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The present study applied stable carbon isotopes, C/N ratios, and sedimentological indicators to
reconstruct environmental changes during Holocene and to test the hypothesis that δ13 C and C/N
ratios are accurate proxies of sea level change in the Red River delta (RRD), Vietnam. A 36 m long
sediment core was mechanically drilled in the wave-dominated region of the RRD. The covariation of
lithological characteristics, sediment grain-size distribution and geochemical proxies (LOI, TOC, C/N,
δ13 C) suggested that the sediment core could be divided into six depositional environments, consisting
of sub- and inter-tidal ﬂats (formed before 8860 cal. year BP), shelf-prodelta, delta front slope (formed
from 8860 to 2290 cal. year BP), delta front platform, tidal ﬂat, and ﬂood plain (from 2290 to 0 cal.
year BP). Covariation of δ13 C and C/N ratios in the sediment core allowed for tracing the origin of
sedimentary organic carbon, which shifted from the dominance of mangroves and C3 plants at the suband inter-tidal ﬂats to marine phytoplankton at the shelf-prodelta and delta front slope. The sedimentary
sources of the delta front platform, tidal ﬂat and ﬂood plain were a mixture of phytoplankton and C3
plants, with the later source being dominant.
Keywords. Environmental change; stable isotopes; C/N ratios; Red River delta; Vietnam.

1. Introduction
Investigations of paleoenvironmental change
during the Holocene in coastal areas aim to clarify characteristics of environmental change related
to relative sea level rise (Wilson et al. 2005a, b),
climatic change, and monsoonal variability (Meyers and Elisabeth 1999; Li et al. 2006; Zong et al.
2006). Studies on environmental change during the
Holocene provide crucial information for simulating and predicting future eﬀects of climate and
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environmental change (Wanner et al. 2008) and
in understanding the interactions between humans
and the environment (Li et al. 2006). For example,
sea level rise poses a major threat to coastal systems through sediment erosion, inundation stress
and increased salinity to landward zones (Nicholls
and Cazenave 2010). Therefore, reconstruction of
relative sea level in coastal environments is fundamental to understanding past, present and future
environmental change in these regions. Results can
provide a mean to develop sea level rise models that
1
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can be used to explain patterns of climate-driven
shifts of ﬂora and fauna across coastal areas and to
parameterize and predict future climate scenarios
(Lambeck and Chappell 2001).
Sedimentary records in the large river deltas
along Asian coast are useful to reconstruct the environmental and sea level change during Holocene
epoch (Ta et al. 2002; Tanabe et al. 2003, 2006;
Zong et al. 2006; Liu et al. 2014). These studies
have shown that the Asian deltas had experienced
multiple transgressions and regressions, and climate change (Li et al. 2006; Zong et al. 2006).
Factors aﬀecting the environmental and sea level
changes of the deltas have been determined to be
hydrodynamics, sediment discharge, sea-level ﬂuctuation, and monsoon variability (Tanabe et al.
2006; Zong et al. 2006; Elizabeth et al. 2007).
Many paleoenvironmental proxies achieved,
including stable isotopes, pollen, and sedimentary
texture have been widely used to reconstruct the
Holocene environmental changes and monsoonal
variability from Mekong River delta, Vietnam (Ta
et al. 2002), Red River delta (RRD), Vietnam (Li
et al. 2006; Tanabe et al. 2006; Tanaka et al. 2011),
Pearl River estuary, China (Zong et al. 2006), and
Mersey estuary, UK (Wilson et al. 2005b). Among
these proxies, stable carbon isotopes (δ13 C) and
C/N ratios analyzed from sedimentary organic
matter have been successfully used to improve
the understanding of sedimentary organic matter
provenance and sedimentation processes, and to
reconstruct environmental changes in coastal environments (Wilson et al. 2005a, b; Lamb et al. 2006,
2007; Reotita et al. 2014).
Our primary goals in this study are to use δ13 C
values, C/N ratios, and sedimentological indicators to reconstruct the environmental changes in
Holocene and to test the hypothesis that δ13 C
values and C/N ratios in Holocene sediments are
accurate proxies of the past sea level change in the
RRD.

