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ABSTRACT:
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N.X. and Tha, H.V. 2018. New data on the continental deposits from the Cao Bang Basin (Cao Bang-Tien Yen
Fault Zone, NE Vietnam) — biostratigraphy, provenance and facies pattern. Acta Geologica Polonica, 68 (4),
689-709. Warszawa.

The Cao Bang Basin is the northernmost of the basins related to the Cao Bang-Tien Yen Fault Zone in northern
Vietnam. The basin is filled with a thick series of continental deposits. However, the exact age of the sedimen-
tary basin infill has been under discussion for a long time. Because of new published data, the authors have
decided to revisit this basin. Palynological data has allowed us to assign the Cao Bang Basin infill to the Lower
Oligocene PC1 complex of the Shangcun Fm. (southern China). Among the saccate grains of gymnosperms,
the domination of Cathaya and Pinus was observed, whereas angiosperms are represented by Carya, Celtis,
Hammamelidaceae, Ulmus and also Pterocarya, Quercus, the Castanea—Castanopsis—Lithocarpus group, and
the Loranthaceae. Among pteridophytes occur Laevigatosporites, Osmundaceae, and Pteris. The sedimentolog-
ical features of the Cao Bang Basin are distinct from those of other basins from the Cao Bang-Tien Yen Fault
Zone. The basin is filled with a wide variety of clastic deposits, from some of coarse-grained, alluvial-fan origin,
through sandy beds of fluvial origin up to fine, organic-rich lacustrine deposits. The coarse-grained lithofacies
are built of clasts derived mainly from local sources. The sandstones from the basin equally are submature or
immature. They contain a lot of lithoclasts, the composition of which depends on the sample location within the
basin. The potential source area is composed of older sedimentary units and of granitic rocks. The geochemical
samples studied reflect the geochemical composition of silicic source rocks with only a minor contribution of
basic components. The succession that fills the basin is interpreted as a typical fill for relatively long-lasting
evolving half-graben or strike-slip basins. Moreover, the basin is partly occupied by a subsequent present-day
sedimentary basin of Quaternary age.

Keywords: Continental environments; Pollen and spores; Provenance; Palacogene; Cao Bang;
Vietnam.
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INTRODUCTION

The Cao Bang Basin (CBB) is the northernmost
of the basins related to the Cao Bang-Tien Yen Fault
Zone (CB-TY FZ) (Text-fig. 1B). Its basement is built
of various Mesozoic and Palaeozoic sedimentary and
magmatic rocks (e.g., Triassic granites, peridotites
and gabbro, as well as Permian basalts and tuffs)
(Text-fig. 2). The basin is NW-SE elongated and di-
rectly limited by two fault lines and, as suggested
by Pubellier et al. (2003), had a polyphase evolution
with a large component of extension and evolved as a
sigmoid pull-apart basin.

Previously Wysocka et al. (2009) distinguished
the CBB as one of the alluvial-to-lacustrine basin
type. Moreover, the origin of the accommodation
space in the CBB was linked with an early to mid-
dle Miocene sinistral transtensional regime along the
CB-TY FZ. Such a tectonic setting was thought to
have caused complex changes both in the lateral and
vertical displacement through time. Consequently,
the other basins related to the CB-TY FZ, including
the CBB, were treated as diachronic, reflecting com-
plex unconformities. The post-depositional uplift,
the tectonic deformations, and the pre-Quaternary
erosion in the studied basins were correlated with a
sinistral transpressional regime.

However, the above interpretation on the origin
and evolution of the CBB was highly speculative be-
cause of the lack of knowledge of the exact strati-
graphic position of the deposits that filled the CBB.
Recently, we have decided to revisit the CBB because
of new regional biostratigraphical data published e.g.,
by Bohme ez al. (2011, 2013), Neubauer et al. (2012),
Ducroq et al. (2015) and Prieto et al. (2017).

The discussion on the age of the deposits from the
basins related to the CB-TY FZ has continued over
many years. Based on the general geological map
(Thuy 2000), the CBB is filled with deposits that be-
long to the upper Miocene Na Duong Fm. However,
based on the detailed geological map, they are of the
middle Miocene age and belong to the Cao Bang
Formation (Tran and Trinh 1975; Cuong ef al. 2000).
Moreover, in some recent papers and books deposits
from the basins related to the CB-TY FZ, included
the Cao Bang, Na Duong and Rinh Chua formations,
are ascribed to the Eocene—Oligocene (Boéhme et al.
2011, 2013; Ducroq et al. 2015), Eocene—Neogene
(Hoang et al. 2004), Oligocene—Miocene (Prieto et
al. 2017) or even Eocene—Miocene (Tri and Khuc
2011). Most of the studies mentioned above were
based mainly on mammals, gastropods, bivalves,
fishes and turtles, therefore we have decided to focus

on palynomorphs. Moreover, we have decided to ex-
tend our investigation of the petrography into a more
detailed provenance study. As a result, the CBB was
revisited in 2016 and 2017.

GEOLOGIC OVERVIEW

North-eastern Vietnam is a classic area of struc-
tural and geotectonic interest. One of the most im-
portant topics in this field is the Cenozoic movement
along the Red River Fault Zone (RRFZ), the main
strike-slip zone of SE Asia, which separates the South
China and the Indochina terranes (Text-fig. 1A). Left-
lateral shearing along the RRFZ is dated as Oligocene
and Miocene (Leloup ez al. 1995, 2001) with estimates
of the left-lateral offsets between 300 and 700 km
(Tapponnier et al. 1986, 1990). However, the offset
for the RRFZ in the area of the Tonkin Gulf probably
does not exceed a few tens of kilometres (Rangin et
al. 1995; Morley 2002, 2007). At present, this zone
corresponds to right-lateral movements which started
about 5.5 Ma (e.g., Allen et al. 1984; Tapponnier ef al.
1990; Leloup ef al. 1995; Fyhn and Phach 2015).

The CB-TY FZ is located about 150 km northeast
of the RRFZ (Text-fig. 1). This zone is only vaguely
known; so far, only a few studies have been devoted
to its structural setting (Chinh 2000; Pubellier et al.
2003; Cuong et al. 2006; Fyhn et al. 2018), with only
some maps (Cuong et al. 2000; Thuy 2000; Binh ef
al. 2003; Hoang et al. 2004), a few sedimentological
interpretations (Wysocka et al. 2005, 2006; Gmur
2006; Wysocka 2009; Bohme et al. 2013) and some
diversified stratigraphic schemes being published
(Tran and Trinh 1975; Trinh 1979; Pham, 2000;
Trung et al. 2000; Thuan 2006; Béhme et al. 2011,
2013; Ducroq et al. 2015).

