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Located on the northern Vietnam onshore/offshore transition, the Hoanh Bo Trough
is an excellently exposed terrestrial Palacogene sedimentary sequence that may be
treated as an analogue for regional interpretations of the sedimentary and structural
evolution of the northern Song Hong Basin. The Hoanh Bo Trough lies to the north
of the northern Song Hong Basin and to the west of the Beibuwan Basin, the origin
and evolution of which are linked with Palaeogene South China Sea rifting. Field and
archival well sedimentological observations were made throughout the Palaeogene
succession of the Hoanh Bo Trough, and samples were collected for palynological,
petrographical, and geochemical analysis. Based on the coexistence of particular
lithofacies, proximal alluvial fan, distal alluvial fan, fluvial alluvial plain with channels,
alluvial plain and/or lake margin, and lacustrine facies associations were distin-
guished. Palynological analyses suggest the sedimentary infill of the Hoanh Bo
Trough is of the Late Eocene-Early Oligocene age and was deposited in a very warm
tropical/subtropical climate. In turn, geochemical results demonstrate that the
deposits have intermediate chemical maturity and were probably reworked from
older sedimentary rock sources. Moreover, it is suggested to combine the Dong Ho
and Tieu Giao formations and synonymize them as the Dong Ho Formation. The sedi-
mentary pattern, age, climatic conditions, and structural evolution of the Hoanh Bo
Trough align well with the rift initiation, rift development, and rift termination tec-
tonic system tracts. Moreover, the Hoanh Bo Trough could be treated as a landward
keyhole for the offshore basins: for instance, the Kien An Basin in the northern Song

Hong Basin.
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1 | INTRODUCTION

The Hoanh Bo Trough, the nearest well-exposed Palaeogene land-
ward basin in relation to the Tonkin Gulf, is unique and crucial for
regional interpretations of the sedimentary and structural evolution of
the northern Vietnam onshore/offshore transition, especially for the
Red River Fault Zone (RRFZ), the Cao Bang-Tien Yen Fault, the north-
ern Song Hong Basin, and even for the Beibuwan Basin. What is more,
the Hoanh Bo Trough is a sedimentary basin with an almost latitudinal
extent, oblique to the extent of most structures related to the broadly
understood landward part of the RRFZ.

Over the past few decades, numerous papers have been pub-
lished on the regional geology and geotectonics of northern
Vietnam and the South China Sea (= East Vietnam Sea) (e.g., Briais,
Patriat, & Tapponnier, 1993; Fyhn & Phach, 2015; Fyhn et al., 2018,
2020; Leloup et al., 1995, 2001; Mazur et al.,, 2012; Pubellier
et al., 2003; Sun, Zhou, Zhong, Zeng, & Wu, 2003; Tapponnier, Pelt-
zer, & Armijo, 1986; Tapponnier et al., 1990). These investigations,
and the resultant publications, have been based on rich collections
of seismic/drill-hole geophysical and petrophysical data collected
offshore and supplemented by the thermochronological and geo-
chemical data on the onshore igneous and metamorphic massifs
(e.g., Anczkiewicz et al., 2007; Leloup et al., 2001; Wang, Lo, Chung,
Lee, & Thang, 2000). The origin and evolution of these offshore
basins, such as the Song Hong, Qiongdongnan, and Beibuwan
basins, are thus well-established and understood (e.g., Clift, Blusz-
tajn, & Duc, 2006; Clift, Lee, Clark, & Blusztajn, 2002; Clift &
Sun, 2006; Fyhn et al., 2018, 2020; Morley, 2002, 2007; Rangin,
Klein, Roques, Le Pichon, & Trong, 1995; Ren, Tamaki, Li, &
Junxia, 2002; Su, White, & Mckenzie, 1989). By contrast, there is
still a need for a coherent model describing the origin and evolution
of the tectonically influenced Palaeogene sedimentary system
extending over the landward area of northern Vietnam. The only
exceptions are (more-or-less) general models for the northern
Vietnam onshore/offshore transition by Petersen et al. (2001), Fyhn
et al. (2018), and Wysocka et al. (2020), and models for the drainage
pattern of south-east Asia (e.g., Clift et al., 2008, 2020; Hoang, Wu,
Clift, Wysocka, & éwierczewska, 2009). Consequently, the present
state of detailed knowledge regarding the onshore basins and their
stratigraphy is still insufficient (e.g., Bohme et al., 2011, 2013;
Petersen et al, 2001; Tha, Woysocka, Pha, Cuong, &
Zidtkowski, 2015, 2017; Wysocka, 2009; Wysocka et al., 2018,
2020; Wysocka & $Wierczewska, 2003, 2010).

To fill this gap, an investigation of the Hoanh Bo Trough, located
on the northern Vietnam onshore/offshore transition and containing a
well-exposed Palaeogene sedimentary sequence, was undertaken.
The main aim of this study was to recognize the Hoanh Bo Trough in
terms of its sedimentary pattern, the age of its sedimentary infill, and
the sources of its clastic materials. As such, it enabled a detailed char-
acterization of a segment of the larger sedimentary terrestrial system
deposited in northern Vietnam during the Eocene and Oligocene.
Moreover, the hypothesis that the Hoanh Bo Trough could be treated
as a landward analogue for contemporaneous offshore basins, espe-
cially for the northern Song Hong Basin, was verified.

2 | GEOLOGICAL SETTING

The main tectonic feature of the northern part of Vietnam (Figure 1a),
the RRFZ, is one of the main strike-slip zones of South-east Asia, sep-
arating South China and Indochina (Tapponnier et al., 1990) or Sunda-
land terranes (Metcalfe, 2017; Pubellier & Morley, 2014). In the
Vietnamese component, it is composed of the Red River, Chay River,
and Lo River faults (Figure 1b). Left-lateral shearing along this zone is
dated to the Eocene-Oligocene (e.g., Fyhn et al., 2018; Leloup
et al., 1995, 2001; Mazur et al., 2012; Pubellier et al., 2003; Sun
et al,, 2003), with estimates of the left-lateral offset ranging between
200 and 700 km (e.g., Mazur et al., 2012; Sun et al., 2003; Tapponnier
et al,, 1986, 1990). However, after the mid-Oligocene RRFZ offset in
the Tonkin Gulf it probably does not exceed a few dozen kilometres
(Fyhn et al., 2018; Morley, 2012; Pubellier et al., 2003; Rangin
et al, 1995; and discussion in Morley (2002, 2007). Since the Late
Neogene, this zone has reversed to right-lateral displacement associ-
ated with regional inversion, with an estimated offset between 5.5
and 30 km (e.g., Allen et al, 1984; Fyhn & Phach, 2015; Leloup
et al., 1995; Phan et al., 2019; Tapponnier et al., 1990).

The study area is located to the east of the Lo River Fault and is
bounded by two main fault lines, the Trung Luong Fault to the north
and the Chi Linh-Dong Trieu-Hon Gai Fault to the south (Figures 1b
and 2); additionally, it is cut by a system of minor N-S and NW-SE
oriented faults (Figure 2).

Moreover, in northern Vietnam, there are at least a dozen small
areas in which Palaeogene and Neogene deposits crop out
(Figure 1b). In most cases, they are paltry erosional patches and con-
stitute remnants of a larger sedimentary terrestrial system (Clift
et al., 2020; Fyhn et al., 2020; Wysocka et al., 2020). Only some of
them are big enough to be treated as basins with fully developed sedi-
mentary patterns (e.g., Bohme et al., 2011, 2013; Wysocka, 2009;
Woysocka et al., 2018, 2020; Wysocka & Swierczewska, 2003, 2010).

The studied deposits from the Hoanh Bo and Dong Ho areas
(Figures 1-2) outcrop in a more or less east-west oriented depression
referred to as the Hoanh Bo Trough, which in turn is sometimes subdi-
vided into the Dong Ho and Cua Luc troughs (Figure 1c) (e.g., Fyhn
et al,, 2018; Petersen, Tru, Nielsen, Duc, & Nytoft, 2005; Tru, Diep, Quan,
Hung, & Hien, 2002). Moreover, in some papers, the names Hoanh Bo
and Dong Ho basins have also been employed (e.g., Song et al., 2021;
Tha et al,, 2015, 2017; Trung, Bat, An, Khoi, & Hieu, 1999; Viet, 2003).

Most of the basement of the Hoanh Bo Trough is formed by the
Hon Gai Formation (Tzn-rhg) (Figure 2), comprising Triassic continental
clastic rocks composed of quartz conglomerate, thick-bedded sandstone,
dark grey siltstone with coal seams, claystone, and coaly shale (Uy,
Ngoc, & Giap, 1995). The Jurassic red beds of the Ha Coi Formation
occupy small areas in the north-east and south-west margins of the stud-
ied area (Uy et al., 1995). Moreover, Carboniferous and Permian carbon-
ate and Permian clastic rocks are exposed to the north and south.

