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A 100-year history of human and natural disturbances in southwestern Taiwan was reconstructed using a
suite of molecular markers in four dated sediment cores from the upper slope region off the Gaoping
River mouth. Trends in polycyclic aromatic hydrocarbons (PAHs) tracked Taiwan’s industrialization/

Keywords: urbanization starting in the 1970s, and the enactment of environmental regulatory policies thereafter.
Polycyclic aromatic hydrocarbons The predominant pyrogenic sources include vehicular, smelter, and coal combustion but spatial
Lignin

differences are observed among sub-regions of the shelf. Profiles of lignin oxidation products (LOPs) point
to a significant increase in terrestrial organic matter inputs driven by land development after the 1970s.
Low lignin diagenetic signature ratios [(Ad/Al),] in all sediments suggest quick transport of fresh plant
material from land to sea via mountainous rivers. Shifts in PAHs, LOPs, and radionuclides in recent
sediments reveal the deposition of turbidites resulting from typhoon-induced floods. Multiproxy analysis
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illustrates the interplay between anthropogenic activities and natural processes.
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1. Introduction

Local, regional, and global environmental changes can be driven
by dramatic historical shifts in the functioning of human society,
such as the industrial revolution, rapid growth in human popula-
tion, resource extraction and utilization, and recent environmental
management practices (Syvitski et al., 2005; Steffen et al., 2007). To
understand the history of these human footprints and evaluate the
potential anthropogenic impacts to the environments on a large
scale, well-preserved natural archives such as ice or sediment cores
have proven useful (Van Metre et al., 2000; McConnell et al., 2007,
Brandenberger et al., 2008, 2011; Kuo et al., 2011b; Louchouarn
et al., 2012). These archives also serve as excellent media for the
assessment of natural perturbations including episodic events
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(wildfire, extreme weather, etc.) and long-term climate oscillations
(Marlon et al., 2009; Brandenberger et al., 2011; Kuo et al., 2011b).
Such historical reconstructions allow the benchmarking and long-
term assessment of environmental policies/strategies and their
influence on reducing the impacts of environmental changes.

To delineate different processes (transport pathways, transfor-
mations) and source inputs in environmental archives, different
classes of molecular markers are powerful tools because (1) they
often are tied to specific sources; (2) change in their internal signa-
tures may be linked to specific alteration processes (bio and phys-
icochemical degradation) or more specific source information; and
(3) they can be detected at trace levels (high sensitivity). For exam-
ple, the presence of specific molecular constituents of the polycy-
clic aromatic hydrocarbons (PAHs) in the environment can often
be correlated with local/regional human activities because they
are primarily produced from the incomplete combustion of specific
fuels or processes (Hites et al., 1980; Van Metre et al., 2000; Fang
et al., 2007; Kuo et al., 2011b; Louchouarn et al., 2012). Although
PAHs may also be derived from petrogenic (oil seepage or spills)
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or biogenic (diagenesis) sources, the distinct compositional signa-
tures and the applications of diagnostic ratios allow for contami-
nant source discrimination (Yunker et al, 2002; Jiang et al,
2009), making them ideal markers of the changing impact of indus-
trial and urban activities over the years. Other markers can help
characterize natural processes (e.g. transfer of organic matter in
watersheds, wildfires) and understand the role and potential influ-
ence of human activities on such processes. For example, oxidation
products of lignin, the second most abundant biopolymer after cel-
lulose, are important markers of vascular plants and help trace nat-
ural and human-driven inputs of terrestrial organic carbon to soils
and aquatic systems (Hedges et al., 1982; Louchouarn et al., 1999;
Goiii et al., 2000; Farella et al., 2001; Houel et al., 2006; Kuo et al.,
2008b; Brandenberger et al., 2011). Anhydrosugars (levoglucosan
and its isomers) are byproducts of cellulose combustion and thus
are specifically tied to plant biomass combustion (Kuo et al.,
2008a, 2011a; Louchouarn et al., 2009). Therefore, their presence
in environmental archives can help reconstruct climate or human
induced fire events (Kuo et al., 2011b).