The CBB is the northernmost of the basins related
to the CB-TY FZ (Text-figs 1B and 2). Its basement
is built of various Mesozoic and Palaeozoic sedimen-
tary rocks (conglomerates, sandstones, siltstones and
limestones) and magmatic rocks (Triassic granites,
peridotites and gabbros, as well as Permian basalts
and tuffs; Text-fig. 2). The basin is NW-SE elongated
and filled with a thick sequence of clastic rocks,
resting unconformably on basement rocks, dipping
slightly, mostly to the northeast. The LK1 borehole
(for location see Text-fig. 2) suggests a thickness of
basin infill of about 150 m. However, because of the
tilting, the stratigraphic thickness of the basin infill
could be larger. At present, the basin is bordered by
two fault lines and partly occupied by a subsequent
Quaternary sedimentary basin (Text-fig. 2).
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Text-fig. 1. A — Tectonic sketch-map of SE Asia (based on Tapponnier et al. 1986). B — Geological structures of northern Vietnam related to the
studied Cao Bang Basin on a DEM (SRTM) image
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Text-fig. 2. Geological map of the Cao Bang Basin and adjacent areas (compilation based on maps by Cuong et al. 2000; Binh et al. 2003;
Hoang ef al. 2004; Hung et al. 2007 and Lan et al. 2011)

The CBB is filled with a broad variety of clas-
tic deposits: sand- and mud-supported disorganised
conglomerates (G), massive or amalgamated bodies
of conglomerates (Gmm), sand- and mud-supported
crudely stratified conglomerates (Gmg), planar and
trough cross-stratified sand-supported conglomerates

(Gp/Gt), massive or amalgamated beds of sandstones
(Sm), planar and trough cross-stratified sandstones
(Sp/St), ripple cross-laminated sandstones (Sr), hor-
izontal-laminated sandstones (Sh), horizontal-lam-
inated fine sandstones and siltstones, occasionally
with normal grading (Sng), massive siltstones (Fsm),
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:i = | Planar and trough cross-strati- |angle trough cross-stratified; pebble-size and sub-rounded to| Bedload transport; downstream
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£ § litofacies as part of a fining-up trend.
_§ ° Downstream migration of ripple
< . . . .
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£ 5 | Planar and trough cross-strati- . . . . .
= coarse grained; low angle bounding surfaces; occasionally | straight-crested (Sp) barforms, in
fied sandstones (Sp/St) . . )
coalified flora fragments, and muddy intraclasts. some cases falling to low stage
gravelly barform modifications.
Ripple cross-laminated sand- | Thin sets; well sorted; fine-grained; asymmetric straight or | Downstream migration of small-
stones (Sr) sinuous ripples. scale current ripples.
Horizontal-laminated sand- | Horizontally laminated fine sandstones; occasionally beds |Deposition from currents gradually
2 stones (Sh) with coalified flora detritus, with rare molluscs. decreasing in velocity.
<
= . . . Deposition of fi ins fi -
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coalified flora detritus.
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ly cl F T A ’ . . .
Coaly claystones (FC) nated with siltstone beds; occasionally with the coal layers. | high supply of clastic material.

Table 1. Depositional environments in the studied sequence of the Cao Bang Basin based on lithofacies characteristics

laminated siltstones (F1), and coaly claystones (FC)
(Table 1). They represent variable continental deposi-
tional environments such as alluvial fan, fluvial and
lacustrine (Wysocka 2009).

MATERIAL AND METHODS

The studied deposits can be traced along the cut-
tings of new roads under construction, in brick facto-
ries, and in open sand and gravel pits. Observations
from 17 outcrops in 2017 were added to the observa-
tions that had been done before (for outcrop location
see Text-fig. 2). In total, the observations from about
fifty geological sites were interpreted, and detailed
sections and analyses were done for nine outcrops (for

GPS coordinates see Table 2). Based on the dominant
grain-size class, texture, stratification, degree of clast
rounding and sorting, eleven lithofacies were rec-
ognised following the concept of Miall (1977, 1978).

Outcrop number Outcrop GPS coordinates

876 22°40°6.30"N; 106°13°50.30”E
877 22°40°4.50”N; 106°14°4.00”E

879 22°4036.20”N; 106°13°6.30”E
880 22°40°41.90”N; 106°13°10.10”E
1066 22°39°54.80”N; 106°10°27.30”E
1073 22°40°5.78”N; 106°11°11.07”E
1079 22°3933.90”N; 106°12°18.90”E
1081 22°40°35.00”N; 106°15°11.50”E
1085 22°40°50.80”N; 106°15°20.70”E

Table 2. GPS coordinates for the investigated outcrops
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The depositional mechanisms were interpreted and
assigned to lithofacies (Table 1). The lithofacies were
grouped into facies associations representing distinct
depositional environments (Table 1). Samples of silt-
stone, medium- and fine-grained sandstone and con-
glomerate were collected for standard palynological,
petrographical and geochemical analysis.

Palynological analyses were carried out on ten
samples from outcrops located in the central part of
the CBB. The samples were washed under running
water, then a 30% HF solution was added to dissolve
the silica. The residuum was sieved on a 10 um sieve.
ZnCl, was used to separate undissolved mineral par-
ticles and organic matter. The slides were made with
glycerine jelly as a mounting medium. At least 150
sporomorphs were counted in each sample.

Petrographic and geochemical analyses were pro-
cessed on the samples from outcrops: 876, 877, 880,
1073, 1079 and 1085 (for location see Text-fig. 2). In
total seven samples were analysed for petrographic
data, and four for bulk-rock geochemistry.

Petrographic investigations of clastic rocks were
performed on 7 standard uncovered polished thin sec-
tions using a polarising microscope. Sandstones were
chosen for further analysis. Framework composition,
matrix and cements were quantified. Furthermore,
the size of the framework components was examined.
The studied deposits were classified based on the
classification scheme of fine-grained sedimentary
rocks (Picard 1971), whereas sorting of the frame-
work components was determined using comparison
charts (Longiaru 1987). In general, the sandstones
were classified using combined ternary petrographic
classification schemes (McBride 1963; Dott Jr 1964;
Folk et al. 1970; Pettijohn et al. 1972; Williams ef al.
1982). Quantitative petrographic information and de-
scription of the most important textural features are
listed in Appendix 1.

Preliminary whole-rock geochemical analysis was
conducted on 4 samples. The oxides of major elements,
trace and rare earth elements were determined by la-
ser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) at the Bureau Veritas Minerals
Laboratories Ltd. in Vancouver, Canada. The results
of these analyses are provided in Appendix 2.

RESULTS
Palynomorphs

The palynomorphs are present only in five sam-
ples studied, from outcrops 879 and 880 (for loca-

tion see Text-fig. 2). In four samples their frequency
was high enough to perform a palynological analysis
(Table 3). The palynological spectra are taxonomi-
cally poorly diversified and the sporomorphs are not
abundant. For example, two slides were used to count
150 sporomorphs in sample 879 (3).

In four analysed samples: 879 (2), 879 (3) 880
(1), and 880 (3), the saccate gymnosperm pol-
len (Pinuspollenites and Cathaypollis) plays the
most important role. It constitutes from 29.4%
in sample 880 (1) to as much as 64.5% in sample
879 (3) (Table 3). Other frequent pollen grains in-
clude (Table 3): Caryapollenites (0-5.9%) (Text-
fig. 3C), Celtispollenites (0—13.8%) (Text-fig. 3E),
Cupuliferoipollenites oviformis—C. pusillus (0-5.7%)
(Text-fig. 3I), Hammamelidaceae-type (0-3.5%)
(Text-fig. 3F), Loranthaceae-type (0—17.8%) (Text-
fig. 3G—H), Quercoipollenites—Quercoidites (0—
4.1%) (Text-fig. 3J), Sapotaceae-type (0—4.6%),
and Ulmipollenites (0-1.3%) (Text-fig. 3B). In
some samples cryptogams are quite frequent, e.g.,
Baculatisporites (0.6-29.5%) (Text-fig. 3K) and
Polypodiaceoisporites (0-5.3%) (Text-fig. 3L).