Despite the predominance of basement rocks and Quaternary
sediments in the studied area, Palaeogene and Neogene deposits crop
out as well (Figure 2; see Fyhn et al.,, 2018; Petersen et al., 2001,
2005; Tha et al,, 2015, 2017; Tru et al, 2002; Trung et al., 1999;
Viet, 2003). They have been traditionally subdivided into the
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FIGURE 1 (a) Location of the study area. Black asterisk-location of the Red River Delta plain, white dot-location of the offshore Song Hong Basin,
white pentagon-location of the Beibuwan Basin. (b) Main geological structures of northern Vietnam on the digital elevation model (Shuttle Radar
Topography Mission, SRTM). White rectangle-study area, red lines-main faults, red asterisk-Hanoi, white asterisk-location of the offshore Kien An
Graben (for exact location and more details, see Fyhn et al., 2018), white dots-location of the Palaeogene and Neogene sediments outcrop areas (note
that the names are written with Vietnamese spelling): 1-Cao Bang, 2-That Khé, 3-Cao Loc, 4-Na Duong-related to the Cao Bang-Tién Yén Fault; 5-Déng
Triéu, 6-bdng Ho, 7-Hoanh Bé-related to the Chi Linh-Dong Trieu-Hon Gai and Trung Luong Faults; 8-Tuyén Quang, 9-Xuan Hoa-related to the L6
River Fault; 10-Bao Yén, 11-Héng Quang, 12-Séng Lo-related to the Chay River Fault; 13-northern Séng Hong (Triing Séng Hong)-related to the Red
River Fault and the Chay River Faults, 14-L3o Cai, 15-Phé Lu-Trai Hut, 16-Yén Bai, 17-Phu Tho, 18-Pha Ghénh, 19-Trung Ha-related to the Red River
Fault; 20-Lién Son, 21-Nghia L6-related to the Nghia Lo Fault; 22-Putra, 23-Tam Dudéng, 24-Than Uyén-related to the Tam Pudng-Than Uyén Fault;
25-Sai Luong-related to the Van Yén-Hoa Binh Fault; 26-Hang Mon, 27-béng Giao-related to the Son La Fault; 28-56p Cbp, 29-Thanh Hoéa-related to
the Ma River Fault Zone; 30-Bach Long Vi island-related to the seaward extension of the L6 River Fault. (c) Close-up of the study area of the Hoanh Bo
Trough, with the outcrop IDs and well locations. For the list of outcrops and wells, see Appendix S1
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Oligocene Dong Ho (E>dh) and Miocene Tieu Giao (N1_»tg) forma-
tions (Figures 2-3).

According to the initial description by Nhan and Danh (1975), the
Dong Ho Formation is composed of thick-bedded grey conglomerates,

sandstones, siltstones, oil-bearing shales, thin coal seams, and thick-
bedded claystones. The siltstones, claystones, and oil-bearing shales
usually contain spores and pollen assemblage of Gleichenia sp., Quer-

cus sp., and Liquidambar sp., and leaf imprints of Pecopteris totangensis,
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EXPLANATIONS

Ordovician-Silurian Tan Mai Fm:
clay shale, cherty shale, schist,
tuffaceous sandstone
Carboniferous Da Trang Mai Fm:

limestone

l:l Carboniferous-Permian Bac Son Fm:
oolites, cherty limestone

- Permian Bai Chay Fm: chert,
siltstone, cherty limestone

claystone

- Triassic Hon Gai Fm: conglomerate,
sandstone, siltstone, claystone, coal
- Jurassic Ha Coi Fm: conglomerate,
sandstone, siltstone, claystone
conglomerate, coaly claystone, shale, -I Paleogene Dong Ho Fm: oil-shale,
conglomerate, sandstone, siltstone,

|:| Quaternary: gravel, sand, silt, clay
|:' Present-day sea and estuarium area

Strike and dip (a); Fault (b)
m Fossils: fauna (a); flora (b)

CI Neogene Tieu Giao Fm: conglomerate,
sandstone, siltstone, claystone

FIGURE 2 Geological map of the study area (compiled based on Uy et al., 1995 and Hung, Huu, Dinh, Lam, & Quang, 1996, modified;

stratigraphy corrected following Trung et al., 1999)

Magnolia janschinii, Laurus nobilis (Trung et al., 1999), and Sabalites
colaniae (Song et al., 2021). The total thickness of the Dong Ho For-
mation reaches 140-418 m, and its age has been designated as Oligo-
cene (Petersen et al, 2001, 2005; Song et al, 2021; Thanh &
Khuc, 2006; Trung et al., 1999).

The Tieu Giao Formation consists of sandstones, siltstones,
and claystones. Abundant plant remains have been collected, with
a predominance of Fagus sp. and Phoebe sp. (Fagus cf. stuxbergii-
Phoebe pseudolanceolata assemblage) (Nhan & Danh, 1975). The
thickness of the Tieu Giao Formation varies from 120 to 200 m,
and it has been determined to be of Miocene age (Thanh &
Khuc, 2006).

However, the archival descriptions of the Dong Ho and Tieu Giao
formations (Figure 3; see also Petersen et al., 2001, 2005) are similar
and do not exactly align with field observations. Therefore, the pre-
sent authors have decided not to use these subdivisions, and instead,

have prepared their own description and interpretations based on

direct sedimentological field observations supplemented with palyno-
logical and geochemical results.

After the deposition of the Dong Ho and Tieu Giao formations,
the study area was subjected to regional compression associated with
the reactivation of pre-existing faults, resulting in folding and inver-
sion. By comparison with the northern Song Hong Basin, it can be
assumed that this occurred in the Latest Miocene (e.g., Andersen
et al, 2005; Fyhn et al., 2018; Fyhn & Phach, 2015; Nielsen
et al., 1999; Rangin et al., 1995).

3 | MATERIALS AND METHODS

The study area is located in the present-day tidal system of the Ha
Long Bay (which, in turn, constitutes the northern part of the Tonkin
Gulf); that being stated, most of the central portion of the tidal system
is covered by mangrove and Holocene sediments. Only to the south,

85U8017 SUOWILLOD BA e8I 3|t jdde au Ag peusenob afe seoiLe VO ‘8sn Jo se|n. 10y AriqiT8uIjUO /3|1 UO (SUORIPUOD-pUR-SWIBIW0D A8 | 1M Are1q Ul |UO//SdNL) SUORIPUOD PUe SW 1 8y} 89S *[£202/20/7T] Uo ARiqiaulluo A8|IM ‘00 JO AisieAn Aq 6g5y [6/200T 0T/10p/woo Ae | Areiq1jeuljuo//sdiy Wwioiy pepeojumod ‘0T ‘2202 ‘YE0T660T



20 | WILEY

WYSOCKA ET AL.

m FIGURE 3 Evolution of age
é northern Song Hong Basin Hoanh Bo Trough interpretations for deposits in the Hoanh
Tr al., 1999 . .
E g Cuong &Phong, Dovjikov etal., | Nhan & Danh 'lI'Lll:l%'llfté’(LlKl1uC. Bo and Dong Ho area in relation to the
<ZC o = - 1939 1965 197> 2005, stratigraphy of the Palaeogene and
5 E THAI BINH: sand, silt, clayey mud u(riléil\oils(?tcsd Iglcdl:;izd Neogene deposits in the northern Song
IE 8 HAI HUNG: sandy silt and sandy clay | undivided u:jldiVided ; v Hong Basin (stratigraphy for the northern
& deposits eposits L. .
) §o2 » 7
= VINH PHUC: sand and silty sand undivided undivided Song Hong Basin is compiled based on
A~ HAI DUONG: coarse sand and gravel deposits deposits Cu, Dy, Quynh, Bat, & Tham, 1985;
Bat, 2011; Golovenok & Chan, 1966;
54
UZJ _| VINH BAO: fine sandstone with Que & Bat, 1981; Quynh, 1972)
8 Z. |intercalations of thin bedded claystone TIEU GIAO
o 5 and siltstone
— o
TIEN HUNG: coarse and medium
o m "Z“ Tgrained sandstqne with gravel, DONG HO
= intercalated by siltstone, claystone
8 | |and brown coal
o 8 PHU CU: Upper - claystone, siltstone undefined
intercalated by sandstone and brown Neogene 3
k4 z % Z coal with flora; Lower - thin bedded TIE%GIAO'
8 coarse sandstone with glauconite Sa? <st0n‘e,
= ©] and marine fauna s1 tbtpnc,
s . thin )
© PHONG CHAU: Upper - intercalations| mft‘crlcalatlons
- _|of sandstone, siltstone and claystone of claystone,
) by i ) Lower abundant
Z |with glauconite, siderite, pyrite; Lower Neogene leafs imprint
- sandstones with thin clayey siltstone cals imprints
intercalations
2 i DONG HO:
m tu) DINH CAO: sandstone with oil-shale,
Z. | & || intercalations of breccia, siltstone, siltstone,
g L:D claystone and conglomerate sandstone
Qo and claystone
E]-] m PHU TIEN: claystone, conglomerate,
< E ~|breccia, with intercalations
A 8 of olistostrome-formed sandstone,
D siltstone, argilite
Outcrop area Section Outcrop IDs TA BL E.l Studied outcrc?ps grouped
into sections; for GPS coordinates, see
Hoanh Bo Gieng Day 27,28, 29,43, 44,47,48, 52,82 Appendix S1
Le Loi 1,2,3,4,19,38,42,46,49,57,73,74,81
Thong Nhat 14,17, 40, 41, 78,79, 80
Troi 26, 30, 31, 32, 33, 34, 35, 36, 50, 51, 56, 58, 67, 69, 70,71, 72
Xich Tho 15, 16
Yen My 5,6,7,9,10,11, 12, 13, 37, 39, 45, 54, 59, 68, 75, 76, 77
Dong Ho Son Duong 21, 22, 23, 24, 62
basement - 8, 18, 20, 25, 53, 55, 60, 61, 63, 64, 65, 66

west, and north of the tidal flats, which are comparatively elevated,
was it possible to undertake field work. The deposits studied in the
Hoanh Bo and Dong Ho areas were observed in a number of pits,
excavations, and natural outcrops (Figure 1c). Most observations,
measurements, and sampling were undertaken in 2013 and 2014;
preliminary lithofacies, sedimentary environment, and petrographic
results were published by Tha et al. (2015, 2017). Motivated by
their findings, additional observations and sampling were carried
out in 2019, during which samples for standard palynological and
geochemical analyses were collected (for sample list, see
Appendix S1).

Observations were made from 82 localities in total and supple-
mented by archival data from 12 wells (Hoa & Phong, 1960) (for the

list of studied outcrops and wells, see Appendix S1). Due to a large
number of localities examined, the outcrops were grouped into
seven sections based on their geographic positions (Table 1). For the
Hoanh Bo area, they include the Gieng Day, Le Loi, Thong Nhat,
Troi, Xich Tho, and Yen My sections. For the Dong Ho area, only the
Son Duong section is proposed (Figure 1c). Lithofacies were recog-
nized following Miall (1978), based on dominant grain size class, tex-
ture, stratification, degree of clast rounding, and sorting.
Depositional mechanisms were interpreted and assigned to each
particular lithofacies (Table 2).