Taiwan experienced rapid population and economic growth in
the past five decades. A recent survey revealed that the population
density of Taiwan (640 Pop. km~2) is the 2nd highest in the world
among countries with population over 10 millions (Interior
National Indicators, Ministry of the Interior, 2014). The issue of
population density is exacerbated at the regional level, since most
people live in the west coastal plains. Kaohsiung City, the largest
industrial city in Taiwan, is located in the southwest coastal plain,
north of the Gaoping River (GPR) mouth. GPR is characterized as a
mountainous river draining the largest watershed (3257 km?) in
Taiwan resulting in a very high sediment yield (1.5 x 10%-
ton km~2 yr~!), with sediment discharge (49 Mtyr~!) to the sea
happening mainly during the rainy season (June-October)
(Dadson et al., 2003). The combination of intense urban/industrial
development and large and rapid transfer of materials through sur-
face runoff along the southwest coastal zone thus suggests that the
coastal zone receives large inputs of natural/anthropogenic sub-
stances from point and nonpoint sources through river discharge.
Our earlier investigations on the spatial distributions of sedimen-
tary PAHs in the surface sediments of this coastal zone have shown

that sediments carried clear signatures of local/regional pollution
source inputs, which were linked, in some instances, to extreme
flood events resulting from typhoons (Fang et al., 2007; Jiang
et al., 2009; Lin et al., 2013).

In the present study, four dated sediment cores from the coastal
margin off southwestern Taiwan were used to elucidate the history
in the past 100 years of regional human development, pollution,
and extreme weather events. These sediment cores are located in
two major depositional lobes flanking the Gaoping Submarine Can-
yon (GPSC), ~1 km seaward off the GPR mouth (Huh et al., 2009)
and thus they are considered good archiving materials for detailed
historical trend reconstructions for this region. Two distinct classes
of molecular markers, PAHs and lignin oxidation products (LOPs),
were used to provide insights into the historical inputs of anthro-
pogenic and natural substances. An analysis of spatial differences
along the coast is also made through comparison of these four
cores. To our knowledge, this is the first report of detailed cen-
tury-long records of hydrocarbon and lignin inputs to the coastal
shelf of southwestern Taiwan.

2. Materials and methods
2.1. Sample collection

The study area and sampling sites are shown in Fig. 1. Four sed-
iment cores were collected on the upper slope off the Gaoping
River mouth using a box corer onboard research vessel R/V Ocean
Researcher-I (OR1) in cruises #OR1-789 (core L10) and #0R1-791
(cores 126, L30, and X1) during April 2-14, 2006. Cores L26 and
L30 were located north of Gaoping Submarine Canyon (GPSC),
whereas X1 and L10 were to the south of GPSC. The water depths
at the sampling sites ranged from ~300m (cores L26, X1) to
~670 m (cores L10, L30). After collection, subcores were immedi-
ately taken and sectioned at 2-cm intervals throughout the entire
core (total length: 32, 40, 34, 42 cm for L10, L26, L30, X1, respec-
tively). The sectioned sediments were placed into pre-combusted
(450 °C for 4 h) amber glass bottles and stored at —20 °C. Sedi-
ments were later thawed, filtered through a 1 mm sieve to remove
large detritus, shells and pieces of gravel, and then freeze-dried.
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Fig. 1. Locations of four sediment cores used in this study.
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2.2. Sediment dating

As described in Huh et al. (2009), the dried samples were
weighed and transferred to plastic counting jars for non-destructive
analysis of 2'°Pb and '*’Cs using gamma spectrometry. For this
study, we used an HPGe detector (ORTEC GMX-100-230) interfaced
to a digital spectrometer (DSPec Plus®). Activities of 2'°Pb and
137Cs were determined from the count rate of gamma-ray energies
at 46.52keV and 661.62 keV, respectively. In addition, 2'“Pb
(351.99 keV) was also measured as an index of supported 2!°Pb,
which should be subtracted from the measured 2'°Pb so as to
obtain excess 2'°Pb as a sediment chronometer.

2.3. PAHs analysis

Dry sediments were extracted using dichloromethane using an
accelerated solvent extractor (Dionex ASE 300). Prior to extraction,
samples were spiked with perdeuterated PAHs surrogates (dg-
naphthalene, dio-fluorene, dio-fluotanthene, d;,-perylene). The
ASE extraction cell was packed with 6% deactivated aluminum
oxide, glass wool, and sediment-anhydrous sodium sulfate mix-
ture. The obtained extracts were treated with activated copper
wool and further concentrated to about 0.5 mL using rotary evap-
orator and nitrogen blow-down. Right before analysis, a mixture of
perdeuterated PAHs, dip-acenaphthene, dio-phenanthrene, di,-
benzo(a)anthracene, d;,-benzo(a)pyrene, and d;,-benzo(g,h,i)per-
ylene was added to each extract as an internal standard.

