in summer (P;) than winter (P,,). Seasonal precipitation
estimates were calculated using Monte Carlo resampling, resulting in median Py = 1,042 (95% C.I. = 628-
1,517) and P,, = 235 (95% C.I. = 50-578), which are indistinguishable from the instrument record at a
nearby weather station, where Py = 977 (95% C.I. = 662-1,434) and P,, = 292 (95% C.I. = 165-515), and
from proxy application on two modern trees near the fossil site, where P; = 1,058 (95% C.I. = 617-1,558)
and P,, = 188 (95% C.I. = 31-583). 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 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 tested 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, interdisci-
plinary investigation. Paleoclimate proxies and simulations suggest that highly seasonal precipitation ex-
isted across southern Asia in the Eocene, likely driven by migrations of the Inter-Tropical Convergence
Zone similar to the modern South Asian Monsoon or Indonesian-Australian Monsoon systems (Farnsworth
et al., 2019; Li et al., 2018; Spicer et al., 2016; Tardif et al., 2020). A key feature of this early to middle Paleo-
gene climate pattern is a west-east arid belt spanning much of China (Sun & 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 & LinHo, 2002).
The timing of EAM initiation remains debated, ranging from the Eocene (Quan et al., 2012; Xie et al., 2019)
to the late Oligocene (Sun & Wang, 2005) and Miocene (Clift et al., 2008; Farnsworth et al., 2019; Liu
et al., 2017; Spicer et al., 2017). 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 paleocli-
mate 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 (Licht et al., 2014; Loope et al., 2001), the stable isotope composition of paleosols
(Passey et al., 2009; Quade et al., 1989; Suarez et al., 2011; Zhisheng et al., 2005), 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., 2017; Spicer et al., 2016; Xie et al., 2019, 2020). High-resolution
isotope analysis on corals (Aggarwal et al., 2004; Su et al., 2010), speleothems (Cheng et al., 2016; Fleit-
mann et al., 2003; 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 quantitative models for annual isotope variations in shells
or teeth are not widely applied in deep-time (though see Passey et al., 2005; Yang et al., 2020). Recent
schlerochronological analyses from Paratethys 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 un-
derstanding 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 pre-
cipitation 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 precip-
itation in East Asia from deep time. The late Oligocene Epoch of the Paleogene Period is an ideal time pe-
riod 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 (Cui
et al., 2020; Foster et al., 2017); however, paleoprecipitation records from the Oligocene in East Asia are rare.
This new paleoclimate record fills 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 Lagerstitte, a newly
described fossil plant assemblage (Huang et al., 2018; Quan et al., 2016; 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 For-
mation in Nanning Basin, Guangxi, China (22.881°N, 108.417°E, elevation = 83 m) (Figures 1a and 1b)
(Quan et al., 2016). The site is dated to late Oligocene based on Anthracotherium changlingensis, Anthracok-
eryx kwangsiensis, and Heothema mammal fossil assemblages within the upper Yongning Formation (Ying
et al., 2018; Zhao, 1993), and independently supported by palynofloral analysis (Wang et al., 2015). Three
fossil wood samples (NNW010, NNW12B, and NNWO021, Figures 1f-1h) were selected for intra-ring §"*C
analysis in this study. Each ring was subdivided by hand using a razor blade perpendicular to the growth
axis (Schubert & Jahren, 2011). A total of 20 rings were sampled (n = 518 slices), with an average of 25
samples (range = 12-43) per growth ring.

We also studied two radial cores of evergreen trees living nearby the fossil assemblage (Pinus massonia-
na; samples QXS21A and QXS24A, Figures 1d and 1e). Tree cores were extracted with an increment bor-
er in 2016 at Qingxiushan Hill, Nanning, Guangxi, China (22.790°N, 108.384°E, elevation = 223 m, Fig-
ure 1b). These trees were selected to test the seasonal precipitation proxy on extant evergreen trees growing
in a monsoon-affected climate (Figure 1c). Consecutive growth rings spanning the years 1990-2000 were
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Figure 1. (a) Location map and samples collected within the Nanning Basin, southern China. (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 Lagerstitte. Imagery courtesy of
USGS/NASA Landsat via Google Earth. (c) Average monthly precipitation (blue bars) and temperature (red line) for Nanning, China (1951-2016 CE). (d and
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) NNW010, (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.

sampled in an identical manner to the fossil wood. A total of 317 slices were collected from the two cores,
with an average of 14 samples (range = 8-12) per growth ring.

