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ABSTRACT

Oligocene sediments in northern Vietnam have been extensively studied in terms of geology, stratigraphy,
paleogeography, formation environments, tectonics, etc. However, relatively little attention has been paid to the
paleoclimate. The Oligocene climate interpreted herein is based on features recorded in sediments taken from the
Dong Ho (Hoanh Bo basin), Na Duong (Na Duong basin), and Co Phuc (Red River Trough) formations. These
sediments were analyzed using thin-section microscopy, X-ray diffraction, and palynology with the Coexistence
Approach. The sediments primarily consist of conglomerate, gritstone, sandstone, siltstone, claystone, and coal shale,
deposited in continental environments and dated to the Oligocene based on palynomorph assemblages. The Oligocene
paleoclimate is generally warm subtropical, with intermittent hot-humid or cold-dry periods and a slight influence of
monsoons. An alternation of hot-humid and cold-dry climates was recorded in the Hoanh Bo basin. In the Red River
Trough, the Oligocene climate exhibited a Mean Annual Temperature (MAT) of 9.3-22.2°C and a Mean Annual
Precipitation (MAP) of 1122 to 1857 mm, based on the majority of palynological samples, indicating more
continental, drier and colder conditions than present. In the Na Duong basin, a warm subtropical climate with a MAT
0f 9.3-21.7°C and MAP of 1122-1724 mm in the majority of samples was occasionally replaced by hot and humid
subtropical periods; the variations in temperature and precipitation followed a similar pattern, suggesting an

alternation between dry-cold and humid-hot phases.

Keywords: Oligocene, paleoclimate, northern Vietnam, palynomorphs, Coexistence Approach, thin section, X-ray
diffraction.

1. Introduction paleogeographic and environmental
interpretations, utilizing methods such as
seismic stratigraphy, sequence stratigraphy,
seismic wave analysis, well logging,
sedimentary lithology and petrology, clay
mineral  analysis, and paleontological
assessments, including pollen and spores,
foraminifera, etc. However, there have been
relatively few  studies focusing on
paleoclimate, as interpreted from
*Corresponding author, Email: maithanhtan@igsvn.vast.vn palynological analyses (Duong and Linh,

Cenozoic sediments, particularly those
from the Oligocene epoch in northern
Vietnam, have received considerable attention
primarily for prospecting and exploring
mineral  resources, especially  energy.
Extensive studies have been conducted on
their geological characteristics and
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2011; Thuan et al., 2019; Wysocka et al.,
2022; Huang et al., 2022), paleontological
analysis (Bohme et al., 2010), as well as
petrological, mineralogical and geochemical
analyses (Long et al., 2010, Tha et al., 2017,
2021; Vuong and Hoai, 2018; Wysocka et al.,
2022, Quang et al, 2023) and magnetic
susceptibility (Huong et al., 2022; Lan et al,
2023). Quantitative paleoclimate assessments
have also been mentioned, focusing on mean
annual precipitation (MAP) based on the
integration of geochemical data and chemical
weathering indexes (Vuong and Hoai, 2018),
and mean annual temperature (MAT) and
MAP derived from palynological data using
the Coexistence Approach (CA) (Thuan et al.,
2019). The present study aims to highlight
significant features of Oligocene sediments
that allow for paleoclimate interpretation in
both qualitative and quantitative terms. This
research contributes new insights into
Oligocene paleoclimatology in Vietnam and

provides localized details regarding the
general paleoclimate during this epoch
worldwide.

2. Geological setting

The Cenozoic basins in northern Vietnam
were formed as a result of the collision
between the Indian and Eurasian plates, large-
scale left strike-slip movement along the Red
River fault zone accompanied by the clockwise
rotation of the Indochina block (Tapponnier et
al., 1986) and the opening the East Sea (Lee
and Lawver 1995; Chung et al., 1997). The
Red River fault zone exhibited a sinistral offset
of approximately 330+60 km during the
Paleogene to Neogene (Lacassin et al., 1993),
with estimates ranging from 500 to 700 km
(Leloup et al., 1995). However, during the
Pliocene to Quaternary, movement along this
fault zone shifted to dextral, with offsets
ranging from 0.15 to 2.5 km and rates of 0.3 to
0.56 mm/year (Trinh et al., 2012), or an
amplitude of 0.4 to 5.3 km, equivalent to 0.43-
1.1 mm/year (Zuchiewicz et al., 2013). The

sedimentary evolution in northern Vietnam,
related to Cenozoic geodynamic activities, is
prominently expressed in the Red River Basin,
which comprises seven sedimentary cycles of
Eocene, Oligocene, Lower Miocene, Middle
Miocene, Upper Miocene, Pliocene, and
Quaternary (Nghi et al., 2004). Paleogene to
Miocene sediments in northern Vietnam are
found in the Hoanh Bo, Na Duong, That Khe,
and Cao Bang basins in the northeastern
region, the Red River trough and Ha Noi
depression in the central area, and the Muong
Te and Song Da basins in the northwestern
region. These sediments were primarily
deposited in fluvial, lacustrine and deltaic
environments, distributed within intramountain
depressions and pull-apart grabens controlled
by major NW-SE faults, such as Cao Bang -
Lang Son, Song Lo, Vinh Ninh, Song Chay,
Song Hong (Thanh et al., 2005).

The field survey and sampling in this study
focus on the Oligocene sediments in the
Hoanh Bo and Na Duong basins and the Red
River Trough (Figs. 1, 2). The Hoang Bo
basin contains two Tertiary formations: the
Dong Ho Formation, which is 150 meters
thick and consists of siltstone, oil shale,
sandstone and claystone intercalated with
conglomerate and thin layers of coal shale;
and the Tieu Giao Formation, which ranges
from 20 to 200 meters in thickness and is
composed of sandstone, siltstone and
claystone (Luong et al., 1999; Ky et al., 1999)
(Fig. 3). The Na Duong basin is filled with
fluvial and lacustrine deposits, including the
Na Duong Formation, which is 295 meters
thick and comprises coaly shale, siltstone,
sandstone, as well as seams and lenses of
lignite; and the Rinh Chua Formation, which
is 270 meters thick and consists of claystone,
siltstone, and brown medium- to coarse-
grained sandstone (Ky et al., 2000). The Red
River Trough contains two Oligocene
formations: the Van Yen Formation,
composed of conglomerate with lenses of
sandstone; and the Co Phuc Formation, which
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includes conglomerate, gravelstone, clay
shale, coal shale, and coal lenses, ranging
from in 1,000 to 1,300 meters in thickness
(Vinh et al., 2005).

This study focused on the Dong Ho
formation in the Hoanh Bo basin, the Na
Duong formation in the Na Duong basin, and

the Co Phuc formation in the Red River
Trough. Previous studies have mentioned
these formations petrologically, including
Huyen et al. (2004), Wysocka &
Swierczewska (2010), Long et al. (2009), Tha
et al. (2015, 2017) and Wysocka et al. (2020,
2022).
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Figure 1. Cenozoic basins in North Vietnam and sampling sites
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Figure 2. Cross-section in Na Duong basin with sampling sites
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Figure 3. Stratigraphic scheme of the study basins (based on Ky et al., 1999, 2000;
Luong et al., 1999; Vinh et al., 2005)

3. Materials and methods

Samples were collected at 37 sites in three
areas: the Hoanh Bo basin (Ha Long - Quang
Ninh province), the Na Duong basin (Lang
Son province), and the Red River trough (Yen
Bai province) (Fig. 1). In the Na Duong basin,
stratigraphic sampling was conducted to
assess paleoclimate temporal variations
(Fig. 2). The samples were analyzed using the
following methods: thin section analysis (13
samples), X-ray diffraction (XRD-17
samples), and palynology with the
Coexistence Approach (31 samples) (Table 1).

Thin-section petrographic analysis was
conducted on sandstone and siltstone samples
using polarizing microscopy. This method
enables the determination of the morphology,
size, and variation of sediments' framework
and mineral components, as well as their
grain-size parameters. Paleoclimate can be
inferred from these parameters, particularly

the composition of quartz, feldspar, and lithic
fragments (Suttner et al., 1981; Weltje et al.,
1998).