PAHs were identified and quantified using a gas chromatogra-
phy-mass spectrometer (Agilent 6890-5973N) operated under
selected ion-monitoring mode. A HP5-MS capillary column
(30 m x 0.25 mm i.d., 0.25 pm thickness) was used, with the GC
oven temperature programmed from 50 °C to 280 °C at 10 °C/min
and then 280-310 °C at 5 °C/min. The injector temperature was
310°C and helium was used as carrier gas. Data were acquired
and processed with the Agilent ChemStation software. Each PAH
was identified by its retention time relative to the internal stan-
dards and quantified by comparing the integrated area of the
molecular ion chromatogram to that of the internal standard. Fifty
PAHs (Table S1) were quantified in the present study.

Average percentage recoveries of PAHs surrogates were 60 + 4%,
79 +4%, 84+4%, and 70+5% for dg-naphthalene, dio-fluorene,
dqo-fluotanthene, and d,,-perylene, respectively. To avoid overesti-
mation, the PAH concentrations presented in this study were not
corrected for surrogate recoveries. Along with each batch of
samples, a standard reference material SRM 1941b (Organics in
marine sediment, National Institute of Standard Technology,
Gaithersburg, MD, USA) was also analyzed for quality assurance
and control. The average PAH recovery of the SRM was 90 + 29%.
The relative percentage differences (RPD) of the duplicate analysis
of selected sediment sections were within 11%.

2.4. Lignin analysis

For cores 126, L30, and L10, lignin analysis was performed
according to the CuO oxidation method originally developed by
Hedges and Ertel (1982) with modifications according to
Louchouarn et al. (2000, 2010). Briefly, a sediment amount provid-
ing 2-4mg OC was oxidized under alkaline conditions with
330 mg CuO at 155 °C for 3 h in pressurized stainless steel mini-
reaction vessels (3 mL; Prime Focus Inc.). Upon oxidation, the lig-
nin macropolymer was hydrolyzed to eight small structural units
belonging to three classes of methoxyl phenols: vanillyl (V),
syringyl (S), and cinnamyl (C). The resulting lignin oxidation prod-
ucts (LOPs) were derivatized with N,0-bis(trimethylsilyl)trifluoro-
acetamide (BSTFA) containing 1% trimethylchlorosilane (TMCS).
Separation and quantification of LOPs were performed on a Varian

Ion Trap GC/MS system (3800/4000L) fitted with a fused capillary
column (VF-5MS, 60 m x 0.25 mm i.d.; Varian Inc.). Each sample
was injected under splitless injection mode with He as the carrier
gas. The mass spectrometer was operated in the electron impact
full scan mode. Compound identification was performed using col-
umn retention times and by comparing all spectra to those pro-
duced by commercially available standards. Quantification was
performed using relative response factors adjusted to trans-
cinnamic acid as the internal standard. Replicate analyses of NIST
SRM 1941b (n=14) showed that the analytical precision of the
major CuO-oxidation products and related parameters averaged
~5% with sample precision ranging 5-10%.

2.5. Multivariate analysis

The PAHs data set was analyzed with hierarchical cluster anal-
ysis (HCA). HCA was used to emphasize natural grouping in the
data set. Squared Euclidean distance measurement and Ward’s
method were used (Savinov et al., 2000) in the present study.

3. Results and discussion
3.1. Radionuclide profiles

Unsupported 21°Pb activities in the sediment cores are shown in
Figs. 2 and S1. Abnormally low 21°Pb activities were observed in
the surface sediments in all four cores. The low 2!°Pb sediment lay-
ers are more significant and thicker in the northern cores (L26, L30;
~6 cm) than in the southern cores (X1, L10; ~4 cm). One year
before the cores were sampled, Taiwan was impacted by super
typhoon “Haitang”, which brought heavy rainfall in the GPR drain-
age basin and caused severe floods over southwestern Taiwan. A
three-day cumulative rainfall of 1226 mm was recorded at Alishan
weather station, near the headwater of GPR (Huh et al., 2009).
Extremely high daily discharge (up to 10,467 m®>s~') and sus-
pended sediment concentration (up to 35,000mgL~') were
observed in GPR over that period (7/17/05-7/20/05, Fig. S2). These
low 21°Pb surface sediments thus are likely representative of the
flood layer deposited during this typhoon event. Huh et al.
(2009) detected significantly depleted 2'°Pb and appreciable
short-lived "Be (~0.5 dpm/g), a useful tracer for flood sedimenta-
tion, in the surface sediments of core X1. The existence of the
low 21°Pb activities in these cores thus point to the rapid accumu-
lation of fluvial sediments via gravity flows (turbidite deposits)
triggered by typhoon-induced storm flood from GPR, a phenome-
non also found in another mountainous river (Liwu River) in north-
eastern Taiwan (Hilton et al., 2008). The significantly thicker
turbidite layer in the northern cores is consistent with the observa-
tion that sediments transport on the shelf outside of the submarine
canyon is predominantly northwestward (Liu et al., 2002).