largest delta in southeast Asia, after the Mekong,
Irrawaddy, and Chao Phraya deltas (Chan et al.
2012). The RRD is surrounded by mountains,
which are composed of Pre-Quaternary bedrock
(ﬁgure 1). The RRD is divided into three
sub-systems based on topography and hydraulic
processes, consisting of wave-, tide-, and ﬂuvialdominated sub-systems (Mathers and Zalasiewicz
1999; Tanabe et al. 2006). The wave-dominated
sub-system spreads to the southern part of the
delta with an alternation of beach ridges and
muddy tidal lagoon deposits. The tide-dominated
sub-system reaches into the northeastern part of
the delta predominantly consisting of tidal ﬂats,
marshes, and tidal creeks/channels. The ﬂuvial
sub-system consists of meandering rivers, meandering levee belts, ﬂoodplain, and ﬂuvial terraces
(ﬁgure 1). The Quaternary depression in the RRD
was mainly ﬁlled by continental deposits in ﬁve
geological cycles: early Pleistocene (Le Chi Formation), middle to late Pleistocene (Hanoi Formation), late Pleistocene (Vinh Phuc Formation),
early to middle Holocene (Hai Hung Formation)
and late Holocene (Thai Binh Formation) (Nghi
et al. 1991). The Holocene sediments were earlier
divided into ﬂuvial sediments composed of gravelly
sand and mottled clay, tide-inﬂuenced estuarine
sediments containing shell and wood fragments,
and deltaic sediments consisting of tide-inﬂuenced
sand and mud deposits (Tanabe et al. 2006). The
Red River is 1138.5 km in length, with the majority
of water and sediment ﬂuxes ﬂowing into the Gulf
of Tonkin. Water and sediment ﬂuxes are highly
variable with seasonal changes in monsoonal precipitation. The mean annual rainfall of the RRD
is 1600 mm, in which 85–95% of the total yearly
rainfall occurs during the rainy season lasting from
May to October (Le et al. 2007). Annual suspended sediment load of the entire Red River is
100 million tons, ranking among the 15 largest sedimentary discharges in the world (Milliman and
Meade 1983).

2. Materials and methods

2.2 Sediment core sampling and processing

2.1 Regional setting of Red River delta

A continuous sediment core (core VL-01) was
recovered by a rotary drill (10 cm in diameter) from
the wave-dominated system in the RRD (ﬁgure 1).
The geographical location of the core VL-01 was
106◦ 24 7.46 E and 20◦ 25 39.86 N with an altitude
of 0.5 m. The total core length was 36 m, with a
core recovery of 80.1%. Immediately following collection, the sediment core was placed in PVC tubes,

The present study was conducted within the RRD
in northern Vietnam (ﬁgure 1), which located
in the western coast of the Gulf of Bac Bo
(Tonkin). The catchment area of the Red River
is 156,451 km2 , ranking as the second largest
river in Vietnam (Le et al. 2007) and the fourth
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Figure 1. Map showing the major geological characteristics of the Red River delta, Vietnam (modiﬁed from Tanabe et al.
2006), and geographical locations of core VL-01 (this study) and core VN in the earlier studies (Li et al. 2006; Tanabe et al.
2006).

sealed in aluminum foil and plastic wrap in order to
minimize the gas exchange, then placed in a cooler
box and transported to the laboratory. In the laboratory, the sediment core was split and examined
in terms of general lithological characteristics based
on grain size, color, sedimentary structure, texture
and fossils. Next, the outer layer (∼0.5 cm in thickness) was removed and sliced into 154 samples at
20 cm intervals. The sliced sediments were packed
in labeled polyethylene bags and frozen for further
processing and analyses.
The lithological characteristics of core VL-01
were closely correlated with the adjacent core
VN (ﬁgure 1) from an earlier study by Tanabe
et al. (2006). Therefore, the geochronology of the
sediment core was calculated based on the sedimentation rates (ﬁgure 2C), which were established by
ﬁfteen accelerator mass spectrometry (AMS) 14 C
for this region (Tanabe et al. 2006). Results indicated that the core length can correspond to the
last 11,260 years.