Maps, sections, and models were prepared, based on our own
observations and archival data, using ArcGIS Esri, CorelDraw, and

Petrel Schlumberger academic licences.
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TABLE 2

Lithofacies
COARSE-GRAINED

Sand- and mud-
supported
disorganized
breccias (Gb)

Clast-to sand-
supported
conglomerates
(Gmm)

Clast-supported
inverse-graded
conglomerates
(Gig)

Trough cross-
bedded
conglomerates
(Gt)

Planar-cross-
bedded
conglomerates
(Gp)

Horizontally
stratified
conglomerates
(Gh)

SANDY

Massive
sandstones (Sm)

Planar cross-
bedded
sandstones (Sp)

Trough cross-
bedded
sandstones (St)

Ripple cross-
laminated
sandstones (Sr)

Horizontally
bedded
sandstones (Sh)

Normally graded
sandstones (Sng)

Low-angle cross-

bedded
sandstones (SI)

FINE

Laminated
sandstone,
siltstone, and
mudstone (FI)

Description

Widely ranging grain size (pebble to cobble, occasionally block
size); amalgamated structure; angular to sub-rounded
clasts; poorly sorted; sand-matrix supported; thickness
reaching several meters

Widely ranging grain size (pebble to cobble); highly
amalgamated; sub-rounded to well-rounded clasts; clast-
supported; structural bodies with sharp bounding; convex-
up geometry; thickness reaching up to several meters

Pebble-size clasts, occasionally cobble size-clasts;
heterogeneous and poorly defined; sub-rounded to well-
rounded clasts; clast-to sand-supported conglomerates,
coarse-sand matrix; upward coarsening grain size; up to
2.4 m thick

Pebble to cobble-sized clasts and granule-sized clasts; shallow
scoop-shaped cross-sets; sub- to well-rounded clasts;
matrix-supported conglomerates; bed thickness is 5-15 m

Granule- to pebble-sized clasts; wedge-shaped cross-sets and
planar cross-beds with cross-stratified angle up to 30°; sub-
rounded- to well-rounded clasts; sand matrix-supported
conglomerates; thickness between several decimetres and
several meters

Granule-to pebble-sized clasts, occasionally cobbles; crude
horizontal stratification and rapid upward fining; sub-to
well-rounded clasts; clast-supported or matrix-supported;
thickness between 1 m and over 1 m

Coarse to medium grain size; poorly sorted sandstone;
common insets in gravely bodies

Pebbly sandstone with coarse-grained sand; poorly sorted;
20 cm thick; they alternate with conglomerates

Medium-grained sandstone; the bottoms of these beds are
lined with gravel; poorly sorted

Fine sandstone; moderately-to well-sorted; this variety
consists of a climbing ripple set of fine-grained sandstone,
type A; showing cross-lamination

Coarse-grained sandstone or pebbly sandstone with
horizontal bed, poorly sorted; fine sandstone, moderately-
to well-sorted; bearing layers of coalified flora pieces; fine-
to medium-sized, horizontally bedded, moderately sorted;
high percentage of monomineral quartz

Fine-to coarse-grained sandstone; thick and horizontal
bedding, normal grading; 1.7 m thick

Fine-grained sandstones; moderately-to well-sorted; thick
bedding; dipping about 10-15°; high percentage of
monomineral quartz

Interlamination of very fine sandstones, siltstones and sandy
siltstones; pink to light grey colour; commonly flaser and
wavy laminated, upwardly coarsening successions;
thickness ranging from 2 to 3.0 m

Lithofacies identified in this study (based on Tha et al., 2015; lithofacies codes based on Miall, 1978)

Interpretation

Rock avalanche and/or debris flow

Deposition from debris flows or pseudoplastic debris flows,
active bedload transport

High-energy debris flow or low energy flow with an inertial
bed load transported by laminar to turbulent flow or
sweeping of gravel sheets across the bar tops, or
development of a fan lobe

Infill of minor channels caused by channel system avulsion
and departure from an abandoned channel or migration of
transverse bedforms with curved crests

Deposition from bedload transport, migration of bar form

Deposition from hyper-concentrated grain flows

Deposition from bedload or the basal fill of channels

Downstream migration of bar forms, ripples, and dunes

Deposition from migration of ripples and 3-D dunes or an
event of scour infill in deep stream channel

Deposition mainly from suspension, reflecting tractional
deposition in ripple-phase bed flow conditions

Deposition from the upper plane-bed flows at the bar tops,
during low water stages or density grain flow with upper
plane bed condition

Deposition from upper plane bed flow

Migration of straight-crested bars or progradation of a gentle
delta slope

Deposition from suspension on the floodplain and in the lake

(Continues)
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TABLE 2

Lithofacies

Massive siltstones
and mudstones
(Fsm)

Massive claystones
(Fm)

Coaly lithofacies (C)

WYSOCKA ET AL.

(Continued)

Description

Sheet of shales, siltstones and mudstones; inverse graded,
black grey to light grey colour; rich in organic matter and
plant remnants; occasionally horizontal interlamination of
siltstone, and mudstone layers; observed thickness ranging
from 1.0to 2.5 m

Very fine siltstone and claystones, occasionally as lenses in
conglomerate bodies; mud and clay drapes commonly occur
in gravely and sandy sediments

Thin lenses or coal layers interbedded with siltstones and

Interpretation

Deposition from low suspension falling out in bodies of
standing water, organic materials were mainly in situ

Draped deposits or an abandoned channel

Deposition in overbank and/or swamp, in stagnant ponds

claystones, even sandstone; abundant, coalified organic

matter

TABLE 3 Characteristic facies associations and their depositional environments

Association Dominant lithofacies Minor lithofacies
PAF Gb, Gmm Gig, Sm

DAF Gig, Gh, Gp, Gt Gb, Gm, Sm, Sp, St
F Sp, St, Sh, Sr, SI Gp, Gh, Sm

APCh Fm, Gt, Gp, Sp, St Sm, Fl, Fsm

APLM Fsm, Fm Fl, SI, Sp, Sr

L FI,C Sng, Sh, Sr

Nine claystone and siltstone samples were macerated using HCI
and HF for palynofacies analysis. Samples were washed under running
water; subsequently, 35% HCI was added to remove carbonates, and
70% HF solution to dissolve silica. The residuum was sieved with a
10 pm sieve. A ZnCl, solution was used to separate undissolved min-
eral particles and organic matter. Slides were prepared using glycerine
jelly as a mounting medium. A minimum of 100 palynomorphs (100 in
Le Loi 57/1, 180 in Le Loi 57/1, 153 in Gieng Day 48, 147 in Yen My
54) were counted for each sample at 400x magnification, using a light
microscope.

Among the nine samples examined, only four, taken from the Le
Loi, Yen My, and Gieng Day sections in the Hoanh Bo area, contained
sufficient identifiable palynomorphs to provide analysis. The palyno-
morphs are poorly preserved; their surfaces are often corroded, prob-
ably due to rapid weathering in a hot and wet climate. As a result,
taxonomical determination is very difficult, and quite frequently
impossible.

Bulk geochemical analysis was conducted on six fine-grained
sandstone and siltstone samples-four from Hoanh Bo (the Gien Day,
Le Loi, Troi, and Yen My sections), and two from Dong Ho (the Son
Duong section). Major element oxides and trace and rare earth ele-
ments were measured via laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) at Bureau Veritas Minerals Labora-
tories Ltd., Vancouver, Canada. The results of these analyses are listed

in Appendix S2.

Depositional architecture Depositional environment

Amalgamated, lenticular Proximal alluvial fan

Lenticular-to-tabular Distal alluvial fan
Tabular Fluvial

Tabular cut by channels Alluvial plain with channels
Tabular Alluvial plain and/or lake margin

Tabular Lacustrine

4 | RESULTS

4.1 | Lithofacies and sedimentary environments
Seventeen lithofacies-subdivided into gravelly, sandy, and fine
categories-have been identified (Table 2); based on the coexistence
of particular lithofacies in outcrops and wells, six facies associations
were distinguished. A depositional environment has been proposed
for each facies association (Table 3).

Gravelly lithofacies were observed mainly in the Troi, Gieng Day,
and Yen My sections. Six lithofacies were identified: these include
sand- and mud-supported disorganized breccias (Gb), clast-to sand-
supported conglomerates (Gmm), clast-supported inverse-graded con-
glomerates (Gig), trough cross-bedded conglomerates (Gt), planar-
cross-bedded conglomerates (Gp), and horizontally stratified conglom-
erates (Gh); for further explanation, see Tha et al., 2015 (Table 2;
Figure 4a-c).

The Gb and Gmm lithofacies were used to describe bodies of
sand- to mud-supported breccias (Figure 4a) and conglomerates
(Figure 4b-c), respectively, and were mainly identified in the Troi
(north-west), Yen My (north), and Thong Nhat (north-east) sections.
They were deposited by rock avalanche, debris flow, or pseudoplastic
debris flow (for more details, see Tha et al., 2015). However, the
source areas for clasts in the Troi and Yen My sections were clearly

different. Conglomerates in the Yen My section consist of quartz,
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Deposition mainly from rock avala ches, puoplastic adhleney
from bedload and hyper-concentrated grain flows
SANDY LITHOFACIES: Sm, Sp, St, Sr, Sh, Sng, Sl

e

debris flow, as well as

Deposition mainly from bedload, ripple- or upper plane-phase bed flow, occasionally under plane
flow or suspension

FINE LITHOFACIES: F1, Fsm, Fm, C

Deposition from suspension on floodplain, abandoned channel, and lake

FIGURE 4 Typical lithofacies and their depositional interpretation. Gravelly lithofacies: (a) pebble to cobble, occasionally block size breccia of
highly amalgamated structure; angular to sub-rounded clasts; poorly sorted; sand-matrix supported (outcrop ID 26, Troi section), (b) pebble to
cobble, highly amalgamated conglomerates; sub-rounded to well-rounded clasts; clast-supported; amalgamated bodies with sharp bounding;
convex-up geometry, with sandy lenses (outcrop ID 69, Troi section), (c) close-up of sub-rounded matrix-supported conglomerates (outcrop ID
9, Yen My section). Sandy lithofacies: (d) two thick sandy channels cut in the massive or laminated siltstones and fine sandstones (outcrop ID
44, Gieng Day section), (e) sandy section built of tabular architecture, note the trough cross-bedded coarse-grained sandstones with gravelly
patches (outcrop ID 10, Yen My section), (f) planar and trough cross-bedded coarse-grained and pebbly sandstones interbedded with fine
conglomerates (outcrop ID 51, Troi section). Fine lithofacies: (g) stratified tabular sandstone, siltstone, and mudstone, interbedding of very fine
sandstones, siltstones and sandy siltstones, pink to light grey colour (outcrop ID 37, Yen My section), (h) sheet of shales, siltstones and
mudstones, black grey to light grey colour, rich in organic matter and plant remnants (outcrop ID 68, Yen My section), (i) close-up of dark grey
massive mudstones (outcrop ID 76, Yen My section). Black line-0.5 m scale, were present

quartzite gravel grains, and lithic fragments of a diverse assemblage of In comparison, conglomerates from the Troi section are dominated by
sedimentary rocks including conglomerates, red-coloured sandstones, light grey-coloured lithic fragments of quartzes, conglomerates, and
grey siltstones, mudstones, chert, and occasionally black limestones. sandstones; no limestone clasts were observed.
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i : anidls o Carboniferous-Permian - o
Fine-grained >and>lone Conglomerate C-P lifestons Artificial scarp

— ol e
Medium- to coarse-grained Ordpvman Silurian shale, - Tree and grass cover,
schist, sandstone

sandstone

FIGURE 5 Characteristic features of the Yen My section. (a) General view to the north; studied deposits are visible on the first plane.