Below the flood layers, unsupported 21°Pb activities in all four
cores decrease exponentially (Figs. 2 and S1), suggesting steady
sediment accumulation during the period covered. However, sig-
nificant shifts in the slope of excess 2!°Pb (21°Pb,,) vs. cumulative
mass were observed in the two near-shore cores (L26, X1). Both
cores have higher accumulation rates in the upper half (L26:
1.24 gcm 2 yr! from 6 to 24 cm depth; X1: 1.64 g cm 2 yr~! from
4 to 18 cm depth) deposited since the 1980s and lower rates in the
lower half (L26: 0.35 gcm 2 yr'; X1: 0.41 gcm 2 yr!). In the two
distal cores (L30 and L10), sediment accumulation rates were con-
sistent throughout the entire core length (L30: 0.25 gcm 2 yr 1;
L10: 0.17 gcm 2 yr ). Significantly elevated sediment accumula-
tion rate in L26 and X1 since the 1980s might result from increased
land development in the Gaoping River catchment leading to
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Fig. 2. Unsupported 2'°Pb and '*’Cs profiles in cores L26 and X1.

enhanced erosion of soils and hence sediment transport by the
river (Syvitski et al., 2005; Horng et al., 2009; Huh et al., 2011).

3.2. PAH profiles

3.2.1. Concentrations and fluxes

Total PAHs (tPAHsg) profiles including concentrations and
fluxes are shown in Fig. 3. Down-core tPAH5q concentrations for
all four cores are within a range of 500-1000 ng g~ dw, except
for one extremely high point (1887 ng g~' dw) in L30. Due to the
distinct sediment accumulation rates in these four cores, the use
of accumulation flux is more appropriate for the assessment of
PAH inputs at these sites. As shown in Fig. 3, L26 has the highest
down-core tPAHs, fluxes (236-1221ngcm 2 yr~ '), followed by
X1 (227-1005ngcm 2yr 1), L30 (136-471ngcm 2yr '), and
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L10 (87-153 ng cm 2 yr~!). Evidently, the near-shore cores (L26,
X1) have higher tPAHsq fluxes than the two distal cores (L30,
L10), but the fluxes in the northern cores are also relatively higher
than those in the southern cores (L26 > X1; L30 > L10). Such differ-
ences may result from a combination of source strength, as well as
sediment and atmospheric transport (Liu et al., 2002; Fang et al.,
2007, 2009). In order to conduct a fair comparison with reported
sedimentary PAH data from other marine systems in the world,
we calculated the fluxes of US EPA 16 priority PAHs (tPAH;e)
(Fig. 3), which range from 64-385, 58-301, 38-300, and 22-
40ngcm~2yr~! for 126, X1, L30, and L10, respectively. The
down-core tPAH ;5 fluxes in L26, X1, L30 are comparable to the val-
ues of sediment cores from the Yellow Sea (~50-250 ng cm 2 yr ')
and the South China Sea (~100-250 ng cm~2yr~!) reported in a
recent study (Liu et al., 2012), but are much higher than those from
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Fig. 3. Temporal trends of total PAHs concentrations and fluxes at core sites L26, L30, X1, and L10.
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the East China Sea (6-34 ng cm 2 yr~!, Guo et al., 2006) and south-
ern Lebanese continental margin (1-6 ng cm~2 yr!, Azoury et al.,
2013).