2.3 Sample preparation and analysis
For analysis of sediment grain sizes, ﬁve grams of
fresh sediments were put into a beaker. The sediment sample was then pretreated with an H2 O2
solution (30%) and 1 N HCl for 24 hr to assure
complete removal of organic matter and carbonates. Prior to analysis, 10 ml of distilled water was
added and dispersed using an ultrasonic cleaner for
3 min. Sediment grain sizes were analyzed using
an automatic laser diﬀraction particle size analyzer
LA-950V2 (HORIBA Co.), with the measurement
range of 0.01−3000 μm. Each sediment sample was
analyzed in triplicate to yield the percentages of
the related size fractions of a sample with a relative
error of less than 1%. Mean value of sediment grain
sizes (Md), sand, silt and clay fractions were computed to represent the lithological characteristics of
the sediment samples. Other sedimentary parameters, consisting of sorting, skewness and kurtosis
(KG) were calculated using a grain size distribution
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Figure 2. (A) Lithological characteristics of core VL-01; (B) sediment facies of the sediment core; and (C) sedimentation
rates of the study area were calculated by linear interpolation between radioactive 14 C ages and depth (Li et al. 2006; Tanabe
et al. 2006).

and statistic program (GRADISTAT) by Blott and
Pye (2001).
For loss on ignition (LOI), stable carbon isotopes
(δ13 C) and elemental analysis (TN and TOC), sediment samples were completely dried at 60◦ C in an
electric oven, and subsequently pulverized using an
agate mortar and pestle. The visible organic matter particles (roots and small plant matter) and
shell fragments were manually removed from sediment samples using stainless steel forceps. The
measurement of LOI followed the methods outlined by Tue et al. (2014). Brieﬂy, two grams of
the pulverized sediments was combusted at 550◦ C
in a temperature-monitored muﬄe furnace for
5 hr. The LOI values were obtained by diﬀerence
between the weight from before and after combustion at 550◦ C. For δ13 C, TN and TOC analysis,
the pulverized sediments were placed in an Eppendorf tube and treated with 1 N HCl for 24 hr
to remove carbonates. After acid treatment, the
samples were thoroughly rinsed by Milli-Q ﬁltered
distilled-deionized water and re-dried at 60◦ C in
an electric oven for 24 hr. The δ13 C, TN and TOC
were simultaneously analyzed using an elemental
analyzer (EuroVector EA3000) connected to an
isotope ratio mass spectrometer (Nu-Perspective
Instrument). During analysis, a certiﬁed reference

material (L-alanine) was used to quantify the
analytical results. Analytical errors were 0.05% for
δ13 C, 0.05% for TN, and 0.1% for TOC.
3. Results
3.1 Lithological characteristics
Sediments of core VL-01 were mainly composed of
sand, silt and clay, which ranged from 6.0–72.5,
25.3–92.7, and 0.1–13.7%, respectively (ﬁgure 2B).
Sediment facies of core VL-01 can be classiﬁed into
silt, sandy silt and silty sand. The core was divided
into six sections according to lithology, color and
grain size parameters as follows.
3.1.1 Core section 1: From 36.0 to 30.1 m
(11,260–8860 cal. year BP)
This section was characterized by silty sand that
was reddish-gray in color and composed of very ﬁne
sand and clay lamination (ﬁgure 2A). Mud content
gradually decreased from the core bottom to a minimum value at the depth of 32.3 m (ﬁgure 2B). The
mean sediment grain size (Md) tended to gradually
decrease upward, ranging from 26.7 to 74.0 μm
with an average of 39.1 μm (ﬁgure 3A). In this
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Figure 3. Sedimentary parameters in grain-size distributions from core VL-01 showing variations with depth.

section, the mean sorting value (So) was 4.45 ±
0.46, classifying it as being very poorly-sorted sediments (ﬁgure 3B). The skewness (Sk) of the data
showed a mean of −0.29±0.10, characterizing it
as very ﬁne skewed sediments to ﬁne skewed sediments (ﬁgure 3C). Kurtosis values (KG) tended
to increase upward, with two exceptions being values at the depth of 32.3 and 31.3 m (ﬁgure 3D).
The KG values varied from 0.67 to 1.66, with
an average of 0.86±0.19, classiﬁed as platykurtic
sediments.
3.1.2 Core section 2: From 30.1 to 18.9 m
(8860–4020 cal. year BP)
This section was separated by an underlying sediment section from surface erosion (ﬁgure 2A),
which was previously determined by Tanabe et al.
(2006). Further evidence of the surface erosion
came from C/N ratios and δ13 C values (ﬁgure 4C
and D). At the erosion surface, the sediments
consisted of predominantly clay with laminated
ﬁne sand and silt lenses, and rich in shell fragments (ﬁgure 2A). Clay content was the highest
and mud content tended to slightly vary upward
(ﬁgure 2B). Mean sediment grain size markedly
increased from the erosion surface to 27.5 m in
depth, before continuously decreasing to the depth
of 18 m (ﬁgure 3A). Based on the variation