XRD analysis of siltstone and claystone
samples was carried out by wusing an
Ampreean -PANanlytical Diffractometer (Cu-
Ko-radiation, 45 kV, 40 mA). This method
determines the percentages of clay minerals in
sediments, including illite, kaolinite, chlorite,
and smectite. These minerals can reflect
weathering conditions, temperature, and
precipitation patterns (Ducloux et al,
1976; Meunier et al., 1980; Chamley,
1989; Vanderaveroet, 2000). Additionally, the
ratios of these minerals, such as
kaolinite/smectite, kaolinite/(illite + chlorite),
and (kaolinite + smectite)/(illite + chlorite)
can serve as indicators of humid/dry and
hot/cold conditions (Adatte et al.,, 2002;
Thamban and Rao, 2005).
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Table 1. Analyzed samples

Basin | Site Coordinates Thin section | XRD | Palynology Note
o #02/1 THO02/1
Mm #02/2 21°01°35”N; 106°59°01”E R02/2 BTP02/2 Top-down sampling
e[ #02/4 BTP02/4
= #03/4 21°01°31”N; 106°59°04”E THO03/4 R03/4 BTP03/4
#04/1 21°01°32”N; 106°59°56”E THO04/1
#05/1 R05/1 BTP05/1
#05/2 BTP05/2
#05/3 21°42°40”N; 106°58°02”E RO5/3 BTPO05/3 Top-down sampling
#05/4 THO05/4 R05/4 BTP05/4
#05/5 BTPO5/5
#06/1 R06/1 BTP06/1
B0
§ zggg 21°42°20”N; 106°58°06”E THO6/2 gigggg Top-down sampling
2 [ #06/4 R06/4 | BTP06/4
Z #07/1 RO7/1 BTP07/1
#07/2 21°42°36”N; 106°58°18”E R07/2 BTP07/2 Top-down samplin
#07/3 R07/3 | _BTP07/3 Op-cown sampiing
#07/4 THO07/4 BTP07/4
#08/1 21°42°35”N; 106°58’10”E BTPO08/1
#09/1 21°42°34”N; 106°58’17”E THO09/1 R09/1 BTP09/1
#10/1 21°42°27”N; 106°56°30”E TH10/1 BTP10/1
#13/1 THI13/1
#13/2 21°39°56”N; 104°53°42”E BTP13/2 Top-down sampling
#13/3 BTP13/3
#15/1 21°43°25”N; 104°50°51”E TH15/1
'§n Zigg 21°41°55”N; 104°50°43”E giiigg Top-down sampling
E #17/1 21°44°02”N; 104°50’12”E TH17/1 R17/1
o #19/1 O AL APNT. 1 AAOA 5o TH19/1 R19/1 BTP19/1 .
.;Z) #1072 21°46°54”N; 104°41°04”E R19/2 BTP192 Top-down sampling
E Z;g 21°47°46”N; 104°45°47°E R2UL gii;ig Top-down sampling
#23/1 0enoa ASNT. 1AAOAA> T 19 BTP23/1 .
30 21°50°34”N; 104°43’11”E R2372 BTP23/2 Top-down sampling
z;zg 21°53’19”N; 104°39°19”E TH2472 R24/1 BTP24/1 Top-down sampling
#25/1 21°55’19”N; 104°36°24”E BTP25/1
Total 37 13 17 31

Palynological analysis was employed to
identify pollen and spores in samples using an
optical microscope at a magnification of 400
to 1000x. The paleoclimate is determined
using the CA, which assumes that fossil plant
taxa have similar climatic requirements to
their nearest living relatives (NLRs). The
objective of the CA is to identify the climatic
interval in which all NLRs of the fossil flora
can coexist (Mosbrugger and Utescher, 1997).
In a given sample, a set of identified taxa
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A = {Al, A2, ..., An} corresponds to a set of
NLR's B = {By, B,, ., B,.}. Each taxon B; can
thrive within a climate interval (B; min, Bimax)-
Using the CA, the climate interval (A yin, Amax)
for the coexistence of all taxa A; in the sample
can be determined as follows:

Amin: Max (A’l min, A’2 mins «-+» A,n min)

Amax: Min (A,l maxs A’Z maxs s A’n max)

The CA is based on the presence of taxa
rather than their abundance, and its reliability
increases with a higher number of analyzed
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taxa, typically 10 or more (Mosbrugger and
Utescher, 1997). The CA commonly considers
the following climatic parameters: Mean
Annual Temperature (MAT), Coldest Month

Temperature  (CMT), Warmest Month
Temperature (WMT), Mean Annual
Precipitation =~ (MAP),  Highest  Month
Precipitation =~ (HMP), = Lowest = Month
Precipitation (LMP) and Warmest Month
Precipitation (WMP). Each  parameter,

determined by the climate intervals of NLRs,
typically falls within a specific range of
minimum and maximum values. Therefore, it
is necessary to establish their NLRs to
determine the paleoclimatic conditions and
identify fossil taxa through palynological
analysis as described above. Climate conditions
for the NLRs at the genus or family level are
primarily sourced from published works
(Mosbrugger and Utescher, 1997; Pross et al.,
2001; Jiménez-Moreno et al., 2010; Yao et al.,
2011; Quan et al., 2012; Utescher et al., 2014;
Grimm et al., 2016) as well as the paleoflora
database of the Steinmann Institute - University
of Bonn (http://www.palaeoflora.de).

The Koppen - Geiger climate classification
system, based on seasonal precipitation and
temperature patterns, divides world climates
into five groups: A (tropical), B (dry),
C (temperate), D (continental), and E (polar)
(Koppen, 1884; Geiger, 1954; Neck et al.,
2018). Currently, the climates in Vietnam
belong to groups A and C, with northern
Vietnam characterized on the world climate
map as the hot monsoonal subtropical (Cwa)
and monsoonal subtropical highland (Cwb)
climates of group C (Beck et al., 2018). The
paleoclimate of Vietnam may be related to
certain climates in groups A and C. Group A
climates have an average temperature of 18°C
or higher throughout the year. They can be
further distinguished by the following
precipitation:  Tropical  rainforest  (4f),
characterized by monthly average rainfall of at
least 60 mm in all months of the year; Tropical
monsoon (4Am), with a LMP of less than

60 mm but at least equal to the threshold
(100-MAP/25); and Savanna climate (Aw),
characterized by a pronounced dry season
in winter, with the LMP also being less
than 60 mm and below the threshold
(100-MAP/25).

Group C has a CMT ranging from 0 to
18°C, with at least one month having an
average temperature above 10°C. Within this
group, in terms of precipitation for the studied
area, two notable classifications are the dry-
winter or monsoon climate (Cw) and the
climate without a dry season, often called the
wet climate (Cf). The climate is classified as
monsoon if the HMP during the summer is at
least ten times higher than the LMP in winter
or if the precipitation of the six hottest months
accounts for at least 70% of the MAP. For
temperature classification, it is essential to
differentiate between hot summer (Ca),
characterized by a CMT above 0°C, at least
one month's average temperature exceeding
22°C, and at least four months with an average
temperature above 10°C, warm summer (Cb),
where the monthly temperature are similar to
those of hot summer. Still, all months have an
average temperature below 22°C.

The paleoclimatic types of the studied area
are primarily determined by climate
parameters derived from NLR using CA, as
previously mentioned. A climate that belongs
to group A has a minimum CMT > 18°C.
Specifically, it is classified as
tropical rainforest (Af) if the minimum
LMP > 60 mm, tropical monsoon (4m), or
savanna (Aw) if the maximum LMP < 60 mm.
In the latter case, Am or Aw is defined based
on whether it is above or below the 100 -
(average MAP/25) threshold. A climate that
belongs to group C has a CMT between 0°C
and 18°C. In more detail, it is classified as a
hot subtropical climate (Ca) if the minimum
WMT > 22°C. Seasonality is determined by
the ratio between the mean HPM and the
mean LPM, expressed as follows:

HPM/LPM = (HPM i + HPMyi0)/2)/(HPM e + HPMin)/2) = (HPM i + HPMypin)/((HPM g + HPMi)
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A climate is humid subtropical (Cf) if this
value is below 10, or monsoon subtropical
(Cw) if vice versa.