3.2.2. Historical trends

In general, the historical trends of tPAHsq and tPAH;¢ fluxes are
similar in the four cores (Fig. 3). Accumulation fluxes of PAHs
remained low until the 1970s with one peak observed from the
1930s to the early 1940s. This latter peak could be attributed to
the construction of a Japanese naval base at Dapeng Bay, located
south of the Gaoping River mouth, in the 1930s and the later
bombing of the area during WWIL. Since the mid-1970s the PAH
fluxes increased and reached the down-core maxima near the
mid-1990s in the northern cores (L26 and L30), while the southern
cores (X1 and L10) registered their highest fluxes in the 1980s fol-
lowed by relatively consistent fluxes through the 1990s. The onset
of PAHs increase in the mid-1970s is synchronous with Taiwan’s
“Ten Major Construction Projects”, in which three projects includ-
ing ship building (the China Ship Building Corporation), steel mak-
ing (the China Steel Corporation), and petrochemical industry were
all located to the north of Gaoping River mouth (at Linhai and Liny-
uan Industrial Parks). The period during the 1970s-1980s can be
seen as a significant industrialization era of this region. In Kaoh-
siung City, both population and vehicular number have increased
continuously since the early 1980s (Fig. S3). The population in
Pingtung County, south of Gaoping River mouth, reached a plateau
in the early 1990s but is an order of magnitude smaller than the
population of the Kaohsiung City. Although the vehicular number
in Pingtung County doubled from the 1980s to the 2000s, it
remained consistently three times lower than that of Kaohsiung
City (Fig. S3b). This might explain the difference in PAH profiles
between the northern and southern cores. After the peak in the
1990s, a decrease of PAH towards the 2000s can be observed in
L26, L30, and L10. This is probably due to the enactment of stricter
environmental policies since the 1990s such as the Regulation in
Air pollution Control Equipment in Vehicle (enacted in 1993) and
Marine Pollution Control Act (enacted in 2000; Taiwan EPA
website). However, based on PAH signatures (to be discussed
later), the low PAH concentrations in surface sediments may also
be attributed to the quick accumulation of storm-driven mud lay-
ers in recent years.

It is worth noting that Horng et al. (2009) applied magnetic and
petrographic analyses on sediment cores L26 and X1 to elucidate
the historical inputs of magnetic minerals derived from human
activities including air pollution history of Kaohsiung City. The
down-core profiles of both low-field magnetic susceptibility and
saturation isothermal remanent magnetizations (SIRM) in the
two cores pointed to a significant peak in the mid-1990s in L26
and a hump in the mid-1980s in X1. These peaks were attributed
to the significant inputs of anthropogenic hematite, which might
be derived from industrial and vehicular fly ashes. The general
trends from magnetic analysis are very similar to the PAH trends
in the present study: very low before the 1970s, followed by a sig-
nificant increase in the 1980s, a peak during the 1980s-1990s and
a decrease after the peak. In the surface sediment layers, magnetic
minerals are dominated by pyrrhotite, suggesting more rapid
deposition of sediments derived from the metamorphic terrain in
the Central Range during typhoon Haitang.

The timeframe of the PAH maxima in the studied cores
(1980s-1990s) is similar to that recorded in the Yellow Sea (Liu
et al, 2012) and slightly later than that (early 1980s) seen in
Tokyo Bay (Yamashita et al., 2000). The timing of the PAH max-
ima in the western Pacific margin is very different from those
reported in North America and Europe (spanning from the early
1920s to the late 1950s; Lima et al., 2003; Yan et al., 2005;
Elmquist et al., 2007; Kuo et al., 2011b), demonstrating different

schedule in industrialization and energy use. While the major
PAH decreases in North America and Europe were often attrib-
uted to the change of energy consumption pattern from coal to
petroleum, it was not the case for countries/regions with rela-
tively late development. In Taiwan, petroleum consumption has
surpassed coal consumption since the early 1980s and both coal
and petroleum consumptions Kkept rising into the 2000s
(Fig. S4). In addition, the coal consumption in coal-fired power
plants in Taiwan also continuously increased until ~2005
(Energy Statistics Handbook 2012). Apparently, the trend of
energy usage is not an overarching factor controlling the PAHs
profiles observed here, especially in recent years. Environmental
policies and improved combustion technologies may have played
more important roles in reducing PAH emissions in Taiwan.