The difficulty in determining the precise age of
the palynofloras of Palacogene/Neogene age, such as
the one from Cao Bang, lies in the fact that their tax-
onomical composition is similar in general aspects.
Usually it lacks index fossils and the differences
found concern, for instance, percentages of some
types of pollen or the number of taxa characteristic
of tropical/subtropical climate vs. temperate climate.
Thus, the only way to specify the age of the investi-
gated CBB palynoflora was by comparing it to other
fossil pollen and spores assemblages of known age
from nearby areas (namely Southern China).

The middle Eocene palynoflora described
from the Changchang Formation (Hainan Island,
China) is dominated by angiosperm pollen (Yao et
al. 2009; Spicer et al. 2014). Prevailing are tricol-
pate and tricolporoidate grains of Faguspollenites,
Cupuliferoipollenites, Quercoidites, and Castanopsis
(these taxa constitute almost 90%). The tropical and
subtropical element is represented by such pollen as
Proteacidites, Myrtaceidites and Ephedripites (Yao
et al. 2009). The middle and late Eocene palynologi-
cal assemblages from the Maoming Basin: Youganwo
and Huangniuling formations (Guangdong Province,
Southern China) are dominated by spores and angio-
sperms pollen represented mostly by small tricolpate
grains such as Quercoidites, Quercus gracilis, Q. gra-
ciliformis, Tricolporopollenites (T. cingulum, T. libla-
rensis); porate grains like Alnipollenites, Ulmaceae
and others are also frequent (Alexandrova et al. 2015).
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Samples
Morphological name Nearest living relative
879(2) | 879(3) | 880(1) | 880(3)

Alnipollenites Potonié, 1931 Alnus 1.1 0.0 0.0 0.0
Baculatisporites Pflug and Thomson in Thomson and Pflug, 1953 Osmunda 4.6 0.7 0.6 29.5
Carpinipites Srivastava, 1966 Carpinus 0.0 0.0 1.8 0.0
Caryapollenites Raatz,1937 Carya 34 5.9 7.6 1.4
Cathayapollis Ziembinska-Tworzydto, 2009 Cathaya 19.5 29.6 7.6 22.7
Celtispollenites Nagy, 1969 Celtis 13.8 0.0 7.6 0.0
Corsinipollenites Nakoman, 1965 Onagraceae 0.0 0.0 0.6 0.0
1C;Aé)lult_'fero[pollem'tes ovformis C. pusillus (Potonié, 1934) Potonié, Castanea—Castanopsis—Lithocarpus | 5.7 0.0 06 0.0
Foveotriletes Potonié, 1956 ? 0.0 0.0 0.0 0.5
Hammamelidaceae-type Hamamelidaceae 0.0 0.7 35 0.0
Laevigatosporites Ibrahim, 1933 many cryptogams families 1.1 53 34.1 6.8
Leiotriletes (Naumova, 1937) Potonié¢ and Kremp, 1954 Lygodiaceae 0,0 0.0 0.0 0.0
Loranthaceae-type Loranthaceae 0.0 17.8 0.0 0.0
Microfoveolatisporis Krutzsch, 1959 Schizaceae 0.0 0.0 0.0 0.0
Momipites Wodehouse, 1933 Engelhardia 1.1 0.0 0.0 0.0
f;gi?fmropollenites Pflug and Thomson in Thomson and Pflug, Liquidambar 0.0 0.0 24 0.0
Persicarioipollis Krutzsch, 1962 Polygonaceae 1.1 0.0 0.0 0.0
Piceapollis Krutzsch, 1971 Picea 0.0 0.0 2.4 0.0
Pinuspollenites Raatz, 1937 Pinus 184 | 349 21.8 30.4
Platycaryapollenites Nagy, 1969 Platycarya 2.3 0.0 0.6 0.0
Polyatriopollenites Pflug, 1953 in Thomson and Pflug, 1953 Pterocarya 1.1 0.7 0.0 0.5
Polypodiaceoisporites Potoni¢, 1951 Pteris 0.0 33 0.6 53
Querco;laolllenites N.a,gy, 1969 : Ouercus L1 0.0 4l 0.0
Quercoidites Potoni¢, Thomson and Thiergart, 1950

Retitriletes Pierce, 1961 Lycopodium 0.0 0.0 0.0 0.5
Salixpollenites Srivastava, 1966 Salix 0.0 0.0 1.8 0.0
Sapotaceae-type Sapotaceae 4.6 0.0 0.0 0.0
Sciadopityspollenites Raatz, 1937 Sciadopitys 0.0 0.0 0.6 0.0
Slovakipollis Krutzsch, 1962 Eleagnaceae 0.0 0.0 0.0 1.0
Stereisporites Pflug in Thomson and Pflug, 1953 Sphagnum 0.0 0.0 1.2 0.0
Ulmipollenites Wolff, 1934 Ulmus 0.0 1.3 0.6 0.0
Verrucatosporites Pflug and Thomson in Thomson and Pflug, 1953 Davalia 0.0 0.0 0.0 1.4
Unknown porate pollen 20.7 0.0 0.0 0.0

Table 3. Percentages of palynomorphs found in the studied samples

Early Oligocene palynofloras are known from the
Maoming Basin Shangcun Formation (Guangdong
Province, South China) (Herman et al. 2017). Three
palynological complexes are described here: the
PCI1 complex is characterised by a predominance of
gymnosperms (over 70%), representing mostly the
Pinaceae and the Taxodiaceae—Cupressaceae fami-
lies. Among angiosperms there dominate Corylopsis,
Liquidambar, Hammamelis, Carya, Quercus and
Fagaceae. Angiosperm pollen (over 60%) prevails
in the overlying PC2 and PC3 complexes; it is rep-
resented mainly by Quercus, and the Castanea—
Castanopsis and Rhoipites—Fususpollenites groups.
The studied CBB palynoflora is taxonomically

poorly diversified. Among the most frequent are sac-
cate grains of gymnosperms, mainly Cathayapollis
and Pinuspollenites. They constitute 30—-50% of all
grains in the spectra. Among the angiosperms there
prevail Carya, Celtis, Hammamelidaceae, Ulmus and
also the Loranthaceae, Pterocarya, Quercus, and the
Castanea—Castanopsis—Lithocarpus group. Among
the pteridophytes Laevigatosporites, Osmundaceae,
and Pteris occur frequently in some samples. Most of
the taxa present represent a warm temperate climate.
Subtropical and tropical taxa like the Sapotaceae
and the Loranthaceae occur occasionally. In general
terms the composition of the assemblage corresponds
well with the lower part of the lower Oligocene
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Text-fig. 3. Microphotographs of the identified palynomorphs. A — Polyatriopollenites; B — Ulmipollis; C — Caryapollenites; D —
Persicarioipollis; E — Celtispollenites; F — Hammamelidaceae — type; G, H — Loranthaceae-type; | — Cupuliferoipollenites; J — Quercopollenites;
K — Baculatisporites; L — Polypodiaceoisporites