The present climates recorded at the
stations of Bai Chay (Ha Long), Lang Son,
and Yen Bai, located near the sampling sites
in the Hoanh Bo, Na Duong basins and the
Red River Trough, respectively, have MAT of
23.3°C, 21.3°C and 23°C, and MAP of
1923 mm, 1318 mm and 1961 mm (QCVN-
02:2022/NXD). In the studied area, the
current climate is characterized by three cold
months (December, January, and February)
with temperatures below 18°C, while the
CMT remains above 10°C. Additionally, there
are seven hot months (from April to October)
with the WMT ranging from 27.1°C to
28.6°C. The ratios between the HMP in
August and the LMP in December or January
are 23.9 at Bai Chay, 9.8 at Lang Son, and

e

£

~C- Sandstone - TH2/2

12.2 at Yen Bai. Based on these temperature
and precipitation parameters, the present
climates in the Hoanh Bo basin and Red River
Trough exhibit a hot, dry-winter, subtropical
monsoon climate (Cwa). In contrast, the Na
Duong basin experiences a hot humid
subtropical (Cfa). However, in the Na Duong
basin, seasonality is somewhat indicated by
an HMP/LMP ratio approximating the
humid/monsoonal threshold.

4. Results
4.1. Thin section analysis

Thin-section petrographic analysis was
applied to sandstone and siltstone (Fig. 4). All
analyzed samples fall within coarse to very
fine-grained sandstones and coarse to fine
siltstones. The majority of these samples are
poorly to moderately sorted. However, some
are moderately well sorted (Table 2).

. A
D- Siltstone - TH15/1

Figure 4. Thin section of sandstones and siltstone (scale =200 pum)
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Table 2. Grain size analysis in thin section

Sample Classificatio(nP(i)cfaiEl(;el-g;alli)ned deposits Sorting of framework composition Size range (mm)
THO02/1 Coarse sand Moderately sorted 0.063—0.94
TH24/2 Medium sandstone Moderately well sorted 0.063—0.69
THO04/1 Medium sandstone Poorly to moderately sorted 0.063—0.27
THO09/1 Fine sandstone Poorly to moderately sorted 0.063—0.135
THO5/4 Fine sandstone Moderately well sorted 0.063—0.129
THO03/4 Very fine sandstone Moderately sorted 0.063—0.10
TH17/1 Sandy siltstone Poorly to moderately sorted 0.004-0.068
THO06/2 Siltstone Moderately well sorted 0.004—0.044
TH19/1 Coarse siltstone Poorly to moderately sorted 0.004—0.053
TH10/1 Coarse siltstone Poorly to moderately sorted 0.004—0.042
TH15/1 Medium siltstone Moderately well sorted 0.004—0.033
THO07/4 Fine siltstone Poorly to moderately well sorted 0.004—0.015
Note: Sorting is based on textural comparison charts after Folk (1968) and Longiaru (1987)
In sandstones, framework components components comprising 47-74%,

account for 70-90% and are primarily
composed of quartz (Q-average 34%), lithic
fragments (L-average 13%), and a minor
amount of feldspar (F < 6%), except sample
TH24/2, which contains 18.79% of feldspar
(Table 3). Siltstones exhibit framework

predominantly quartz (average 49%), small
mica and organic matter proportions, and
minimal feldspar and rock fragments. The

matrix is primarily clay, although iron
oxides/hydroxides or sericite constitute
significant proportions in some samples.

Table 3. Essential components (%) of sedimentary rocks in thin section

Framework components Matrix cements/
Sample Others diagenetic
° Q F L Micas O.p aque | o Heavy NR 2FC minerals
= minerals minerals
S | THO02/1 | 20.72 | 3.70 |27.13| 0.00 0.00 0.00 0.00 18.00 | 69.55 30.45
T | THO3/4 | 5291 | 2.95 | 435 | 4.82 0.00 1.20 0.00 18.81 | 85.04 14.96
@ | THO4/1 | 3440 | 556 |25.55] 0.00 0.39 0.00 0.00 3.57 | 69.47 30.53
THO05/4 | 39.12 | 2.31 [10.01| 0.69 0.00 4.86 0.00 1529 | 72.28 27.72
THO09/1 | 40.74 | 2.66 | 5.67 | 0.46 0.00 0.00 0.00 | 2246 | 71.99 28.01
TH24/2 | 17.73 | 1879 | 791 | 2.69 0.00 0.00 038 | 41.63 | 89.13 10.87
Sample Framework components Matrix cements/diagenetic minerals
Q. Micas | OM | NR > FC | Clay Fe |Clay-Fe| Sericite >C
2 TH06/2 | 47.2 10.50 | 1.85 | 8.24 | 67.80 | 26.70 0.00 0.00 5.50 32.20
S | THO7/4 | 53.72 | 347 | 0.00 | 0.00 | 57.19 | 12.03 0.00 0.00 | 30.78 42.81
é TH10/1 | 56.71 | 11.51 | 6.08 | 0.00 | 74.30 | 25.70 0.00 0.00 0.00 25.70
“ | THI15/1 | 50.10 | 13.21 | 0.00 | 0.00 | 63.31 | 23.00 | 4.59 8.10 1.00 36.69
TH17/1 | 52.50 | 5.70 | 7.14 | 0.00 | 65.34 | 5.93 16.46 | 12.27 0.00 34.66
THI19/1 | 33.59 | 2.78 [10.41| 0.00 | 46.78 | 15.50 0.00 0.00 37.72 53.22

Note: Q- quartz, F- feldspar, L- lithic fragments, OM- organic matters, NR- nonrecognizable

4.2. XRD analyses

The XRD method was used to analyze the
claystone samples (Fig. 5). The mineral
components of these samples are primarily
quartz (21-78%, avg. 43%), illite (6-56%,

avg. 33%), and kaolinite (3—28%, avg. 11%).
Other minerals, such as chlorite, feldspar, and
smectite, are also quite common. In particular,
some samples present siderite, goethite,
calcite, and ankerite in relatively high
proportions (Table 4).
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Figure 5. XRD analysis of claystones

Table 4. Mineral percentage in claystone

Sample | Quartz |Illite| Kaolinite |Chlorite| Feldspar | Smectite Others
R02/2 78 7 14 Pyrolusite -1, Pyrophyllite < 1, Calcite < 1
R0O3/4 65 6 25 2 Anatase -< 1, Pyrite < 1, Pyrophylit2-2
RO5/1 35 35 16 3 10 Vermiculite-1
R05/3 47 40 10 2 Anatase < 1, Magnetite-1
RO5/4 73 15 4 Pyrite < 1, Gypsum-2, Ankerite-6
RO06/1 41 42 12 5
R06/4 53 32 11 4
R07/1 36 47 11 5 Anatase -1
R07/2 31 11 13 3 Siderite-34, Calcite-8,
R07/3 34 29 12 6 2 16 Rutile-1
R09/1 61 28 10 Vermiculite < 1, Pyrochroite-1
R17/1 37 46 9 Goethite-8,
R19/1 34 56 3 7
R19/2 34 51 4 6 5 Rutile < 1
R21/1 24 38 28 Goethite-10
R23/2 21 39 4 13 16 Pyrite < 1, Dolomite-3, Rutile-1, Calcite-3
R24/1 26 35 4 7 26 Vermiculite-2

4.3. Pollen and spores in samples and their
NLRs

Pollen and spores are present in 17
samples, representing 55% of the total,
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collected from the Na Duong basin and the
Red River trough (Fig. 6). No palynomorphs
were found in any of the samples taken from
the Hoanh Bo basin.
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Figure 6. Typical palynomorphs in samples taken from Na Duong basin and Red River Trough
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For the Na Duong basin, palynomorphs
were identified in 12 samples, arranged from
top to bottom in the cross section as follows:

- BTP-05/1: Verucatosporites sp.,
Cyathidites  sp., Lygodiumsporites  sp.,
Crassoretitriletes  sp., Quercoidites  sp.,
Platycaryapollienites sp., Cupuliferoipollenites
sp., Phragmites sp., Abiespollenites sp.,

Pinuspollenites sp., Stenochlaenla sp.

