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Abstract

Middle Triassic carbonates extend from the North-Central Coast region of Vietnam to northern Laos. We conducted
sedimentological, paleontological, and geochemical analyses on the carbonates of the Hoang Mai Formation in
Nghe An province, Vietnam. The carbonates consist of the following six lithostratigraphic units (from bottom to
top): sandy limestone (unit 1), peloidal packstone with a microbialite interlayer (unit 2), peloidal packstone and
oncoidal floatstone (unit 3), peloidal–bioclastic packstone (unit 4), peloidal packstone with variable quantities of
bioclasts and microbialite (unit 5), and peloidal packstone with variable quantities of bioclasts (unit 6). The sandy
nature of unit 1 and of three of the interlayers in unit 2 indicates a supply of terrigenous material during the early
stages of formation of the Hoang Mai carbonate platform. The dominance of carbonates with a fine-grained matrix
throughout the overlying succession implies a low-energy depositional environment. Common occurrences of
dasycladalean algae in units 4–6 indicate a back-reef lagoon environment. A total of 24 foraminiferal taxa, including
Citaella dinarica and C. deformata, were identified. These two age-diagnostic species occur in units 3–6, suggesting
that this interval is correlated with the Pelsonian and that the lower units (units 1–2) are potentially correlated with
the Bithynian. Thus, the entire core section can be assigned to the middle Anisian (lower Middle Triassic). An
assessment of the diagenetic alteration using geochemical parameters indicates that the carbonates of the studied
succession have not retained their initial strontium (87Sr/86Sr) and oxygen (δ18O) isotope compositions. In contrast,
the carbonates in the lower (units 1–2) and middle (units 2–5) intervals have retained their initial carbon isotope
compositions (δ13C), making them suitable for C isotopic analyses. In the lower interval, we observe a slight δ13C-
enrichment, followed by a gradual δ13C-depletion upwards into the middle interval. The observed trend in δ13C
values from the Hoang Mai Formation can be correlated with similar trends reported from South China and
Romania. Samples within the upper interval (units 5–6) of the Vietnamese δ13C profile are relatively δ13C-depleted,
which is likely the result of diagenetic overprinting.
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Fig. 1 Location of the study site. a Maps showing the study site. b Paleogeographic map of the Late Triassic (modified from Martindale et
al. 2015)
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Introduction
Middle Triassic carbonate platforms extend westwards from
the North-Central Coast region of Vietnam (Fig. 1a) to
northern Laos (Dang 2006). The Trang An Landscape Com-
plex carbonates, located near the southern margin of the
Red River Delta, are designated a UNESCO World Natural
Heritage site for their spectacular limestone karst peaks sur-
rounded by steep, almost vertical cliffs. Large volumes of the
limestone platforms have been mined for raw materials for
cement. Several geological and paleontological studies have
been conducted on the Middle Triassic carbonates in this
region because of their importance as a tourist attraction
and a mineral resource as well as for their scientific interest
(Liem 1966; Geological Survey of Vietnam 1995; Shigeta et
al. 2010; Thanh and Khuc 2011). However, many of those
studies are written in Vietnamese (e.g., Vu and Trinh 1969;
Vu et al. 1972; Liem 1973; Do 1983) and cannot easily be
understood by international readers. The lithostratigraphy
of the Triassic succession in the region is well established
(e.g., Dang 2006). The Middle Triassic strata (including the
carbonates) are widely distributed in Thanh Hoa and Nghe
An provinces of the North-Central region of Vietnam as
well as in northern Laos (e.g., Miyahigashi et al. 2017).
Paleontological studies have been conducted on Middle
Triassic ammonoids (Vu 1984, 1991; Shigeta et al. 2010),
bivalves (Vu and Trinh 1969; Vu 1991), and foraminifera
(Liem 1966; Ueno et al. 2019), including species that are
age-diagnostic.
The Middle Triassic carbonates in this region are key

to furthering our understanding of the geological devel-
opment of the Indochina and South China blocks (e.g.,
Cai and Zhang 2009; Metcalfe 2011; Faure et al. 2014)
and to reconstructing the paleobiogeography of the
Paleo-Tethys (Miyahigashi et al. 2017). Here, we report
the litho-, bio-, and chemostratigraphy of the Middle
Triassic carbonate succession in Nghe An Province in
the North-Central Coast region of Vietnam (Fig. 1a).
This paper provides the first chemostratigraphic data for
the Middle Triassic carbonates in this region.
Carbon isotope stratigraphy of marine carbonates pro-

vides records of past secular changes in the global car-
bon cycle and serves as a useful tool for stratigraphic
correlation (Saltzman and Thomas 2012). However, the
Middle Triassic carbon isotope stratigraphy is not well
established compared with other geological periods, and
reported δ13C profiles are not necessarily consistent with
each other (Additional file 3: Figure S1). Consequently,
here, we provide a new high-resolution Middle Triassic
carbon isotope stratigraphy that is constrained by fora-
miniferal biostratigraphy.

Geological setting
The territory of Vietnam spans the South China and Indo-
china blocks. The boundary between them is considered

to be the Red River Fault Zone (Tapponnier et al. 1990;
Osanai et al. 2008) or the Song Ma Suture (Lepvrier et al.
2004, 2008; Metcalfe 2011, 2012; Udchachon et al. 2017),
both of which strike NW–SE. The Indochina Block occu-
pies the majority of Vietnam, with the South China Block
being limited to the country’s northern corner. Structur-
ally, Vietnam is divided into five blocks: the Northeastern,
Northwestern, Truongson, Kontum, and Nambo blocks
(Nam 1995), with the last three blocks belonging to the
Indochina Plate. The study site is near the northern
border of the Truongson Block.
Triassic marine siliciclastics and associated carbonates

in the Sam Nua Basin (Khuc 2000) extend along the
northeastern margin of the Indochina Block from the
Thanh Hoa and Nghe An provinces of Central Vietnam
northwestward to northern Laos. The deposits are mainly
Middle Triassic in age and are divided into three forma-
tions, which (from bottom to top) are the Dong Trau,
Hoang Mai, and Quy Lang formations (Dang 2006). Ac-
cording to Thanh and Khuc (2011), the Dong Trau For-
mation is 1000–1500m thick and consists mainly of
conglomerate, sandstone, felsic tuff, and tuffaceous sand-
stone, interbedded with cherty shale, siltstone, sandy shale,
marl, rhyolite, and dacite. The Hoang Mai Formation,
resting conformably on the Dong Trau Formation, is ~
500m thick and consists of basal marl and overlying bed-
ded limestone (Khuc 2000). The limestone yields marine
fossils such as bivalves (Costatoria curvirostris and C. pro-
harpa; Thanh and Khuc 2011) and foraminifers (Liem
1966). However, the stratigraphic distribution of the for-
aminifers is not well defined. The Quy Lang Formation
conformably overlies the Hoang Mai Formation and con-
sists of 550–650m-thick siliciclastics interbedded with
carbonate (Thanh and Khuc 2011). This formation yields
Balatonites sp., an age-diagnostic (middle Anisian) am-
monoid, and abundant shallow-marine bivalves such as
Costatoria goldfussi mansuyi and Trigonodus tonkinensis
(Shigeta et al. 2010).
During the Anisian, the Paleo-Tethyan oceanic litho-

sphere was subducted beneath the Indochina Block, and
a restricted (narrow) oceanic basin existed between the
Indochina and South China blocks (Cai and Zhang
2009). The Anisian limestones extending along the
northern margin of the Indochina Block in Vietnam and
Laos formed in this restricted ocean basin (Fig. 1b).