2.2. Stable Isotopes and Data Analysis

For modern and fossil samples, bulk wood slices weighing between 80 and 150 ug were wrapped in tin cap-
sules for 8'*C analysis. Cellulose was not extracted for these data; previous work has shown a robust linear
correlation between the §"°C value recorded in bulk wood tissue and a-cellulose (Lukens et al., 2019a), and
the goal of the current study was to analyze relative changes in §"°C value rather than exact values (after
Schubert & Jahren, 2011). All §"°C values were determined using a Thermo Finnigan Elemental Analyzer
(Flash EA 1112 Series) 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%; JHIST, §"°C = —8.13%0; JGLUC, §°C = —10.52%0). A quality assur-

ance sample (JRICE, 8"°C = —27.44%.) was analyzed as an unknown with each batch run, and yielded a
<0.1%o analytical uncertainty. Isotope values are reported in 8-notation (%) with respect to Vienna Pee Dee
Belemnite.
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All analyses of meteorological and 8"*C data were performed in RStudio version 3.6.1 (R Core Team, 2020).

2.3. Seasonal Precipitation Proxy

We reconstructed the ratio of seasonal, 6-month summer (P;: May through October) and winter (P,: No-
vember through April) precipitation in the Nanning Basin by applying a proxy system model (cf., Evans
et al., 2013) developed by Schubert and Jahren (2011) to the intra-ring §"*C analyses from modern and Oli-
gocene trees. This proxy was calibrated using a global data set of intra-ring 8"°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 (Judd et al., 2019; Schubert & Timmermann, 2015; Schubert et al., 2012, 2017).

The proxy relates the amplitude of §"*C values within a ring (H; maximum 8"C minus the preceding min-

imum §"*C value) to the annual variation in §"*C of atmospheric CO, [A(8"*Cco,)] and the ratio of P,, to Py

H = A(8°Ceoy) - 082[In(P, / R)]+0.73 1)

In Equation 1, the variable A(§"*Cco,) is a function of latitude (L) in the northern hemisphere and can be
described by the following relationship (Keeling et al., 2001):

A(6"Cco,)=0.01L+0.13 @)

To adapt this model (Equation 1) to the Nanning Basin 8§"°C records, we substituted Equation 2 in Equa-
tion 1 and rearranged the equation to produce a summer to winter seasonal precipitation ratio (Py/P,,):

PIP =1/ eA[(H+O.()1L ~0.6)/ —0.82} ©)

Because total annual precipitation is the sum of Py and P,,:

P

total

=P +P, “)

we can insert Equation 4 into Equation 3 and solve for P,, to produce an estimate of seasonal precipitation
given an estimate of Py

P, = (R)*(Poa)/(1+R) (5)

where

R=¢ [(H +0.01L 06 /- 0.82] 6)

Substitution of a calculated value of P,, (Equations 5-6) into Equation 4 allows for calculation of P;. A more
detailed derivation of these equations is provided in the supporting information. In this study, we report
proxy results for the Py/P,, ratio (Equation 3) and for estimates of P,, and P; (Equations 4-6).

2.4. Monte Carlo Error Propagation

We used a Monte Carlo resampling approach to propagate uncertainties through the proxy system model
equations (Equations 1-6), which allows us to calculate a 95% confidence interval (C.I.) for estimates of the
P,/P,, ratio and estimates of P, and P,, amounts. This method is analogous to best practices in atmospheric
CO, proxy application (e.g., Breecker, 2013; Cui & Schubert, 2016; Franks et al., 2014; Royer et al., 2014;
Steinthorsdottir et al., 2021). The Monte Carlo approach involves resampling each independent variable
a large number of times (here, 10,000). These 10,000 resamples are then entered into the proxy equation,
thereby generating 10,000 solutions. We take the median of these solutions to represent the proxy estimate,
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and as reported elsewhere, this value tends to be similar to the result when the equations are solved without
Monte Carlo resampling (Steinthorsdottir et al., 2021). A 95% C.I. is reported as the 2.5th and 97.5th quan-
tiles of the 10,000 proxy solutions and offers a robust estimate of uncertainty.