PC1 complex of the Shangcun Formation outlined
above (Herman et al. 2017). Common for both pal-
ynofloras are: dominance of gymnosperm pollen
and significant abundance of Carya, Liquidambar,

Hammamelidaceae, and Quercus pollen. According
to Herman et al. (2017 and references therein) the
palynofloras of the lower part of the lower Oligocene
are characterised by the predominance of Pinaceae
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pollen, and an impoverishment in the angiosperm
pollen taxa. Such a condition is explained by these
authors as a result of the disappearance of most of
the subtropical and tropical taxa, in comparison
to the Eocene assemblages. If the CBB sediments
were older (e.g., of Eocene age), Quercoidites and
Quercopollenites as well as other small tricolporate
grains should play a key role in the spectra (Ye ef al.
1996; Yao et al. 2009; Alexandrova et al. 2015). Also
more taxa characteristic of tropical and subtropical
climates should be present. If the assemblage was of
late early or late Oligocene age, likewise more sub-
tropical and tropical taxa would be present which is
observed for the palynofloras of this age (Herman et
al. 2017). Another indicator allowing us to determine
the age of the CBB fossil flora is the presence of
Persicarioipollis. Although only one pollen grain of
this taxon was found in the samples studied (Text-fig.
3D), its presence also points to the Oligocene as it is
not known from older sediments in SE Asia (Shaw
1998; Yi et al. 2003; Herman et al. 2017).

Ye et al. (1996) proposed sporopollen assembla-
ges typical of the Palacogene and Neogene of
China. An indicated by these authors, the South
China Sporopollen Region includes Guangxi, Yun-
nan, Guangdong and the South China Sea area, thus
lying in the vicinity of the Cao Bang Basin. The
Quercoidites microhenrici—Pteridophyta spores—
Alnipollenites Sporopollen Assemblage is suggested
as being typical of the Eocene. It is characterised till
its latest stage by the dominance of tricolpate pollen
and thus, as mentioned above, does not match the
studied fossil flora. The Oligocene assemblage zone
is the Magnastriatites howardi—Quercoidites—Got-
hanipollis Assemblage. Although Quercoidites pol-
len is still indicated as a dominant element, other
taxa, which are also frequent in the CBB succession,
are abundant in this zone and include: Momipites
(Engelhardia), Gothanipollis (Loranthaceae), Peri-
poropollenites (Liquidambar), Cupuliferoipollenites,
and Caryapollenites. Persicarioipollis appears in this
sporopollen assemblage in small amounts. Thus this
assemblage, although not fitting perfectly, seems to
be more applicable than the Eocene one.

The interpretation based on published Vietnamese
maps showing the Neogene (Miocene) age of the CBB
does not seem to be realistic in the light of palyno-
logic data. In the Miocene, Betula, Chenopodiaceae,
and Graminae pollen play an important role in the
pollen spectra of south-eastern China (Ye et al. 1996;
Wang 2006). Assignment of the CBB sediments to
the early Oligocene is in accordance with the results
of Bohme et al. (2011).

Petrography and bulk-rock geochemistry

Petrography. Samples from the CBB are represented
by a wide group of very fine-grained sedimentary
rocks such as sandstones, silty sandstones, siltstones
and mudstones. Only sandstones and silty sandstones
were taken into account for further investigations. In
general, the mean grain size (Mz) of the sandstones
falls in the very fine to fine sand fraction. Sorting is
varied, from moderately well to very poorly sorted
(Appendix 1). Lithoclasts are the most frequent among
the framework elements (Appendix 1; Text-fig. 4).
They are mainly of crystalline rocks, and plutonic
fragments predominate. The plutonic lithoclasts rec-
ognised are dominated by granite. A few clasts of gab-
bro have also been noted. Volcanic lithics are present
in one sample (outcrop 1085). Overall, metamorphic
rock fragments were noted. They are represented by
schists and a few rocks with a gneissic structure.
Lithoclasts of sedimentary rocks are rarely present,
and siltstones and cherts have been recognised in this
group. Quartz is also an important component in the
framework composition. Monocrystalline quartz is
the most common. Feldspars were also noted. Micas,
opaque minerals, heavy minerals and organic matter
were observed only in trace amounts. The average
framework composition of sandstones is Q40F10L50.
The matrix content is high, with the exception of one
sample (outcrop 877). The sandstones have been clas-
sified as feldspathic lithwackes, lithwackes and litha-
renites (Text-fig. SA). Clay minerals and iron oxides/
hydroxides were recognised as the most common di-
agenetic minerals. Moreover, porosity is changeable,
from very low to high (c. 2-20%)).

Bulk-rock geochemistry: major elements and
geochemical classification (Appendix 2). The most
abundant component in the CBB samples is SiO,.
The silica source is that of quartz grains and crystal-
line lithic grains. Na,O and K,O contents are very
low, with Na,O related to plagioclase and K,O to
K-feldspar. Strong positive correlation of K,O and
positive correlation of Na,O with Al,O; suggests ac-
cumulation of these elements among the finest frac-
tion as clay minerals being an effect of weathering
of feldspars. Al,0O5 and CaO contents are low. Other
oxides such as Fe,03;, MgO, TiO,, P,O5; and MnO
comprise only low or trace amounts in the samples.
The diagram for geochemical classification of
sandstones (Herron 1988) was used in order to further
classify the studied deposits (Text-fig. 5B). Samples
from the CBB are classified as sublitharenites, li-
tharenites and arkoses. Generally, the distribution of
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Text-fig. 4. Petrofacies distinguished in the CBB deposits. A — very fine to fine-grained moderately sorted lithwacke, sample CB6, outcrop 1073

(Lt — lithoclasts, F — feldspars, Q — quartz); porosity marked by blue epoxy; B — coarse-grained, very poorly sorted lithwacke, sample CB11,

outcrop 1085 (Ltm — lithoclasts of magmatic felsic rocks, Lts — lithoclasts of fine grained sedimentary rocks); C, D — fine-grained moderately

well sorted litharenite, sample CB13, outcrop 877 (Lt — lithoclasts, F — feldspars, Q — quartz, cl — clay minerals); porosity marked by blue
epoxy. Plane-polarized light: A, C; cross-polarized light: B, D

oxides of major elements supports the mineralogical
composition of the studied samples and confirms the
results of the petrographic analysis.