- BTP-05/2: Pteris sp., Verucatosporites
sp., Gleichenidites sp., Caryapollenites sp.,
Tricolporopollenites sp., Platycaryapollenites
sp., Stenochlaenla sp. Magnoliapollenites sp.,
Crassoretitriletes sp., Poaceae gen. indet.,
Quercoidites sp.

- BTP-05/3:  Lycopodiumsporites  sp.,
Abiespollenites  sp., Pinuspollenites  sp.,
Stenochlaenla sp., Rhus sp., Juglanspollenites
sp., Moruspollenites sp.

- BTP-05/4:  Poaceae  gen. indet.,
Crassoretitriletes  sp., Quercoidites  sp.,
Platycaryapollenites sp., Triporopollenites
sp., Magnastriatites sp.

- BTP-05/5: Verucatosporites sp., Pteris
sp., Lycopodiumsporites sp., Osmunda sp.,
Caryapollenites sp., Platycaryapollenites sp.,

Pinuspollenites  sp.,  Quercoidites  sp.,
Pinuspollenites sp.

- BTP-06/1: Crassoretitriletes sp.,
Verucatosporites sp., Pinuspollenites sp.,

Pterocaryapollenites sp., Quercoidites sp.,
Triporopollenites sp., Gramineae gen. indet.,
Phragmites sp.

- BTP-06/2: Crassoretitriletes sp.,
Quercoidites sp., Platycaryapollenites sp.,
Abiespollenites  sp., Pinuspollenites sp.,
Tricolporopollenites sp.

- BTP-06/3:  Platycaryapollenites  sp.,
Pinuspollenites sp., Crassoretitriletes sp.,
Quercoidites  sp., Triporopollenites  sp.,
Gramineae gen. indet.

- BTP-06/4: Verucatosporites sp.,
Osmunda  sp., Lycopodiumsporites  sp.,
Abiespollenites sp., Crassoretitriletes sp.,
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Quercoidites sp., Platycaryapollenites sp.,

Tiliaephylum sp.,

- BTP-07/1: Crassoretitriletes sp.,
Cyathidites sp., Quercoidites sp.,
Triporopollenites sp., Poaceae gen. indet.

- BTP-08/1: Verucatosporites sp.,
Ceratopteris sp., Liliaceae gen. indet.,
Crassoretitriletes  sp., Quercoidites  sp.,

Platycaryapollenites sp., Liquidambarpollenites
sp., Cupuliferoipollenites sp.

- BTP-10/1: Verucatosporites sp.,
Coniogramme sp., Plagiogyria sp-,
Myricipites sp., Quercoidites sp.,

Caryapollenites sp., Poaceae gen. indet.,
Sequoiapollenites sp.

In the Red River trough five samples were
collected from the Co Phuc Formation, and
the results for these samples are as follows:

-BTP 13/3:  Crassoretitriletes  sp.,
Verucatosporites  sp.,  Cyathidites  sp.,
Plagiogyria sp., Poaceae gen. indet.

- BTP-19/1: Verucatosporites sp.,
Plagiogyria  sp., Crassoretitriletes  sp.,
Cyathidites sp., Myricipites sp.,
Cupuliferoipollenites sp., Quercoidites sp.,
Gramineae gen.indet.

- BTP-21/2:  Lycopodiumsporites  sp.,
Verucatosporites sp., Pteris sp.,
Caryapollenites  sp., Pinuspollenites sp.,
Faguspollenites sp., Alnipollenites sp.

- BTP-23/2: Lygodium sp.,
Verucatosporites sp., Crassoretitriletes sp.,
Pterocaryapollenites sp., Quercoidites sp.,
Juglanspollenites sp., Rhus sp.

- BTP-24/1: Crassoretitriletes sp.,

Verucatosporites sp., Poaceae gen. indet.,
Pinuspollenites sp., Quercoidites sp.

The pollen and spores identified in the 17
samples belong to 37 taxa, of which 31 can be
quantified for paleoclimate using their NLRs
(Table 5). The suitable temperature and
precipitation for the taxa in the fossil floras
are determined based on the current climatic
conditions in the regions where their NLRs
are distributed.
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Table 5. Taxa identified in samples, their NRLs and climatic parameters

P Fossil taxon NLR MAT (°C) MAP (mm) CMT (°C) WMT (°C) HMP (mm) LMP (mm) | WMP (mm)
Min Max Min Max Min Max Min Max Min Max Min | Max Min Max
1 Abiespollenites _sp. Abies sp. -6.9 21.7 373 2648 -24.4 25.6 13.8 29.5 57 369 0 70 0 344
2 Alnipollenites sp. Alnus sp. -13.3 274 41 2559 -40.9 25.6 12 38.6 8 353 0 135 8 207
3 Caryapollenites sp. Carya sp. 4.4 26.6 373 1724 -11.5 222 19.3 30.6 68 434 8 70 45 258
4 Coniogramme sp. Adi -4.9 27.7 - - - - - - - - - - - -
5 Crassoretitriletes sp. Lygodium sp. 9.3 27.1 1122 2845 2.8 256 21.6 29.8 115 349 19 157 68 217
6 | Cupuliferoipollenites sp. Castanea sp. 8.7 24.2 473 1857 -39 16.7 21.6 294 70 424 3 88 3 239
7 Cyathidites sp. Cyatheaceae 15.2 277 1035 3151 6.6 27 19.6 28.1 134 454 12 165 93 224
8 Faguspollenites sp. Fagus sp. 44 23.1 422 2100 -11.5 17 17.3 28.5 46 448 5 94 5 431
9 Gleicheniidites sp. Gleichenia sp. 135 27.1 1183 2559 1.8 23 254 299 205 448 3 135 85 431
10 Juglanspollenites sp. Juglans sp. 0 27.5 210 2617 -22.7 25 13.7 31.2 44 582 1 114 2 189
11 | Liquidambarpollenites sp. Liquidambar sp. 115 24.6 619 1823 -1 238 23 29.3 109 340 2 72 5 195
12 | Lycopodiumsporites sp. Lycopodiaceae -6.7 16.5 177 1958 -25.6 7.1 138 274 27 294 2 83 10 189
13 M. iatites sp. chi 2 27.7 705 3151 -12.8 27 13.5 282 84 454 6 165 82 269
14 | Magnoliapollenites sp. Magnolia sp. 6.2 27 578 3500 -10.2 259 19.6 286 102 610 1 180 70 462
15 Moruspollenites sp. Morus sp. 3.1 219 305 1722 -11.8 13.6 15.6 28.9 82 292 0 83 82 264
16 Myricipites sp. Myrica sp. -6.9 28.1 233 3151 -25 27 89 339 51 389 0 165 0 221
17 Osmunda sp. Osmundaceae 0.2 239 206 1864 -16.6 19.4 16.3 29.5 34 289 2 59 2 228
18 Laevigatosporites sp. Polypodi -49 222 224 2336 -32.4 16.6 182 285 43 454 0 75 0 269
19 Plagiogyria sp. Plagiogyriaceae 4.3 28.6 185 3230 -1.7 223 139 352 61 420 4 165 42 221
20 | Platycaryapollenites sp. Platycarya sp. 6.9 23.1 378 1812 -6.4 17 183 28.8 92 431 1 37 73 431
21 Pinuspollenites sp. Pinus sp. -9.2 255 180 1741 -36.8 214 7.1 329 28 293 0 94 0 304
22 Pteris sp. Pteris sp. 2 217 705 2336 -12.8 14.8 13.5 282 84 454 6 95 82 269
23 | Pterocaryapollenites sp. Pterocarya sp. 7 24.2 246 2648 -6.5 16.4 17.7 31.6 46 424 1 64 2 424
24 Quercoidites sp. Quercus sp. 0 27 201 3905 -22.7 259 137 283 33 610 5 180 5 180
25 Rhus sp. Rhus sp. 34 249 735 1613 -129 222 189 294 73 195 18 93 49 195
26 Sequoiapollenites sp. Sequoia sempervirens 9.4 15.3 - - - - - - - - - - -
27 Stenochlaenla sp. Blech 9.3 27.1 1122 2845 2.8 256 21.6 29.8 115 349 1 157 68 217
28 Tiliaephylum sp. Tilia sp. 25 20.8 373 1958 -17.7 133 15 28.1 68 236 9 83 45 195
29 | Tricolp ites sp. C is sp. 9.3 279 397 3151 -1.5 27 20 325 70 610 5 165 5 366
30 Triporopollenites sp. Corylus sp. -4.9 24 389 1682 -32.4 16.7 12.9 294 45 343 3 73 3 239
31 Verucatosporites sp. Polypodium sp. -4.9 27.7 - - - - - - - - - - - -

Note: "-"means "not available data"

Synthetized from Mosbrugger and Utescher, 1997; Pross et al., 2001; Jiménez-Moreno et al., 2010; Yao et al., 2011;
Quan et al., 2012; Utescher et al., 2014; Grimm et al., 2016 and http://www.palacoflora.de

5. Discussions

5.1

environments

have been identified in the analyzed samples.