(b) Geological sketch of the background from the A photograph. Places with photographic documentation are marked. Characteristic lithofacies:

(c) dark grey mudstone and siltstone of lacustrine origin, (d) siltstone of lacustrine origin with siderite and fine sandstone interlayers, (e) stratified
siltstone and fine sandstones interbedded with clast-and matrix-supported unsorted conglomerate of lake margin origin, (f) two layers of clast-to
sand-supported massive conglomerates of distal alluvial fan origin, separated by sandy interlayers
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The Gig, Gt, Gp, and Gh lithofacies are widespread throughout
the study area and identified in the Troi, Le Loi, Yen My, Thong Nhat,
and Gieng Day sections. The beds are heterogeneous, poorly defined,
clast-supported, or matrix-supported conglomerates. Internally, they
are planar or trough cross-bedded or horizontal, and can be shallow
scoop-shaped; the sets are amalgamated or cut into each other both
laterally and vertically (Figure 5e-f). According to Miall (2006), they
can be interpreted as having been deposited by a range of diverse
transport mechanisms, potentially including high-energy debris flows,
low-energy flows with inertial bedload transport by laminar to turbu-
lent flow, hyper-concentrated grain flows, and/or bedload transport
(for more details, see Tha et al., 2015).

Sandy lithofacies are widely spread throughout the study
area and include massive sandstones (Sm), planar cross-bedded
sandstones (Sp), trough cross-bedded sandstones (St), ripple cross-
laminated sandstones (Sr), horizontally bedded sandstones (Sh),
normally graded sandstones (Sng), and low-angle cross-bedded
sandstones (Sl) (Table 2; Figures 4d-f and 5e; for more details, see
Tha et al,, 2015). The Sm, Sp, and St lithofacies are usually of
lens-like geometry, present as insets in massive or amalgamated
conglomerates (Gmm) or as channelized cut-and-fill in fine-grained
lithofacies. The Sr, Sh, Sl, and Sng lithofacies are usually sheet or
blanket forms distributed in, for instance, the Le Loi, Gieng Day,
and Xich Tho sections.

Fine-grained lithofacies include laminated siltstones and mud-
stones (Fl), massive claystones (Fsm), massive mudstones (Fm), and
coaly lithofacies (C) (Table 2; Figures 4g-i and 5c,d). They are com-
monly thick with sheet- or blanket-like geometry, which were
observed, for instance, in the Le Loi, Son Duong, Yen My, and Gieng
Day sections. Sediments are fine to very fine-grained, grey to dark
grey or reddish in colour, and rich in organic matter and leaf imprints.
Additionally, siderite concretions, Skolithos-like dwelling trace fossils,
and flaser or wavy bedding occur.

The lithofacies were grouped into six lithofacies associations
representing distinct depositional environments. These comprise the
proximal alluvial fan (PAF), distal alluvial fan (DAF), fluvial (F), alluvial
plain with channels (APCh), alluvial plain and/or lake margin (APLM)
and lacustrine (L) associations (Table 3).

The proximal alluvial fan association (PAF) consists of coarse-
grained Gb and Gmm deposits, with minor contributions from the Gig
and Sm lithofacies (Table 3). It is composed of decimetre- to metre-
thick, sand- and mud-supported disorganized pebble-to-cobble-sized,
and occasionally boulder-sized, breccia and conglomerate beds. PAF
depositional architecture is tabular or broadly lenticular in shape and
usually very poorly sorted, with variable coarse sand or mud matrix
content. Quite often, they contain several large, outsized cobbles
and boulders. Contacts with the underlying and/or overlying facies
associations are sometimes sharp and of erosional character. Because
of the massive and/or amalgamated structures within the beds and
the absence of major erosional surfaces, the PAF association can be
treated as deposition on the proximal and/or mid-alluvial fan from
high-concentration flows (e.g., Larsen & Steel, 1985; Nemec &
Postma, 1993; Nemec & Steel, 1984).

The distal alluvial fan association (DAF) is built of several metre
thick, composite sequences of planar cross-bedded, sand-supported
conglomerates from the Gig, Gh, Gp, and Gt lithofacies, occasionally
with Sm, Sp, or St sandstone alternations (Table 3, Figure 4f). The
beds are usually sheet-like, with limited or insignificant basal erosion
(Figure 5f). They are composed of sand-and clast-supported, poorly-
to well-sorted, sub- to well-rounded pebble- to cobble-sized conglom-
erates. In some cases, the clasts are in parallel alignment. Occasionally,
they interfinger with the Gb and Gmm lithofacies. The DAF is rather
bimodal, alternating occasionally with sandstone units, and their
pebble-sized beds are better sorted than their counterparts in the
PAF. This suggests that (i) the clast assemblages were well-sorted
prior to their incorporation in this facies bed and (ii) large quantities of
sand were added either prior to or during deposition. The occurrence
of these deposits overlapping or interfingering the gravelly PAF litho-
facies is suggestive of the deposition of shallow braided streams along
the outer alluvial fan setting.

The fluvial association (F) is composed of the Sp, St, Sh, Sr, and S|
lithofacies; the Gp, Gh, and Sm lithofacies occur as minor components
(Table 3). It is characterized by poorly- to well-sorted, medium-to
coarse-grained, occasionally fine-grained sandstones. Lithofacies Sp
and St are represented by centimetre-to decimetre-thick sets which
build metre-thick cosets (Figure 4e,f). Based on field observations, it
was possible to separate from this more general fluvial association the
alluvial plain with channels association (APCh). The APCh is composed
of the Fm, Gt, Gp, Sp, and St lithofacies, with some admixture of Sm,
Fl, and Fsm. The characteristic feature of the APCh is the occurrence
of metre-thick sandy cosets (Figure 4d), which form channels cut into
the finer deposits of alluvial plains. The alternation of the sandy Sp, St,
and Sh lithofacies with finer deposits is indicative of deposition from
bedload transport in sand-dominated fluvial channels carrying dune-
scale sinuous- and straight-crested barforms, with a continuous, highly
variable sediment discharge. As such, they may be interpreted as
lithofacies deposited in a relatively flat area covered by alluvial plains.

The last two facies associations are coupled to alluvial plain
and/or lake margin (APLM) and lacustrine (L) environments. The
APLM is the most abundant association in the study area: it is domi-
nated by the Fsm and Fm lithofacies, co-occurring with the Fl, SI, Sp,
and Sr lithofacies (Table 3, Figure 4g). It consists mainly of massive or
poorly stratified siltstones, mudstones, and claystones, and is typically
of a reddish or grey colour. Occasionally, siderite concretions occur in
the mudstones and siltstones. The reddish colour may suggest laterite
conditions during or after deposition. Moreover, in the Le Loi and Yen
My sections, the APLM facies association is locally dominated by thick
cross-bedded fine-grained sandstone sets of a probably deltaic origin
(Tha et al., 2015). Occasionally, thin layers of stratified siltstone and
fine sandstones interbedded with clast-and matrix-supported
unsorted conglomerate occur (Figure 5e); they are interpreted as
interfingering of the APLM with the DAF.

The lacustrine facies association (L) is composed of massive silt-
stones and mudstones (Fsm), laminated siltstones and mudstones (Fl),
massive claystones (Fm), and thin coaly layers (C). They are character-

ized by fine-grained strata with a predominant grey to greyish-black
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TABLE 4 Relative percentage of palynomorph composition and nearest living relatives of fossil taxa

Le Le Gieng Yen
FOSSIL TAXON Nearest Living Relatives Loi 57/1 Loi 57/2 Day 48 My 54
PTERIDOPHYTES
Baculatisporites sp. Osmundaceae 4.3 1.7 2.6 0.0
Belvisia type Polypodiaceae 1.1 0.0 0.0 0.0
Corrugatisporites sp. Lygodiaceae 1.1 0.6 0.7 0.0
Kukisporites sp. Lygodiaceae 3.3 0.6 04 0.0
Laevigatosporites sp. many families 0.0 3.3 20 0.0
Leiotriletes sp. Lygodiaceae 1.1 0.6 0.7 0.0
Onychium type Sinopteridaceae 0.0 0.6 0.0 0.0
Pyrrosia type Polypodiaceae 0.0 0.0 0.0 0.7
Stereisporites sp. Sphagnaceae 1.1 1.1 0.0 0.0
Verrucatosporites sp. Davalliaceae, Dennstaedtiaceae, 0.0 0.6 0.0 0.0

