Progress in Oceanography 149 (2016) 134-144

Contents lists available at ScienceDirect

PROGRESS IN
OCEANOGRAPHY

Progress in Oceanography

journal homepage: www.elsevier.com/locate/pocean

Spatial variability of surface-sediment porewater pH and related
water-column characteristics in deep waters of the northern
South China Sea

@ CrossMark

Changgao Shao*"<, Yi Sui“?, Danling Tang *>**, Louis Legendre ®*

A State Key Laboratory of Tropical Oceanography, South China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangzhou 510301, China

b University of Chinese Academy of Sciences, Beijing 100049, China

“MLR Key Laboratory of Marine Mineral Resources, Guangzhou Marine Geological Survey, Guangzhou 510075, China

d Department of Oceanography, Dalhousie University, Halifax, Nova Scotia B3H 4R2, Canada

¢ Sorbonne Universités, UPMC Univ. Paris 06, CNRS, Laboratoire d’Océanographie de Villefranche (LOV), Observatoire Océanologique, 06230 Villefranche-sur-Mer, France
fCollaborative Innovation Center for 21st-Century Maritime Silk Road Studies, China

ARTICLE INFO ABSTRACT

Article history:

Received 6 April 2016

Received in revised form 27 September
2016

Accepted 12 October 2016

Available online 1 November 2016

This study analyzes the pH of surface-sediment porewater (i.e. 2-3 cm below the water-sediment inter-
face), and concentrations of CaCO5; and organic carbon (OC) in 1192 sediment cores from the northern
South China Sea, in water depths ranging from 137 to 3702 m. This is the first study in the literature
to analyze the large-scale spatial variability of deep-water surface-sediment pH over a large ocean basin.
The data showed strong spatial variations in pH. The lowest pH values (<7.3) were observed south of
Hainan Island, an area that is affected by summer upwelling and freshwater runoff from the Pearl and
Red Rivers. Moderately low pH values (generally 7.3-7.5) occurred in two other areas: a submarine can-

Ilrz)dse; terms: yon, where sediments originated partly from the Pearl River and correspond to a paleo-delta front during

3022 the last glacial period; and southwest of Taiwan Island, where waters are affected by the northern branch

1635 of the Kuroshio intrusion current (KIC) and runoff from Taiwan rivers. The surface sediments with the

4219 highest pH (>7.5, and up to 8.3) were located in a fourth area, which corresponded to the western branch

4512 of the KIC where sediments have been intensively eroded by bottom currents. The pH of surface-

« i sediment porewater was significantly linearly related to water depth, bottom-water temperature, and
eywords:

CaCOs concentration (p < 0.05 for the whole sampling area). This study shows that the pH of surface-
sediment porewater can be sensitive to characteristics of the overlying water column, and suggests that
it will respond to global warming as changes in surface-ocean temperature and pH progressively reach
deeper waters.
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1. Introduction and Wickett, 2003). Ocean acidification could modify the structure

and dynamics of ocean ecosystems (Doney et al., 2009).

Atmospheric levels of carbon dioxide have increased from
280 ppm in 1750 (beginning of the industrial era) to approximately
400 ppm in 2014, and may reach 500-1000 ppm at the end of
twenty-first century (Houghton et al., 2001). The oceans have
taken up 48% of the anthropogenic CO, released into the atmo-
sphere since 1750 (Sabine et al., 2004), which has led to a decrease
in seawater pH of 0.1 pH unit since pre-industrial times (Caldeira
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The mechanisms that determine the pH of surface-sediment
porewater (denoted “porewater” below for simplicity) are quite
complex, i.e. more than those that affect the pH of seawater. The
former mechanisms are related to physical and chemical charac-
teristics of bottom water, the nature of the solid components of
sediments and the dissolution of CaCOs, and they may generally
be linked to redox reactions in the sediments (Jourabchi et al.,
2005). Organic carbon (OC) redox processes are among the most
important sources of [H'] in porewater (Hales and Emerson,
1996; Reimers et al., 1996; Jourabchi et al., 2005). Most of the OC
is oxidized in the upper few centimeters of the sediment, primarily
utilizing dissolved molecular oxygen (Emerson and Bender, 1981;
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Reimers et al.,, 1996). The environment beneath the oxygen-
containing sediment layer is anoxic, and anaerobic bacteria are
abundant there. These bacteria primarily oxidize OC by reducing
sulfate to sulfide, denitrification, Mn reduction, Fe reduction, and
methanogenesis (Ben-Yaakov, 1973; Nealson, 1997; Jourabchi
et al., 2005). The OC metabolism can also stimulate the dissolution
of CaCO3 in sediments (Emerson and Archer, 1990; Jahnke and
Jahnke, 2004), which process can also buffer the pH (Jourabchi
et al., 2005).