Stratigraphy

and

sedimentary

In the Hoanh Bo basin, no palynomorphs

However, the Dong Ho Formation in this
the

basin

has

been

assigned

to

Oligocene epoch based on the presence of an
assemblage that includes Pentapollenites
maoningensis, Cicatricosisporites dorogensis,
Verrutricolporites pachydemus, Gothanipollis
bassensis, Liquidambarpollenites minutus,
Lycopodiumsporites neogenicus (Trung et al.,
1999). The sediments of this formation
comprise conglomerate, gritstone, sandstone,
siltstone and claystone, interbedded with thin
layers of coaly shale oil shale (Luong et al.,
1999, Ky et al., 1999). These sediments were
deposited in alluvial fan, alluvial plain, fluvial
and lacustrine environments (Tha et al., 2017,
Wysoka et al., 2022).

In the Na Duong basin, samples taken from
a cross-section of Na Duong Formation

revealed a  palynomorph  assemblage
consisting of Verucatosporites sp., Cyathidites
sp., Stenochlaenla sp.; Crassoretitriletes sp.,
Magnastriatites sp.; Lycopodiumsporites sp.,
Coniogramme sp., Plagiogyria sp., Pteris sp.,
Gleichenidites  sp.,  Quercoidites  sp.,
Caryapollenites  sp.,  Myricipites  sp.,
Platycaryapollenites sp., Cupuliferoipollenites
sp., Tricolporopollenites sp., Rhus sp.,
Juglanspollenites sp.; Moruspollenites sp.,
Phragmites sp., Magnoliapollenites  sp.,
Poaceae gen. indet., Triporopollenites sp.,
Liquidambarpollenites sp., Abiespollenites
sp., Pinuspollenites sp., Sequoiapollenites sp.
The spore-pollen spectra indicate 25-50%,
5-20% and 30-70% for spores, gymnosperm
and angiosperm, respectively. The vegetation
is dominated by deciduous broad-leaved

forests, featuring genera such as Carya,
Castanea, Corylus, Juglans, Liquidambar,
Magnoliapollenites, = Morus,  Platycarya,
Pterocarya and Quercus, sometimes

intermixed with coniferous forests represented
by Abies, Pinus and Sequoia, or with
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evergreen ferns such as Cyathea. The dating
of the spore-pollen assemblages in the Na
Duong basin and Red River trough is based on
palynological results from Cenozoic basins in
Southeast Asia and Vietnam (Bat et al., 2008).
The First Appearance Datum (FAD) in the
Oligocene includes Magnastriatites  sp.,
Stenochlaenla sp., and Crassoretitriletes sp.
On the other hand, the Last Appearance
Datum (LAD) for the Oligocene includes
Cicatricosisporites sp., Lycopodiumsporites
sp., and Verucatosporites sp.. A typical
palynomorph assemblage found in Paleogene
sediments in southern China consists of
Mpyricipites sp., Quercoidites sp.,
Caryapollenites sp., Cupuliferoipollenites sp.,
Faguspollenites sp., Tricolporopollenites sp.,
Alnipollenites sp., Juglanspollenites sp., Rhus
sp., and Pinuspollenites sp. (Song, 1996).
Based on these findings, the palynomorph
assemblages in the Na Duong formation may
indicate an Oligocene age. Bohme et al.
(2013) suggested an Eocene age for this
formation based on mammal fossils, mainly
two species: Bakalovia orientalis nov. sp.
(Anthracotheriidae) and  Epiaceratherium
naduongense nov. sp. (Rhinocerotidae),.
However, all known pollen assemblages with
Middle-Late Eocene features from Southern
China are absent from the Na Duong and Rinh
Chua formations. Moreover, the Early
Oligocene could be assigned for these two
formations based on a comparison of their
pollen assemblages with those from other
sedimentary basins located in the Red River
Fault Zone, such as the Nanning, Ningming,
Maoming, and Cao Bang Basins (Wysoka et
al., 2020). Thus, from a palynological
perspective, the Na Duong formation could be
dated as Oligocene. This formation is
characterized by coaly shale, siltstone,
sandstone, seam, and lignite lenses deposited
in fluvial and lacustrine environments.

A palynomorph assemblage in the Red
River Trough is present, comprising
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Verucatosporites sp., Coniogramme  sp.
Crassoretitriletes  sp.,  Cyathidites  sp.,
Lycopodiumsporites sp., Plagiogyria sp.,
Myricipites sp., Quercoidites sp.,

Caryapollenites sp., Poaceae gen. indet.,
Cupuliferoipollenites sp., Faguspollenites sp.,
Alnipollenites sp., Juglanspollenites sp., Rhus
sp., Pinuspollenites sp. The spore-pollen
spectra reveal the following percentages:
10-50% spores, 0-20% gymnosperm pollen
and 30-80% angiosperm pollen. The
vegetation is predominantly characterized by
deciduous broad-leaved forests, with genera
such as Castanea, Alnus, Carya, Fagus,
Juglans, Pterocarya and Quercus, possibly
mixed with needle-leaved forests of Pinus or
with evergreen tree fern of the genus Cyathea.
Lygodium, Polypodiaceae, Plagiogyria, and
Poaceae also represent herbaceous vegetation.
Pollen assemblages in the Co Phuc formation,
similar to Na Duong formation, indicate an
Oligocene age. This conclusion is based on
several key events: the Oligocene FAD of
Magnastriatites sp., Stenochlaenla sp., and
Crassoretitriletes sp.; the Oligocene LAD of
Cicatricosisporites sp., Lycopodiumsporites
sp. and Verucatosporites sp.; the Paleogene
assemblage in southern China includes taxa
such as Mpyricipites sp., Quercoidites sp.,
Caryapollenites sp., Cupuliferoipollenites sp.,
Faguspollenites sp., Tricolporopollenites sp.,
Alnipollenites sp., Juglanspollenites sp., Rhus
sp., and Pinuspollenites sp. (Song, 1996). The
Co Phuc Formation consists of conglomerate,
gravelstone, clay shale, coal shale, and coal
lenses (Vinh et al., 2005), formed in alluvial
fan and lacustrine environments (Huyen et al.,
2004).

5.2. Paleoclimate interpreted from analyses
of thin section and XRD

The thin-section analyzed sandstones are
primarily classified as litharenite,
sublitharenite, and lithic arkose (Fig. 7, Fig. 4
A, B and C). Samples from the Dong Ho and
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Na Duong formations, consistent with the
findings of Tha et al. (2017) and Wysoka et al.
(2020), show low feldspar content,
categorizing them as litharenite and
sublitharenite, indicating a relatively weathered
solid bedrock area. The sublitharenite samples
(THO3/4, THO05/4 and THO09/1) contain a
relatively high quartz content, which may be
indicative of a humid climate, while the
litharenite samples (TH04/1 and TH02/1) may
reflect drier condition (Fig. 7-right). Notably,

Q

A Quartz arenite

¥ Dong Ho Formation (analyzed)
v Dong Ho Formation (Tha et al. 2017)

A Na Duong Formation (analyzed)

/\ Na Duong Formation (Wysoka et al., 2020)
@ Co Phuc Formation (analyzed)

in the lithic arkose sandstone of the sample
TH24/2, feldspar is present in significant
amounts (17.73%), and appears relatively fresh
despite being subjected to transportation
and sedimentation processes (Fig. 4). This
preservation may be attributed to non-
weathering conditions associated with a cold,
semi-arid, sub-humid climate. According to the
diagram by Suttner et al. (1981), this sample
falls within the overlap of humid and semi-arid
area (Fig. 7- right).

