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A freshwater coastal marsh near the mouth of the Cam River in Northern Vietnam stands 2-3 m above mean sea level
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and is bordered by a coastal barrier that reaches about 6 m above mean sea level. A core from the marsh contains a 14-
cm-thick sand and shell layer. The presence of abundant shell fragments suggests inland transport of littoral sediment,
and the sand layer is tentatively identified as a washover deposit. The coast of the study area contains a beachrock
standing above the modern beach and reaching to ~4 m above mean sea level. A tentative explanation of this beachrock
is that it represents a beach that formed during a mid-Holocene 2—-3-m highstand, evidence for which has been reported
from Thailand, Malaysia, Singapore, and Vietnam. Possible explanations of the sand and shell layer include the
following: it is a late-Holocene tropical cyclone washover deposit, formed by a large storm surge that overtopped the
coastal barrier; or it is a late-Holocene tsunami deposit formed when a tsunami wave, probably from a nearby source,
overtopped the coastal barrier. The lack of other distinctive washover deposits in the core suggests that overwash of a
magnitude that formed the relatively thick sand and shell layer is a rare event at this site within the last 3000 years.
Given the tentative but intriguing results of this study, further research at this site is warranted to better define the
stratigraphy and age of the apparent washover deposit.

ADDITIONAL INDEX WORDS: Paleotempestology, beachrock, overwash, washover, tsunami.

INTRODUCTION

The coast of Vietnam, bordering the South China Sea in the
south and the Gulf of Tonkin in the north, is subject to powerful
typhoon strikes that cause great loss of life, devastation of
agricultural crops, and massive infrastructure damage. Ty-
phoons affecting Vietnam originate in the NW Pacific Ocean
and move in a W or NW direction. Some typhoons strike the
Vietnamese coast directly, traveling westward across the South
China Sea or curving north through the Gulf of Tonkin; others
cross Hainan Island to strike the north coast of Vietnam.
Notable typhoons that caused devastation in the region and
made landfall on the coast of Vietnam in recent decades include
Typhoon Xangsane (2006, Category 4, 312 fatalities, $750
million in damages); Typhoon Durian (2006, Category 4, 98
fatalities, $530 million in damages); Typhoon Ketsana (2009,
Category 2, 710 fatalities, $1.09 billion in damages); Typhoon
Nesat (2011, Category 4, 98 fatalities, $2.12 billion in
damages); Typhoon Son Tinh (2012, Category 3, 42 fatalities,
$576 million in damages); and Typhoon Doksuri (2017,
Category 3, 20 fatalities, $793 million in damages) (Figure 1).

These and other recent catastrophic typhoon strikes
throughout Southeast Asia highlight the need for better
understanding of typhoon risk and impacts. For example,
questions have been raised about the role of anthropogenic
climate change in driving future tropical cyclone hazards. The
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way in which tropical cyclone activity will change under
ongoing global warming is consequently an area of strong
societal concern and scientific interest. In response to this
question, recent tropical cyclone climatology research has
focused on linking evidence of millennial-scale tropical cyclone
variability to climatic changes within the Holocene. The
underlying premise of these studies is that changing climatic
conditions, such as sea-surface temperatures or the position of
high- and low-pressure centers, can change the location and
frequency of tropical cyclogenesis, increase the intensity of
tropical cyclones, or affect atmospheric steering mechanisms,
preferentially guiding more tropical cyclones into a particular
region. A major goal of these studies is to develop historical and
prehistorical analogs for future climate scenarios (Bengtsson et
al., 2007; Camargo, 2013; Christensen et al., 2013; Elsner and
Liu, 2003; Emanuel, 2013; Emanuel and Nolan, 2004; Fan and
Liu, 2008; Frappier et al., 2007; Gualdi, Scoccimarro, and
Navarra, 2008; Knutson et al., 2010; McCloskey, Bianchette,
and Liu, 2013; Murakami, Mizuta, and Shindo, 2012; Mur-
akami, Wang, and Kitoh, 2011; Murakami et al., 2012; Nott and
Hayne, 2001; Pielke et al., 2005; Stowasser, Wang, and
Hamilton, 2007; Sugi, Yoshida, and Murakami, 2015; Tory et
al., 2013; Walsh, 2014; Walsh et al., 2014; Webster et al., 2005;
Ying et al., 2012).