Discussion. The source rock composition may be
estimated based on petrographic results, i.e., types
of lithoclasts distinguished in the studied samples,
which are areflection of palacogeography. Sandstones

from the CBB can be described as submature or even
immature in a few cases. They contain a lot of litho-
clasts, the composition of which depends on the sam-
ple location within the basin, e.g., in the middle of
the basin the number of lithoclasts is the lowest, and
they are represented by crystalline rock fragments
which are difficult to recognise. Further southward
the lithoclast content increases and the wide group
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Text-fig. 5. A — Petrographic classification of sandstones in the QFL triangular diagram (diagram compiled and modified after: McBride 1963;
Dott Jr. 1964; Folk et al. 1970; Pettijohn et al. 1972; Williams et al. 1982). Q — quartz, F — feldspars, L — lithoclasts. B — Geochemical classi-
fication of the studied sandstones (diagram after Herron 1988)

of lithoclasts is represented mostly by fragments of
plutonic rocks, coupled with a low admixture of met-
amorphic and sedimentary rocks. In the SW and W
parts of the basin the composition of the lithoclasts
is similar, but within the sedimentary rock a few
fragments of chert have been recognised. A different
composition is observed in a sample from the NE part
of the basin: it contains a lot of fragments of granitic
rocks, very often with a well preserved myrmekite
structure. There is also a group of volcanic lithoclasts
(basalts?) followed by a few sedimentary rock frag-
ments.

The potential source area was most likely com-
posed of older sedimentary units, but the sample
from outcrop 1079 (for location see Text-fig. 2) points
to a change in the source composition, which could
be related to the appearance of granitic rocks in the
source. This change may be related with tectonic up-
lift of the area with a granitic massif located to the
SW of the basin. The studied geochemical samples
reflect a geochemical composition of silicic source
rocks with only a minor contribution of basic com-
ponents. Therefore, in general, derivation from areas
located to the NE and NW of the basin is unlikely
(Triassic gabbro and peridotite being present here),
with exception of the most NE marginal part of the
basin (outcrop 1085), where a small influx of a mafic
component is expressed by the presence of a few
lithic grains of gabbro and basalt.

Facies pattern

The clastic deposits filling the CBB represent
alluvial fan, gravel-dominated fluvial channel,
sand-dominated, flood plain/lake depositional en-
vironments (Text-figs 6 and 7; Table 1). The CBB
was interpreted as the alluvial-fan to lacustrine ba-
sin (Wysocka 2009). Based on previous studies,
two types of alluvial-fan conglomerates were dis-
tinguished (Wysocka 2009). The conglomerate beds
of the first type are tabular, or broadly lenticular
in shape, very poorly sorted, matrix- or clast-sup-
ported, with a variable coarse sand or mud matrix
content. Quite often they contain several large, out-
sized cobbles and boulders (Text-fig. 6). The second
type is represented by composite sequences of planar
cross-bedded sand-supported conglomerates several
metres thick, occasionally with sandstone alterna-
tions. The beds are usually sheet-like, with limited
or insignificant basal erosion. They are composed
of sand- and clast-supported, poor- to well-sorted,
sub- to well-rounded pebble- to cobble-sized con-
glomerates. Other widely spread lithofacies are con-
glomerates and sandstones of the gravel-dominated
fluvial channel depositional environment (Text-figs
6 and 7; Table 1). These are predominantly com-
posed of planar and trough cross-stratified sand-sup-
ported conglomerates (Gp/Gt) and planar and trough
cross-stratified sandstone (Sp/St) lithofacies, sub-
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ordinately with massive or amalgamated bodies
of conglomerate (Gmm), massive or amalgamated
beds of sandstone (Sm) and massive siltstone (Fsm)
lithofacies. Texturally, they are built of sand- and
clast-supported, poor- to well-sorted, sub-rounded to
well-rounded pebble-to-cobble conglomerates, and
poorly sorted pebbly sandstones. Sets of beds com-
monly have erosive bases and are sometimes amal-
gamated (Text-fig. 6). They are followed by more
sandy lithofacies interpreted as being deposited in
the sand-dominated fluvial channel depositional en-
vironment. As a rule, they show a fining-up trend
in the topmost part of particular beds. The sets of
beds are bound by distinct erosive surfaces and build
thick bodies of channelized form cut in massive silt-
stones (Text-figs 6 and 7; Table 1). Sometimes trough
cross-stratification is observed. The finest lithofacies
are represented by fine-grained horizontally or rip-
ple laminated sandstones. The reddish siltstones are
typical of the flood plain depositional environment,
whereas the fine-grained sequence dominated by
grey clayey and silty deposits is interpreted as having
been deposited in a lake environment (for details see
Wysocka 2009).

Discussion. New investigations allow us to slightly
change our previous interpretations of the facies pat-
tern in the CCB fill. The first change concerns the
sandy facies. Because of the fresh, unweathered cuts
of new roads under construction it was possible to
follow the facies changes in detail. This allowed us
to prepare a new cross-section across the basin (Text-
fig. 7A). We observed that the extent of the sandy
facies in Wysocka (2009)was too narrow. Therefore,
we decided to distinguish a sand-dominated fluvial
channel facies in place of facies association V — lake
margin/or river mouth of Wysocka (2009; compare
Table 1 with table 2 in Wysocka 2009).

The second change is the reinterpretation of the
conglomerates from the CBB. The coarse-grained
facies crops out along the W, SE and E basin margins
(see Wysocka 2009, fig. 5). However, the previously
mentioned conglomerates of type 1 build the south-
ernmost part of the basin whereas the conglomerates
of type 1 and 2 build the continuous succession of

the W basin margin. They are polymictic, charac-
terised by diversified metamorphic and sedimentary
lithoclasts, typically with white quartz pebbles. The
sequence is fining-upward from the west to the basin
centre and the conglomerates are interlayered with
sand- and clast-supported, poor- to well-sorted, sub-
rounded to well-rounded pebble-to-cobble conglom-
erates, and poorly sorted pebbly sandstones of the
gravel-dominated fluvial channel facies (Text-figs 6
and 7). The general fining-upward trend continues
through the sand-dominated fluvial channel facies
and is followed by flood plain and lake facies (Text-
fig. 7A).

Because of the high fluvial-lacustrine deposit
thickness it is possible that this depositional system
was a long-lasting type. Moreover, the lacustrine de-
posits from which the palynoflora was studied had
been deposited in the upper part of the fluvial lacus-
trine system. This suggests that the Cao Bang depos-
its are of Eocene—Oligocene age.

Despite some faults cutting the sedimentary suc-
cession and the gradual dip increase, the succession
could be treated as a fill typical of long-lasting evolv-
ing half-graben or strike-slip basins (Crowell and
Link 1982; Mclaughlin and Nilsen 1982; Nilsen and
Sylvester 1995; Porgbski 1997, Ryang and Chough
1999; Gawthorpe and Leeder 2000; Kim et al. 2003).
This is in good agreement with the petrographic and
geochemical characteristics of these systems, which
point to the source rock area being dominated by sed-
imentary rocks with a small amount of granitic rocks
in the upper part of the sequence. Such a granite ad-
mixture may be related to tectonic uplift of the area
with the granitic massif located somewhere to the
south-west of the basin. The textural immaturity of
this sequence points to short-distance, gravity-dom-
inated transport from the source area for the alluvial
facies (perpendicular to the basin extent) combined
with relatively long-distance transport, of axial type,
for the fluvial facies. Such a facies pattern suggests
that the basin was bordered to the west by a high-re-
lief hilly area. A similar facies pattern occurs in the
southernmost tip of the basin as well (see fig. 5 in
Wysocka 2009), however there the sedimentary dip
of the conglomerate bodies is to the north-west.