The calculation of P,/P,, ratios (Equation 3) involves two independent variables: intra-ring §°C amplitude
(H) and latitude. To calculate a P,/P,, ratio for each growth ring, we used a normally distributed sample of H
values centered on the measured H value for the ring in question with a standard deviation defined as +10%
of the H value. We chose this conservative estimate of uncertainty because Schubert and Jahren (2011)
found that an average of ~10 8"*C measurements per growth ring obtains ~80% of the true H value. Our
high resolution sampling resulted in an average of 14 and 25 samples for the modern and fossil growth
rings, respectively, suggesting that we have likely captured an accurate H signal for each ring. When cal-
culating P,/P,, ratios for each growth ring, we defined latitude as a normally distributed sample centered
on the modern latitude (22.8°N) with a standard deviation of 0.1° given that the location of the living trees
is well constrained. For late Oligocene paleolatitude, we defined a normal distribution centered on the
modern latitude of Nanning but with a wider distribution (£5° standard deviation). This paleolatitude was
chosen because the South China Block has remained at or near its current latitude since the early Cenozoic
(Wu et al., 2017).

A consensus Py/P,, ratio was separately calculated for 1) the two modern tree cores, and 2) for the collection
of fossil samples. Here, the H values are taken as the set of measured H values across the modern tree cores
(n = 22) and the three fossil specimens (n = 19). Due to the relatively low number of samples in each of
these groups, we opted to perform a bootstrap resampling (sampling with replacement) in order to preserve
the characteristics of the H distributions without assuming normality. The consensus P,/P,, estimate for
each of the modern tree cores was calculated as the median and 95% C.I. of the 10,000 solutions for each
core (QSX21A and QSX24A). The consensus P,/P,, estimate for the fossil wood was taken as the median and
95% C.I. of the 10,000 solutions for the 19 fossil growth rings.

We calculated Py and P,, amounts using an estimation of Py, values (Equations 4-6). For both the mod-
ern and fossil rings, we used the mean and standard deviation (1,296 + 227 mm) of Py, values from the
Nanning weather station (China Meteorological Data Service Center, Station No. 59431, years 1951-2016;
Figure 1). We then ran a Monte Carlo resampling to solve Equation 3 using the same approach described
for P,/P,, ratios that were calculated on a per-ring basis, using the same normally distributed resamples of
H and latitude for each ring. We used the long-term weather station Py, value rather than observed annual
precipitation totals when calculating P; and P,, estimates for each ring in the modern tree cores because an-
nually resolved P, values are unknown in the late Oligocene. Thus, holding the distribution of Py, values
constant between modern and fossil wood allows us to directly compare proxy results and uncertainty on
both modern and late Oligocene growth rings. We note that because Py, is independent of P,/P,, (Equa-
tion 3), higher values of Py, serve to increase estimates of P,, and P, but proportionally, such that the ratio
of P to P,, remains unchanged. Therefore, any independent estimates of late Oligocene P, values that are
better constrained in future studies may use the P,/P,, ratios in this study to better refine P; and P,, estimates
for Nanning the late Oligocene.

Consensus P, and P,, estimates were calculated for the modern and fossil trees using the same approach as
Py/P, ratios: H values were bootstrapped and then 10,000 P,, solutions were calculated from the resamples.
The resamples were combined for the modern trees, generating a set of 20,000 solutions from which a medi-
an and 95% C.I. for P,, were calculated. For the late Oligocene consensus P, estimates, 10,000 solutions were
generated from resampling of the 19 fossil growth rings. P, values were calculated as the difference between
Py resamples and the Py, solutions.

A code and data file are available in the supporting information to allow for reproduction of our Monte
Carlo analyses.
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Figure 2. (a-c) Profiles of §"°C values across modern and (d-f) fossil

wood. (a and b) §"*C profiles across modern Pinus massioniana tree cores.

(c) 8"C profiles normalized to the average of each sample. (d—f) §"°C
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.