Q
W

Metamorphic
(humid)

Metamorphic
(semiarid)

F L

Figure 7. Ternary QFL diagram based on Folk, 1980 (left) and Suttner et al., 1981 (right)

In the bivariate plot of In(Q/F)-In(Q/L), the
analyzed sandstones fall into the following
semiquantitative weathering index (Iw):
0 (TH2/1, TH4/1 and TH24/2), 1 (THO05/4)
and 2 (THO03/4 and TH09/1), corresponding to
unweathered, slightly and moderately
weathered conditions, respectively (Fig. 8).
The Iw attempts to relate weathering to the
present-day climate and physiography of
sediment sources (Weltje, 1994), defined as
Iw = CR, where C is a semiquantitative
indicator of climate (primarily rainfall) used
as a proxy for the time-averaged weathering
rate, and R is a semiquantitative relief
indicator assumed to be inversely proportional
to the residence time in the source area. Iw is
a relative value reflecting conditions such as
(semi)arid climate or mountainous regions
(Iw = 0); the subhumid climate in hilly areas

(Iw = 1), the subhumid climate in plains or
humid climate in hilly areas (Iw = 2).

The thin-section analyses show weakly
consolidated gray siltstones that do not reflect
climatic conditions but are related to the rock
source. In the Red River Trough, some
samples (TH15/1, TH17/1, and TH19/1)
exhibit white-gray and yellow-gray mottled
colors, along with a high content of iron oxide
and iron-rich clay in their cement
composition, which may indicate changes in
humid/dry climates. The siltstone from sample
TH15/1 is particularly illustrative of this
phenomenon, displaying brown streaks
indicative of the accumulation of iron-rich
solutions resulting from the chemical
weathering in a climate characterized by
alternating humid and dry conditions
(Fig. 4D).
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Figure 8. Bivariate log-ratio plot of sandstone, showing the relation between petrographic composition,
parentage, and climatic-physiographic conditions (based on Weltje et al., 1998)

Illite and kaolinite are present in all
claystone samples analyzed by XRD (Fig. 5).
Illite is derived from aluminosilicate minerals,
such as feldspar and mica, through weathering
processes that involve the removal of K* ions
under dry climatic conditions with limited
rainfall (Meunier et al., 1980; Yan, 1988).
Additionally, dry climates are favorable for
the preservation of illite (Long et al., 2007).
Kaolinite can be either a primary or secondary
mineral. In the second case, it is produced by
chemical weathering in warm, humid climates
(Chamley, 1989; Velde, 1992; Naidu et al.,
1995; Corenti et al., 2020) and acidic
conditions (Sun et al., 2022). A warm and
humid climate facilitates kaolinite formation
and preservation (Chen et al., 2003; Sun et al.,
2022). Chlorite, found in many samples in Na
Duong and Red River Trough, forms in
alkaline environments and is unstable under
oxidizing conditions. Therefore, it typically
survives only in areas where chemical
weathering is inhibited, such as glaciers or
arid surfaces (Ducloux et al., 1976). Because
chlorite is unstable under warm, humid, and
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strongly acidic conditions, its occurrence in
the samples suggests a cooler or arid
weathering environment. Smectite is present
in three samples from the Na Duong basin
(RO5/1, R0O7/3) and the Red River Trough
(R19/1). It is often a product of chemical
weathering in alkaline environments or hot,
dry climates (Chamley, 1989; Velde, 1992;
Naidu et al., 1995; Thiry, 2000). Smectite can
also form in cold climates (Ehrmann, 1988) or
under alternating wet-dry conditions (Keller et
al., 1970). The coexistence of smectite with
hematite suggests a semi-arid climate
(Jimenez-Espinosa et al., 2003). In contrast,
illite-smectite mixed layers indicate a gradual

change to a humid environment (Jain
et al., 2003). Feldspar, a rock-forming
mineral, undergoes chemical weathering

through hydrolysis, producing clay minerals,
including illite, smectite, and kaolinite. The
presence of feldspar in some XRD samples
(Table 4) suggests limited chemical
weathering, possibly associated with cold, dry
climatic conditions. Notably, in samples
R23/2 and R24/1, the feldspar content is
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significantly higher than that of kaolinite,
coupled with a high illite content, indicating a
dry, cold climate (Table 4). This observation
is further supported for sample R24/1 by
vermiculite (2%), a mineral commonly
formed under cold conditions (Li et al., 2019).

Generally, instead of relying on individual
clay minerals, their assemblage and related
ratios are utilized to determine weathering,
temperature, and precipitation. Illite and
chlorite are products of physical weathering in
high-latitude, cold climates (Chamley, 1989;
Velde, 1992). Increases in chlorite and illite
content are commonly interpreted as
indicative of climatic conditions that
gradually become colder and drier
(Vanderaveroet et al., 2000; Gingele et al.,
2001; Sun et al., 2022). The kaolinite/smectite
ratio reflects weathering properties that vary
between hot and humid conditions
(characterized by a dominance of kaolinite)
and dry season climates (characterized by a

Table 6. Ratios of clay minerals

dominance of smectite) (Adatte et al., 2002).
Considering this ratio, samples R07/3 and
R19/1, which exhibit smectite dominance,
may be associated with cold and dry
conditions; conversely, sample R05/1, which
shows kaolinite dominance, indicates less
dryness, possibly related to the monsoon
feature (Table 6). The ratios of kaolinite/illite
kaolinite/(illite + chlorite) serve as humidity
indicators, with higher values suggesting
increased moisture (Thamban and Rao, 2005).
When these ratios are considered, samples
from the Hoanh Bo basin (R02/2, R03/4)
indicate hot and humid conditions with a
predominance of kaolinite. In contrast, some
samples from the Red River Trough (R19/1,
R19/2, R23/2) display characteristics of cold
and dry climates (Table). The variation in the
kaolinite/smectite ratio reflects changes
between hot and humid conditions (rich in
kaolinite) and dry season (rich in smectite)
(Adatte et al., 2002).

Sample | Kaolinite/Illite | Kaolinite/Smectite | Kaolinite/(Illite+Chlorite) | (Kaolinite+Smectite)/(Illite+Chlorite)
R02/2 2.00 2.00 2.00
RO3/4 4.17 4.17 4.17
RO5/1 0.46 1.60 0.42 0.68
R05/3 0.25 0.24 0.24
RO5/4 0.27 0.27 0.27
RO6/1 0.29 0.26 0.26
R06/4 0.34 0.31 0.31
RO7/1 0.23 0.21 0.21
R07/2 1.18 0.93 0.93
RO7/3 0.41 0.75 0.34 0.80
R09/1 0.36 0.36 0.36
R17/1 0.20 0.20 0.20
R19/1 0.05 0.43 0.05 0.18
R19/2 0.08 0.07 0.07
R21/1 0.74 0.74 0.74
R23/2 0.10 0.08 0.08
R24/1 0.11 0.10 0.10
5.3. Paleoclimate interpreted  from  through CA using the NLR of fossil plants

palynological analyses with CA principle

The paleoclimatic parameters, including
MAT, CMT, WMT, MAP, HMP, LMP, and
WMP, are quantified for the 17 samples