Because catastrophic tropical cyclones are rare events, this
research depends on the availability of long-term records of
tropical cyclone strikes. Historical meteorological records are
mostly of too limited a time span, even when extended by
analysis of documentary evidence (Garcia-Herrera et al., 2004,
2005, 2007; Grossman and Zaiki, 2009; Liu, Shen, and Louie,
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Figure 1. Location of study area between Vinh and Thanh Hoa on the Gulf of
Tonkin coast. Tracks and approximate landfall locations of recent damaging
typhoons are shown.

2001; Mock, 2004), and there are large gaps in geographic
coverage of historical data occur. In response to the limitations
of historical records, paleotempestological approaches have
been developed that use geologic and biologic proxies of tropical
cyclone strikes to construct much longer prehistorical records
of tropical cyclone activity. A common approach is to use the
sediment-based proxy of identifying and dating washover sand
layers in aggrading lake, lagoon, pond, swamp, or marsh
deposits located immediately landward of sandy barriers
(Donnelly, 2005; Donnelly et al., 2001a,b, 2004; Donnelly and
Woodruff, 2007; Hodge and Williams, 2016; Lane et al., 2011;
Liu and Fearn, 1993, 2000a,b; McCloskey and Keller, 2009; Yu
et al., 2009). This approach has proven successful; for example,
Williams et al. (2016) found geologic evidence of an 8000-year
record of typhoon strikes on the coast of Thailand based on
washover sand beds in coastal marshes and beach ridge plain
swales. The typhoon record from Thailand supports the
findings of other studies in the western North Pacific that
suggest millennial-scale variability in typhoon frequency may
be linked to Holocene climatic changes (Chan, 1985; Elsner and
Liu, 2003; Liu, Shen, and Louie, 2001; Woodruff, Donnelly, and
Okusu, 2009).

Relatively little research has been completed on typhoon
washover sedimentation in Vietnam. Switzer et al. (2011)
describe washover sand sheets attributed to Typhoon Xang-
sane (2006) and Typhoon Ketsana (2009), both of which made
landfall in central Vietnam (Figure 1). In each case, the
typhoon storm surge deposited scattered cobble to boulder-
sized clasts within sand sheets that contrasted in sedimentary
characteristics, reflecting differences in sediment sources and
local depositional conditions. Currently, no published long-
term records of prehistoric typhoon strikes on Vietnam exist.
This paper reports results of a paleotempestological study
aimed at identifying and dating geological evidence of
prehistoric typhoon strikes preserved in coastal marshes on
the Gulf of Tonkin coast in Northern Vietnam.

Study Area

The study area is located near the mouth of the River Cam
and is one of several sites investigated between the cities of
Vinh and Thanh Hoa, on the Gulf of Tonkin coast (Figure 1).
This was the only site where rapid reconnaissance gouge coring
indicated a substantial anomalous sand layer within the
subsurface. The site is a large freshwater marsh, currently
used for rice production. The marsh has developed between two
bedrock headlands and is bordered on the seaward side by a
wooded dune barrier, reaching up to about 6.4 m above mean
sea level. The marsh surface is about 2-3 m above mean sea
level and is presumably part of an extensive system of marine
terraces in this part of Vietnam, formed by tidal flat, deltaic,
and floodplain deposition during a mid-Holocene highstand of
sea level (Nguyen, 1991; Pirazzoli, 1991; Tanabe, 2003; Tanabe
et al., 2006) (Figure 2).

Reconnaissance coring at this site, using a gouge corer,
revealed tentative evidence for an extensive subsurface sand
sheet. Gouge cores 1, 2, and 3, located 300500 m into the
marsh from the base of the dunes, contained no sand layers.
Gouge cores 4 and 6, 250 m and 100 m from the base of the
dunes, respectively, each contained a thin but distinct sand
layer at depths of 40 cm and 25 cm, respectively. Both sand
layers had a sharp lower contact with enclosing muddy marsh
sediments. Gouge core 5, which is 175 m from the base of the
dunes, did not contain any sand layers; gouge core 7, which is
30 m from the base of the dunes, contained a mixture of mud
and sand throughout the core with no distinct sand layers
(Figure 2).