3. Results
3.1. Development of High-Resolution §“C Profiles

The 8"°C values of the two modern P. massoniana tree cores differed sig-
nificantly across the entire 1990-2000 series (Wilcoxon rank sum test,
p < 0.001) (Figures 2a and 2b), which is common for neighboring modern
trees, even of the same species (e.g., Leavitt & Long, 1984). However, nor-
malized 8"°C records of the modern wood showed the relative changes in
8"C value to be consistent across individuals (Figure 2c). On average, the
late Oligocene wood fossils had significantly lower 8"°C values than the
modern wood (Kruskall-Wallis rank sum test, p < 0.001) (Figures 2d-2f),
consistent with preferential preservation of lignin relative to cellulose
(Lukens et al., 2019a) and/or higher atmospheric CO, levels in the Ol-
igocene relative to today (Foster et al., 2017; Schubert & Jahren, 2012).
Notably, the fossil wood showed a similar quasi-periodic intra-ring §"°C
pattern to the modern wood, consistent with the evergreen habit inferred
for the specimens based on previous work (Huang et al., 2018; Schubert
& Jahren, 2011). Further, the amplitude of §"C values (H, Equation 5)
across each ring was not statistically different between the modern and
fossil tree-rings (Kruskall-Wallis rank sum test, p = 0.27).

The intra-ring patterns of 8°C were compared between modern and
fossil wood samples. Median and standard deviations of H for the three
fossils were as follows: NNW021 = 2.0 &+ 0.7%0, NNW010 = 1.5 + 0.2%o,
and NNW12B = 1.4 + 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%o
and QXS24A = 1.9 + 0.7%.. 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). We note that the
first growth ring analyzed in fossil sample NNW12B (labeled as ring 15
in Figure 2) was omitted from further analyses due to the peak 8"°C value
occurring at the start of the ring.

3.2. P,/P, Ratios and Proxy Validation

Figure 3 compares the observed P,/P,, ratios from the Nanning weather
station record (1951-2016 CE) and the calculated P,/P,, ratios for modern

and fossil wood using the Monte Carlo approach. The P,/P,, ratios on record at the Nanning weather station
have a median of 3.4 (95% C.I. = 1.5-5.4). The consensus P,/P,, values calculated for each modern tree core
are as follows: QSX21A = 3.9 (95% C.I. = 1.3-38.3) and QSX24A = 6.6 (95% C.I. = 1.8-30.7). The consensus
P,/P,, values calculated for the fossil samples is 3.4 (95% C.I. = 1.5-8.3). All median values calculated using
the P,/P,, proxy fall within the 95% C.I. of the weather station record.

P,/P,, ratios and 95% C.I. were also calculated for each growth ring in the modern and fossil samples (Ta-
ble 1). Six of the 20 modern growth rings resulted in relatively high Py/P,, ratios: for example, the rings
corresponding to the years 1992 and 1998 in each of the modern trees resulted in P,/P,, ratios above 30 and
16, respectively. Although summer and winter rainfall totals were near average values in these 2 years, the
H values of the corresponding growth rings were higher than any of the other years in the modern profiles
(Figures 2a and 2b). These high H values result in low P, estimates, but P, estimates are on par with the
other years in the record. These anomalous H values suggest that the proxy system model may result in
over-estimates of P/P,, ratios for some individual years; however, the consensus estimates for each group
capture an accurate approximation of the modern climatological state at Nanning. The Py/P,, ratios of the
fossil growth rings closely matched the patterns observed in the modern data—most values have a central
tendency similar to the weather station at Nanning, with a positive skew due to a small number of samples
(rings 5-7; Table 1) that have relatively high H values and therefore high P,/P,, ratios.
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3.3. Late Oligocene Precipitation Reconstruction

Using the modern climatological value and uncertainty for mean annual
rainfall, the Py/P, ratios we report for southern China in the late Oligo-
’J_‘ cene are consistent with median Py = 1,042 mm (95% C.I.: 628-1,517 mm)
and P,, = 235 (95% C.I.: 50-578 mm) (Figure 4; Table 1). The late Oligo-

| cene P, and P,, values were indistinguishable from present-day seasonal

A summer-dominated * precipitation measured at the local weather station, which has a median

v winter-dominated P, of 977 mm (95% C.1.: 661-1,433 mm) and P,, of 292 mm (95% C.1.: 165-

515 mm), and from application of this proxy on modern trees in Nan-
ning, where Py = 1,059 mm (95% C.I.: 617-1,558 mm) and P,, = 188 mm