Methods/Experimental
Drill cores (cores no. 1 and no. 4) were obtained from car-
bonate rocks of the Hoang Mai Formation in the Nghe
An province, North-Central Coast region of Vietnam
(Fig. 1). The cores were 130.0 and 160.0m long (Figs. 2
and 3), and recovery was 100% and 99.3%, respectively.
The carbonates have a monoclinal structure, striking NE–
SW to (less commonly) NNE–SSW and dipping 50°–60°
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SE to ESE around the drill sites, and therefore, the core
lengths were 1.5–2.0 times greater than the actual thick-
ness of the beds (~ 150–190m thick).
A total of 290 bulk carbonate samples were collected

from the two cores for geochemical analyses (Add-
itional file 1: Table S1 and Additional file 2: Table S2).
Efforts were made to avoid large bioclasts and microbial

products (microbialites and oncoids), large cemented
crystals, veins, stylolites, and pressure-solution seams.
Additional samples were taken from veins and cements
to compare their chemical and isotopic compositions
with those of the bulk carbonate samples.
To identify and exclude diagenetically altered samples,

mineral abundance and minor element (strontium (Sr),

Fig. 2 Lithostratigraphy and chemostratigraphy of carbonates from core no. 1. Vertical profiles of δ13C and δ18O values, Sr, Mn, and Fe concentrations,
and Mn/Sr and 87Sr/86Sr values of bulk carbonate samples from core no. 1. Note that the pink areas denote the threshold for samples determined to
be diagenetically altered, based on criteria defined by Denison et al. (1994) and Jacobsen and Kaufman (1999). The blue area denotes 87Sr/86Sr of
Anisian seawater (McArthur et al. 2001). BG, bioclastic grainstone; BP, bioclastic packstone; IG, intraclastic grainstone; MB, microbialite; NR, no recovery;
OF, oncoidal floatstone; PBP, peloid bioclast packstone; PBP/G, peloid bioclast packstone/grainstone; PG, peloidal grainstone; PP, peloidal packstone;
PP/G, peloidal packstone/grainstone; PPMB: peloidal packstone with/interlayers of microbialite; SL, sandy limestone
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Fig. 3 Lithostratigraphy and chemostratigraphy of carbonates from core no. 4. Vertical profiles of δ13C and δ18O values, Sr, Mn, and Fe
concentrations, and Mn/Sr and 87Sr/86Sr values of bulk carbonate samples from core no. 4. For the definition of the pink and blue areas and
abbreviations, see the Fig. 2 caption
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manganese (Mn), and iron (Fe)) concentrations were de-
termined. Mineral abundances were determined following
Suzuki et al. (2006) with a Phillips X’pert-MPD PW3050
system at the Institute of Geology and Paleontology, To-
hoku University, Japan (IGPS). Based on the results of the
X-ray diffraction (XRD) analysis, 42 samples were ex-
cluded from the subsequent minor element and isotope
analyses because of their relatively high contents of dolo-
mite (10–84 wt%). Powdered samples (0.3mg) were dis-
solved in ~ 4.5–10.0mL of 2% nitric acid. The solutions
were analyzed for concentrations of three minor elements
(Sr, Mn, and Fe) using an Agilent 7700x inductively
coupled plasma mass spectrometer at the Department of
Earth and Environmental Sciences, Nagoya University,
Japan. Minor element concentrations are expressed as
ppm (= μg/g). The external precision determined by repli-
cate analyses of the laboratory standard was approximately
4.9%, 4.6%, and 4.7% for the Mn, Fe, and Sr concentra-
tions, respectively.
To provide chronological constraints on the studied car-

bonate succession, strontium isotope ratios (87Sr/86Sr) and
foraminiferal assemblages were analyzed for 53 and 68
samples, respectively. The 87Sr/86Sr was measured with a
VG Sector 54-30 thermal ionization mass spectrometer at
the Department of Earth and Environmental Sciences, Na-
goya University, following protocols by Asahara et al.
(1999, 2006) and Suzuki et al. (2012). Replicate analyses of
the National Institute of Standards and Technology
(NIST) Standard Reference Material 987 during this study
gave a value of 0.710254 ± 0.000008 (1σ, n = 9). All mea-
surements were normalized to 0.710248 (McArthur et al.
2001).
To establish chemostratigraphy, the carbon (δ13C)

and oxygen (δ18O) isotope ratios of 248 samples were
measured with a Thermo Fisher Delta V isotope ratio
mass spectrometer coupled to a ThermoQuest Kiel-III
automated carbonate device, at IGPS. The samples (~
0.1 mg) were reacted with 100% phosphoric acid at ~
72 °C. The isotope ratios were expressed in conven-
tional (δ‰) notation and calibrated to the NBS-19
international standard, relative to Vienna Pee Dee
Belemnite (VPDB). The external precisions (1σ) for
the carbon and oxygen isotope analyses based on rep-
licate measurements (n = 71) of the laboratory refer-
ence materials JCp-1 were 0.02‰ and 0.03‰,
respectively.
The δ18O values for Mg-calcite are higher than

those for pure calcite (e.g., Tarutani et al. 1969). If a
fractionation correction for Mg-calcite relative to pure
calcite was applied (0.06‰ per mol% MgCO3, accord-
ing to Tarutani et al. 1969; 0.17‰ per mol% MgCO3,
according to Jiménez-López et al. 2004), the Mg effect
on the δ18O values is negligible because the Mg con-
tents of the analyzed samples were < 0.1 mol% MgCO.