of So values, sediments were divided into types,
consisting of very poorly sorted sediments from 30
to 21.9 m and poorly sorted sediments in the rest
of the layers (ﬁgure 3B). Sk values ﬂuctuated in
a small range, but can be divided into symmetrical and coarse skewed sediments (ﬁgure 3C). The
KG values indicated for platykurtic sediments from
30 to 26.5 m in depth, and ﬂuctuated from very
platykurtic to leptokurtic sediments in the upper
layers (ﬁgure 3D).
3.1.3 Core section 3: From 18.9 to 11.7 m
(4420–2290 cal. year BP)
This section was characterized by gray and black
sand and laminated silty clay that was rich in shell
and plant matter (ﬁgure 2A). Mud content maintained high values from the previous section but
displayed a decreased trend (ﬁgure 2B). The Md
values were lowest and gradually increased upward
(ﬁgure 3A). The So values ﬂuctuated widely and
were classiﬁed into poorly sorted sediments to
very poorly sorted sediments (ﬁgure 3B). Skewness values displayed a low variation through time
but slightly decreased upward (ﬁgure 3C), indicating symmetrical and coarse-skewed sediments.
Kurtosis values showed relatively low variation
and closely matched that of mesokurtic sediments
(ﬁgure 3D).
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Figure 4. Measurements of LOI (%), TOC (%), C/N ratios and δ13 C (0/00) in core VL-01 with depth.

3.1.4 Core section 4: From 11.7 to 4.1 m
(2290–1720 cal. year BP)
This section was composed of gray silt, ﬁne sand
and clay sediments and was abundant in plant
matter (ﬁgure 2A). The sand fraction continuously
increased upward and displayed an opposite trend
with mud content (ﬁgure 2B). Mean sediment grain
size values tended to increase and displayed a twofold increase at depths of 8.7 and 5.4 m (ﬁgure 3A).
Variation in So values remained low, mainly indicating very poorly sorted sediments (ﬁgure 3B).
Skewness values ﬂuctuated with a decreasing trend
and were an indication of very ﬁne to ﬁne-skewed
sediments (ﬁgure 3C). Kurtosis values ﬂuctuated
in some sediment layers, but still maintained a
decreasing trend upward (ﬁgure 3D).

3.1.5 Core section 5: From 4.1 to 0.5 m
(1720–550 ca. year BP)
The section was composed of gray ﬁne sand, silt
and peat lenses (ﬁgure 2A). Mud content varied over a small range and had a decreasing
trend (ﬁgure 2B). Inversely, sand content slightly
increased upward and reached a maximum at the
top sediment layer of this section (ﬁgure 2B). The
Md values varied in across a wide range, continuously decreasing from underlying facies to the
depth of 1.9 m, and then markedly increasing at the

depth of 1.3 m (ﬁgure 3A). The So values tended to
slightly increase from underlying facies and reached
a peak at a depth of 1.7 m (ﬁgure 3B). In this
layer, most of the sediment was categorized as very
poorly sorted (ﬁgure 3B). Skewness values ﬂuctuated widely from very ﬁne to ﬁne-skewed sediments
(ﬁgure 3C). Kurtosis values varied marginally with
the exception at depth 0.9 m in which there was
an indication of platykurtic sediments (ﬁgure 3D).
3.1.6 Core section 6: From 0.5 to 0 m (550–0 cal.
year BP)
Sediments were reddish brown clay silt, ﬁne sand
and an abundance of ﬁne roots. Md values tended
to increase to the sediment core surface (ﬁgure 3A).
Based on So, Sk and KG values, sediments
were classiﬁed as very poorly sorted, very ﬁne
skewed and consisting of platykurtic sediments
(ﬁgure 3B–D).
3.2 Geochemical proxies (LOI, TOC, C/N, δ 13C)
3.2.1 Loss on ignition (LOI)
Below the depth of 30.1 m, LOI values ﬂuctuated around the mean of 4.4±2.2%. LOI tended
to slightly decrease at the depth of 26.7 m, then
increased to a maximum at 21.3 m. LOI continuously decreased between 21.3 and 4.1 m, then
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Figure 5. Relationship between LOI and TOC (A); TOC and TN (B). A strongly positive correlation between TOC and
TN indicating the negligible contribution of inorganic nitrogen to TN in calculating the C/N ratios.