METHODS

To follow up on the gouge core survey, a series of seven larger
cores was obtained along a transect approximately perpendic-
ular to the base of the dunes, extending from 30 to 400 m into
the marsh (Figure 2). Core locations were recorded by a hand-
held GPS with reported accuracy of =10 m (Garmin, 2007). The
larger cores were collected from the marsh by driving thin-
walled 7.5-cm-diameter aluminum tubes into the marsh
deposits until coring was stopped by resistance.

A vacuum seal was placed in the top of the core tube to keep
the sediment core in place, and the tubes were extracted from
the marsh using a truck jack. Compaction occurred in all cores
and was assessed by comparing the depth of penetration of the
coring tube and the distance between the top of the sediment
core inside the tube and the ground surface. This allowed
compaction to be calculated as a percentage of core length.
Uncompacted depths within cores were estimated by applying
the compaction percentage uniformly over the entire length of
the core. Cores were sealed and transported to a laboratory at
the Hanoi University of Mining and Geology, where the tubes
were cut lengthwise and the sediment cores within were split
into two halves longitudinally.

Only core V3, located about 250 m from the base of the
dunes, contained a recognizable sand layer at a (uncom-
pacted) depth of 41-55 cm within the core (see Figure 2 for
location of core V3). This core was sampled at 1-cm intervals
for textural, loss-on-ignition, and microfossil analyses to
examine contrasts in lithology and microfossil content
between the sand layer and the enclosing marsh sediments.
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Figure 2. Location of cores (G: gouge core; V: larger-diameter core) and topographic profile A-B (Google Earth image, 2018).

All samples were divided into two subsamples for analysis.
One subsample was weighed and then oven-dried at 105°C
for 24 hours to determine moisture content (% wet weight).
The other subsample was weighed and then wet-sieved
through a 63-pm sieve to retain the sand fraction. The sand
fraction was air-dried and weighed. The measured moisture
content was used to calculate the dry weight of the sieved
sample, and the weight of the sand fraction was then used to
calculate sand content (% dry weight). The dried subsample
was weighed and then placed in a muffle furnace at 550°C for
4 hours to determine organic matter content (% dry weight).
After reweighing, the same sample was returned to the
muffle furnace for 2 hours at 950°C to determine carbonate
mineral content (% dry weight). The loss-on-ignition proce-
dures follow the recommendation of Heiri, Lotter, and
Lemcke (2001) for consistency; all samples had uniform
treatment in terms of sample size, furnace temperatures,
and furnace exposure times.

Sand fractions derived from wet sieving were examined
under a dissecting microscope to identify and count foramin-
ifers. If the sand fraction was small (<1 g), the entire sample
was examined for foraminifers; if the sand fraction was large
(>1g), a dry splitter was used to obtain a subsample (typically
0.2-0.5 g) for analysis. The core did not contain large plant or
shell fragments suitable for radiocarbon dating; instead, plant
fragments, seeds, and bulk sediment samples were collected for
radiocarbon dating. One sample was collected from just below

the sand layer; three more samples were collected from marsh
sediments between the sand layer and base of the core.
Radiocarbon ages were calibrated using the Calib Radiocarbon
Calibration Program and intcall3.14c calibration dataset
(Reimer et al., 2016).

The elevation profile function in Google Earth was used to
construct a topographic profile from the marsh, across the
wooded dune barrier, to the beach and tidal flats bordering the
Gulf of Tonkin (Google Earth, 2018) (Figure 2). The profile was
located in an area that appeared undisturbed by anthropogenic
activities (farther south, the dunes had been disturbed by
recent excavations; see Figure 2). The lowest tide level along
this profile on Google Earth images from previous years is
about 0.3 m (image from 19 May 2015), suggesting that datum
for the Google Earth profile (0 m in Figure 2) probably closely
coincides with the Vietnamese National Datum (lowest annual
tide level at Hon Dau Island; Boyd and Lam, 2004). The
boundary between the dry, bright, white beach and the wet,
grey tidal flats, visible on Figure 2, is assumed to approxi-
mately represent the landward limit of the intertidal zone
(covered by “normal” tides). This boundary is at an elevation of
3.2 m on the Google Earth profile; the midpoint of the intertidal
range is 1.6 m, which is assumed to approximate mean sea
level.