Results
Core no. 1
Lithostratigraphy
The studied carbonate succession (Fig. 2) represents a
continuous depositional record, with no observed ero-
sional surfaces that indicate a hiatus. Dissolution cavities
are common in the upper half of the core and are filled
with various-sized breccias derived from the surround-
ing limestone and/or laminated lime mud. Dissolution
vugs are common and are filled with sparry calcite.
The interval from the base of the core (130.0 mdfrh, me-

ters depth from the reference horizon (= the ground sur-
face when the drilling was conducted)) to 117.0 mdfrh
consists mostly of sandy limestone with peloids (Fig. 4a).
The limestone is characteristically grayish-black to black in
color, likely due to small (mud-sized) grains of quartz, as
indicated by XRD analyses and thin-section observations.
Peloids are irregularly shaped with obscure outlines and
are coarse sand sized or smaller. Bioclasts are rare but in-
clude ostracods, foraminifers, and echinoids. Bioturbation
is common. Intergranular pore spaces are filled with mic-
rite, which is partly replaced with sparry calcite. Dolomite
content is high, reaching 70 wt% in several horizons in this
lower interval of the core (130.0–117.0 mdfrh).
The core interval 117.0–63.5 mdfrh, which is the middle

interval of the core, is dominated by peloidal packstone
(Fig. 4c). Peloids are irregular or (rarely) subrounded and
mostly in the medium to very coarse sand size fractions.
Bioclasts, including foraminifers, ostracods, bivalves
(dominated by thin-shelled bivalves), gastropods, and
echinoids, are rare and possess micrite envelopes. Inter-
granular pore space is filled with micrite and some sparry
calcite. Bioturbation is common. Borings are filled with
peloids, with a grainstone texture. A layer of microbialite
in a matrix of peloidal packstone, at 108.0–97.2 mdfrh, is
composed of loosely overlapped micritic laminae, binding
peloids derived from the peloidal packstone matrix
(Fig. 4c). The middle interval contains three interlayers of
sandy limestone that are lithologically similar to those in
the lower interval (130.0–117.0 mdfrh).
The interval from 63.5 mdfrh to the top of the core

consists of peloidal packstone and oncoidal floatstone.
The peloidal packstone is similar to that in the interval
below (117.0–63.5 mdfrh). Oncoids are rounded to sub-
rounded, pebble sized or smaller, and composed of
loosely overlapping, irregularly undulated micritic enve-
lopes (Fig. 4d). The nuclei of some oncoids are bioclasts.
Small oncoids are commonly aggregated to form larger
oncoids. The matrix of the oncoidal floatstone is a peloi-
dal packstone to grainstone. Bioclasts have micrite enve-
lopes regardless of their lithology. Intergranular pore
space in the oncoidal floatstone and the peloidal pack-
stone is filled with micrite and some sparry calcite.
Dolomite is common in the lower half of this interval
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Fig. 4 Microfacies of the studied carbonates. a Sandy limestone with peloids, unit 1, 117.0 mdfrh in core no. 1, sample 1-140. Note bioturbation (arrows).
b Microbialites (m) with a matrix of peloidal packstone (pp), unit 2, 105.5 mdfrh in core no. 1, sample 1-128. Note poorly laminated micritic mass binding
peloids (arrows) derived from the peloidal packstone matrix. c Peloidal packstone, unit 2, 67.4 mdfrh in core no. 1, sample 1-86. d Dolomitized oncoidal
floatstone, unit 3, 51.2 mdfrh in core no. 1, sample 1-67. Note oncoids (arrows) and dolomite rhombs (do). e Peloid bioclast packstone, unit 4, 156.5
mdfrh in core no. 4, sample 4-139. Note bioclasts of dasycladalean algae (arrows) and echinoid (double arrowhead) and thick micrite envelopes (white
arrowheads). f Peloid bioclast packstone rich in dasycladalean algae (arrows), unit 5, 140.8 mdfrh in core no. 4, sample 4-123. g Microbialite (m) with a
matrix of peloidal grainstone (PG), unit 5, 98.3 mdfrh in core no. 4, sample 4-86. Note a gastropod (g) with a thick micrite envelope (arrowhead) h Bioclastic
grainstone, unit 6, 38.5 mdfrh, sample 4-35, in core no. 4. Note bioclasts of dasycladalean algae (arrows) and a thin-shelled bivalve (arrowhead). Scale
bar, 1mm

Ha et al. Progress in Earth and Planetary Science            (2019) 6:47 Page 7 of 21



and exceeds 10 wt% in nine horizons, reaching a max-
imum content of 59 wt% (Fig. 4d).

Minor element concentrations
The Sr concentrations in the core samples range be-
tween 50 and 200 ppm, with seven high-concentration
outliers (Fig. 2; Additional file 1: Table S1). Sr con-
centrations gradually decrease upwards from the base
to 53.2 mdfrh, with the high-concentration outliers
being found at 98.5–76.5 mdfrh. From 53.2 mdfrh to
the top of the core, Sr concentrations fluctuate at ~
100 ppm (mean = 98 ppm).
Mn concentrations are less than 250 ppm, except for

three high-concentration outliers. Near the base of the
core (128.8–120.6 mdfrh), Mn concentrations decrease
upwards from 83 to 15 ppm, followed by an interval of
low Mn concentrations (10–60 ppm) at 120.6–63.4 mdfrh.
Above this interval, Mn concentrations fluctuate, showing
a slight increase upwards between ~ 50 and ~ 100 ppm at
63.4–27.4 mdfrh. Mn concentrations then increase to 210
ppm at 26.5 mdfrh. From here to the top of the core, con-
centrations show relatively large amplitude variability but
broadly decrease upwards to 71 ppm, with three high-
concentration outliers at 22.3–19.5 mdfrh.
Fe concentrations vary mostly between 70 and 400 ppm.

Fe concentrations show a broad decrease upwards from
327 to 74 ppm (with one high-concentration outlier) in
the lowermost interval from the base to 98.5 mdfrh and
then increase to ~ 200 ppm (with two high-concentration
outliers) in the overlying interval up to 64.9 mdfrh. From
this horizon to the top of the core, Fe concentrations
range from 200 to 400 ppm, except for five high-
concentration (> 600 ppm) outliers.

Carbon, oxygen, and strontium isotope stratigraphies
The δ13C values in the core range from 0.60 to
2.28‰ (Fig. 2; Additional file 1: Table S1). In the low-
est interval of the core (from the base to 115.4 mdfrh),
the δ13C values vary quite widely, from 0.91 to
2.19‰. Above this (from 115.4 to 76.5 mdfrh), the
δ13C values increase upwards from 1.25 to 2.28‰.
The δ13C values in the uppermost part of the core
range between 0.60 and 2.28‰ and decrease upwards
to reach core-top values of 1.13–1.33‰.
The δ18O values range from − 9.36 to − 5.65‰. The

δ18O values increase from − 9.36 to − 7.59‰ in the low-
est interval of the core (from the base to 120.6 mdfrh).
Above this interval, the δ18O values range mostly be-
tween − 8.5 and − 6.0‰ and gradually increase to the
top of the core.
The 87Sr/86Sr values ranges from 0.70853 to 0.70981

(Fig. 2; Additional file 1: Table S1). Ratios vary from
0.70872 to 0.70938 in the interval of 127.7–64.9 mdfrh and
from 0.70853 to 0.70981 in the interval of 59.7–2.4 mdfrh.