Models developed to simulate chemical processes in a simpli-
fied ocean and in the underlying sediments (Ben-Yaakov, 1973;
Jourabchi et al., 2005; Chen et al., 2006) show that, in a small-
scale sediment environment, pH can vary significantly over short
vertical distances (mm to cm) due to intense redox processes in
surface sediments (Jourabchi et al., 2005). Similarly, experimental
results in the laboratory have shown that changes in porewater
pH could range between +1 and 2 pH units over millimeters to cen-
timeters and be time-dependent (Zhu et al., 2006), and both labo-
ratory experiments and model simulation have shown that a sharp
drop in pH typically occurred 2 cm below the sediment-water
interface (Cai et al., 1995; Jourabchi et al., 2005; Zhu et al., 2006).

One recent report (Yanagawa et al., 2013) showed that porewa-
ter pH strongly affected the structure and activity of the microbial
community in sediments, consistent with the fact that the oxida-
tive action of anaerobic and aerobic bacteria is highly sensitive to
porewater pH (Blake et al., 1993; Nealson, 1997). In addition, the
low pH of porewater may affect the dissolution of CaCOs
(Dolgaleva et al., 2005). Hence understanding the factors that con-
trol the spatial distribution of porewater pH can contribute to bet-
ter understand the factors that determine microbial communities
and CaCOs; preservation in sediments. It is already known that
porewater pH vary both spatially and temporally (Wolaver et al.,
1986; Reimers et al., 1996), and small-scale horizontal variability
of sediment pH is relatively well understood (Zhu et al., 2006).
However, the spatial variability of pH over large geographic scales,

in relation with water-column and other environmental character-
istics, is poorly documented in the natural environment (Table 1).
This is especially true of deep-sea environments, i.e. thousands of
meters below the sea surface. The objectives of the present study
are: to describe the large-scale spatial variability of deep-water
sediment porewater pH over a large ocean basin, here the northern
South China Sea (SCS; >300,000 km?); and to explore the relation-
ships of deep-water sediment porewater pH with physical and
chemical characteristics of the overlying water column. We
focused our study on surface-sediment pH because, from a geolog-
ical viewpoint, the water-sediment interface is the gateway to
long-term OC burial, and changes in its characteristics may influ-
ence the early diagenetic processes and mass exchanges. The pre-
sent study is the first in the oceanographic literature to analyze the
horizontal distributions of deep-water surface-sediment porewa-
ter pH on a large geographic scale.

2. Materials and methods
2.1. Study area

The study area was located along the continental slope of north-
ern SCS (Fig. 1). Water depths of the sampling stations ranged from
137 to 3702 m. The complex land and sea northern SCS system is
characterized by tropical monsoons, with winds that blow from
the southwest in summer and from the northeast in winter, and
anticyclonic and cyclonic water circulation during these two sea-
sons, respectively, with a few stable eddies. The monsoon acceler-
ates water-mass exchanges, creates upwelling, and produces
complex physical, chemical and ecological characteristics (Tang
et al., 1998, 2004; Chen et al., 2006; Sun et al., 2012). To the north,
the Pearl River, which is the third largest river in China, connects
the SCS to the hundreds of millions people who live along its
course. To the east, the SCS is connected to the North Pacific Ocean

Table 1
Measurements of sediment pH in various studies.
Location Surface No. No. pH Depths of pH Water Range of Sampling References
sampled cores measurements measurements depth pH values years
(10% km?) in the cores (m) (m)
Long Island Sound, Eastern USA (1.5-2.25)x10°'" 3 - 0-0.12 0-35 6-8.2 2003-2004 Zhu et al.
(40.8°N; 73.2°W) (2006)
Gulf of Mexico (27.7°N;91.3°W) 41 3 - 0-0.12 522-548 7.4-8.6 2006 Cai et al.
(2006)
Eastern South Atlantic 1150 4 - 0.06 1251-2185 7.2-7.9 1998 Wenzhofer
(12°8-2.7°N; 6.3°E-13.1°E) et al. (2001)
Ceara Rise, South Atlantic 180 6 ~300 0.1 3270-4685 - 1994 Hales and
(3-6°N; 41-46°W) Emerson
(1997)
Ontong-Java Plateau, Pacific Ocean 0.1 3 ~80 0-0.1 2322-2966 - 1991 Hales and
(0°N; 159-164°E) Emerson
(1996)
California continental rise 1x10°8 3 ~200 0.08 4100 7.2-7.95 1991 Cai et al.
(34.83°N; 123°W) (1995)
Western North Atlantic 130 4 ~60 0-0.03 2159-5210 - 1989 Hales et al.
(34.3-40°N; 69.5-72°W) (1994)
Equatorial Atlantic Ocean 73 3 - 0-0.03 3858-5075 - 1987 Archer et al.
(2.0°N-5.0°S; 22.77-23.00°W) (1989)
Lake Anna, Virginia, USA 0.004 4 31 0-0.3 - 6-7 1983 Herlihy and
(38.06°N; 77.83°W) Mills (1986)
Lake Erie, Stony Brook Harbor, Whitehall 105 3 - 0-0.2 0.05-18 6-8 1979 Fisher and
Bay, USA (38.9-41.7°N; 73.2-82.3°W) Matisoff
(1981)
Guatemala Basin, North Pacific 91 2 21 0-0.52 3500-3900 7.4-7.7 1978 Murray et al.
(8-12°N; 96-98°W) (1980)
World Ocean (IODP-USIO: Leg 100-346) 361000 - 13744 0.05-1531.15 95.5-5980  0.07-12.5 1985-2013 10DP-USIO
(2014)
Northern South China Sea (15.6-22.5°N; 325 1153 1153 0.02-0.03 137-3702 6.9-8.3 2000-2011  Present study