Polypodiaceae
Sum 11.8 8.9 6.4 0.7
GYMNOSPERMS
Cathayapollenites sp. Cathaya 4.3 2.2 2.6 0.7
Inaperturopollenites sp. Cupressacaeae 0.0 0.0 0.0 3.9
Piceapollenites sp. Picea 0.0 1.1 0.0 0.0
Pinuspollenites sp. Pinaceae 33.9 25.0 15.1 24.8
Sum 38.2 28.3 17.7 29.4
ANGIOSPERMS
Araliaceoipollenites euphorii 0.0 0.0 0.0 14
Arecipites sp. Arecaceae 1.1 0.0 0.0 0.0
Caryapollenites sp. Carya 1.1 1.1 9.5 10.3
Celtipollenites sp. Celtis 0.0 0.0 0.7 2.5
Cornaceaepollis sp. Cornaceae 0.0 0.6 0.0 0.0
Cupuliferoipollenites oviformis Castanea, Castanopsis, Lithocarpus 0.0 28 1.3 0.7
Cupuliferoipollenites pusillus Castanea, Castanopsis, Lithocarpus 1.1 16.7 3.7 0.0
Cyrillaceaepollenites briihlensis Cyrillaceae, Clethraceae 0.0 0.6 0.0 0.0
Cyrillaceaepollenites exactus Cyrillaceae, Clethraceae 4.3 3.9 2.6 0.0
Cyrillaceaepollenites megaexactus Cyrillaceae, Clethraceae 0.0 0.6 0.0 0.0
Edmundipollis edmundi Cornaceae, Mastixiaceae 1.1 0.0 0.0 0.0
Ericipites sp. Ericaceae 0.0 0.6 0.0 0.0
Fraxinipollenites sp. Fraxinus 0.0 0.0 5.2 0.0
Hammamelidaceae type Hammamelidaceae 10.6 9.4 24.1 23.9
llexpollenites sp. llex 1.1 1.1 0.7 0.0
Lonicerapollis sp. Lonicera 0.0 0.0 0.7 0.0
Gothanipollis sp. Loranthaceae 1.1 1.7 0.0 0.0
Myricipites sp. Myrica 3.2 0.6 0.7 0.0
Periporopollenites sp. Liquidambar 1.1 0.0 2.0 21.9
Platycaryapollenites sp. Platycarya 0.0 0.0 0.0 0.9
Polyatriopollenites sp. Pterocarya 1.1 0.0 0.7 0.0
Quercoidites sp. + Quercopollenites Quercoideae 10.5 15.0 12.2 5.1
sp.

Reevesiapollis sp. Reevesia 1.1 0.0 0.0 0.0
Salixpollenites sp. Salix 0.0 0.6 0.4 0.0
Sapotaceoidaepollenites sp. Sapotaceae 2.2 2.2 1.5 0.0
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TABLE 4 (Continued)
FOSSIL TAXON Nearest Living Relatives
Rubiaceae type Rubiaceae

Symplocoipollenites sp. Symplocaceae

Tetracolporopollenites kirchheimeri Meliaceae
Tricolporopollenites fusus Fagaceae
Tricolporopollenites pseudocingulum Fagaceae
Tricolporopollenites theacoides Fagaceae
Tricolporopollenites villensis Fagaceae
Ulmipollenites sp. Ulmus
Zelkovaepollenites sp. Zelkova

SUM

colour and rhythmic lamination (Figure 5c,d). Flaser and wavy bed-
dings are commonly present in the lacustrine deposits; they com-
monly co-occur with small-scale ripples, dwelling traces, coalified
wood fragments, and rich leaf imprints. Occasionally, siderite concre-
tions occur in mudstones and siltstones. The alginite, sporinite, and
liptinite assemblages in the L association were examined by Petersen
et al. (2005).

4.2 | Palynomorphs

The results of the palynological analysis are presented in Table 4.
Probably due to weathering only resistant, thick-walled organic parti-
cles are observed in the samples. Except of poorly preserved (with the
eroded surface) pollen and spores mainly dark, angular-shaped palyno-
clasts can be observed. The analysis was carried out only on pollen
and spores, and some of the typical pollen taxa are illustrated in
Figure 6. All studied samples contained significant amounts of angio-
sperm pollen (50.0%-76.5%); gymnosperm pollen is less frequent,
constituting 17.7%-38.2% of each sample, and spores are the least
frequent palynomorph (0.7%-11.8%). In all four samples with suffi-
ciently well-preserved palynomorphs to undertake taxonomic classifi-
cation, the taxonomic composition of gymnosperm pollen is largely
similar: Pinuspollenites sp. (15.1%-33.9%) is dominant, Cathayapolle-
nites sp. (0.7%-4.3%) is somewhat less frequent, and Piceapollis
sp. occurs occasionally, while Inaperturopollenites sp. occurs only in
one sample (3.9%).

In contrast, however, the taxonomic composition and abundance
of angiosperm pollen vary considerably between samples. In sample
54 (Yen My section; Table 4), the most dominant angiosperm pollen
taxa are Hammamelidaceae type pollen (23.9%), Periporopollenites
sp. (21.9%), Caryapollenites sp. (10.3%), and Quercoidites sp. +-
Quercopollenites sp. (5.1%). Celtipollenites sp. (2.5%), Cupuliferoipolle-
nites oviformis/C. pusillus (0.7%), and Ulmipollenites sp. (2.5%) are
somewhat less frequent. Other taxa occur rarely (Table 4). Spores,
with the notable exception of Pyrrosia type taxa, are absent from this

sample.

Le Le Gieng Yen

Loi 57/1 Loi 57/2 Day 48 My 54
0.0 0.0 0.0 0.7
54 0.6 0.7 0.0
0.0 0.6 0.4 0.0
0.0 2.8 0.7 0.0
1.1 0.0 3.3 0.0
33 0.0 0.0 0.0
0.0 1.7 0.0 0.0
0.0 0.0 4.3 2.5
0.0 0.0 11 0.0

50.0 62.8 76.5 69.9

Sample 48 from the Gieng Day section also contains a sig-
nificant proportion of Hammamelidaceae type pollen (24.1%)
and Caryapollenites sp. (9.5%), and Ulmipollenites sp. is also a
considerable component of the angiosperm pollen assemblage
(4.3%) (Table 4). In contrast to sample 54, Periporopollenites
sp. is much less abundant (2.0%); however, Quercoidites sp. +-
Quercopollenites sp. pollen frequency reaches 12.2%, and a
diverse assemblage of taxa is present, including the following:
Cupuliferoipollenites oviformis/C. pusillus (5.0%), Cyrillaceaepolle-
nites briihlensis/C. exactus/C. megaexactus (2.6%), llexpollenites
sp. (0.7%), Lonicerapollis sp. (0.7%), Myricipites sp. (0.7%), Salix-
pollenites sp. (0.4%), Sapotaceoidaepollenites sp. (1.5%), Symplo-
coipollenites sp. (0.7%), Tetracolporopollenites kirchheimeri
(0.4%), Tricolporopollenites fusus (0.7%), T. pseudocingulum
(3.3%), and Zelkovapollenites sp. (1.1%). Spores are also much
more diversified here, including Baculatisporites sp. (2.6%), Cor-
rugatisporites sp. (0.7%), Kukisporites sp. (0.4%), Laevigatospor-
ites sp. (2.0%), and Leiotriletes sp. (0.7%).

The two remaining samples (57/1 and 57/2, from the Le Loi sec-
tion) are comparable to sample 48, but even more taxonomically
diverse. The most common angiosperm pollen taxa are Quercoidites
sp. + Quercopollenites sp. (10.5%-15.0%), Hammamelidaceae type
(9.4%-10.6%), Cupuliferoipollenites oviformis/Q. pusillus (1.1%-
19.5%), Cyrillaceaepollenites briihlensis/C. exactus/C. megaexactus
(0.6%-5.4%), Myricipites
sp. (0.6%-3.2%), some extinct morphotypes representing the Faga-

(4.3%-5.1%), Symplocoipollenites sp.

ceae family (Tricolporopollenites fusus 2.8%; T. theacoides 3.3%,
T. villensis 1.7%), and Sapotaceoidaepollenites sp. (2.2%). Other, less
frequent taxa, with proportional abundance rarely exceeding 1%,
include Araliaceaepollenites sp., Arecipites sp., Caryapollenites sp.,
Cornaceaepollenites satzveyensis, Edmundipollis edmundi, Ericipites sp.,
llexpollenites sp., Periporopollenites sp., Polyatriopollenites sp., Reeve-
siapollis sp., Salixpollenites sp., Tetracolporopollenites kirchheimeri, and
Tricolporopollenites pseudocingulum. The most common spores in
these two samples are Baculatisporites sp., but Kukisporites, Belvisia-
type spores, Corrugatisporites sp., Leiotriletes sp., and Stereisporites

sp. are also found (Table 4).
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FIGURE 6 Microphotographs of identified palynomorphs. (a) Inaperturopollenites sp., (b) Myricipites sp., (c) Myricipites sp., (d) Reevesiapollis sp.,
(e) Polyatriopollenies sp., (f) Caryapollenites sp., (g) Cyrillaceaepollenites exactus, (h) Cupuliferoipollenites pusillus, (i) Tricolporopollenites
pseudocingulum, (j) Hammamelidaceae type, (k) Quercoidites microhenricii, (I) Quercopollenites sp., (m) Araliaceoipollenites sp., (n)
Tetracolporopollenites kirchheimeri, (o) Edmundipollis edmundi, (p) Cornaceaepollenites satveyensis

4.3 | Bulk-rock geochemistry

The distribution of major element oxides is largely the same in all
studied samples. The most abundant oxide is SiO,, with the mean
value ranging from ca. 55% in the Dong Ho to ca. 76% in the
Hoanh Bo. The primary silica sources are quartz and crystalline
lithic grains. Al,O3; contents are variable, with mean values of
ca. 15%. Na,O and K,O contents are very low and similar across

all of the studied samples; however, the average K,O content is

higher than the average Na,O content. There exists a positive cor-
relation between K,O and Na,O with Al,O3. Other oxides, such as
CaO0, Fe,03, MgO, TiO,, P,Os5, and MnO, are present only in low
or trace amounts, and their distribution is similar across all studied
formations. A siliciclastic geochemical classification diagram was
used to further classify the studied deposits (Figure 7). Samples
from the Hoanh Bo area plot in the arkose, litharenite, and shale
fields, while those from the Dong Ho area are shale and wacke in

composition.
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FIGURE 7 Geochemical classification of the studied samples
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FIGURE 8 Chondrite-normalized rare earth element patterns of
the studied samples (chondrite values from Boynton, 1985). UCC and
PAAS values are plotted for comparison; UCC values are from
Rudnick & Gao, 2003; PAAS values are from Taylor &

McLennan, 1985

The average total abundance of rare earth elements (REE) in the
studied samples is 179.84 ppm and mildly depleted relative to Post-
Archean Australian Shale (PAAS) (184.77 ppm; Taylor & MclLen-
nan, 1985). In the Dong Ho samples, light rare earth elements (LREE:
avg. 188.9) are mildly enriched, and heavy rare earth elements (HREE:
avg. 23.7) are enriched relative to PAAS (167.16 and 17.61, respec-
tively; Taylor & McLennan, 1985). In Hoanh Bo, the average LREE
(144.84) and HREE (18.61) values are, respectively, depleted and simi-
lar in comparison to PAAS. The average LREE/HREE ratios in the
studied samples are similar (7.94 for Dong Ho and 7.71 for Hoanh Bo)
and slightly depleted relative to PAAS (9.49; Taylor &
McLennan, 1985). Chondrite-normalized REE patterns for the studied
samples are shown in Figure 8. The patterns are variably enriched in
LREE, while HREE patterns are flattened. The negative Eu anomaly
(Eu/Eu*) exhibits some mild variation but is present in all samples.