While conducting reconnaissance along the planned profile
line, a layer of weakly cemented beachrock was discovered
between the beach and the wooded dunes (Figure 3). The base
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Figure 3. (a) View north along the beach, near the line of the elevation profile. The beachrock lies between the modern beach and the wooded dunes. The highest
exposure of beachrock is ~2.5 m above the beach. (b) View west showing the heavily pitted beachrock where large rounded cobbles have been weathered out of the
rock. (¢c) Sample of lower beachrock showing gravel- and coarse-sand-sized clasts and whole shells. (d) Sample of mid beachrock (about 1.25 m above the beach)
showing coarse sand and abundant coarse shell fragments. (e) Sample of upper beachrock (about 2.5 m above the beach) showing finer sand and finer shell

fragments. Ruler has mm and inch divisions.

of the beachrock coincides with the top of the modern beach; the
top of the beachrock is estimated to be 2.5 m higher within the
wooded dunes, where small outcroppings of beachrock emerge
from the dune sand. The estimated elevations of the intertidal
flats, modern beach, beachrock, and wooded dunes have been
added to the elevation profile in Figure 2.

No plant remains could be found in the beachrock, so small
shells were collected from the lower part of the beachrock for
radiocarbon dating. Reworking of shells is a common
problem that affects the accuracy of radiocarbon age
determinations of littoral deposits. To improve the chances
of obtaining an accurate age of the beachrock, three whole
shells were collected for radiocarbon dating from the same
small piece of beachrock (Figure 3c). Whole, small, unabrad-
ed shells were selected on the assumption that these delicate
shells would not survive substantial reworking and would
more closely date the time of deposition of the beachrock
sediments. Radiocarbon ages were calibrated using the Calib
Radiocarbon Calibration Program and marinel3.14c¢ calibra-
tion dataset (Reimer et al., 2016).

RESULTS

The sand layer in the subsurface of the marsh at core site V3
meets many of the criteria for a washover sand layer deposited
by a typhoon storm surge. Visually, the sand forms a distinct
layer that is sandier and lighter in color than the enclosing
muddy marsh deposits. The sand layer contains abundant well-
rounded small shell fragments that are not visible in any other
part of the 0.9-m-long core. The basal contact of the layer is very
sharp and is marked by an abrupt drop in sand content, from
60% at the base of the sand layer to 21% in the immediately
underlying marsh deposit. Moisture content and organic
content are lower in the sand layer than in any other part of
the core. Carbonate content reaches a peak within the sand
layer, probably reflecting the abundant shell content. Sand
content throughout the layer is higher than in any other part of
the core, with the exception of a single sample at 65-cm depth,
which could be the result of downward bioturbation of sand by
burrowing organisms (Figure 4).

Assuming that the thin sand layer found in gouge core 6 is
part of the same washover deposit found in core V3 suggests an
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Figure 4. Results of analyses of core V3. Depths are uncompacted depths. Approximate locations and ages of radiocarbon-dated samples are shown (ages are
midpoints of 20 calibrated age ranges). White dashed lines approximate upper and lower contacts of sand layer.

extensive sand sheet extending over at least 150 m of the
former marsh surface. The occurrence of this sand layer at only
two of nine core sites indicates that the washover deposit is not
continuous, but rather that it has a “patchy” distribution,
similar to the distribution of washover sand deposited by
Hurricane Rita in a Louisiana coastal marsh, as reported by
Williams (2013). Reasons for this uneven distribution of the
washover deposit could possibly include the following: the sand
preferentially filled in low spots on the marsh surface; lobes of
washover sand covered some parts of the marsh surface but not
others; or thinner washover deposits, in some cases, have been
rendered unrecognizable by bioturbation. The abundant shell
fragments in the sand layer and the presence of the sand layer
in cores nearer the coast, but not in the five cores farthest from
the coast, argues against a fluvial source and for a marine
source of the sand.

All samples from core V3 were examined for foraminiferal
microfossils, but none were found in any of the samples. This is
not uncommon in sandy washover deposits because delicate
foraminiferal tests can be destroyed by abrasion and dissolu-
tion (Haslett, Bryant, and Curr, 2000; Horton, Rossi, and
Hawkes, 2009; Murray, 1973). The samples collected for
radiocarbon dating returned radiocarbon ages of 575 + 27,

310 *= 27,1729 + 39, and 2858 + 28 YBP from uncompacted
depths of 52 ¢cm, 57 cm, 69 cm, and 88 cm, respectively (Figure
4; Table 1).