<— Text-fig. 6. Schematic sections for the interpreted depositional environments, general view (on the left) and close-up (on the right); see Table 1

for lithofacies code and details; see Text-fig. 2 for outcrop location. A, B — Alluvial fan — a body of highly amalgamated, cobble-to-pebble size

conglomerates (Gmm), outcrop 1066; C, D — Gravel-dominated fluvial channel — a body of stacking, highly amalgamated, crudely or planar

and low angle trough cross-stratified pebble-to-cobble size conglomerates with partly open-work fabric and fining-up trend (Gmg, Gp/Gt),

outcrop 1079; E, F — Sand-dominated fluvial channel — a body of stacking, channelized, poorly sorted medium-to-coarse grained planar and

trough cross-stratified sandstones cut in massive siltstones (Sp/St, Sm, Fsm), outcrop 876; G, H — Flood plain/lake — a thick section of coaly

claystones and laminated siltstones (FC, F1), tectonically tilted to the N, outcrop 1081, orange material circled on G is well visible on the down,
right corner of H



702 ANNA WYSOCKA ET AL.

SW Bang Giang river NE
1066 1073 876-877 879-880, LK1 1081 1085

A L . | Cao Bang - Tien Yen Fault
EXPLANATIONS 879-880
:l Quaternary deposits 32 Sp
- Fi
EHL*'_, [E=T] flood plain/iake 5 Fsm
Gm 5 ;
. 'Q-g sand-dominated fluvial channel FI
@ . . :
of | gravel-dominated fluvial channel a0 FC o 1081
W= =2 Fl
ol B alluvial fan sp
282
[ ] sedimentary rocks -
4 : FC
- @ gabbro |: faults (main, inferred) o5
F_ g =
peridotite 1086 - outcrop or drill number
(for location see Text-fig.2) =
24-F s Fl
o = Sm/St
Gt B76-877 mﬁ* "
12 L 2y
\';.._ o : L G g 3 FI
- = o
20F=—=+
Sm [Eama=a =)
ot P
Gt ==
16— S
141 Sm
Gmg Gmg 12— o
Fsm
Fl
0 1048 FC
o oy & Cc
EXPLANATIONS s
SEDIMENTARY STRUCTURES LITHOLOGY : Fl
B corliedtiorimgments ot ®2] cobble-size conglomerates =
bivalve shells
~ *| pebble-size conglomerates Sng
S Cross- and through
cross-stratification sandstones -
=—— horizontal stratification FI
mc-clay, s-silt,f'(.i1 -fﬁneﬁsand‘ i siltstones
9 cs - coarse sand, fg - fine grave E i
- claystones 2
[ <tuviel fan [ send-dominated Fam
alluvial fa fluvial chaninél coaly claystones c

7 gravel-dominated : 0
- fluvial channel - flood plain/iake - coal o uag o

Text-fig. 7. A—Facies pattern of the Cao Bang Basin along the SW-NE cross-section line, based on field studies and interpretation of published
geological maps (Cuong et al. 2000; Thuy 2000; Binh et al. 2003; Hoang et al. 2004; Hung et al. 2007 and Lan ez al. 2011); B — Typical sections
for the distinguished depositional environments of the Cao Bang Basin (based on Wysocka 2009)
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STRONGLY TECTONIZED
CONTACT

Text-fig. 8. Characteristics of rocks from the north-eastern and eastern sides of the basin. Basement — mafic rocks: A — road cut about 1 km to

the NE from outcrop 1085; B — road side about 200 m to the northeast from outcrop 1085, hammer is c. 30 cm long. Debris-flow dominated

alluvial fan (outcrop 1085): C — contact between basement rocks (b) and breccias/conglomerates of the alluvial fan (af) outcrops of mafic rocks,

* enlarged in E; ** enlarged in F. D — massive, monomictic, clast-supported breccia. Details of the contact between the basement rocks and the
alluvial fan facies: E, F — tectonic breccia with slickensides

A different situation occurs on the opposite, east-
ern side of the CBB (in the line of the cross section
— see Text-fig. 7A). Here, only a very narrow zone
of breccias/conglomerates occurs. They are bordered
from the northeast and east by basement rocks (Text-

fig. 8A—C), i.e., Triassic gabbro and peridotite. From
the southwest and south they are cut by a sharp tec-
tonic contact with the finest facies of the CBB (Text-
fig. 7A). The conglomerates are massive or crudely
stratified, very poorly sorted, cobble-to-boulder-
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sized, angular-to-sub-rounded with a variable matrix
content (Text-fig. 8C, D). The clasts are represented
only by mafic gabbroid-type rock fragments. They
are interpreted as very proximal debris-flow deposits
or even tectonic breccias, and should be treated as the
third type of the Cao Bang conglomerates. The con-
tact with the basement mafic Triassic rocks is sharp
and strongly tectonized with numerous slickensides
(Text-fig. 8E) and tectonic breccias (Text-fig. 8F).
The slickensides point to the oblique-slip sense of
movement. Detailed structural measurements and in-
terpretations are needed for more conclusive results.

CONCLUSIONS

In response to newly published data on the CB-TY
FZ and related basins, the Cao Bang Basin was re-
visited after more than 10 years. Based on our new
studies we suggest that:

1. The previously accepted Miocene age of the
CBB by Wysocka (2009) does not seem to be plau-
sible in the light of our palynologic interpretations.
Among the most frequent palynofloras of the CBB are
saccate grains of gymnosperms, mainly of Cathaya
and Pinus. Carya, Celtis, the Hammamelidaceae,
Ulmus and also Pterocarya, Quercus, the Castanea—
Castanopsis—Lithocarpus group, and the Lorantha-
ceae prevailing among the angiosperms. The pterido-
phytes Laevigatosporites, Osmundaceae, and Pteris
occur frequently in some samples. Most of the rec-
ognised taxa indicate a warm-temperate climate. The
composition of the assemblage corresponds well with
the lower part of the lower Oligocene PC1 complex of
the Shangcun Formation from southern China. This
statement is in good agreement with the revision of
Bohme et al. (2011), in which the deposits from the
Cao Bang Basin were ascribed to the lower Oligocene.

2. Sandstones from the CBB are submature or
even immature in a few cases. They contain a lot
of lithoclasts, the composition of which depends on
the sample location within the basin. In the centre of
the basin the number of lithoclasts is the lowest, and
they are represented by crystalline rock fragments.
Further southward, the lithoclast content increases
and they are represented by plutonic rock fragments
with a low admixture of metamorphic and sedimen-
tary rocks. A different composition is observed in
the north-easternmost marginal part of the basin. It
contains a lot of granitic rocks fragments, very often
with a well preserved myrmekite structure. There
is also a group of volcanic lithoclasts (basalts?) fol-
lowed by a few sedimentary rock fragments.

The potential source area was built of older sed-
imentary units and granitic rocks. The studied geo-
chemical samples reflect a silicic source rock geo-
chemical composition with only a minor contribution
of the basic component. Therefore, in general, the
derivation from areas located to the southwest and
southeast of the basin was possible. The exception
is the north-easternmost marginal part of the basin,
where the influx of the mafic component is expressed
by the presence of lithic grains of gabbro and basalt.