0.1

T T (95% C.I.: 31-583 mm). The consensus Py and P,, estimates for the modern

QSX21A QSX24A  Fossil and fossil trees have 95% C.I. that do not overlap, providing a clear sig-

Figure 3. Validation of seasonal precipitation proxy. The ratio of summer

(Modern Trees) Wood

nal of summer-dominated rainfall both today and in the late Oligocene
(Figure 4).

precipitation (P;: May through October) to winter precipitation (Py: When calculating P, and P, for each fossil ring, we found that median P;

November through April) is plotted as a box and whisker plot, where the
thick horizontal line is the median, the box shows the interquartile range,
and the vertical whiskers span the 95% confidence interval (C.1.). The 95%

was greater than median P,, for all years, consistent with a summer-domi-
nated precipitation regime for each of the years in which these trees grew

C.1 for observed data from the Nanning weather station (1951-2016) is during the late Oligocene (Table 1). These confidence intervals do not
shown with gray shading. Calculated P,/P,, ratios for two modern tree cores  overlap for Py and P, values for nearly every individual growth ring from
covering the period of 1990-2000 are shown individually to demonstrate the late Oligocene. These results suggest that the strength and inter-an-

variability between individual trees for overlapping time intervals. Fossil
wood P,/P,, values are calculated from a total of 19 growth rings without
assuming temporal overlap between growth years.

nual variability of summer precipitation in the late Oligocene was similar
to modern conditions.

Using these results, we calculate conservative summer rainfall rates

during the late Oligocene of 5.7 mm/day (95% C.I. = 3.4-8.2), with
Py = 81% of Py, on average. This estimate closely matches present-day values at the site (median = 5.3,
95% C.I. = 3.6-7.8 mm/day; P = 77% of Py for 1951-2016 CE). 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) (23.0 mm/day and Py > 55% of Py,1), and provide firm quantitative evidence for a paleo-monsoon
using the metrics employed in modern climatology.

4. Discussion
4.1. Sensitivity and Refinement of the Proxy System Model

Our analyses represent the most rigorous testing of uncertainty in the Schubert and Jahren (2011) proxy
system model to date. Regardless, the proxy should continue to be improved with future work. First, the
current form of the seasonal precipitation proxy uses a constant of 0.73%o to represent post-photosynthetic
processes in evergreen trees (Equation 1; see supporting information), such as starch remobilization (Schu-
bert & Jahren, 2011). Recent work suggests that this value may be variable rather than constant (e.g., Gessler
et al., 2014; Guerrieri et al., 2019). Future work should constrain a range of possible values for this parame-
ter or develop quantitative relationships that could be incorporated into the proxy system model to improve
the global applicability and robustness of the proxy.

Second, the estimate of P,/P,, ratios and seasonal precipitation totals relies on knowledge of the annual cycle
of 8"Cco, (A(8"Ccoy), Equation 2). To address uncertainty in this component of the proxy, we performed a
sensitivity analysis to test whether varying A(8"°Cco,) would impact our interpretations of rainfall season-
ality given the measured H values. The slope and intercept of Equation 2 are fitted to the modern pattern of
annual variations in 8"°Cc, value for the northern hemisphere, where A(8"°Cco,) 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 *C and enriches the remaining CO, in *C,
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,
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glzzz)t’limate Estimations for Modern and Late Oligocene Tree Rings From Nanning, China