4.4 | Facies pattern

Six terrestrial facies associations were described in the study area:
proximal alluvial fan (PAF), distal alluvial fan (DAF), fluvial (F), alluvial

plain with channels (APCh), alluvial plain and/or lake margin (APLM),
and lacustrine (L) (Table 3). An examination of dozens of outcrops and
archival well data, supplemented by palynological and geochemical
studies, enables a robust interpretation of the facies pattern during
sedimentation.

Based on the surface data, the northern flank of the study area
(Yen My and Thong Nhat sections) (Figure 5a,b) is characterized by
a coarsening-up sedimentary succession (ID 9 in Figure 9 and 10c):
this is characterized by basal lacustrine facies, overlain by an allu-
vial plain and/or a lake margin (including a potential deltaic compo-
nent), and capped by fluvial facies interfingering with distal alluvial
fans. In contrast, on the western flank (Troi section; ID 26 in
Figure 9 and 10c) the coarse-grained deposits of proximal and dis-
tal alluvial fans prevailed. Moreover, the conglomerates are mono-
mictic, composed exclusively of clasts derived from the Triassic
basement.

In the south (Gieng Day section, Figure 10b,c), sandstones and
mudstones of a general fluvial origin dominated. The most compli-
cated and ambiguous situation is in the central part of the Hoanh Bo
area. The only outcrops are in the Le Loi and Xich Tho sections; most
of the area is covered by present-day tidal flats and Holocene
deposits (Figure 2). In the Le Loi section, a combination of different
lacustrine lake margins, alluvial channels, and/or distal alluvial fans
facies outcrop across a relatively short distance. The outcrops are at
different elevations, dissected by faulting, and slightly tilted.

In the Son Duong section of the Dong Ho area, there are only a
few natural outcrops (Figure 1c) in which mudstones from oil shale
horizons and sandstones crop out. They have been described as lacus-
trine in origin and identified as source rocks for the north-eastern
Song Hong Basin (Dau et al., 2004; Petersen et al., 2001, 2005; Peter-
sen, Nytoft, & Nielsen, 2004; Tru et al., 2002).

On the basis of surface observations alone, it is reasonable to
suggest that the study area was a trough bordered by active fault
escapements to the north and west during the Late Eocene/Early
Oligocene. There is no evidence of direct fault activity to the south.
This hypothesis can be verified and supplemented by the archival
well data. A three-dimensional map of the Triassic basement surface
(Figure 10a) shows that the upper surface of the basement exhibits
steep, sharp topographic relief. Since no wells were drilled in the
central part of the study area, no estimate can be provided for the
maximum thickness of the sedimentary infill. The deepest well, LK
11 (Figures 1c, 9 and 10a,b), exceeded 320 m but did not extend
into the basement. In all wells examined in the present study, fine-
grained L and APLM facies associations are dominant in the lower
portion of the succession; however, these facies associations do
interfinger with DAF, APCH, and F facies associations. Only the LK
10 well (Figure 10b) is pervasively dominated by the PAF facies
association.

This arrangement of facies associations lends plausible support to
the claim that the strata examined in the Hoanh Bo Trough were
deposited in a single sedimentary basin which, after the cessation of
sedimentation, was uplifted, (slightly) tilted, cut by faults, and partially
eroded.
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5 | DISCUSSION

The present study interprets the sedimentation pattern of the Hoanh
Bo Trough within a framework of sedimentological, stratigraphical,
and geochemical data. For the first time, these results have been
placed within the context of regional geology and Palaeogene climate
change in northern Vietnam. However, questions regarding basin age,
source rock lithology, weathering conditions, and basin evolution

remain open to further work.

5.1 | Age determination

Assessing the ages of the Hoanh Bo and Dong Ho strata is challeng-
ing, as is typically the case when investigating terrestrial strata. Unfor-
tunately, no direct biostratigraphic control (e.g., dinocysts or
foraminifera) is feasible in the present study. It should be also stressed
here that palynological interpretations are based only on four produc-
tive samples. Moreover, the state of preservation of palynomorphs is

poor, which makes taxonomical determination difficult or even
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(a) 3-D map of the Triassic basement surface, based on wells that reached the basement (see Appendix S1); 5x vertical

exaggeration, view from the south-east. (b) Facies association succession in wells in relation to surface geology and present-day morphology
(5x vertical exaggeration); the wells from the Gieng Day section are visible in the foreground, view from the south-east. (c) Total proportion of
facies associations for all outcrops in the individual sections (see text for explanation of the six facies associations)

sometimes impossible. Therefore, the results and interpretation pre-
sented here are very preliminary.

The palynological spectra of all samples are dominated by angio-
sperms; gymnosperm pollen is less abundant, and spores are relatively
scarce. In general, an important group among the identified angio-
sperm pollen are the tricolpate and tricolporoidate grains of Fagaceae:

Cyrillaceae-Clethraceae, Castanea-Castanopsis-Lithocarpus, Quercoi-
deae, Fususpollenites fusus, and various Tricolporopollenites species. In
addition, Hammamelidaceae, Sapotaceae, and Symplocaceae pollen
appear in appreciable abundance. Porate grains, such as those of Myr-
ica, Carya, and Liquidambar, are also present. In particular, Liquidambar
and Carya play an important role in samples 48 and 54.
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In assemblages known from southern China, the prevalence of tri-
colpate and tricolporate grains belonging to Fagaceae is considered to
be indicative of a Late Eocene age (Liu & Yang, 1999; Song, Spicer,
Yang, Yao, & Li, 2010). Song et al. (2010) drew attention to the pres-
ence of porate grains of Alnus, Ulmus, Juglandaceae, and Myricaceae
in pollen assemblages of this age. Moreover, Ye, Zhong, Yao, Yang,
and Zhang (1996) and Alexandrova, Kodrul, and Jin (2015) mention
the presence of Alnus in Late Eocene pollen spectra. To emphasize the
role of Alnus pollen, Ye et al. (1996) even erected an Eocene sporo-
pollen assemblage: Quercoidites microhenricii-Pteridophyta spores-
Alnipollenites. In the assemblages studied herein, Ulmus is present in
two samples, Alnus is absent, and representatives of the other two
families are rare-in stark contrast to what would be expected based
on the studies described above. However, on the other hand, in pollen
assemblages of the Late Eocene age from the Bose Basin (Guangxi
Province, China) Liu and Yang (1999) noticed zones where Alnipolle-
nites were completely absent (Liu & Yang, 1999; Text-Figure 2). It is
possible that such a situation could arise from an azonal character of
Alnus and/or its dependence on edaphic-or other local
environmental-factors. Thus, the absence of Alnus pollen in the
assemblages studied herein does not necessarily pose issues in defin-
ing the age of sedimentary strata in the Hoanh Bo Trough.

Based on the work of Tong et al. (2001) and Alexandrova et al.
(2015), Xie, Wu, and Fang (2019, 2020) note that the Late Eocene
pollen floras of south-eastern China are characterized by high relative
abundances of Quercoideae pollen (avg. 20%), accompanied by Alni-
pollenites and Ulmipollenites. They stress that, in comparison to Middle
Eocene floras, an increase in coniferous pollen (avg. > 20%), domi-
nated mainly by Pinuspollenites, is noted in the Late Eocene. This is
markedly consistent with the palynological assemblages obtained in
the present study, and so provides an argument in favour of a Late
Eocene age for the studied pollen floras.

Another intriguing observation is that a significant share of taxa in
the present study exhibit palaeotropical affinities: for instance, Reevesia,
Araliaceae, Sapotaceae, Symplocaceae, Mastixiaceae, and Meliaceae.
They are in the minority according to percentages, however, it is typical
for fossil palynofloras (e.g. Durska, 2017). Such proportions could be
caused by several factors. One of them could be pollination system.
Most of the dominant taxa are anemophilous: Quercoideae, Carya,
Hammamelidaceae, Ulmus, and gymnosperms like Pinus and Cathaya.
Such plants produce much more pollen grains than entomophilous ones
and their pollen is transported by wind for long distances and deposited
everywhere. On the contrary, entomophilous plants produce less pollen
and therefore it's chance to enter the depositional basin is much lower.
Thus, the ratio showing the dominance of wind-born plant taxa is
always expected in sediments. This fact should be carefully considered
when interpreting palaeofloras and palaeoclimates. In studied samples,
the presence of thermophilus elements among overrepresented warm-
temperate ones is proof that the climate was very warm-probably, trop-
ical or subtropical. However, it is impossible to judge, based only on a
few samples, toward which end of the scale it was moved.