3. A sand-dominated fluvial channel facies has
been distinguished in place of the facies association
V — lake margin/or river mouth of Wysocka (2009).
The textural immaturity of the CBB infill points to
the short-distance, gravity-dominated transport from
the source area for the alluvial facies (perpendicu-
lar to the basin extent) combined with the relatively
long-distance transport, of axial type, for the flu-
vial facies. Moreover, the north-eastern margin is
characterised by conglomerates built of mafic gab-
broid-type rock fragments. These are interpreted as
very proximal debris-flow deposits or even tectonic
breccias. The succession that fills the CBB is inter-
preted as a fill typical of relatively long-lasting evolv-
ing half-graben or strike-slip basins.

4. The results mentioned can be combined with
new data on the structural evolution of the area related
to the Gulf of Tonkin (compare e.g., Fyhn and Phach
2015; Fyhn et al. 2018). Therefore, the CBB origin
can be interpreted as being related to the later Eocene
to late Oligocene transtensional rifting phase in the
offshore Song Hong and Beibuwan basins. However,
there are still some key regional questions such as:
was the CBB linked with other basins (e.g., the Na
Duong Basin) in one fluvial tract or not?; are the ba-
sins of the CB-TY FZ of the same age as those related
to the Red River Fault Zone?; is the CBB offset from
its primary position?; and were the basins related to
the CB-TY FZ inverted and exhumed at the end of the
Palacogene as suggested by Fyhn et al. (2018) for the
basins related to the Red River Fault Zone?
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Appendix 1. Point counting data and textural features of the studied samples

Framework components
Quartz Lithoclasts
Sample Q | Feld-

Qm | Qm | Qp | Qp | Qm | Qp tot | spars Lt cryst|Lt cryst| Lt cryst|Lt cryst| Lt Lt Lt Lt
nu u |[2-3| >3 tot tot nn PL MT tot VL |SED| NN tot
877(17)1 | CB13 | 19.00 | 0.00 | 6.00 | 1.00 | 19.00 | 7.00 | 26.00 | 7.00 | 5.00 | 13.00 | 4.00 | 22.00 | 0.00 |2.00 | 5.00 | 29.00
876(17)1 | CBI12 | 18.00 | 0.00 |[2.00| 0.00 | 18.00| 2.00 |20.00 | 6.00 | 15.00 | 3.00 3.00 | 21.00 | 0.00 | 5.00 | 4.00 | 30.00
1085(17)1 | CBI1 | 4.00 | 0.00 | 1.00 | 0.00 | 4.00 | 1.00 | 5.00 | 3.00 | 8.00 | 18.00 | 0.00 | 26.00 | 9.00 | 3.00 | 11.00| 49.00
1079(17)2 | CBI10 | 17.00 | 2.00 | 6.00 | 1.00 | 19.00 | 7.00 | 26.00 | 12.00 | 3.00 | 5.00 0.00 8.00 | 0.00 | 3.00 | 7.00 | 18.00
1079(17)1 | CB9 | 17.00 | 0.00 | 1.00 | 1.00 | 17.00| 2.00 | 19.00| 6.00 | 2.00 | 23.00 | 4.00 | 29.00 | 0.00 | 0.00 | 7.00 | 36.00
1073(17)1 | CB6 | 13.00 | 4.00 | 6.00 | 3.00 | 17.00| 9.00 |26.00 | 1.00 | 8.00 8.00 1.00 | 17.00 | 0.00 | 6.00 | 3.00 | 26.00
880(17)4 | CB4 | 21.00 | 1.00 [ 6.00| 0.00 [22.00| 6.00 |28.00| 6.00 | 10.00 | 2.00 0.00 | 12.00 | 0.00 | 0.00 | 1.00 | 13.00
min | 4.00 | 0.00 | 1.00 | 0.00 | 4.00 | 1.00 | 5.00 | 1.00 | 2.00 | 2.00 0.00 8.00 | 0.00 | 0.00 | 1.00 | 13.00
Ca};)alzi?lng max | 21.00 | 4.00 | 6.00 | 3.00 |22.00| 9.00 |28.00 [12.00| 15.00 | 23.00 | 4.00 | 29.00 | 9.00 | 6.00 | 11.00 | 49.00
avg | 15.57 | 1.00 | 4.00 | 0.86 | 16.57 | 4.86 |21.43| 586 | 7.29 | 10.29 | 1.71 | 19.29 | 1.29 |2.71| 5.43 | 28.71

Cements/diagenetic minerals

Others

Sample > FC | Matrix > C | Porosity

Micas Opaque Organic Heavy Bio- on Clay | Fe Clay- | Carbo-

minerals | matter |minerals| clasts Fe nate
877(17)1 | CB13 | 1.00 0.00 0.00 0.00 | 0.00 |1.00| 64.00 | 0.00 |13.00| 0.00 | 0.00 | 0.00 | 13.00 | 23.00
876(17)1 | CBI12 | 7.00 0.00 1.00 1.00 | 0.00 |2.00| 67.00 | 10.00 |18.00| 3.00 | 0.00 | 0.00 | 21.00 2.00
1085(17)1 | CBI11 | 0.00 0.00 0.00 0.00 | 0.00 |6.00| 63.00 | 28.00 | 6.00 | 0.00 | 1.00 | 0.00 7.00 2.00
1079(17)2 | CB10 | 0.00 1.00 0.00 0.00 | 0.00 |2.00| 59.00 | 11.00 |19.00| 1.00 | 0.00 | 0.00 | 20.00 | 10.00
1079(17)1 | CB9 | 2.00 1.00 0.00 0.00 | 0.00 |1.00| 65.00 | 8.00 |23.00| 0.00 | 0.00 | 0.00 | 23.00 4.00
1073(17)1 | CB6 | 1.00 0.00 0.00 0.00 | 0.00 |2.00| 56.00 | 9.00 | 9.00 | 13.00|10.00| 0.00 | 32.00 3.00
880(17)4 | CB4 | 4.00 2.00 0.00 2.00 | 0.00 |2.00| 57.00 | 8.00 |22.00| 1.00 | 0.00 | 0.00 | 23.00 | 12.00
min | 0.00 0.00 0.00 0.00 | 0.00 |1.00| 56.00 | 0.00 | 6.00 | 0.00 | 0.00 | 0.00 7.00 2.00
C‘E’azi"g max | 7.00 | 200 | 1.00 | 2.00 | 0.00 |6.00] 67.00 | 28.00 |23.00| 13.00 [10.00] 0.00 | 32.00 | 23.00
avg | 2.14 0.57 0.14 043 | 0.00 |2.29| 61.57 | 10.57 |15.71| 2.57 | 1.57 | 0.00 | 19.86 8.00

Qm nu — monocrystalline nonundulatory quartz grains;
Qm u — monocrystalline undulatory quartz grains;

Qp 2-3 — polycrystalline quartz grains with 23 crystals per grain;
Qp >3 — polycrystalline quartz grains with more than 3 crystals per grain;