slightly increased again in the surface sediments
(ﬁgure 4A).
3.2.2 Total organic content (TOC)
TOC content slightly ﬂuctuated at depths below
30.1 m with a mean of 1.1±0.4%. TOC content suddenly decreased at the depth of 30.3 m, then varied
over a small range from 30.3 to 26.5 m, and then
gradually increased from 26.5 to 17.3 m. Between
17.3 and 4.1 m in depth, TOC content tended to
decrease with the exception of three points at 14.7,
7.5 and 4.9 m in depth (ﬁgure 4B). TOC values
tended to have higher values at the surface soil
which contained a higher proportion of rootlets.
TOC content was positively correlated with LOI
content (ﬁgure 5A) and TN (ﬁgure 5B). The regression line of TOC and TN passed very close to the
origin (0,0), indicating that the inorganic nitrogen
content was an insigniﬁcant contribution to the TN
pool and thus can be disregarded (Hedges et al.
1986; Andrews et al. 1998). Therefore, the TN can
be used instead of organic nitrogen for calculating
C/N ratios to examine sedimentary sources and
to reconstruct the paleoenvironment (Müller and
Mathesius 1999).
3.2.3 C/N ratios
Below 30.1 m in depth, C/N ratios ﬂuctuated
slightly between 12.2 and 20.1 with a mean of
15.6±2.9 (ﬁgure 4C). C/N ratios suddenly dropped
to a value of 6.7 at the erosion surface. In the section between 30.1 and 17.3 m, C/N ratios increased
slightly upward, with an average of 10.0±2.3.
Between the depth of 17.3 and 7.7 m, C/N ratios

tended to decrease slightly and reached a maximum
of 3.5 at the depth of 7.7 m. From 7.7 m to the
core surface, C/N ratios ﬂuctuated widely around
a mean of 10.0 (ﬁgure 4C).
3.2.4 Stable isotope carbon (δ 13C)
The δ13 C values ranged from −29.1 to −22.50/00
with an average of −26.8±1.40/00. It showed an
inverse trend with C/N ratios (ﬁgure 4D). Below
the depth of 30.5 m, δ13 C values had small ﬂuctuations around the mean of −28.1±0.90/00. At the
erosion surface, δ13 C values suddenly increased to
−23.80/00 at the depth of 30.3 m, then gradually
increased and formed a peak of −21.90/00 at 28.9 m
in depth. From this depth, δ13 C values continuously decreased to the depth of 20.3 m. The δ13 C
was relatively invariant between 20.3 and 8.7 m in
depth, then displayed small variation around the
mean of −27.10/00 to the surface sediment.
4. Discussion
4.1 Sources of the organic matter
Determination of sedimentary organic matter
sources can provide new insights into sedimentation processes (Lorente et al. 2014), the paleoenvironment (Reotita et al. 2014), marine-terrestrial
transport (Liu et al. 2016), and changes in sea level
(Wilson et al. 2005b). The δ13 C and C/N ratios
have been used to determine the provenance of
sedimentary organic matter from the marine environment (Amano et al. 2006), estuary (He et al.
2010), coastal lagoon (Müller and Mathesius 1999;
Reotita et al. 2014), inter-tidal zone (Wilson et al.
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Figure 6. Comparison of C/N ratios and δ13 C in the sediment core VL-01 to those of organic carbon sources. C/N ratios
and δ13 C of C3 plants (plants with C3 photosynthesis pathways) were reported in Meyers and Elisabeth (1999), Cloern
et al. (2002), Elizabeth et al. (2007). RR mangroves, RR POM, and RRE POM denote for present-day mangroves growing
in the Red River estuary, particulate organic matter in the Red River, and particulate organic matter in the Red River
estuary, respectively (Tue et al. 2012). SPOM denotes suspended organic matter in river (Andrews et al. 1998). Marine
phytoplankton and fresh water aquatic plants (Cloern et al. 2002) and SCS phytoplankton denotes phytoplankton from the
South China Sea (Liu et al. 2007).