3.2.3. Potential PAH sources

PAH diagnostic ratios have been shown to be useful for PAH
source identification in environmental samples (Laflamme and
Hites, 1978; Dickhut et al., 2000; Yunker et al., 2002; Jiang et al.,
2009; Kuo et al., 2011b; Louchouarn et al., 2012). The usefulness
of a number of proposed diagnostic ratios has been further
evaluated in various matrices and even specific regions (Yunker
et al., 2002; Jiang et al., 2009). Especially relevant to our work is
the conclusion of Jiang et al. (2009) that the ratio of phenanthrene
to anthracene (Phe/An; pyrogenic with value <10, petrogenic with
value >15) is a very sensitive indicator for petrogenic/pyrogenic
source discrimination in a broad coastal area off southwestern
Taiwan. As shown in Fig. 4, all our cores have high Phe/An values
(20-30) in deep sediments before 1975 suggesting predominant
petrogenic sources. After 1975, the Phe/An values in cores L26,
L30, and X1 moved toward pyrogenic sources and peaked synchro-
nously with total PAHs maxima (Fig. 3). In contrast to other cores,
L10 shows petrogenic PAH inputs throughout the core. In fact, pyro-
genic inputs to the two southern cores (X1, L10) were lower than to
the two northern cores (L26, L30). This is consistent with the obser-
vations from Fang et al. (2007) that sediments from the southeast-
ern shelf (south of GPR mouth) receive a lower proportion of
pyrogenic PAHs than sediments in the northwestern shelf (north
of GPR mouth). After the 1990s peaks, the Phe/An values of all four
cores moved back to more petrogenic-dominated signatures.
Another useful diagnostic ratio BaA/228 (Benzo[a]anthracene/
Benzo[a]anthracene + Chrysene + triphenylene; >0.35: pyrogenic,
<0.2: petrogenic) also shows similar PAH source signatures for the
four cores, lending further support to the interpretation derived
from the Phe/An ratios (Fig. S5).

The strong petrogenic signatures in the surface sediments in
cores L26 and X1 are intriguing (Phe/An values are similar to the
pre-1975 sediments). Although the environmental policies and
energy consumption pattern have been documented as a main
driver of reduced PAH inputs to the environment (Lima et al.,
2003; Elmquist et al., 2007; Kuo et al., 2011b), the development
of human society could still prevent PAH signatures from returning
to early-time petrogenic sources. Indeed, population and vehicular
numbers continue to grow in Kaohsiung City (Fig. S3). The
dramatic change of PAH sources thus may be the results of unique
episodic events. Recently Lin and co-workers (2013) analyzed
the PAH signatures of particulate materials deposited in a sediment
trap in the Gaoping Submarine Canyon during a typhoon event.
They observed a significant change in PAH signature from pyro-
genic at the beginning of the flood to predominantly petrogenic
by the end of the typhoon event. This later signature was suggested
to be from background (pristine) sediments in GPR catchment
transported by strong typhoon-induced flood. The reduced PAH
concentrations and shifts to petrogenic signatures in surface layers
of the sediment cores of the present study may thus result from the
remobilization and rapid deposition of background sediments from



L.-J. Kuo et al./Marine Pollution Bulletin 86 (2014) 244-253

Phe/An

20 30

40

2005 -

1990 -+

1975

1960 -

1945 -

1930 -

1915 4

Approximate Year

1900 A

1885 |

—-L26
1870

1855 - o0

1840

Pyrogenic Petrogenic

249

Phe/An
0 10 20

2005 -

30 40

1990 +

1975 |

1960 -

1945 4

1930 -

1915 A

1900 -

1885 -

—*—L10
1870 A

1855 -

1840

Pyrogenic Petrogenic

Fig. 4. Vertical profiles of ratio of phenanthrene to anthracene (Phe/An) in cores L26, L30, X1, and L10.

GPR catchment rather than any recent improvements in contami-
nant emissions in the region. Results of hierarchical cluster analy-
sis (HCA) also support the earlier interpretations of the Phe/An
profiles (Fig. S6). The two near-shore cores (L26 and X1, in
Figs. S6a and b, respectively) each have three major cluster groups
showing distinct PAH signatures between surface sections, the mid
layers (at the PAH maximum), and the deep sediments.

We further evaluated the potential PAH sources in sections of
cores L26, L30, and X1 where pyrogenic signatures are at their
maximum (based on Ph/An ratio) via property-property plot of
isomer pairs benzo[a]anthracene to chrysene + triphenylene
(BaA/Chy) vs. indeno[1,2,3-c,d|pyrene to benzo[g,h,i]perylene (IP/
BghiP) (Dickhut et al., 2000). Jiang et al. (2009) suggested that
BaA/Chy - IP/BghiP plot offers a strong potential for pyrogenic
source discrimination in coastal sediments off SW Taiwan. The
results show that vehicular and smelter combustion contributed
equally to core L26; while core X1 was influenced more by smelt-
ers (Fig. 5). Signatures of vehicular combustion also contributed to
most of core L30 except at two intervals (4-6 and 6-8 cm) that
showed very distinct signatures from coal combustion. The 6-
8 cm section, with extremely high BaA/Chy and IP/BghiP values
(1.9 and 1.5, respectively), also contains the highest PAH concen-
tration (tPAH;s = 1202 ng/g dw). The major individual PAHs in this
sediment interval are fluoranthene, pyrene, benzo[a]anthracene,
benzo[b]|fluoranthene, benzo[a]pyrene, and indeno[1,2,3-c,d]|pyr-
ene, which are often predominant in coal combustion emissions
(Dickhut et al., 2000; Larsen and Baker, 2003). The combustion
sources inferred from the property-property plot (vehicle, smelter,
coal) are consistent with the industrial activities of the region
(steel making, coal-fired power plant, etc.) and with earlier obser-
vations of Jiang et al. (2009).