Biostratigraphy
Foraminifers are rare in the lower interval of core no. 1
(from the base up to ~ 64 mdfrh), but numerous in the
upper interval of the core. Twelve taxa are identified in 25
samples (Table 1, Fig. 5). In the lower part, foraminiferal
fauna is simple in composition and entirely represented by
the genera Hemigordiellina and Endotriadella, indetermin-
able duostominids (probably of the genera Duostomina
and/or Diplotremina) and nodosarrids (Fig. 5a, e, x, and y).
These are all long-ranging taxa and are therefore not very
useful for detailed biochronologic assessment. The scarcity
of foraminifers in this interval is probably due to the dom-
inance of sandy (detrital) limestone facies with some fine-
grained siliciclastic material, which is not conducive for
hosting shallow-water dwelling benthic forms. Foraminif-
eral recovery is poor also at 55–32 mdfrh in the upper
interval, which may be related to the development of com-
mon dolomite levels in this interval (Fig. 2).
Endotriadella wirzi (Fig. 5s), whose first appearance

datum is recorded within the Pelsonian (late middle Ani-
sian) according to Salaj et al. (1983), first occurs at
63.51 mdfrh. This species has a longer range in the Nanpan-
jiang Basin of South China, from the latest Olenekian to the
early Carnian (Lehrmann et al. 2015), but is usually more
characteristic of the middle to late Anisian and Ladinian
(Salaj et al. 1983; Oraveczné Scheffer 1987). Endotriadella
pentacamerata (Fig. 5r), whose first appearance datum is re-
corded within the Pelsonian (late middle Anisian) in the
type area of this species (Salaj et al. 1983), first occurs in this
core at 25.60 mdfrh. These two Endotriadella species are
also found in core no. 4. In the uppermost part of core no. 1
(at 9.28 and 7.10 mdfrh), three age-diagnostic species,
namely, Citaella dinarica (Fig. 5l–p), C.? deformata (Fig. 5t–
v), and Endotriada tyrrhenica (Fig. 5k), appear at virtually
the same level. Of these, C. dinarica is well known as a typ-
ical Anisian index species (e.g., Salaj et al. 1983; Rettori
1995) with a range in the early to middle Anisian (Ueno et
al. 2018). Citaella? deformata, which has rather diverse
morphology, is now considered a reliable indicator of the
Pelsonian (Ueno et al. 2018). Endotriada tyrrhenica is gener-
ally reported from the upper part of the Anisian (broadly
corresponding to the Pelsonian and Illyrian) (Lehrmann et
al. 2015). Although identification was qualified, Pilammina
cf. densa (Fig. 5c) is found in sample 1-3 (at 2.43 mdfrh)
from the topmost part of core no. 1. Pilammina densa char-
acterizes the Pelsonian and Illyrian in large areas of Eurasia
(e.g., Salaj et al. 1983; Velledits et al. 2011; Miyahigashi et al.
2017).
Based on the foraminiferal biostratigraphy, Ueno et al.

(2019) conclude that the uppermost part of core no. 1
(above 9.28 mdfrh) is Pelsonian (late middle Anisian), as is
probably the entire upper interval of the core (above
63.54 mdfrh). This further suggests that the lower half of
core no. 1, where foraminiferal recovery is poor, is
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potentially pre-Pelsonian in age and may possibly be Bi-
thynian (early middle Anisian). This assessment also con-
curs with stratigraphic evidence that the conformably
underlying Dong Trau Formation is correlated to the early
to middle Anisian (Thanh and Khuc 2011). Thus, the
Hoang Mai Formation in core no. 1 is correlated to the
middle Anisian (early Middle Triassic).

Core no. 4
Lithostratigraphy
The studied carbonate succession has no observed hiatuses
and represents a continuous depositional record (Fig. 3).
Dissolution cavities filled with various-sized breccias and/or
laminated lime mud are common in the upper core down
to 110 mdfrh. Dissolution vugs are common and are filled
with sparry calcite.

The lowest interval of the core, from the base
(160.0 mdfrh) to 141.9 mdfrh, is composed mainly of peloid
bioclast packstone (Fig. 4e). The packstone has abundant ir-
regularly shaped peloids of up to coarse sand size. Bioclasts,
with micrite envelopes, are common, including dasyclada-
lean algae and, less commonly, foraminifers, ostracods, gas-
tropods, bivalves, and brachiopods. Many of the bioclasts,
however, are poorly preserved, and could not be taxonom-
ically identified. Intergranular pore space is filled with mic-
rite and some sparry cement.
The core interval from 141.9 to 40.4 mdfrh consists of

peloidal packstone with variable amounts of bioclasts
(Fig. 4f) and microbialite (Fig. 4g) and is associated with
oncoidal floatstone. The peloidal packstone and related
types (e.g., peloid bioclast packstone, peloidal grainstone)
have similar components to those of the peloid bioclast
packstone in the lowest core interval (160.0–135.0 mdfrh).
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Fig. 5 Photomicrographs of important foraminifers obtained from the studied cores. a Indeterminable nodosariid, sample 4-83; b Pilamminella grandis
(Salaj in Salaj et al. 1967), sample 4-34; c Pilammina cf. densa Pantić 1964, sample 1-3; d Austrocolomia sp., sample 4-136; e Hemigordiellina sp., sample 4-83;
f Valvulina cf. azzouzi Salaj 1977, sample 4-79; g Gaudryina sp., sample 4-102; h Indeterminable involutinid (Aulotortus?), sample 4-139; i Triadodiscus cf.
praecursor (Gaździcki in Gaździcki et al. 1975), sample 4-129; j Endoteba sp. A., sample 4-117; k Endotriada tyrrhenica Vachard et al. 1994, sample 1-14; l–p
Citaella dinarica (Kochansky-Devidé and Pantić 1966), l sample 4-29,m–p sample 4-55; q Earlandinita sp., sample 4-16; r Endotriadella pentacamerata (Salaj
in Salaj et al. 1967), sample 4-83; s Endotriadella wirzi (Koehn-Zaninetti 1969), sample 1-82; t–v Citaella? deformata (Salaj in Salaj et al. 1967), t sample 4-55, u
sample 4-29, v sample 4-139; w Ammobaculites? sp., sample 4-9; x and y indeterminable duostominids (probably Duostomina or Diplotremina), x sample 1-
14, y sample 1-7. Scale bar, 200 μm (applicable to all specimens)
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The microbialite is composed of an irregular framework
of laminated and clotted micrite, in which irregularly
shaped peloids and bioclasts are loosely bound. Microbial
filaments are commonly preserved and measure 40–
90 μm in diameter. The bioclasts all have micrite enve-
lopes and include dasycladalean algae, small foraminifers,
and, to a lesser extent, gastropods, bivalves, and echino-
derms. Intergranular pore space is filled with micrite and
some sparry cement. Dolomite contents exceed 10 wt% in
18 horizons and reach a maximum value of 84 wt%.
The interval from 40.4 mdfrh to the core top is com-