By 2 121
Sample Year Pow  P,(obs.)  Ps(obs.)  Py/P,(obs.) H(%) (Pred.) (95% CI) (Pred.) (95% CI) (Pred.)  (95% CI)
Modern tree-rings, weather station data, and proxy results
QXS21A 1990 1,095 423 672 1.6 1.2 347 (220, 500) 939 (611, 1,285) 3.1 (2.0, 3.6)
QXS21A 1991 1,198 201 996 5.0 2.3 115 (60, 207) 1,170 (763, 1,588) 13.3 (5.9,17.3)
QXS21A 1992 1,238 307 931 3.0 3.4 33 (13,76) 1,254 (817, 1695) 57,5 (16.8, 86.1)
QXS21A 1993 1,285 383 902 2.4 2.7 72 (35, 142) 1,213 (787,1,643) 232 (8.9,31.9)
QXS21A 1994 1,736 279 1,458 5.2 1.3 322 (197, 472) 964  (624,1,315) 3.5 (2.2,4.0)
QXS21A 1995 1,272 306 966 3.2 12 330 (204, 484) 956 (622, 1,307) 3.4 (2.1,3.9)
QXS21A 1996 1,191 255 936 3.7 1.7 205 (118, 328) 1,079 (707, 1,468) 6.5 (3.5, 8.0)
QXS21A 1997 1,453 533 920 1.7 0.8 465 (299, 648) 822 (533,1,121) 2.0 (1.4,2.2)
QXS21A 1998 1,286 278 1,007 3.6 8% 39 (16, 86) 1,248 (812, 1,689) 47.2 (14.9, 69.7)
QXS21A 1999 1,113 186 927 5.0 0.6 563 (366, 768) 727 (472, 988) 1.4 (1.1,1.5)
QXS21A 2000 1,051 312 739 2.4 1.5 263 (158,398) 1,021  (663,1,397) 46 (2.7, 5.5)
QXS24A 1990 1,095 423 672 1.6 2.1 135 (73, 235) 1,147 (749, 1,559) 109  (5.1,13.9)
QXS24A 1991 1,198 201 996 5.0 22 120 (63, 216) 1,166 (757, 1,582) 12.6 (5.7,16.5)
QXS24A 1992 1,238 307 931 3.0 3.2 40 (17, 90) 1,245 (814, 1,686) 45.1 (14.3, 66)
QXS24A 1993 1,285 383 902 2.4 2.2 126 (68, 226) 1,158  (752,1,571) 11.8 (5.3,15.4)
QXS24A 1994 1,736 279 1,458 5.2 1.0 422 (271, 593) 865  (562,1,181) 2.3 (1.6, 2.6)
QXS24A 1995 1,272 306 966 3.2 13 248 (148, 378) 1,036 (677, 1,415) 5.0 (2.9,6.0)
QXS24A 1996 1,191 255 936 37 17 207 (121, 332) 1,077 (697, 1,467) 6.4 (3.4,7.8)
QXS24A 1997 1,453 533 920 1.7 0.9 458 (294, 638) 830  (542,1,132) 2.0 (1.5,2.2)
QXS24A 1998 1,286 278 1,007 3.6 2.7 71 (34, 140) 1,215  (793,1,648)  23.6  (8.8,32.1)
QXS24A 1999 1,113 186 927 5.0 1.9 168 (94, 277) 1,117 (727,1,517) 8.4 (4.2,10.5)
QXS24A 2000 1,051 312 739 2.4 1.9 171 (97, 286) 1,113 (723,1,516) 8.1 (4.1,10.2)
Late Oligocene fossil wood and paleoclimate proxy results
NNWO021 Ringl 1,296 = = 1.3 312 (193, 461) 974 (634, 1326) 3.7 (2.2,4.3)
NNWO021 Ring2 1,296 = = 0.9 443 (286, 619) 845 (549, 1,154) 22 (1.5,2.4)
NNWO021 Ring3 1,296 = = 1.7 212 (122,331) 1,074 (699, 1,464) 6.3 (3.3,7.7)
NNWO021 Ringd 1,296 - - 2.0 154 (86, 261) 1,130 (736, 1,538) 9.4  (4.4,12.0)
NNWO021 Ring5 1,296 = = 29 56 (25,117) 1,230 (799, 1,668) F2 (10.6, 44.5)
NNWO021 Ring6 1,296 = = 2.8 63 (29, 126) 1,223 (796, 1,654) 27.4 (9.8, 38.2)
NNWO021 Ring7 1,296 = = 2.7 71 (34,138) 1,214 (794,1,649) 23.9 (8.8,32.7)
NNWO021 Ring8 1,296 - - 2.1 137 (76, 237) 1,146 (749, 1,556) 107  (4.9,13.8)
NNWO010 Ring9 1,296 = = 1.9 172 (98, 283) 1,112 (723,1,513) 8.1 (4,10.3)
NNWO010 Ringl0 1,296 = = 1.4 284 (174, 427) 1,000 (652, 1,365) 4.2 (2.5,5.0)
NNWO010  Ringll 1,296 = = 1.6 234 (140,362) 1,049 (686, 1,431) 5.5 (3.0,6.7)
NNWO010  Ringl2 1,296 = = 1.6 235 (139,364) 1,051 (684, 1,434) 5.5 (3.0,6.7)
NNWO010 Ringl13 1,296 = = 1.3 313 (193, 460) 973 (636, 1,326) 3.7 (2.2,4.3)
NNWO010 Ringl4 1,296 = = 1.5 257 (156, 393) 1,026 (669, 1,404) 4.8 (2.7,5.8)
NNWI12B  Ringl6 1,296 - - 1.9 172 (97, 281) 1,113 (724, 1,521) 81  (4.0,10.3)
NNWI2B  Ringl7 1,296 = = 1.3 313 (192, 462) 973 (634,1,322) 3.7 (2.2,4.3)
NNW12B Ringl8 1,296 = = 1.4 285 (175, 426) 1,000 (653,1,367) 4.2 (2.5,5.0)
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Table 1
Continued