(Fig. 9).
In the Red River Trough, the analyzed
samples indicate the MAT conditions ranging

from 4.4 to 25.5°C, with the majority falling
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between 9.3 and 22.2°C. Except for BTP-
24/1, all samples exhibit temperatures lower
than the present MAT of 23°C for the region.
The MAPs in samples range from 705 to
2336 mm, with most samples falling between
1122 and 1857 mm, suggesting a climate

precipitation. Generally, these MAP values
are lower than the present MAP of 1961 mm,
except for sample BTP-13/3. Based on these
findings, the paleoclimates inferred from the
analyzed samples in the Red River Trough are
generally colder and drier than the current

characterized by minor to moderate conditions.
Temperature (°C) Montbhly precipitation (mm) MAP (mm)
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Figure 9. Paleoclimatic parameters in the samples
In the Na Duong basin, the MAT in all precipitation occurs during the summer

samples ranges from 3.4°C (lowest limit) to
24°C (highest limit), with the majority falling
between 9.3 and 21.7°C. All lower thresholds
are below the current MAT of 21.3°C, while
most upper thresholds exceed this value by
0.4°C to 2.7°C. Notably, the maximum MATSs
in samples BTP-05/3, BTP-06/4, and BTP-
10/1 are below the current MAT, indicating
colder paleoclimates than present. The MAPs
range from 373 mm to 1812 mm, with most
samples falling between 1122 mm and 1724
mm, reflecting low to moderate precipitation
conditions. Relatively high WMP values
indicate that a significant portion of the
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months (Fig. 9). Regarding temperature, the
CMTs exhibit a wide range from -11.8°C to
16.7°C, with the majority falling between
-3°C and 16°C. In contrast, the WMTs show a
narrower range of 18.9°C to 28.3°C. For
precipitation, the LMP values range from
8 mm to 70 mm, while the HMP values
exhibit a broader range of 82 mm to 343 mm.
These

precipitation suggest a monsoonal climate

variations in temperature and

pattern characterized by a slight distinction
between cold, dry winters and hot, humid
summers (Fig. 10).
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Figure 10. Seasonal temperature and precipitation
in Na Duong basin

The paleoclimatic parameters in samples,
except BTP24/1, fall into the temperate
climate group (C), characterized by a CMT jax
< 18°C (Fig. 9). Among these samples, two
BTP-5/2 and BTP-8/1 exhibit WMT;, >
22°C, indicating that they meet the criterion of
having at least one month with temperature
exceeding 22°C, thus confirming their
classification as hot subtropical climates (Ca).
Due to insufficient information, it is
impossible to determine whether the
remaining samples specifically belong to the
hot (Ca) or warm (Cb) subtropical climates.
The HMP/LMP ratios range from 3.15 to 9.89
and fall below the humid/monsoonal
threshold, indicating wet climates (Cf)
(Table 7). However, at site #05/1, thin section
analysis (THO5/1) reveals a monsoonal
influence characterized by humid/ dry
alteration (Fig. 4D), while palynological
analysis (BTP05/1) yields an HMP/LMP ratio
of 7.63 (Table 7). Consequently, an
HMP/LMP value of 7 may be considered a
threshold for monsoonal influence; thus, the

following samples may exhibit slight
monsoonal influence: BTPO05/1, 2, 4, 5;
BTP06/2, three and BTP08/1. Based on

previous analyses, the samples within the
temperate climate group C can be categorized
as follows: hot and humid subtropical (Cfa)
with slightly monsoonal influence for samples
BTP-05/2, BTP-08/1; warm subtropical (Ctb)
for samples BTP05/3, BTP06/4, BTP10/1 and
BTP19/1; warm subtropical (Cfb) with
slightly monsoonal influence for samples
BTP05/1, BTP06/2; and undecided between
Cfa or Cfb climate for BTP05/4 and 5,
BTPO06/1 and 3, BTP07/1, BTP13/3, BTP21/2
and BTP23/2.

The sample BTP-24/1 in the Red River
Trough, as previously mentioned, may belong
to either the temperate group (Cfa/Cfb) or
tropical group (A). In the case of group A,
the LMP of 19-94 mm suggests the
following types: tropical rainforest (Af) if
LMP > 60 mm; tropical monsoon (Am) if
43 mm < LMP < 60 mm; and dry savanna in
winter (Aw) if LMP < 43 mm due to high
WMP.

Table 7. HPM/LPM ratios in analyzed samples

Sample | HPM/LPM | Sample | HPM/LPM
Na Duong basin Red River trough
BTP-05/1 7.63 BTP-13/3 5.14
BTP-05/2 9.89 BTP-19/1 5.14
BTP-05/3 3.15 BTP-21/2 4.83
BTP-05/4 8.18 BTP-23/2 3.73
BTP-05/5 8.47 BTP-24/1 3.61
BTP-06/1 4.92
BTP-06/2 7.29 Average: 6.16
BTP-06/3 7.29 Min: 3.15
BTP-06/4 6.27 Max: 9.89
BTP-07/1 5.18 Humid/ monsoonal
BTP-08/1 8.13 threshold: 10
BTP-10/1 5.86

5.4. General Oligocene paleoclimate in
Northern Vietnam

As determined by 'O isotope analyses,
Cenozoic global temperatures underwent
significant  fluctuations, peaking around
ca. 50 Ma during the Eocene. This period was
followed by a decreasing trend, particularly
from the Oligocene onward, characterized by
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notable climatic events such as the Oi-1
glaciation during Eocene-Oligocene transition
and a high-temperature phase known as Mid-
Miocene Climatic Optimum (Zachos et al.,
2001; Hansen et al., 2013). Climate change in
East Asia was influenced by several factors,
including the collision between the Indian and
Eurasian plates, the uplift of the Himalayas -
Tibetan plateau, and the evolution of the
monsoon system (Zhisheng et al., 2001; Yao
et al.,, 2011; Quan et al., 2012). During the
Eocene, southern China was dominated by a
subtropical or tropical climate (Quan et al.,
2012), which evolved into a humid
subtropical climate in the Oligocene (Li et al.,
2018). By the Miocene, the region exhibited
notable seasonality and spatial variations in
temperature and precipitation (Yao et al,
2011). In Thailand, the warm temperate
climate in the Oligocene to Early Miocene
transitioned to a tropical climate in the Middle
Miocene, possibly extending to the end of the
Early Miocene (Songtham et al., 2003). The
Oligocene climate in northern Vietnam, as
synthesized from thin-section, XRD, and
palynological  analyses, was primarily
characterized by a warm subtropical type
(Cfb), occasionally exhibiting hot and humid
(Cfa) or cold and dry periods, with slight
influences from the monsoon (Table 8). This
characterization is consistent with the broader
climatic context of the South China-North
Thailand-North Vietnam region. Monsoons
currently dominate this region with a
monsoonal tropical climate (Am) in northern
Thailand and hot-or-warm summer
subtropical climates (Cwa, Cfa) in north
Vietnam and southern China (Fig. 11). So,
compared to the present, the Oligocene
climates are colder and less influenced by
monsoons.

In the Hoanh Bo basin, based on the
dominance of reddish and red-brown beds of
ferric oxide-rich cemented sandstones, the
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presence of thin ironstone caps within fine-
grained grey rocks, the intercalation of
lacustrine sediments between shale and thin
layers of reddish wacke, presence of very
large siderite concretion (up to 30 cm in size)
and the thick layers of gypsum, Tha et al.
(2017) indicated a semi-arid hot climate with
a high thermal background intercalated with
short humid cycles for Dong Ho Formation.
However, Vuong and Hoai (2018) proposed
that the sediments of the Dong Ho formation
were derived from strongly weathered
bedrock, as indicated by high weathering
indices such as Chemical Index of Alteration
(CIA: 88.32-93.17), Chemical Index of
Weathering (CIW: 94.50-99.32), Plagioclase
Index of Alteration (PIA: 94.39-99.35) and
Chemical Proxy of Alteration (CPA: 97.75-
99.75), reflecting a humid climate with a
MAP, determined by CIW, of 1533+181
mm/y during the sedimentation. Wysoka et al.
(2022) suggested a shift from a humid tropical
to a humid subtropical climate in the
sediments of the Hoanh Bo Trough, with high
CIW (95-99) and PIA (94-99) values similar
to those of Vuong and Hoai (2018), indicating
a high degree of chemical weathering. The
CIA values ranged from moderate (for four
samples in the Hoanh Bo area) to strong
weathering conditions (for two samples in the
Dong Ho area). For all samples taken from the
Hoanh Bo area in this study, thin-section
analyses revealed unweathered conditions
with (semi)arid characteristics for samples
THO02/1 and THO4/1, while sample TH03/4
exhibited moderate  weathering  under
subhumid or humid conditions (Fig. 8). XRF
analyses of samples R02/2 and RO03/4
indicated hot and humid conditions,
characterized by a predominance of kaolinite
and high ratios of kaolinite/illite or
kaolinite/(illite + chlorite) (Table 6). These
analyses suggest hot-humid climates (Cfa)
and cold-dry climates (Ctb) for samples in the