Qm tot — total amount of monocrystalline quartz;
Qp tot — total amount of polycrystalline quartz;
Q tot — total amount of quartz;

Lt cryst nn — lithoclasts of crystalline rocks difficult for unambiguous description;

Lt cryst PL — lithoclasts of plutonic rocks;

Lt cryst MT — lithoclasts of metamorphic rocks;

Lt cryst tot — total amount of lithoclasts of crystalline rocks;
Lt VL — lithoclasts of volcanic rocks;

Lt SED - lithoclasts of sedimentary rocks;

Lt NN — lithoclasts difficult for unombiguous classification;
Lt tot — total amount of lithoclasts;

nn — nonrecognisable framework components;

FC — framework components;

Fe — iron oxides/hydroxides;

C — cements/diagenetic minerals;

min — minimal value;

max — maximal value;

avg — average value
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Appendix 2. Geochemical characteristics of the studied samples; values for UCC and PASS listed for comparison

ICP-ES [wt. %]

Si0, | ALO3 |Fe,05] MgO | CaO | Na,O | K,0 | TiO, | P,O5 | MnO | Cr,05 | LOI# | Sum
MDL 0.01 0.01 ] 0.04 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01]0.01 | 0.01 [0.002] -5.1 0.01
Location Sample
880(17)4 CB4 86.82 | 6.23 1.5 | 0.5 | 0.06 | 0.04 | 1.13 | 0.56 | 0.06 | <0.01 | 0.006 3 99.92
880(17)5 CBS 90.51 | 426 | 1351039003 ]0.03] 08 | 0.6 | 0.03] 0.0 |0.005] 1.9 99.9
1073(17)1 CB6 82.46 | 8.89 |224]0.74 | 0.05 | 0.04 | 1.93 | 0.61 | 0.04 | 0.02 | 0.009 | 2.8 | 99.88
1079(17)2 CB 10 86.58 | 7.71 | 0.81 | 0.31 | 0.02 | 0.03 | 1.45 | 0.54 | 0.02 | <0.01 | 0.007 | 2.4 | 99.93
UCC (Rudnick and Gao 2003) 66.55 | 1539 | 5.04 | 2.48 | 3.59 | 3.27 | 2.80 | 0.64 | 0.15 | 0.10 100.00
PAAS (Taylor and McLennan 1985) | 62.80 | 18.90 | 7.23 | 2.20 | 1.30 | 1.20 | 3.70 | 1.00 | 0.16 | 0.11 98.60
ICP-MS [ppm]
Ba Be Co Cs Ga Hf Nb Rb Sc Sn Sr
MDL 1 1 0.2 0.1 0.5 0.1 0.1 0.1 1 1 0.5
Location Sample
880(17)4 CB 4 226 1 6.4 5.4 7.8 6.3 9.3 58.2 7 2 38.6
880(17)5 CB5S 131 1 15 3.4 5 10.5 9.4 39.6 5 1 13.6
1073(17)1 CB6 317 <1 9.8 9.5 11.1 | 6.2 9.9 91 9 4 19.9
1079(17)2 CB 10 227 3 1.2 6.9 8 4.4 8.3 68.2 7 2 18
UCC (Rudnick and Gao 2003) 628.00 17.30 4.90 17.5 | 530 | 12.00 82.00 14.00 | 2.1 | 320.00
PAAS (Taylor and McLennan 1985) | 650.00 23.00 | 15.00 20 5.00 | 19.00 160.00 16.00 200.00
ICP-MS [ppm]
Ta Th U \Y W Zr Y La Ce Pr Nd Sm
MDL 0.1 0.2 0.1 8 0.5 0.1 0.1 0.1 0.1 0.02 03 | 0.05
Location Sample
880(17)4 CB 4 0.7 8.6 22 64 2.1 | 256.1 17.6 29 55.7 | 6.17 | 22.5 | 3.87
880(17)5 CB5 0.8 9.6 2.3 39 2 404.3 17.4 35.8 74.3 8.43 31.2 | 5.56
1073(17)1 CB 6 0.7 11.4 2.5 85 2.8 | 2359 32 447 | 848 | 10.75 | 40 7.24
1079(17)2 CB 10 0.6 8.7 1.8 71 3 1723 19 353 | 66.6 | 799 | 303 | 5.01
UCC (Rudnick and Gao 2003) 0.90 | 10.50 | 2.70 | 97.00 | 1.9 | 193.00 | 21.00 | 31.0 | 63.0 7.1 27.0 | 4.70
PAAS (Taylor and McLennan 1985) | 1.50 | 14.60 | 3.10 | 150.00 210.00 | 27.00 | 382 | 79.6 8.8 339 | 5.55
ICP-MS [ppm]
Eu Gd Tb Dy Ho Er Tm Yb Lu Mo Cu
MDL 0.02 | 0.05 0.01 0.05 0.02 0.03 0.01 0.05 0.01 0.1 0.1
Location Sample
880(17)4 CB4 071 | 3.12 0.49 2.93 0.64 1.97 0.28 1.96 0.29 0.4 13
880(17)5 CBS 0.85 4.1 0.56 3.19 0.61 1.89 0.26 1.79 0.3 0.3 14.2
1073(17)1 CB6 135 | 6.44 0.96 5.32 1.15 3.2 0.44 2.61 0.42 0.2 38.2
1079(17)2 CB 10 094 | 4.07 0.58 3.36 0.7 1.9 0.27 1.9 0.27 0.3 6.1
UCC (Rudnick and Gao 2003) 1.00 | 4.00 0.70 3.90 0.83 2.30 0.30 2.00 0.31 1.1 28.00
PAAS (Taylor and McLennan 1985) | 1.08 4.66 0.77 4.68 0.99 2.85 0.41 2.82 0.43 1 50.00
ICP-MS [ppm]
Zn Ni As Cd Sb Bi Ag Au Hg Tl Se
MDL 1 0.1 0.5 0.1 0.1 0.1 0.1 0.5 0.01 0.1 0.5
Location Sample
880(17)4 CB4 68 13.1 2.8 0.2 1.2 0.1 0.2 <0.5 0.05 <0.1 <0.5
880(17)5 CBS 89 50 1.9 0.2 0.4 <0.1 | <0.1 1.1 0.05 <0.1 <0.5
1073(17)1 CB 6 176 35.5 2.8 0.5 0.6 0.2 <0.1 1.4 0.07 0.1 <0.5
1079(17)2 CB 10 61 2.5 1.5 <0.1 0.5 0.1 <0.1 2.1 0.02 <0.1 <0.5
UCC (Rudnick and Gao 2003) 67.00 | 47.00 | 4.80 0.09 0.4 0.16 53 0.05 0.9 0.09
PAAS (Taylor and McLennan 1985) | 85.00 | 55.00

ICP-ES — Inductively Coupled Plasma — Emission Spectrometry;

ICP-MS — Inductively Coupled Plasma — Mass Spectrometry;
wt. % — Weight percent; ppm — Parts per million; ppb — Parts per billion;

MDL — Measurement detection limit;

LOI — Lost on ignition (* by weight difference after ignition at 1000°C)