posed mainly of peloidal packstone associated with grain-
stone, both with variable amounts of bioclasts. The peloids
are irregularly shaped and coarse sand-sized or smaller.
Bioclasts are common to abundant and are derived from
dasycladalean algae, foraminifers, gastropods, and bivalves
(Fig. 4h). Many bioclasts, however, could not be taxonomic-
ally identified because of poor preservation. The bioclasts
all have micrite envelopes of varying thickness (the bioclasts
with thick micrite envelopes can be classed as cortoids). In-
tergranular pore space is filled with micrite and some
sparry cement.

Minor element concentrations
The Sr concentrations in the core samples lie mainly be-
tween 100 to 170 ppm, with four higher outliers and one
lower outlier (Fig. 3; Additional file 2: Table S2). The Sr
concentrations vary irregularly and have no systematic
trend with depth.
The Mn concentrations in the lowest interval of the core

(from the base to 88.5 mdfrh) range from 70 to 190 ppm,
with one outlier, and increase slightly upwards. In the inter-
val above (87.3–79.4 mdfrh), Mn concentrations fall in a
narrow range from 100 to 122 ppm. Mn concentrations are
more variable in the interval above (76.4–20.2 mdfrh) and
range between 101 and 226 ppm. Mn concentrations are
the most variable in the uppermost interval, from
19.5 mdfrh to the core top (116 to 370 ppm).
The Fe concentrations range mostly from 100 to 250

ppm, with a random distribution of higher concentration
outliers. The Fe concentration profile, excluding the out-
liers, decreases slightly upwards.

Carbon, oxygen, and strontium isotope stratigraphies
The δ13C values range from − 0.89 to 1.48‰ (Fig. 3;
Additional file 2: Table S2). From the base of the core
to 52.9 mdfrh, the δ13C values fall in a narrow range
of 0.54–1.48‰. In the upper core interval (41.8–
0 mdfrh), δ13C values broadly decrease upwards to −
0.78‰.
The δ18O values range from − 9.27 to − 4.42‰. δ18O

values in the lowest interval of the core, from the base to
147.7 mdfrh, are highly variable, ranging between − 7.82
and − 4.65‰. From the top of this interval to 101.5 mdfrh,

the δ18O values decrease to − 9.27‰ and then increase to
− 4.77‰ from 101.5 to 80.4 mdfrh. The δ18O profile then
increases upwards from − 8.00 to − 6.01‰ from 76.4 to
8.5 mdfrh and abruptly decreases in the uppermost 8.5 m
to reach a value of − 7.32‰ at the top of the core.
The 87Sr/86Sr values ranges between 0.70833 and

0.70906, showing no systematic trend (Fig. 3; Add-
itional file 2: Table S2).

Biostratigraphy
Foraminifers are more abundant and diverse in core no.
4 than in core no. 1. A total of 23 taxa of foraminifers
were identified from 43 samples (Table 2; Fig. 5). The
higher foraminiferal abundance compared with core no.
1 corresponds to the more common shallow-marine
peloidal–bioclastic microfacies in core no. 4, which
would have been a more suitable habitat for benthic for-
aminifers. Most foraminifers found in core no. 1, espe-
cially those from the uppermost interval (except
Pilammina cf. densa), are also present in core no. 4.
Citaella dinarica and C.? deformata are diagnostic

throughout core no. 4, as in the uppermost 10m in core
no. 1. Endotriadella wirzi and E. pentacamerata, which
also occur in the upper interval of core no. 1, are found
from near the base up to ~ 65 mdfrh. Endotriada tyrrhe-
nica is common in the middle part of core no. 4, with the
same upper limit as Endotriadella wirzi at 64.67 mdfrh.
There are also single occurrences of biostratigraphically
useful foraminifers, including Pilammina grandis (Fig. 5b)
in sample 4-34 (at 37.66 mdfrh), which has been reported
from various areas in Eurasia and is restricted to the Ani-
sian (Gaździcki et al. 1975; Salaj et al. 1983; Velledits et al.
2011; Lehrmann et al. 2015; Miyahigashi et al. 2017). Tria-
dodiscus cf. praecursor (Fig. 5i) is putatively identified in
sample 4-129 (at 146.67 mdfrh). This species was origin-
ally described from the Pelsonian of the Polish Muschel-
kalk (Gaździcki et al. 1975). Valvulina azzouzi, which is
also putatively identified in the middle of core no. 4 (sam-
ple 4-79 at 91.68 mdfrh), is known to appear first in the
middle Anisian in the West Carpathian Mountains, where
extensive biostratigraphic research on Triassic foramin-
ifers has been conducted (Salaj et al. 1983).
Ueno et al. (2019) classified core no. 4 as Pelsonian (late

middle Anisian), based mainly on the co-occurrence of C.
dinarica and C.? deformata. This core has a similar faunal
composition to that of the upper part of core no. 1, imply-
ing stratigraphic continuity between these successions in
the two cores. In core no. 4, the age-diagnostic C. dinarica
is present only up to 19.49 mdfrh. In view of the chemos-
tratigraphic uniformity in the uppermost part of the core
(Fig. 3), and the observation that there are no erosional
surfaces, it is highly likely that the entire core is Pelsonian
in age.
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Discussion
Carbonate succession in the study area and its
sedimentary environment
The rock units surrounding the drill sites have a monocli-
nal structure, striking NE–SW (in some cases up to
NNE–SSW) and dipping 50°–60° SE to ESE. Core no. 1
was drilled ~ 800m north of core no. 4. Normal faults
occur between the two drill sites. Based on the spatial
configuration of the sandy limestone (unit 1) around the
drill sites, it is expected that unit 1 occurs ~ 115m below
the base of core no. 4. As the uppermost horizon of unit 1
in core no. 1 is located at 117.0 mdfrh, the base of core
no. 4 is at a similar stratigraphic level to the top of core
no. 1. This interpretation is supported by the δ13C data,
where δ13C values in the lowest interval of core no. 4
(160–155 mdfrh, 1.0–1.4‰; Fig. 3, Additional file 2: Table
S2) predominately fall into the same narrow range as
those in the uppermost part of core no. 1 (0–5 mdfrh,
1.0–1.3‰; Fig. 2, Additional file 1: Table S1). Foraminif-
eral biostratigraphy provides further support for the cor-
relation of the two cores. Nevertheless, the lithological
differences between core no. 1 and core no. 4 (i.e., peloid
bioclast packstone vs. oncoidal floatstone, respectively) in-
dicate that they do not overlap in time. Consequently, we
interpret the base of core no. 4 as stratigraphically just a
few meters above the top of core no. 1 (Fig. 6). The total
thickness of the studied succession is thus estimated to be
~ 150–190m.
The carbonate succession is composed of six lithostrati-