Hoanh Bo area (Table 8).
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In the Red River Trough, the Oligocene
warm subtropical climate (Cfb) expressed
more continental, dry, and cold features with a
MAT ranging from 9.3 to 22.2°C and a MAP
of 1122 to 1857 mm for the majority of
analyzed samples. Overall, the Oligocene
climate in this region was colder and drier
than the present. The climate suggested by
Hung et al. (2022), with a MAT of 15.4 to

22.6°C and a MAP of 1302.3 to 2164 mm, is
based solely on the presence of the species
Mucuna birdwoodiana in sample taken from
Co Phuc Formation and its current NLR
distribution in China. This climatic estimate
reflects only a specific moment rather than the
entire Oligocene. However, this suggestion is
consistent with the region's previously
mentioned general climate conditions.
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Figure 11. Koppen-Geiger climate present-day map (1980-2016) Beck et al., 2018

In the Na Duong basin, the Oligocene
climate is characterized primarily as warm
subtropical (Cfb), occasionally alternating with
hot and humid subtropical periods (Cfa), likely
influenced by monsoons. Most palynologically
analyzed samples indicate a MAT ranging

from 9.3 to 21.7°C and a MAP between 1122
and 1724 mm. Notably, all analyzed samples
from the Na Duong basin were collected in
stratigraphic order, allowing for the assessment
of temporal variations in paleoclimate (Fig. 2).
Analyses of pollen and spores reveal that the
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average of MAT and MAP in most samples are
lower than the current MAT and higher than
the current MAP (Fig. 12). Although these
average values do not precisely reflect the
paleoclimatic parameters, they can still be used
to evaluate climate variability. Except for the
segment between BTPO08/1 and BTP07/1, the
cross-section indicates climate changes that
show a trend of simultaneous increases or

Table 8. Oligocene climate in Northern Vietnam

decreases in temperature and precipitation,
resulting in either a hotter-wetter or colder-
drier climate. Notably, the segment from
BTP05/5 to BTP05/1, sampled with ca. 1 m
resolution across different lithological layers at
the same site, reveals colder and drier climates
in BTPO05/5 and BTPO05/3, contrasted with
hotter and wetter climates in BTPO05/4,
BPTO05/2 and BPT05/1.

Depression | Site Thin section XRD Palynology General Climate
#02/1 Iw= 0;.unweathered; (s.emi)arid Ctb?
climate or mountains,
2 #02/2 Hot, humid Cfa
= Iw = 2; moderately weathered;
§ #03/4 | the subhumid climate in plains Hot. humid Cfa
T or humid climate in hills
404/1 w = 0; pnweathered; (se_mi) arid Cfb?
climate or mountains
#05/1 ( dsr}e/jl}?ﬁrrfild) Cfb Cfb, monsoon influence
#05/2 Cfa, Cfa, monsoon influence
#05/3 Cfb Cfb
#05/4 Tw=1; S.hght.ly wea'lthe?ed; Cfa/Cfb Ctb, monsoon influence
subhumid climate in hills
#05/5 Cfa/ Cfb Ctb, monsoon influence
#06/1 Cfa/Ctb Cfa/Ctb
o0 #06/2 Cfb Cfb, monsoon influence
g #06/3 Cfa/Cfb Cfa/Ctb, monsoon
A influence
2’ #06/4 Cfb Cfb
#07/1 Cfa/Ctb Cfa/Ctb
#07/2 Slightly hot and Cfb
humid
#07/3 Cold, dry Cold, dry
#08/1 Cfa Cfa
Iw = 2; moderately weathered;
#09/1 | subhumid climate in plains or Cfb
humid climate in hills
#10/1 Cfb Cfb
#13/3 Cfa, Cfb Cfa, Cfb
5 #15/1 | Seasonal (dry/humid change) Ctb, monsoon influence
2 #19/1 Cold, dry Cfb Cfb
= #19/2 Cold, dry Cfb
E;) #21/2 Cfa, Cfb Cfa, Cfb
~ #23/2 Cold , dry Cfa, Cfb Cfb
3 #24/1 Cold, dry Cfb
e 4/ Iw = 0; unweathered; (semi)arid Af, Am, Aw, Ctb
climate or mountains, Cfa, Cfb
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Figure 12. MAT and MAP resulted from palynological analyses in Na Duong basin

Similarly, climate wvariation in the Na
Duong basin, resulting from variations in
percentages of quartz and feldspar, the total
clay minerals, and the ratios of kaolinite/illite
and (kaolinite + smectite)/(illite + chlorite)
(Fig. 13), shows a tendency to increase
temperature and humidity from R09/1 to
R07/2, with a maximum value at R07/2
characterized by high ratios of kaolinite/illite
and (kaolinite+smectite/(illite + chlorite).
Notably, the percentages of quartz and
feldspar and the total clay minerals in R07/2
are relatively low due to a significant
percentage of siderite (34%) (Table 4). In the
subsequent period, R07/1-R05/3, the climate
becomes drier and colder, as evidenced by
decreased values in the percentage of clay
minerals, the ratios of kaolinite/illite, and
(kaolinite + smectite)/(illite + chlorite).
Following this period, the climate reverses,
exhibiting a warmer and wetter trend.

For the Na Duong basin, based on the
presence of Dipterocaparaceae, a group of
crocodile fossils, and sediment characteristics
lacking indicators of well-oxygenated paleosols
or pedogenic carbonate accumulation, Bohme
et al. (2013) suggested a tropical to warm
subtropical climate during the formation of the
Na Duong basin, with lower limit
MAT > 14.2°C and CMT > 5.5°C, indicating
per humid conditions without a dry season.
Additionally, the spore-pollen  analysis
conducted by Wysocka et al. (2020) suggests a
warm temperate to subtropical paleoclimate for
the Na Duong basin. Thus, the climates defined
by Koppen-Geiger as warm subtropical (Ctb),
occasionally alternating with hot and humid
subtropical periods (Cfa) and likely monsoonal
influence, are relatively consistent with the
findings of Bohme et al. (2013) and Wysocka
et al. (2020) as inferred from thin section, XRD
and palynological analyses.
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Figure 13. Content of quartz+feldspar (%), clay minerals (%) and clay mineral ratios in Na Duong basin
(Q- quartz, F-feldspar, Ka-Kaolinite, Sm-Smectite, I1-Illite, Cl-chlorite, CD-cold dry, WH-warm humid)

6. Conclusions

The formation of Dong Ho (Hoanh Bo
basin), Na Duong (Na Duong basin), and Co
Phuc (Red River Trough) in northern Vietnam
is primarily composed of conglomerate,
gritstone, sandstone, siltstone, claystone, and
coal shale, all deposited in continental
environments. Based on the palynomorph
assemblages, these formations can be dated to
Oligocene.  During this period, the
paleoclimate was characterized mainly by a
warm subtropical type (Cfb), occasionally
experiencing hot and humid (Cfa) or cold and
dry periods, with slight influences from
monsoons.

In the Hoanh Bo basin, analyses indicate
the presence of both hot-humid and cold-dry
climates. In the Red River Trough, the
Oligocene climate was colder and drier than
the present. This climate is characterized as a
warm subtropical climate (Cfb), exhibiting
more continental, dry, and cold features, with
a MAT ranging from 9.3 to 22.2°C and a
MAP between 1122 mm and 1857 mm.
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In the Na Duong basin, the Oligocene
climate is characterized primarily by a warm
subtropical (Cfb), occasionally alternating
with hot and humid subtropical periods (Cfa),
likely influenced by monsoons. Most
palynologically analyzed samples indicate a
MAT ranging from 9.3 to 21.7°C and a MAP
between 1122 and 1724 mm. Temporal
variations in temperature and precipitation
exhibit similar patterns, suggesting an
alternation between dry-cold or humid-hot
phases.
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