Vertical profiles of perylene in the cores are also worth noting.
Perylene was suggested to be generated mainly from post-
depositional anaerobic diagenesis of biogenic precursors, either
from terrestrial or aquatic sources (Wakeham et al, 1979;
Venkatesan, 1988; Jiang et al., 2000; Silliman et al., 2000). It may
also be produced from combustion processes but in much lower
abundance than other penta-aromatics PAHs (benzo[b]fluoranthene,
benzo[k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene). The ratio
of perylene to the sum of penta-aromatics PAHs was proposed as

Coal
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®| 26
@130
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0.2 4 Wood
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Fig. 5. Specific PAH isomer ratios: Benzo[a]anthracene to Chrysene + triphenylene
(BaA/Chy) vs. Indeno[1,2,3-c,d]pyrene to Benzo[g,h,i]perylene (IP/BghiP) for qual-
itative discrimination of pyrogenic PAH sources in cores L26, L30 and X1. Source
signatures from Dickhut et al. (2000).

an indicator of potential contribution of diagenetic inputs (<10%:
pyrogenic dominated; >10%: relatively higher influence of diagen-
esis; Readman et al., 1987; Chen et al., 2006). This indicator in the
four cores (Fig. 6) clearly shows higher values (40-60%) in the deep
sediments (pre-1975), pointing to the predominance of diagenesis
as a source of this PAH in sediments deposited prior to 1970.
Decreasing values for this ratio were found for all cores along the
time frame corresponding to the down-core PAH maxima around
the 1980s and the 1990s (Fig. 3), confirming the shift to pyrogenic
PAH inputs during that period (Fig. 4). The lowest perylene/
> penta-PAHs value (~10%) was found during the PAH maximum
of core L30, synchronous with the highest recorded PAHs concen-
trations and the most unambiguous pyrogenic signatures in all
core intervals (Figs. 4 and 5). Finally, the surface sediments of all
four cores show low perylene/~penta-PAHs values. The influences
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of pyrogenic inputs should be insignificant, based on other PAH
diagnostic ratios (Figs. 4 and S5). There are two plausible
explanations: (1) those sediments are relatively “new” without
post-depositional alteration; and (2) they actually represent the
signature of typhoon-induced flood deposits because low
perylene/Xpenta-PAHs ratio was also suggested as a feature of
background (pristine) GPR sediments (Lin et al., 2013).

3.3. Terrestrial organic matter inputs

3.3.1. Historical trends

The history of terrestrial organic matter inputs over the coastal
margin off SW Taiwan was illustrated by vertical profiles of lignin
oxidation products (LOPs) in cores L26, L30, and L10 (Fig. 7a). These
three cores show similar A8 values (OC-normalized sum of eight
primary LOP) prior to 1975 (0.2-0.4 mg/100 mg OC) except for a