Similar climatic signals can be observed when considering fossil
leaves found by Trung et al. (1999), Song et al. (2021), and Nhan and

Danh (1975) in sediments belonging to studied formations. Taxa
representing warm-temperate climate: Quercus, Liquidambar, Fagus,
Phoebe, and Magnolia occur together with thermophilus ones-Laurus
and Sabalites.

Palynofloras indicating subtropical climate in Vietnam and south-
east China are more consistent with a Late Eocene age, rather than an
Oligocene age. Thus climatic signal also points that studied sediments
were deposited during the Late Eocene.

Instead, Oligocene floras in the region are consistent with warm
temperate climates (Tang et al., 2020; Wysocka et al., 2018, 2020;
Ying, Shaw, & Schneider, 2018). For instance, an excellent example of
regional Oligocene pollen flora is that from the Liihe Basin of south-
east China (Tang et al., 2020), as its age is independently confirmed by
U-Pb and “°Ar/??Ar studies. This flora is mostly composed of warm
temperate elements (Table 4, Tang et al., 2020) and bereft of
tropical ones.

It should be noted that one of the studied samples (ID 54, Yen
My section) is different from the others with regards to taxonomical
diversity and abundance. Actually, no tropical/subtropical taxa were
found in the sample, in contrast to other samples studied. In this sam-
ple, Carya, Hammamelidaceae, and Liquidambar are dominant; while
Quercoideae are less abundant, however, they still play an important
role. The taxonomical composition of this assemblage resembles more
those dated to Latest Eocene/Early Oligocene and described, for
instance, in the Cao Bang, Rinh Chua, and Na Duong formations in
Vietnam (Wysocka et al., 2018, 2020), and by Tang et al. (2020) from
China. Furthermore, such findings correspond closely to studies of
strata from the Yen Me region by Trung et al. (1999, 2000) and Song
et al. (2021). The observed differences may suggest this pollen assem-
blage is younger than the other three and existed under slightly cooler
climatic conditions. However, a serious issue is that it is not possible
to determine the proper position of the samples in the composite sec-
tion, that is, it is impossible to declare that sample ID 54 is younger
based on stratigraphic data alone. As such, it would be highly hazard-
ous to unilaterally declare that sample ID 54 is of a considerably dif-
ferent age relative to the other samples; at a minimum, it is not
tenable based on the observations in the present study alone.

The postulated Late Eocene-Early Oligocene at youngest age of
the studied deposits is not in agreement with previous dating efforts
suggesting the sediments were deposited during Oligocene/Miocene
(e.g., Petersen et al., 2001, 2005; Thanh & Khuc, 2006; Trung
et al, 1999) (Figure 3). However, it does align well with results
obtained for the basins associated with the Cao Bang-Tien Yen Fault
(B6hme et al., 2011, 2013; Wysocka et al., 2018, 2020), and more
generally with regional interpretations of Eocene-Oligocene syn-rift
deposition in the northern Gulf of Tonkin (Fyhn et al., 2020). There-
fore, we suggest there is no need to distinguish the Dong Ho and Tieu
Giao formations (Figure 3). Both of these lithostratigraphic units com-
pose the Late Eocene-Early Oligocene age sedimentary infill of the
Hoanh Bo Trough, and are herein synonymized as the Dong Ho For-
mation. The proposed Dong Ho Formation may be treated as a land-
ward exposed analogue of the Eocene and Oligocene Phu, Tien, and
Dinh Cao formations from the northern Song Hong Basin (Figure 3).
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FIGURE 11

Selected trace elements and trace element ratios useful for characterizing potential source rocks. (a) Th/Co versus La/Sc diagram

(Cullers, 2002) showing a silicic source rock composition for the studied deposits. (b) Cr/V versus Y/Ni diagram (Hiscott, 1984) showing studied
samples plotted between the granitic and UCC composition. (c) La-Th-Sc ternary diagram (Bhatia & Crook, 1986; Cullers, 2002) displaying the
silicic composition of source rocks. Composition of basalt, andesite, and granite plotted for comparison. (d) Felsic source rock composition based
on the V-Ni-Th*10 ratio (Bracciali et al., 2007). (e) Th/Sc versus Eu/Eu* diagram (Cullers & Podkovyrov, 2002) comparing the potential sources
of the silicic rocks; samples mostly range between the granodiorite-tonalitic and granitic compositions. (f) Eu/Eu* versus (Gd/Yb)y diagram
(McLennan et al., 1990), showing post-Archean felsic protolith as a protosource for the studied deposits

5.2 | Geochemical signature as a provenance
indicator-preliminary remarks on source rock lithology
and weathering conditions

The geochemical data from the studied deposits allow us to draw pre-
liminary conclusions concerning the composition of their potential
hinterlands. Trace element analysis suggests that all studied samples

were derived from silicic source rocks (Figure 11a-e) (Bhatia &

Crook, 1986; Bracciali, Marroni, Pandolfi, & Rocchi, 2007;
Cullers, 2002; Cullers & Podkovyrov, 2002; Hiscott, 1984). In general,
the chondrite-normalized REE patterns of the studied samples are var-
iably enriched in LREE, but HREE patterns are flattened (Figure 8).
This is expressed by the (La/Sm)y ratio, which has average values of
4.06 and 4.34, respectively, for the Hoanh Bo and Dong Ho, and the
(Gd/Yb)y ratio, with average values of 1.51 and 1.42, respectively.
Moreover, the (La/Yb)y ratio exhibits a total REE fractionation with
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FIGURE 12

(a) Th/Sc versus Zr/Sc diagram (McLennan et al., 1993) showing data points for the studied deposits. Explanation in text.

(b) Diagram of 15*Al,05-Zr-300*TiO, ratio (Garcia, Fonteilles, & Moutte, 1994), displaying the gradual evolution of the studied samples along
the zircon addition arrow. On both diagrams, data from the Na Duong and Cao Bang Basins (Wysocka et al., 2020), and the Truc Thon Basin (Tha

et al., 2021) are plotted for comparison

respective averages of 8.37 and 8.43. These results, together with the
Eu anomalies, fit felsic source rock compositions (Cullers, 2002; Tay-
lor & McLennan, 1985). On a diagram of Eu/Eu* versus (Gd/Yb)y
(Figure 11f), all studied samples plots within the post-Archean field: as
such, it is reasonable to suggest that the deposits are linked to a post-
Archean felsic protolith (McLennan, Taylor, McCulloch, &
Maynard, 1990; Taylor & McLennan, 1985).

The geochemistry of most of the analysed samples suggests that
these deposits have an intermediate chemical maturity (Figure 7), and
that they were probably reworked from older sedimentary rock
sources. The recycling may be seen in the bulk rock trace element
geochemistry. In the Th/Sc versus Zr/Sc ratio diagram (Figure 12a)
(McLennan, Hemming, McDaniel, & Hanson, 1993), there are two
trends. The first trend shows a compositional variation that is associ-
ated with direct influx from primary sources. The second trend,
expressed by an increase in the Zr/Sc ratio, is related to sedimentary
processes affecting the composition of the deposits. The Zr content
reflects the abundance of heavy minerals, particularly zircon, and
therefore is treated as indicative of sediment recycling (McLennan
et al., 1993). The studied sandstones, which plot within the granite-
granodiorite fields, do not vary substantially with source composition,
but the data are scattered parallel to the line of the second trend,
pointing to heavy mineral accumulation via sediment recycling
(Figure 12a). This is also consistent with the trend present in a zircon-
aluminium-titanium ternary diagram, as plotted in Figure 12b. Data
from the Palaeogene Na Duong and Cao Bang Basins and the Pleisto-
cene Truc Thon Basin are plotted for comparison in Figure 12a,b. The
Na Duong and Cao Bang basins are located to the north and north-
east of the study area, while the Truc Thon Basin is located to the
west. Their infill was mostly sourced from older sedimentary rocks

(Tha et al., 2021; Wysocka et al., 2020). In contrast, the samples

analysed in the Hoanh Bo Trough probably did not originate from
such intensively recycled material. This is supported by the petro-
graphic study of sandstones in the present study, which shows that
(i) lithoclasts are quite frequent and composed of crystalline rock frag-
ments, and (ii) some feldspars are present in the framework composi-
tion. Moreover, the geochemical analysis of oxides points to an
immature mineralogical composition.

The positive correlation of TiO, with Al,O3 in the studied samples
suggests that chemical weathering in the source area was an impor-
tant process mediating their mineralogy. An A-CN-K diagram
(Nesbitt & Young, 1984) and weathering-related indices, that is, the
Chemical Index of Alteration (CIA; Nesbitt & Young, 1982), the Chem-
ical Index of Weathering (CIW; Harnois, 1988), the Plagioclase Index
of Alteration (PIA; Fedo, Nesbitt, & Young, 1995), the Index of Com-
positional Variability (ICV; Cox, Lowe, & Cullers, 1995), and the Chem-
ical Index of Alteration expressed as CIA molar (Goldberg &
Humayun, 2010)-were used to estimate the degree of weathering of
the source rocks. The A-CN-K diagram and the CIA values tie the
studied samples to intermediate and strong weathering conditions
and suggest some intra-basin variability in weathering intensity
(Figure 13a,b). Strong weathering conditions are encountered in the
Dong Ho. In contrast, the Hoanh Bo area (that is, the Troi, Yen My, Le
Loi, and Gieng Day sections, where the samples analysed via geo-
chemical means were taken) is characterized by intermediate weather-
ing. CIW values, which range from ca. 95-99, confirm a high degree
of chemical weathering. PIA, which quantifies the progressive weath-
ering of feldspars to clay minerals, likewise exhibits very high values
(ca. 94-99), which in turn indicates that intensive destruction of feld-
spar occurred during source rock weathering, transport, deposition,
and/or diagenesis. It is worth noting that on the A-CN-K diagram,
samples plot along the weathering trend line for the Upper
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FIGURE 13 (a) A-CN-K diagram (Nesbitt & Young, 1984)
showing intensity of weathering during sedimentation. A: Al,O3, CN:
Ca0* + Nay0, K: K50; in molar proportions. CaO* represents CaO of
silicate fraction only. (b) CIA versus ICV diagram (partly after