2005a) and delta plain (Liu et al. 2014). Generally, C/N ratios of organic matter originated
from freshwater algae, marine phytoplankton and
microalgae are often <10, while those originating from terrestrial plants, freshwater plants and
detrital organic matter are >10 (Lamb et al. 2006;
ﬁgure 6). It should be noted that the leaching and
degradation processes can modify C/N ratios in
sedimentary organic matter (Andrews et al. 1998;
Müller and Mathesius 1999; Wilson et al. 2005b;
Lamb et al. 2006; Tue et al. 2011). Yet, the C/N
ratios and δ13 C could be used together to determine the source of sedimentary organic carbon and
to reconstruct the paleoenvironment. Plants are
divided into three major groups of C3, C4 and
CAM plants, which have distinct ranges in their
δ13 C due to diﬀerences in their respective photosynthetic pathways (O’Leary 1981). The δ13 C
values of C3 and C4 plants vary from −33.0 to
−23.00/00 and from −15.0 to −9.00/00, respectively,
with marine phytoplankton having a range between
−22.0 and −18.00/00 (Lamb et al. 2007). Thus, sedimentary organic matter sources can be eﬀectively
distinguished by using a combination of C/N ratios
and δ13 C values.
The inverse relationship between C/N ratios and
13
δ C in core VL-01 (ﬁgure 6) was similar to those
reported in sediment cores (Tue et al. 2011) and
surface sediments (Tue et al. 2012) from coastal
mangrove forests in the RRD. The bi-plot of C/N
ratios and δ13 C showed an absence of C4 plant