graphic units that are numbered sequentially from the base
(unit 1) to the top (unit 6). Unit 1 (130.0–117.0 mdfrh in
core 1) is composed mainly of sandy limestone; unit 2
(117.0–63.5 mdfrh in core 1) consists chiefly of peloidal
packstone with a microbialite interlayer; unit 3 (63.5–
0 mdfrh in core 1) is composed mainly of peloidal pack-
stone and oncoidal floatstone; unit 4 (160.0–141.9 mdfrh in
core 4) is mainly peloid bioclast packstone; unit 5 (141.9–
40.4 mdfrh in core 4) is a peloidal packstone with a variable
quantity of bioclasts and microbialite; and unit 6 (40.4–
0 mdfrh in core 4) is dominated by peloidal packstone with
a variable abundance of bioclasts. The sandy nature of unit
1 and of three interlayers in unit 2, along with dark rock

Fig. 6 Composite lithostratigraphy and carbon isotope stratigraphy
of bulk carbonate samples from this study (cores no. 1 and 4). The
δ13C values presented are those of samples that are not
diagenetically altered, as inferred from trace element (Mn and Sr)
criteria as defined in the subsection “Isotope and minor element
profiles” of the main text. Using these criteria, 67 samples were
removed from consideration (Additional file 1: Table S1 and
Additional file 2: Table S2). The marked decrease observed in the
δ13C profile in the upper interval (uppermost unit 5 and unit 6;
shown in gray) is likely due to diagenetic overprinting (meteoric
diagenesis). For the definition of the pink and blue areas and
abbreviations, see the Fig. 2 caption
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color of these units, indicates a supply of terrigenous mater-
ial in the early stages of deposition on the platform where
the Hoang Mai Formation carbonates accumulated. The
dominance of carbonates with a fine-grained matrix
throughout the remaining units suggests deposition in a
low-energy subaqueous environment.
The occurrence of oncoids in the peloidal packstone

matrix from units 3 and 5 does not necessarily indicate a
high-energy depositional environment in which frequent
overturning occurred, as the fine carbonate fractions in
such settings are swept away. It is known that the over-
turning of algal nodules is not limited to water motion but
can also be driven by biotic activity on the seafloor (Prager
and Ginsburg 1989; Matsuda and Iryu 2011). At present,
the overturning mechanism of oncoids in the Hoang Mai
Formation is not clear without further taphonomical
study. Present-day dasycladalean algae are typical of warm,
shallow bays and back-reef lagoons (Berger and Kaever
1992; Ohba et al. 2017). Consequently, it is thought that
units 4–6, in which dasycladalean algae are common, were
deposited in the back-reef lagoon of the Hoang Mai car-
bonate platform. This interpretation does not conflict with
the common occurrence of a microbial framework in this
carbonate succession.

Isotope and minor element profiles
To identify carbonate samples that likely retain the original
seawater 87Sr/86Sr, Denison et al. (1994) proposed criteria
of Sr/Mn > 2 or Mn < 300 ppm. The Mn/Sr ratio has also
been proposed as a method to distinguish between diage-
netically altered (Mn/Sr > 2) and unaltered (Mn/Sr < 2) car-
bonate samples for 87Sr/86Sr analysis (Jacobsen and
Kaufman 1999). These criteria have been used to identify
diagenetically altered carbonates, not only for 87Sr/86Sr ana-
lysis but also for δ13C and δ18O measurements. We define
diagenetically altered samples as those with high Mn con-
centrations (> 300 ppm) or with high Mn/Sr values (> 2).
By applying these definitions, 67 samples were identified as
not having retained their initial δ13C and δ18O values.
The 87Sr/86Sr values of the carbonates studied here are

much higher than that of global seawater during the
Anisian (McArthur et al. 2001; Korte et al. 2003), irre-
spective of these criteria. Consequently, in this study, we
estimate geologic ages from foraminiferal biostratigraphy
rather than 87Sr/86Sr data. Possible explanations for the
high 87Sr/86Sr values include diagenetic alteration by
87Sr-enriched waters. Such diagenesis has been reported
for Cretaceous carbonates in the Middle East (e.g., Paga-
noni et al. 2016).
δ18O values in carbonates reflect the temperature of pre-

cipitation and the δ18O composition of the water from
which they precipitated (e.g., Tucker and Wright 1990).
Based on the equation relating the temperature, and the
δ18O values of carbonates and the water (Friedman and

O’Neil 1977), and on conversion between the VPDB and
VSMOW scales (Coplen et al. 1983), we can calculate the
δ18O values of calcite precipitated in oxygen isotope equi-
librium with ambient seawater (equilibrium calcite). As-
suming that modern tropical open-ocean sea-surface
temperatures (20 to 35 °C) and δ18O values (− 1.5 to 2.0‰)
apply to Anisian seawater, the δ18O values of the equilib-
rium calcite are estimated to be − 5.4 to − 1.1‰, which are
higher than the values measured in the studied carbonates
(− 9.3 to − 4.4‰). This indicates that the initial oxygen iso-
tope composition of the studied carbonates has been reset
by diagenesis. Alternatively, it is possible that the δ18O
composition of Anisian seawater was much lower than
modern-day values. The former interpretation is supported
by the relatively low δ18O values measured in the diagenetic
products, cement, and vein calcites found in the cores com-
pared with those of the studied carbonates (Fig. 7).
The composite δ13C profile of the carbonate succession