P, P Py/P,
Sample Year 12 et P,(obs.)  Ps(obs.) Pg/P,(obs.) H (%) (Pred.) (95% CI) (Pred.) (95% CI) (Pred.) (95% CI)

NNW12B Ring19 1,296 = =
NNW12B Ring20 1,296 = =

1.4 285 (174, 426) 1,001 (651, 1,361) 4.2 (2.4,5.0)
0.6 555 (359, 758) 733 (478, 1,000) 1.5 (1.1,1.6)

Note. Predicted values for P,, and P are shown as the median of Monte Carlo resampling, with 95% confidence intervals (CI). Ring 15 (the first ring in NNW12B)
was omitted from analysis; see text for details. Abbreviations are as follows. Py, total precipitation; P, winter precipitation (November-April); P, summer
precipitation (May-October), obs., observed data from weather station; pred., proxy-derived prediction.

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, with a
majority of land positioned in the northern hemisphere. We tested the sensitivity of A(8**Cco,) on seasonal
precipitation estimates by varying this term in Equation 1 from 0.0%o (no annual change in §*C0,) to 2.0%o
(twice the maximum possible value of §*Ccc, under modern conditions). We found that for all measured H
values, the ratio of estimated summer precipitation is little affected by an enhanced annual A(§"*Cco,) cycle
(Figure 5), and mean H values would still be consistent with summer-dominated precipitation even under
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Figure 4. Kernel density functions plotted for winter (P,, blue) and
summer precipitation (P, red). Colored circles indicate the median (%)

and 95% confidence intervals (C.L., horizontal lines) for P,, and P. (a)
Instrument record for Nanning weather station. Data are plotted for
1951-2016 CE. (b) Consensus seasonal precipitation estimates from all 22
of the modern growth rings (11 rings per tree core). (c) Consensus seasonal
precipitation estimates from 19 fossil growth rings. Note that in all panels,
P, > P, for each year, median P, and P,, values overlap across each group
(a-c), and the 95% C.I. do not overlap for any group.

greatly reduced A(8"*Cco,). We therefore conclude that the signal of sum-
mer-dominated precipitation in the late Oligocene is robust.

4.2. Implications for EAM Evolution

Most studies that investigate monsoon systems in the geologic record
focus on Quaternary records or rely on climate models to assess mon-
soon intensity and variability (Wang et al., 2017). Estimates of monsoon
characteristics in deep-time using traditional mean annual precipitation
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 paleo-
sol bulk geochemistry (Lukens et al., 2019b; Stinchcomb et al., 2016),
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., John-
son & Ingram, 2004). These proxies can provide important informa-
tion on long-term climate trends for a particular region (i.e., the EAM,;
Wang et al., 2019); however, resolving inter- or intra-annual precipita-
tion patterns that are characteristic of monsoon systems is much more
challenging.