material in the RRD during the Holocene. The
sedimentary organic matters in core VL-01 mainly
originated from terrestrial plants (C3, mangrove
and aquatic plants), marine phytoplankton and
riverine particulate organic matter (ﬁgure 6). Our
results show that 38% of the sediment samples
likely originated from C3 plants suggesting terrestrial sources, whereas only 12% of the sediment
samples had ranges of C/N ratios and δ13 C indicative of marine phytoplankton. The remaining sediment samples were scattered into the zone between
marine phytoplankton and C3 plants, indicating
a mixture of terrestrial plants and marine phytoplankton (Lamb et al. 2007). Within core sediment
section between 36.0 and 30.1 m, low δ13 C values
<–27.00/00 and high C/N ratios >12 suggested terrestrial C3 plants were an important component
of the sediments. The noticeable shift in δ13 C values and C/N ratios at the erosion surface indicated
that the source of sedimentary organic carbon
shifted from C3 plants to marine phytoplankton
(Lamb et al. 2007). Between 30.1 and 18.9 m in
depth, the variation of δ13 C values and C/N ratios
indicated that marine phytoplankton contributed
a large proportion to the lower sediment layers,
then decreased upward. In this, the increasing δ13 C
values and concomitant sharp decrease in C/N
ratios from 30.1 and 26.3 m indicated a strong
intensiﬁcation of the marine phytoplankton source.
Between 26.3 and 18.9 m in depth, the slightly
decreasing δ13 C values and increase in C/N ratios
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indicated a decrease in marine phytoplankton
contribution to sedimentary organic matter. Between 18.9 and 11.7 m in depth, δ13 C values displayed a small variation around a mean of −27.20/00
and C/N ratios ﬂuctuated around the mean of 11.9,
indicating that terrestrial C3 plants contributed a
signiﬁcant proportion to the sedimentary organic
matter (ﬁgure 6). From 11.7 m in depth to surﬁcial sediments the slight increase in δ13 C values
and C/N ratios together indicated a decreasing
inﬂuence of terrestrial C3 plant matter, with
proportional contribution likely from increasing
freshwater aquatic plants and/or estuarine
particulate organic matter.
4.2 Evolution of the depositional environment
during the Holocene epoch
The sedimentary environment of the RRD resulted
from the interaction of two factors of sea level
change and ﬂuvial inputs. The lithological characteristics in core VL-01 were similar to those of
core VN in the previous study in this area (Tanabe
et al. 2006). Results indicated that the sedimentation and environmental history from the core
VL-01 and core VN areas are very likely derived
by the same mechanisms.
The changes in sedimentary parameters (Md, So,
Sk, KG) describing sediment grained-size distributions have long been used to reconstruct the sedimentation environments (Visher 1969; McLaren
and Bowles 1985), which reported that the Md,
So, Sk of sediment grain-sizes are controlled by
the direction of transport and the sedimentary processes of winnowing, selective and total deposition.
In the present study, the Md values showed that
the sediments in core VL-01 were categorized from
ﬁne silt to very ﬁne sand, with a dominance of
very coarse and coarse silt (ﬁgure 2B). This pattern
indicated the sediments were generally deposited at
environmental conditions from low to high energy
(McLaren and Bowles 1985). Therefore, the sediment textures may be linked with the hydrological
patterns and processes of riverine and sea-level
change.
During the early Holocene (from 11,260 to
8860 cal. year BP), the sea level was 31 m below
present and annually increased at a relatively
constant rate of about 9 mm in the Vietnam
Sea (Tjallingii et al. 2014). Therefore, the reddish gray color of the sediments below 30.1 m
in depth indicated erosion processes during lowstands. The upward decreasing trends of mud
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content (ﬁgure 2B), Md, sorting, skewness and
kurtosis (ﬁgure 3) illustrated the prevalence of
coarse silt and ﬁne sand sediments that were
mainly formed in high-energy environments (Rajganapathi et al. 2013). During this period, C/N
ratios had an upward increase with a mean value
of 16, indicating that sediment organic matter
mainly originated from terrestrial plants (Lamb
et al. 2007). The sedimentary δ13 C values varied in
a small range with a mean of −28.30/00 which was
very similar to the present mangrove signatures living in the coastline of the RRD (Tue et al. 2012),
suggesting that mangroves may have been major
sources of sedimentary organic carbon. Therefore,
this stage can be considered as the sub- and intertidal environment with a high frequency of tidal
ﬂooding (Tanabe et al. 2006; Tue et al. 2011).
During the middle Holocene (from 8860 to
2290 cal. year BP), the sediment core could be
divided into two distinguish sections based on
lithological characteristics, sediment texture and
geochemical proxies. At the lowest part of this section, the sudden decrease in the C/N ratios and
increase in δ13 C values indicated that sedimentary organic matter composition suddenly shifted
from C3 plants to a predominance of marine phytoplankton (Wilson et al. 2005a; He et al. 2010).
Therefore, this sediment facies could be considered
as a ravinement surface formed during the transition (Tanabe et al. 2003, 2006; Tanaka et al. 2011).
With the acceleration of sea level rise between 8860
and 4020 cal. year BP, the RRD was gradually submerged, leading to the paleo-water depth of core
VL-01, which reached to ca. 30 m at the period
from 7000 to 6000 cal. year BP (Tanabe et al.
2006). The present results showed that Md values gradually increased between 30.1 and 27.5 m
in depth (ﬁgure 3A), indicating that the transgressive sand sheet was overlain the erosion surface
(ﬁgure 2B). During this period, characteristics of
ﬁne skewed and symmetrical sediments suggest a
lower energy environment and various sources of
sediment inputs (ﬁgure 3C). The lowest C/N ratios
and the highest δ13 C values in this core section
indicated that the sources of sedimentary organic
carbon mainly originated from marine phytoplankton (ﬁgure 6). This pattern suggests the sediments
were deposited under relatively high sea levels following transgression. This ﬁnding was similar to
that observed for the peak of marine ostracod
assemblages (biofacies) in the VN core from the
Red River delta (Tanaka et al. 2011). Results indicated that the highest sea level may have been
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obtained in the sediment layers from 28.7 to 26.7 m
in depth (or from 7200 to 5680 cal. year BP), which
is consistent with a previous ﬁnding in the wavedominated region of the RRD (Tanaka et al. 2011).
The small variation in Md and Sk values from 26.7
to 18.7 m in depth (from 5680 to 4020 cal. year BP)
indicated low hydrodynamic energy. The dominant
mesokurtic and leptokurtic nature of the sediments
showed that coarser-grained sizes were continuously added after the winnowing and retention
action of tidal currents. The C/N ratios showed
a linear increase with depth, whilst, δ13 C values
varied in across a small range (ﬁgure 4C and D).
These data indicate that the core section from
30.1 to 18.7 m could be deﬁned as a shelf-prodelta
environment. Along with the rise in sea level, the
sand fraction and Md values slightly increased in
the upper part of the middle Holocene at the
depth from 18.7 to 11.7 m (ﬁgure 3A), reﬂecting higher hydrodynamic energy (McLaren and
Bowles 1985). The Sk values tended to an upward
shift from coarse to ﬁne skewed nature of sediments, indicating the introduction of ﬁne-grained
particles or removal of coarse-grained particles and
high riverine input (Friedman 1961). Additionally,
C/N ratios and δ13 C values were overlaid between
marine phytoplankton and C3 plant production, or
accumulated from riverine particulate organic matter (ﬁgures 5 and 6). The data suggest that the
ﬂuvial sediments from the RRD tend to have a high
inﬂuence on the sediment facies during this period
(Maren and Hoekstra 2005; Duc et al. 2007). The
gradual change in lithological characteristics, sedimentary textures, C/N ratios and δ13 C values from
the underlying sediment facies indicated that this
section was formed in the delta front slope (Tanabe
et al. 2006; van den Bergh et al. 2007a).
During the late Holocene (from 2290 to 0 cal.
year BP), shoals were continuously formed in the
mouth of the Red River due to the lowering of sea
level to the present level (Hori et al. 2004; van den
Bergh et al. 2007a). Between 11.7 and 4.1 m in
depth (2290 to 1720 cal. year BP), the sedimentation rate markedly increased to the highest value
of 1.94 cm/year within the study area (ﬁgure 2C),
due to an increase in the progradation of the delta
system (Hori et al. 2004; Tanabe et al. 2006).
The facies showed an upward coarser succession
with a concomitant increase in the sand fraction
and decrease in silt and clay fractions (ﬁgure 2B).
Results showed that the coarser-grained size predominated and were deposited in a shallower and
higher energy hydrodynamic environment, and
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with high riverine input (Friedman 1961; McLaren
and Bowles 1985; Zong et al. 2006). Additionally, C/N ratios and δ13 C values highly ﬂuctuated
between signatures of estuarine particulate organic
matter and C3 plants (ﬁgures 4C, D and 6). Results
indicated that the facies was deposited closely to
the paleo-estuary, therefore, corresponding to the
delta front platform (Duc et al. 2007), which may
be encountered in water shallower than 10 m near
the estuary and sandy mouth bar (van den Bergh
et al. 2007b). It has been reported that the sediment volume supplied by the Red River during the
last 2000 cal. year BP was much higher than the
amount of sediment reworked or redistributed by
waves and longshore current (Tanabe et al. 2006).
Therefore, the concomitant increase in clay fraction
(ﬁgure 2B) and decrease in Md values between 4.1
and 0.5 m in depth (from 1720 to 550 cal. year
BP) indicated decreasing tidal and wave energy
(McLaren and Bowles 1985). C/N ratios were
< 10, reﬂecting a greater presence of tidal particulate organic matter (Lamb et al. 2007). However,
δ13 C values varied from −27.7 to −26.00/00 with a
mean of −27.00/00, showing the predominance of C3
plants (ﬁgure 6). The concomitant variation of C/N
ratios and δ13 C values was similar to that viewed
from a tidal ﬂat in an earlier report by Wilson et al.
(2005a), and therefore, was interpreted as tidal
ﬂat environment within this core section. Between
0.5 m to 0 m in depth (550 to 0 cal. year BP), sediments were reddish brown clay silt, ﬁne sand and
abundant ﬁne roots that were similar to ﬂoodplain
sediments and surface soils in core VN (Tanabe
et al. 2006). The mud content markedly dropped
to the lowest levels of 34%. C/N ratios and δ13 C
values were distinguished from the underlying sediment facies (ﬁgure 4), and thus were interpreted as
ﬂood plain. The present results might provide valuable information for simulating the environmental
change and climate change, particularly, the
geological evolution of the RRD.