peak in L10 around the turn of the 20th century. Significant
increases of A8 were observed for all three cores starting from
the early 1980s (at 0.2-0.3 mg/100 mg OC) and reaching values
2-3 times higher (0.8-1.0 mg/100 mg OC) in surface sediments.
The timing of the A8 increase is here again consistent with the
major industrial development and economic boom of the region.
Rapid urban and industrial development in a region often involves
large-scale changes in land-use including land clearance leading to
the release of terrestrial organic matter to receiving aquatic sys-
tems (Brandenberger et al., 2008, 2011). Another human activity
that often contributes to the significant terrestrial OM inputs is
deforestation (Farella et al., 2001; Brandenberger et al., 2008,
2011). Taiwan was under a deforestation-based forest manage-
ment policy until 1991 and the forest coverage in Taiwan was
reduced from ~90% to 52% in a few decades during the 20th cen-
tury (Chen et al., 2004).
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The A8 maxima in all three cores occur near the surface sedi-
ments ca. 2005. We believe that such major enrichment in terres-
trial OM results from enhanced soil erosion and sediment transport
from land to the sea by super typhoon Haitang. In Taiwan, heavy
rainfalls are often associated with typhoons. The typhoon-induced
landslides over the forested hillslopes can deliver large quantities
of vascular plant biomass debris (enriched in lignin) to river chan-
nels and then to the coastal environment (Milliman and Kao, 2005;
Hilton et al., 2008, 2011; Liu et al., 2013). Both typhoon-induced
episodic flash floods and hyperpycnal flows have been suggested
as important processes for terrestrial OM transport from land to
sea in this region (Hilton et al., 2008; Liu et al., 2013). Vertical
A8 profiles in the present study thus point to the influence of both
social development and episodic climatic events on the transport
and burial of terrestrial OM in coastal waters. Besides higher A8
at the tops of all cores, there exists a broad A8 peak at depth in
core L10 (Fig. 7a). Based on sediment chronology derived from
210pp and very well constrained by *’Cs, the subsurface A8 peak
spans a period of ~45 years around the turn of the 20th century.
Thus, it could be a manifestation of major land clearance activities
that occurred when Taiwan was governed by the Qing dynasty and
later colonized by Japan (1895-1945).

3.3.2. Signatures of LOPs

Internal parameters based on specific LOPs are very useful tools
for assessing potential lignin sources such as taxonomic vascular
plant groups (gymnosperms vs. angiosperms), tissue type (soft tis-
sues vs. woody tissues), and diagenetic state or alteration of the
original lignin material (Hedges et al., 1988; Gofii and Hedges,
1992; Opsahl and Benner, 1995; Louchouarn et al., 1999; Houel
et al., 2006). The ratio of syringyl (S) to vanillyl (V) phenols (S/V)
offers discriminatory potential between angiosperm and gymno-
sperm source inputs (S/V<0.2 and S/V > 1, respectively); while
the ratio of cinnamyl (C) to vanillyl phenols (C/V) is sensitive to
the inputs of non-woody materials such as herbaceous and soft tis-
sues (i.e. leaves and needles C/V > 0.2). The property-property plot
of S|V vs. C/V (Fig. 8) clearly shows that angiosperm woods are the
primary lignin source. Sediments in L26 and L30 have very similar
S/V-C/V signatures, while sediments in L10 exhibit slightly lower
S/V values compared to other two cores suggesting a mixture with
some gymnosperm or slightly altered material (Louchouarn et al.,
1999). The strong drop in S/V signature right below the surface
interval of core L10 is associated with a significant decrease in lig-
nin concentrations (Figs. 7 and 8, Table S2). This interval is part of
the turbidite bed and characterized by the coarsest particle size in
the deposit. Such lignin signatures point to a very different source
material from the lignin-enriched finer particle layer above it, and
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Fig. 8. S/V vs. C/V plot for sediments from cores L26, L30, and L10.

demonstrate the potential variance of TOM signatures within a tur-
bidite sequence due to particle sorting during the turbidite deposi-
tion processes.

The ratio of acid to aldehyde phenols (Ad/Al) of vanillyl phenols
is often used to assess the state of oxidative degradation of lignin
constituents, either microbial and/or photochemical, of parent lig-
nin polymer (Hedges et al., 1988; Goifii et al., 1993; Opsahl and
Benner, 1995, 1998). Profiles of (Ad/Al), in three cores (Fig. 7b)
show a narrow range (0.4-0.7), suggesting that the lignin materials
associated with these sediments were relatively fresh or only
altered mildly prior to deposition (Hedges and Mann, 1979; Gofii
et al,, 1993). Hale et al. (2012) studied the lignin signatures in sed-
iment cores from Fangliao submarine canyon, located south of
Gaoping Submarine Canyon, and found similar (Ad/Al), values
(0.2-0.6). Most rivers in Taiwan are classified as small mountain-
ous rivers (SMRs), featuring steep gradients, relatively low sedi-
ment storage capacity, and short distances from headwater to
river mouth (Milliman and Syvitski, 1992). Gaoping River is a
SMR and the relatively short sediment transport time might
explain the observed low (Ad/Al), ratios in these sediment cores.
It has now been well recognized that SMRs play an important role
in the transport of sediment and terrestrial particulate OC to con-
tinental slopes and beyond (Kao and Liu, 1996; Komada et al, 2004;
Hilton et al., 2011; Goii et al, 2013; Liu et al., 2013). Our data pro-
vide further molecular information supporting rapid burial of ter-
restrial OM transported by SMRs in SW Taiwan.
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