Characteristics of the beachrock vary with elevation and
closely match characteristics of the modern beach and tidal flat.
The lower beachrock contains rounded pebbles, gravel-sized
clasts and coarse sand, and whole and fragmented shells
(Figure 3c). All of these features can be found in the modern
tidal flat. The middle part of the beachrock has well-sorted
coarse sand and coarse shell fragments and is similar in
character to the lower part of the modern beach (Figure 3d).
The upper beachrock contains well-sorted finer sand and shell

Table 1. Radiocarbon dating results.

Radiocarbon Calibrated age
Sample ID Description age YBP YBP 26 limits
BR1 Beach rock shell 4858 * 47 5003-5304
BR2 Beach rock shell 3887 = 31 3733-3980
BR3 Beach rock shell 3524 + 42 3318-3550
V3-52 Core sample 575 = 27 532-645
V3-57 Core sample 310 + 27 302-460
V3-69 Core sample 1729 + 39 1549-1722
V3-88 Core sample 2858 * 28 2880-3063
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Figure 5. Sea-level curve in the Song Hong delta region during the past 8000
years (modified from Tanabe [2003]).

fragments, matching the character of the upper modern beach
(Figure 3e). The shells taken from the lower beachrock
returned radiocarbon ages of 4858 + 47, 3887 + 31, and 3524
+ 42 YBP (Table 1).

DISCUSSION

The variation in ages of the three shells collected from the
beachrock suggests that the two older shells are probably
reworked. The beachrock cannot be older than the maximum
age of the youngest shell (3550 cal. YBP), and this age is
tentatively assigned to the beachrock. The beachrock
resembles the modern beach and tidal flat and is interpreted
as a beach deposit that formed approximately 3550 cal. YBP
during the previously documented sea-level highstand.
Following the fall of sea level in the late Holocene, the
beach deposit became supratidal and weakly cemented,
probably by carbonates in sea spray (Kelletat, 2006). The
lower beachrock is clearly undergoing erosion and is almost
certainly truncated. The upper beachrock is more sheltered
from weathering and erosion because it is above the reach of
normal tides and waves. Because the upper beachrock
closely resembles the upper modern beach and is elevated
2.5 m above it, it represents a 2.5-m-higher sea level no older
than 3550 cal. YBP.

A mid-Holocene highstand, representing the culmination of
the Post-Glacial Marine Transgression, is widely documented
in Southeast Asia, including the Thai-Malay Peninsula
(Horton et al., 2005; Tjia, 1996), Gulf of Thailand (Choowong,
2002; Choowong et al., 2004; Sinsakul, 1990, 1992; Somboon
and Thiramongkol, 1992), Andaman Sea (Scheffers et al.,
2012), Singapore (Bird et al., 2007, 2010; Hesp et al., 1998), and
the Straits of Malacca (Geyh, Kudrass, and Streif, 1979; Streif,
1979). In southern Vietnam, beachrock outcrops have been
used to reconstruct Holocene sea-level changes (Stattegger et
al., 2013). These studies found evidence of rapid sea-level rise
in the early Holocene, culminating in the mid-Holocene
highstand, followed by the gradual fall of the sea to its present
level. The studies also reveal considerable spatial variability in
the magnitude of the highstand, from 1.5 to 5 m, probably
reflecting hydroisostatic effects (Horton et al., 2005).

In Northern Vietnam, studies of archaeological sites at Da
But (Nishimura, 1993), marine notches at Ha Long Bay and

Ninh Binh (Lam and Boyd, 2001), and marine terraces on the
Song Hong delta (Tran and Ngo, 2000), suggest that the sea
reached its present level 8000—7000 cal. YBP, continued to rise
and stabilized at a highstand of 2—-3 m between 6000 and 4000
cal. YBP, and then fell to its present level from 4000 to O cal.
YBP. Given the apparent paleoelevation of sea level recorded
by the beachrock (2.5 m) and the beachrock’s maximum age of
3550 cal. YBP, the dated beachrock probably formed between
about 3100 and 3550 cal. YBP, when sea level in the study area
was 2.5 m higher than today (Figure 5).