Lee, 2002; Potter, Maynard, & Depetris, 2005) showing strong
chemical weathering and the absence of first cycle sediment input
into the studied deposits. (c) CIA molar, as an indicator of humidity
(Goldberg & Humayun, 2010), places the source rocks for the studied
samples under a subtropical and tropical climate. Explanation in
Figure 11

Continental Crust (UCC) and do not show any deviation toward the
K-apex. This allows us to reasonably infer that the studied deposits
did not experience potassium remobilization due to, for example,
metasomatism, metamorphism, or diagenetic illitization. Based on
trace element geochemistry, the studied deposits are composed of

particles recycled from older sedimentary strata originally derived

from silicic rocks of a granite-granodiorite-like composition. The ICV
of the examined deposits is consistent with the absence of a first
cycle input, which agrees with the obtained CIA values (Figure 13b).
As chemical weathering is indicative of climatic conditions, CIA molar
(Goldberg & Humayun, 2010) was applied as a humidity indicator. On
this basis, the source rocks for the studied deposits were located
under a subtropical climate, and some differences in average humidity
can be observed (Figure 13c). As the siliciclastic grains were recycled
from older sedimentary units, differences in humidity may suggest
changes in the hinterland composition over time. The CIA molar
values for the studied samples from the Dong Ho area suggest that
this part of the sedimentary succession was deposited in a tropical
and humid climate. We suspect that the Dong Ho area uncovers a
more elevated part of the sedimentary basin and exposes a lower por-
tion of the succession. If this supposition is true, the upper parts,
exposed in the Hoanh Bo area, were deposited under stable subtropi-
cal climatic conditions (Figure 13c). These claims are in reasonable
agreement with the climatic conclusions reached from palynomorph
analyses and match well with the postulated global cooling at the
Eocene/Oligocene climatic transition (e.g., Coxall & Pearson, 2007;
Ling et al., 2021; Liu et al., 2009), which regionally manifested as a
shift from a humid tropical to a humid subtropical climate. More data,
however, is needed to verify many of the trends and predictions made
here, and thus provide more detailed, robust, and valuable

conclusions.

5.3 | Evolution of the Hoanh Bo Trough in relation
to the Red River Fault Zone and the northern Song
Hong Basin

The depositional pattern of the Hoanh Bo Trough suggests that, dur-
ing the Late Eocene-Early Oligocene, it evolved in a transtensional
setting, transitioning from a lake- to a fluvial and alluvial fan-
dominated basin (Figure 14a). To the north, it was directly bordered
by the syn-sedimentary active Trung Luong Fault and a high relief
catchment area, with the footwall of the fault zone characterized by
both high sediment supply and high subsidence rate. The southern
margin was active as well, particularly in relation to Chi Linh-Dong
Trieu-Hon Gai Fault activity. This palaeogeomorphological pattern
drove distinct directionality in the sediment supply, oriented along
both the fault margins and the axial region of the basin. Such a situa-
tion is typical of an extensional basin located in a strike-slip or rift
half-graben tectonic setting (e.g., Blair & Bilodeau, 1988; Crowell &
Link, 1982; Gawthorpe & Leeder, 2000; McLaughlin & Nilsen, 1982;
Morley, 2002; Nilsen & Sylvester, 1995; Prosser, 1993; Ryang &
Chough, 1999).

The Hoanh Bo Trough could be treated as a landward keyhole, or
snapshot, of the syn-rift Late Eocene terrestrial succession of the
South China Sea, especially with respect to the northern Song Hong
Basin. According to the conceptual model for the sequence stratigra-
phy of continental rift successions introduced by Holz, Vilas-Boas,
Troccoli, Santana, and Vidigal-Souza (2017), the studied sedimentary
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FIGURE 14 (a) Conceptual model of the Hoanh Bo and Dong Ho area during syntectonic Late Eocene-Early Oligocene terrestrial
sedimentation in a half-graben tectonic setting. 1-rift initiation systems tract, 2-rift development systems tract, 3-rift termination systems tract,
SRU-syn-rift unconformity. Colours as in Figure 10b. (b) Seismic transect across a releasing bend in the Kien An Graben (Fyhn et al., 2018), an

offshore analogue for the studied area, TWT, two-way time

succession matches well with tectonic system tracts: the rift initiation
system tract (the early half-graben stage of Morley, 2002), the rift
development system tract (the mature half-graben stage of
Morley, 2002) and the rift termination system tract (the late half-
graben stage of Morley, 2002 or the fault death stage of
Gawthorpe & Leeder, 2000). This model is predicated on the premise
that the main factor in controlling base level in tectonic system tracts
is not sea level. Instead, the creation and destruction of accommoda-
tion space is controlled by the tectonics of half-grabens, while rift
basin subsidence controls the sedimentation rate (Holz et al., 2017).
Rift initiation system tract deposits are confined by the syn-rift
unconformity. In the studied area, they consist of limited, isolated
patches of the alluvial plain and/or lake margin facies association
(Figure 14a). The rift development system tract is characterized by
strong tectonic imprints, causing an increasing stretching, and large
subsidence rates, which together form a large and deep depositional
area, often recording lacustrine facies with an overall retrogradational
trend and fining-upward sedimentary succession (Holz et al., 2017). In
the Hoanh Bo Trough, this phase is represented by the lacustrine and
alluvial plain and/or lake margin facies association, flanked by the

fault-related alluvial fan facies association (Figure 14a). As the evolu-
tion of the rift system continues, the rift termination system tract
phase is characterized by a decreasing accommodation rate and the
cessation of sedimentation. The sedimentation regime is prograda-
tional, and the rift basin is filled with deltaic, fluvial, and aeolian facies
(Holz et al., 2017). In the Hoanh Bo Trough, this phase is represented
by fluvial and alluvial plains with channel facies associations
(Figure 14a).

The above interpretation is quite consistent with data on Palaeo-
gene rifting in the Song Hong Basin. Rifting in this basin is thought to
have occurred in response to left-lateral movement along the RRFZ
and its offshore extension (Fyhn et al., 2018; Mazur et al., 2012). As a
result, the Song Hong Basin was formed by a pure pull-apart or trans-
tensional pull-apart mechanism (Wu, McClay, Whitehouse, &
Dooley, 2009). The slowdown of lateral shearing, or at least indica-
tions thereof, toward the end of the Oligocene can be correlated with
the coeval termination of rifting in the northern Song Hong Basin
(Fyhn et al., 2018). A latest Oligocene-Earliest Miocene inversion and
basement rock exhumation drove the uplift and partial removal of the
syn-rift deposits (Fyhn et al., 2018).
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Moreover, the sedimentary pattern of the Hoanh Bo Trough can
be compared with seismic and well data from the Vietnamese off-
shore, and as such, may be treated as a landward keyhole associated
with offshore basins. The nearest offshore basin, the Kien An Basin, is
located ca. 70 km to the south in the northern part of the Tonkin Gulf
(Figures 1b and 14b), and is related to the Kien An and Tien Long
faults (for the exact location and more details, see Fyhn et al., 2018,
2020). The Kien An Basin is undrilled, and all facies interpretation
have been based on only seismic data. The development of the Kien
An Basin is interpreted as occurring in response to transtension and
seems to occur simultaneously with the main displacement over the
RRFZ and the development of the Song Hong Basin (Fyhn
et al, 2018, 2020; Rangin et al., 1995). Similar to the Hoanh Bo
Trough, it is interpreted as a typical graben filled with an organic-rich,
deep-lacustrine mudstone-dominated succession, subdivided into
three distinct tectonostratigraphic sequences (Fyhn et al, 2018,
2020). Therefore, the Hoanh Bo Trough may be treated as an
onshore, well-exposed analogue for the offshore sub-basins that com-
pose the regional-scale Song Hong Basin.

6 | CONCLUSIONS

The results of the present study of the Hoanh Bo Trough are grouped
into sedimentological, palynological, geochemical, and regional conclu-
sions. Sedimentological logging enabled the identification of seven-
teen lithofacies, sorted into gravelly, sandy, and fine lithofacies
groups. Proximal alluvial fan, distal alluvial fan, fluvial alluvial plains
with channels, alluvial plains and/or lake margins, and lacustrine facies
associations were distinguished based on the coexistence of particular
lithofacies in outcrops and wells.

Palynological analyses suggest that the sedimentary infill of the
Hoanh Bo Trough is uniformly of Upper Eocene-Lower Oligocene
age: therefore, it is proposed to change the existing lithostratigraphic
schemes for the Hoanh Bo Trough and unify the previously estab-
lished Dong Ho and Tieu Giao formations into the Dong Ho Forma-
tion. The newly defined Dong Ho Formation was deposited in a very
warm tropical/subtropical climate.

The geochemistry of most analysed samples suggests that the
deposits have intermediate chemical maturity and were probably
reworked from older sedimentary rock sources. Based on the geo-
chemical results, it is reasonable to suggest that the lower part of
the sedimentary succession was deposited in a tropical and humid
climate, while the upper was deposited in the stable subtropical cli-
matic conditions. Such a climate shift is in accordance with postu-
lated global cooling at the Eocene/Oligocene climatic transition
(e.g., Coxall & Pearson, 2007; Ling et al., 2021; Liu et al., 2009),
which would have manifested regionally as a shift from a humid
tropical to a humid subtropical climate.

Based on surface observations, it is stated that the Hoanh Bo
Trough, during the Late Eocene-Early Oligocene, was bordered by
active fault escarpments from the north and west and filled by a
coarsening-up terrestrial succession, starting from a lacustrine and end-
ing with a fluvial environment, and continuously flanked by alluvial fans.

A three-dimensional map of the Triassic basement surface shows steep
and sharp relief. The arrangement of facies associations gives rise to the
conclusion that they were deposited in one sedimentary basin which,
after the cessation of sedimentation, was uplifted, slightly tilted, dis-
sected by faults, and partially eroded. The sedimentary pattern and
interpretation of the Hoanh Bo Trough evolution match well with the
rift initiation, rift development, and rift termination tectonic system
tracts of Holz et al. (2017). Moreover, the Hoanh Bo Trough could be
treated as a landward keyhole for the offshore basins: for instance, the

Kien An Basin of the northern Song Hong Basin.
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