initially increases upwards from the base (lower interval,
130.0–76.5 mdfrh in core no. 1), followed by a prolonged
gradual decrease upwards (middle interval, 76.5–0 mdfrh
in core no. 1 and 160.0–52.9 mdfrh in core no. 4), with the
upper interval characterized by a marked upwards decrease
(41.8–0 mdfrh in core no. 4) (Fig. 6). The δ13C values of
the succession fall in the δ13C range (− 1.1 to 2.1‰) of Ani-
sian whole-rock samples and brachiopod shells (Korte et al.
2005). The δ13C profiles of the lower and middle intervals
are characterized by a smooth, systematic increase and de-
crease, respectively, with no distinctly anomalous values,
and are correlated with coeval δ13C profiles in other areas
as discussed below (Fig. 8). The δ13C and δ18O values from
these intervals do not show a significant positive correlation
(Fig. 7). Consequently, we consider that the carbonates in
the lower and middle intervals have retained their initial
δ13C values. Although the δ18O and 87Sr/86Sr values of car-
bonates are reset or modified by diagenesis, their δ13C
values are commonly retained. As a result of the extreme
differences in the concentrations of oxygen and carbon in
diagenetic fluids, carbonate minerals equilibrate with fluid
δ18O values at water:rock ratios (< 10) that are three orders
of magnitude lower than those (103) at which they equili-
brate with fluid δ13C values (Banner and Hanson 1990). It
is also shown that Sr–Ca-rich brines (similar to interstitial
water in limestones) can also reset the 87Sr/86Sr values of a
limestone at low water:rock ratios similar to those calcu-
lated for the equilibration of the δ18O values (Banner and
Hanson 1990).
In contrast to the lower and middle intervals, the δ13C

profile of the upper interval shows a marked decrease
upwards (Fig. 3). This trend remains evident after re-
moving the δ13C values of the 20 samples that were
identified as being altered by diagenesis, based on Mn
and Sr data (Fig. 7). Dissolution cavities filled by breccias
with various clast sizes and laminated lime mud are
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dominant in and immediately below the upper interval
(upper 52.8 m of core 4; Fig. 3). Therefore, it is likely
that the carbonates in the upper interval have been dia-
genetically altered and that the marked decrease in δ13C
values was caused by diagenetic overprinting (i.e., me-
teoric diagenesis).
The δ13C profile of the studied carbonate succession is

not controlled by facies changes altering the δ13C values
of whole-rock samples because of the following two rea-
sons. (1) The δ13C values do not show any distinct
changes at lithological boundaries (unit boundaries); and
(2) it is reported that microbially induced micrite is usu-
ally depleted in 12C, relative to marine carbonates (Wu
and Chafets 2002). There is, however, no increase in
δ13C values related to sedimentary facies dominated by
microbial products such as oncoids and microbialite
(units 3 and 5).

Correlation of the δ13C profiles with other areas
To understand if the Vietnamese δ13C profile represents
changes in the δ13C of dissolved inorganic carbon
(δ13CDIC) in global seawater during the Bithynian–Pelso-
nian (Anisian), we compare our profile with regional stud-
ies that are considered the same interval.
Several studies have shown temporal variations in the

δ13C values of carbonates through the Anisian (Fig. 8,
Additional file 3: Figure S1). Examples include carbonates
from Kamura, Japan (Zhang et al. 2017; Additional file 3:
Figure S1k); the Eastern Sichuan Basin, China (Huang et
al. 2012); Nanpanjiang, South China (Payne et al. 2004;
Sun et al. 2012; Lehrmann et al. 2015; Additional file 3:
Figure S1 h, i, j); Thongde in the Zanskar Himalayas, India
(Baud et al. 1989; Additional file 3: Figure S1f); Himachal

Pradesh, India (Galfetti et al. 2007); Sal Formation, WNW
of the village of Sal, Oman (Hauser et al. 2001); the Taşk-
ent section in the Aladag Nappe, Turkey (Lau et al. 2016);
North Dobrogea, Romania (Atudorei et al. 1997; Add-
itional file 3: Figure S1e); the Tatra Mountains, Poland
(Jaglarz and Szulc 2003; Additional file 3: Figure S1d); the
Germanic Basin, Germany (Szulc 2000; Additional file 3:
Figure S1c); the Belanské Tatry Mountains, Slovakia
(Rychliński and Szulc 2005; Additional file 3: Figure S1b);
North Switzerland (Feist-Burkhardt et al. 2008; Add-
itional file 3: Figure S1a); and the Dolomites and Lagone-
gro Basin in northern and southern Italy, respectively
(Preto et al. 2009). To correlate these δ13C profiles and
provide chronological constraints, we used the reported
foraminiferal, conodont, and ammonoid biostratigraphies
along with known regional stratigraphic frameworks
(Additional file 3: Figure S1). Based on the chronologies
used, the δ13C profiles are not necessarily coincident with
each other. This result contrasts with the widely accepted
chemostratigraphic frameworks for the upper Barremian
to the upper Aptian (e.g., Menegatti et al. 1998; Yamamoto
et al. 2013) and the Cenomanian to the Turonian (e.g.,
Herrle et al. 2015; Gyawali et al. 2017).
The higher-resolution δ13C sampling of the profiles of

North Dobrogea (Fig. 8a) and the three sections in the
Nanpanjiang Basin (Bianyang (Fig. 8c), Guandao II
(Fig. 8d), and Guandao (Fig. 8e)) makes these sections
relatively reliable in terms of comparing with the Vietnam-
ese δ13C profile (Fig. 8b). The other sections, mentioned
above, have a low-resolution carbon isotope stratigraphy
(Baud et al. 1989; Szulc 2000; Hauser et al. 2001; Jaglarz
and Szulc 2003; Feist-Burkhardt et al. 2008; Lau et al.
2016; Zhang et al. 2017), poor age control (Rychliński and

Fig. 7 Cross-plots displaying the relationship between δ13C and δ18O values of the studied bulk carbonate samples. Vein samples are from 1.14–1.20,
3.29–3.33, 120.39–120.43, and 148.68–148.72 mdfrh in core no. 4. Cement samples are from 82.28–82.32 and 136.33–136.39 mdfrh in core no. 4. *Samples
identified as diagenetically altered based on trace element (Mn and Sr) criteria. **Samples that passed the geochemical screening for diagenetic alteration
but were identified as altered based on petrographic observations (shown in gray in Fig. 6)
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Szulc 2005; Feist-Burkhardt et al. 2008), and have been in-
fluenced by local changes in water chemistry such as
freshwater influx and high organic carbon burial flux in
the basin (Szulc 2000; Huang et al. 2012).
The Vietnamese δ13C profile is characterized by a