It is tempting to conclude that the apparent washover deposit
in core V3 was formed by typhoon overwash during the mid-
Holocene sea-level highstand when the relative height of the
coastal barrier may have been 2.5 m lower than today; however,
the radiocarbon ages from core V3 do not support this
interpretation. The dated sample collected from 52-cm depth
immediately below the sand layer suggests that its age is
around 589 cal. YBP. The reliability of the radiocarbon dates is
uncertain; it may be that the dated materials from the core were
contaminated by roots or bioturbated by burrowing organisms;
for example, the dates of 589 cal. YBP and 381 cal. YBP are
clearly “inverted” (older age above younger age) (Figure 4).
However, it seems unlikely that all four dates are erroneously
“young,” and the sand layer is most likely late Holocene in age.

The relatively young age of the sand layer suggests that
typhoon overwash may have occurred in the late Holocene,
perhaps around 589 cal. YBP, and emplaced the sand layer
in the marsh. Sea level would have been close to its present
level at this time (Figure 5), and if the coastal barrier was at
the same height as today, this would imply an exceptionally
large storm surge capable of transporting littoral sands over
a ~6.4 m barrier. The dimensions of the coastal barrier in
past centuries and millennia are unknown. Although the
beachrock was presumably in place by ~3100 cal. YBP at the
latest, the wooded dunes may have formed after emplace-
ment of the washover sand layer. If this was the case, the
coastal barrier may have been ~2 m lower when overwash
occurred, and a correspondingly smaller storm surge could
have transported the sand over the barrier and into the
marsh (Figure 2).

Another possibility is that the sand layer in the marsh was
deposited by a tsunami wave that overtopped the coastal
barrier. There are historical accounts of tsunami waves
striking the coast of Vietnam (Vu and Nguyen, 2008). An
account from the late 19%/early 20" century describes a wave
more than 3 m in height overwashing the coast in Dien Chau
District, a few kilometers north of the study area. The wave
occurred on a calm day and caused inundation of greater than
1.5 m depth, extending over 1 km inland. In the absence of
known earthquakes in the region during that time period, a
nearby submarine landslide has been suggested as the possible
source of the tsunami (Nguyen et al., 2007). It is unlikely that
the sand layer uncovered in the marsh records this very recent
tsunami, but it may have resulted from an earlier tsunami in
the same region.

CONCLUSIONS
Beachrock found in the study area records a beach that
formed between ~3100 and 3550 cal. YBP and indicates a 2.5-
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m-higher sea-level at that time. This finding is in good
agreement with other studies of a mid-Holocene sea-level
highstand in Northern Vietnam. The relatively thick sand and
shell layer found in the subsurface of the freshwater marsh is
tentatively identified as a washover deposit. The sandy texture
of the deposit and abundant shell content suggest that the
adjacent tidal flats, beach, and dunes were likely sources of
sediment. The sharp basal contact of the sand layer suggests it
resulted from an abrupt, short-lived depositional event that
deposited an anomalous sand layer over a distance of at least
150 m on the marsh surface. The occurrence of the sand layer in
cores nearer the coast, but not in cores farther inland, and the
shell content rule out a fluvial flood origin. The age of the
washover deposit is uncertain; radiocarbon-dated material
immediately below the sand layer suggests it is about 589 cal.
YBP, but the presence of inverted dates in the core suggests
some uncertainty in ages, most likely resulting from contam-
ination by roots or sediment displacement caused by bioturba-
tion. Based on the four radiocarbon dates obtained from the
core, the sand layer is most likely late Holocene in age and was
emplaced when sea level was at, or close to, its present position.
Overwash could have been accomplished by an exceptionally
large storm surge that overtopped the coastal barrier in the late
Holocene when barrier height was presumably similar to its
height today. An alternative explanation is that the washover
deposit resulted from a tsunami wave that overtopped the
coastal barrier. There are historical accounts of tsunami waves
in the vicinity of the study area, possibly caused by nearby
submarine landslides. If the core records about 3000 years of
sedimentation, the lack of other recognizable washover
deposits in the core suggests that overwash of a magnitude
that formed the sand layer is a rare event at this site. Given the
lack of information on prehistoric washover deposits in
Vietnam, further research at this site is warranted to better
define the stratigraphy and age of the apparent washover
deposit.
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