Our analyses of modern and fossil wood 8**C profiles show similar over-
all patterns that are characteristic of evergreen trees growing in a strongly
seasonal climate (Schubert & Jahren, 2011). This interpretation is sup-
ported by paleobotanical analyses from the Santang fossil assemblage by
Huang et al. (2018). The wood fossils of the Fagaceae family have predom-
inantly faint to absent growth rings, though some samples have distinct
ring boundaries (such as those in this study; Figures 1f-1h). 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 Megha-
laya, India (Sharma et al., 2011) and northern Thailand (Phromprasit
et al., 2016). Both of these areas have strongly seasonal precipitation un-
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Figure 5. The fraction of summer precipitation to total annual
precipitation (Py/Pyo,) as a function of annual variation in atmospheric
8"Cco, value (A(8"Cco,)). 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(8"*Co,) value is 0.35%o (vertical line at 1X). Note
that a doubling (2X) or tripling (3X) of this magnitude of 8"*Cc, variation
has relatively little effect and only increases estimates of summer rainfall
proportions. Reduction of A(§"Cco,) also has little effect the interpretation
of late Oligocene summer-dominated rainfall. Note that Py/P,,, values
>0.5 indicate summer-dominated rainfall.
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der the South Asian Monsoon. However, the Castanopsis fossils with dis-

tinct ring boundaries that lack ring porosity are possibly similar to those
- living in subtropical, EAM-affected areas of modern Japan, Taiwan, and
417 . continental China (Huang et al., 2018). Collectively, the Santang wood
fossils are consistent with our interpretation of monsoon-style precipi-
tation patterns in southern China during the late Oligocene. The use of
modern Py, values for estimating late Oligocene seasonal precipitation
amounts is supported by 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 sub-humid to humid climates
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interpreted for the now-arid interior of China during the late Oligocene
indicates that southeast China was at least as wet (P > 1,000 mm)
(Miao et al., 2013).

1.0 15 2.0

Our results suggest that strong seasonality of rainfall in southern China
may have been a feature of a late Oligocene EAM system. This interpreta-
tion broadly agrees with the prevailing model of a weak EAM beginning
in the Eocene (Licht et al., 2014; Quan et al., 2012; Xie et al., 2019, 2020)
and gradually transitioning to a monsoon system at least as strong as
today during the Miocene (Ding et al., 2021; Sun & Wang, 2005; Tada
et al., 2016). The paleoclimate estimates we report help to fill a substan-
tial data gap from the late Oligocene in southern and eastern China com-
pared to the Eocene and Miocene (Guo et al., 2008; Sun & Wang, 2005;
Tada et al., 2016). Indeed, the lack of quantitative paleoclimate estimates
from the late Oligocene has resulted in studies generalizing the initiation
of the EAM to be near the Paleogene-Neogene boundary, but without the ability to provide more precise es-
timates of EAM behavior in the Oligocene (e.g., Farnsworth et al., 2019; Li et al., 2021; Sun & Wang, 2005).

A defining feature of the EAM is a seasonal reversal from warm, moist southeasterlies in the summer to
cool, dry northwesterlies in the winter (Wang & LinHo, 2002). This pattern requires a disruption of the west-
erlies by the Tibetan Plateau, which began around the late Oligocene as terranes in the central to northern
portions of the orographic province attained elevations above 3-3.5 km (Fang et al., 2020; Li et al., 2021;
Wang et al., 2020). Modeling experiments by Li et al. (2021) revealed that when central Tibet reaches >3 km,
a transition occurs wherein deciduous broadleaf vegetation of southeastern Asia are replaced by evergreen
broadleaf communities. The Oligocene paleofloras of Nanning nearby Ningming (also Oligocene in age)
are the oldest such evergreen broadleaf assemblages in the region, both of which show clear paleobotanical
affinities for warm, wet, and seasonal conditions (Dong et al., 2018; Huang et al., 2018; Shi et al., 2012; Shi
et al., 2014; Ying et al., 2018).

5. Conclusions

The Oligocene remains a markedly understudied interval in monsoon paleoclimatology of southern and
eastern Asia. The high-resolution 8"*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 sum-
mer-dominated rainfall for each of the 19 fossil rings we analyzed, consistent with 11 years of high resolu-
tion 8"°C profiles from two living trees growing nearby. We suggest that these patterns indicate the presence
of an EAM-style system in the late Oligocene that had similar strength and seasonality to modern condi-
tions, but further work is needed to connect these rainfall reconstructions with mechanisms of monsoon
system evolution.

Data Availability Statement

Data sets for this research are available in the supporting information and also at https://doi.pangaea.
de/10.1594/PANGAEA.919141.
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