slight increase upwards in the lower interval, followed
by a gradual decrease in the middle interval, which,
based on foraminiferal biostratigraphy, started during
the Bithynian and continued into the Pelsonian (Fig. 6)
. Similar trends are recognized in the Romanian and
South China δ13C profiles (Fig. 8). The Bithynian–Pel-
sonian carbonate δ13C profile from North Dobrogea
(Fig. 8a; Atudorei et al. 1997) shows an interval with
high δ13C values (~ 4‰), followed by a prolonged
stable interval with lower values of ~ 2‰. A distinct
negative isotope excursion of ~ 2‰ occurs in the Bi-
thynian, although this excursion might reflect the
control of lithological facies on the carbon isotope
composition. The δ13C profile from North Dobrogea

is based on data from the Desli Caira and Agighiol
sections, and the isotope excursion corresponds to
the boundary between the two sections. The Bithyn-
ian–Pelsonian carbonate δ13C profile of the Guandao
II section (Fig. 8d; Sun et al. 2012) shows an interval
of high values (~ 4‰) followed by an interval of
lower values (~ 2‰), with the negative isotope excur-
sion between the two intervals occurring in the Bi-
thynian. The Bithynian–Pelsonian carbonate δ13C
profile of the Bianyang section also shows a decreas-
ing upwards trend, starting in the Bithynian, from ~ 4
to ~ 2‰; however, this trend is gradual rather than
abrupt (Fig. 8c; Sun et al. 2012). The carbonate δ13C
profile of the Guandao section exhibits positive and
negative excursions (~ 1‰ each) in the Bithynian
followed by a prolonged stable interval with values of
~ 2‰ in the Bithynian and Pelsonian (Fig. 8e; Payne
et al. 2004). Although these δ13C profiles do not cor-
relate precisely, they all display a Bithynian δ13C

a e

b c d

Fig. 8 Anisian δ13C profiles of carbonates from Romania, Vietnam, and South China. a North Dobrogea, Romania (Atudorei et al. 1997); b North-Central
Coast region, Vietnam (this study); c Bianyang section, Nanpanjiang Basin, South China (Sun et al. 2012); d Guandao II section, Nanpanjiang Basin, South
China (Sun et al. 2012); e Guandao section, Nanpanjiang Basin, South China (Payne et al. 2004). The vertical red double arrows indicate the interval
represented by the studied carbonate succession in Vietnam. The small horizontal arrows indicate the basal horizon of the Bithynian δ13C decrease
followed by the interval of prolonged (Bithynian–Pelsonian) stability or gradual decrease in values, as reported from South China and Romania.
Abbreviations: Aeg, Aegean; Bith, Bithynian; Illy, Illyrian; Lad, Ladinian; Olen, Olenekian; Pels, Pelsonian
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decrease followed by an interval of prolonged (Bithyn-
ian–Pelsonian) stability or gradual δ13C decrease.
A possible explanation for the differences observed in the

abovementioned δ13C profiles include local, basin-wide,
and global heterogeneities in the δ13CDIC in seawater, which
must be taken into account when interpreting geochemical
records of ancient seas (Immenhauser et al. 2003, 2008).
Carbonates formed on platforms with enhanced biological
carbon uptake are depleted in 12C compared with shelf and
basin carbonates. The δ13C values of the carbonates in this
study, however, are not significantly higher than those of
other areas. Szulc (2000) relates Middle Triassic variations
in δ13C (and δ18O) values to changes in water chemistry
(e.g., freshwater influx) caused by sea-level changes and me-
teoric diagenesis. Therefore, some of the δ13C profiles
might record local phenomena, which is likely to at least
partially contribute to the discrepancies among the studies.
The Vietnamese δ13C profile probably represents global
changes in seawater δ13CDIC values, except for the upper
interval, as the studied succession was formed on a carbon-
ate platform and represents a continuous depositional rec-
ord without erosional surfaces. The middle to late Anisian
(Bithynian to Pelsonian) interval of relatively stable δ13C
values suggests that no global carbon-cycle perturbations
occurred during this time.

Conclusions
We conducted an integrated study on the lithostratigraphy,
biostratigraphy, and chemostratigraphy of carbonates in
two drill cores from the Middle Triassic Hoang Mai Forma-
tion in Nghe An Province in the North-Central Coast re-
gion of Vietnam. The cores cover a ~ 150–190m-thick
carbonate succession. The main conclusions are as follows.

1. The carbonates consist of the following six
lithostratigraphic units (from bottom to top):
sandy limestone (unit 1), peloidal packstone with a
microbialite interlayer (unit 2), peloidal packstone
and oncoidal floatstone (unit 3), peloid bioclast
packstone (unit 4), peloidal packstone with variable
quantities of bioclasts and microbialite (unit 5), and
peloidal packstone with variable amounts of bioclasts
(unit 6). The sandy nature of unit 1 and of three
interlayers in unit 2, along with dark rock color of
these units, indicates a supply of terrigenous material
in the early stage of the Hoang Mai carbonate
platform. The predominance of carbonate with a fine-
grained matrix throughout the overlying units (2–6)
suggests a low-energy depositional environment. We
infer that unit 3, which contains abundant oncoids,
was formed and deposited in such a low-energy
environment. It is likely that units 4–6, with abundant
dasycladalean algae, were deposited in a back-reef
lagoon environment.

2. A total of 24 foraminiferal taxa were identified from
68 stratigraphic levels. The middle–upper parts of the
examined core succession (units 3–6) are inferred to
be Pelsonian in age, based principally on the
occurrence of Citaella dinarica and C.? deformata,
and secondarily on the presence of Endotriadella
wirzi, E. pentacamerata, and Endotriada tyrrhenica.
Units 1 and 2 are probably attributed to the Bithynian.
Thus, the entire core succession is considered to be
middle Anisian (early Middle Triassic).

3. The 87Sr/86Sr values measured in the carbonates
are higher than that of global seawater during the
Middle Triassic. The low δ18O values of the
carbonates indicate that their initial oxygen isotope
composition has been reset. The δ13C profile of the
lower and middle intervals displays a slight increase
upwards, followed by a prolonged gradual decrease.
The δ13C values fall within a narrow range of 1.0–
2.0‰ and do not show positive or negative isotope
excursions. This δ13C trend can be correlated with the
Bithynian decrease followed by a prolonged interval
(Bithynian–Pelsonian) of stability or gradual decrease
in δ13C values, as reported from sections in South
China and Romania. The upper interval of the
Vietnamese δ13C profile is characterized by a marked
decrease to the core top that likely reflects diagenetic
overprinting.

Additional files

Additional file 1: Table S1. δ13C and δ18O values, minor element
(Sr, Mn, and Fe) concentrations, and 87Sr/86Sr values of bulk carbonate
samples from Core No. 1. Diagenetically altered samples are those with
high Mn concentrations (> 300 ppm) or with high Mn/Sr values (> 2).
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interval of prolonged (Bithynian–Pelsonian) stability or gradual decrease in
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