5. Conclusions
In this paper, we analyzed environmental proxies
of lithological characteristics, sedimentary texture
and δ13 C and C/N ratios of a sediment core (VL01) that was mechanically drilled in the RRD
to reconstruct the environmental changes during
Holocene. The sudden shift of δ13 C, C/N ratios,
and lithological characteristics identiﬁed the erosion surface formed during the transgression at
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8860 cal. year BP. The concomitant variation of
lithological characteristics, sediment grain-size distributions and geochemical proxies (LOI, TOC,
C/N, δ13 C) suggested that the sediments in core
VL-01 are divided into six depositional environments during the Holocene, consisting of sub- and
inter-tidal ﬂats, shelf-prodelta, delta front slope,
delta front platform, tidal ﬂat and ﬂood plain.
The δ13 C and C/N ratios in the core sediments
allowed for conclusions on the sources of sedimentary organic matter that shifted from a dominance
of mangroves and C3 plants at the sub- and intertidal ﬂats to a dominance of marine phytoplankton
at the shelf-prodelta and delta front slope during the transgression. The sediment sources of the
delta front platform, tidal ﬂat and ﬂood plain were
a mixture of C3 plants and phytoplankton, with
the former becoming predominant. Results from
this study showed that δ13 C, C/N ratios, and
sediment grain-size distributions together can be
utilized as eﬀective proxies in examining the paleoenvironment related to relative changes in sea
level during the Holocene in the RRD. Additionally, δ13 C and C/N ratios allowed high-resolution
sampling and provided an indirect measure of the
marine-terrestrial interaction in the past.
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