109.5-120°E)
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Fig. 1. Study area in the South China Sea showing the locations where the 1192 sediment cores were collected along the continental shelf.

and the East China Sea through the Luzon and Taiwan Straits,
respectively, through which there are large exchanges of water.
The seasonal water circulation in the eastern SCS is primarily dri-
ven by the monsoonal wind stress, and is greatly affected by the
Kuroshio Intrusion Current (KIC) from the west Pacific Ocean
(Gan et al., 2006). To the west, the area is bordered by lands on
two sides, and typical continental-shelf upwelling usually occurs
in summer (Tang et al., 2002; Jing et al., 2009).

The SCS basin has an elliptical shape. Its major axis is 2380 km
long and oriented 30° to the NE, and the length of its approxi-
mately perpendicular minor axis is 150-450 km. Our study area
(approximate surface area: 325,000 km?) was located on the north-
ern continental slope of that basin. This gentle slope had various
geomorphical features that included seamounts, trenches, troughs,
and submarine canyons (Liu et al., 2002).

2.2. Sampling and measurements

A total of 1192 sediment cores were collected between years
2000 and 2011, during 13 oceanographic cruises along the conti-
nental slope of the northern SCS. The cores were taken using a Ben-
thos Piston Gravity Corer or a Benthos Gravity Corer, with a PVC
plastic liner placed inside the steel core barrel. When the corer
arrived on board the ship, the core in its plastic liner was extracted,
and its surface section (upper 20 cm) was cut off quickly (within
5 min of core retrieval) and kept in its plastic liner. Measurements
were only done on cores with good sediment-water interfaces, i.e.
cores were not used when their surface section contained hard
rocks, detritus, or the core surface was disturbed, because it did
not offer proper material for inserting the pH sensor, or could have
been invaded by seawater when the sediment core was collected.

The pH of the in-core sediment porewater was measured on the
head end of the 20-cm surface section of the core using a Mettler
Toledo FiveEasy™ pH Meter and Mettler Toledo pH Electrode
LE438 sensor (resolution: +0.01 pH unit; Mettler Toledo certified
pH buffer solutions were used for pH sensor calibration; National
Bureau of Standards, NBS, scale), without extraction from the plas-
tic liner. The sensor was carefully inserted into the center of the

head end of the sediment core section at a depth of 2-3 cm (i.e.
the tip of the pH glass sensor reached the depth of 3 cm below
the sediment surface; the diameter of the tip of the glass sensor
was 0.4 cm), and the pH value was recorded as the sensor stabi-
lized (i.e. within 0.5-1.0 min). This method was used to minimize
the effect of temperature changes on the pH, and avoid exposure
of the sediment sample to the air. In this study, every measure-
ment was performed at least twice, and the mean value calculated.
The pH measurement procedures were completed within 10 min of
the core arrival on board the ship.

Temperature of all surface sediment sections was measured at
the same time as pH using an instrument that combined a
CENTER-300 thermocouple thermometer and TP-KO2 immersion
probe, for later temperature correction of the porewater pH. At
the time of core sampling, the in situ bottom-water temperature
above the seafloor was measured at some stations using a XXG-T
Marine geothermal gradient measurement system (Luo et al,
2007), and seafloor depth was determined with a SeaBeam 2112
Multibeam Bathymetric Sonar (Fig. 2). After pH and temperature
had been measured on board the ship, each 20-cm sediment-core
section was sealed at both ends, and stored in a refrigerator at
4 °C. The OC and CaCOs concentrations were measured later in a
land laboratory with the procedures of the Standardization Admin-
istration of the People’s Republic of China (Yan and Huang, 1993;
Zhang et al., 1998; Ma et al., 2008; Wang et al., 2010).

The pertinence of using the above methods for measuring pore-
water pH, including the type of glass electrode, is discussed in Sec-
tion 4.1. The effects of changes in pressure and temperature during
core recovery on pH measurements are also discussed in
Section 4.1.

2.3. Data

The pH of porewater was measured on board the ship on 1153
of the 1192 cores taken in the northern SCS (Fig. 1), the in situ
bottom-water temperature was measured at 91 stations (Fig. 2),
and the concentrations of OC and CaCOs; were determined on 549
of the 1192 cores. Because pH could not be measured on 36 of
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Fig. 2. Bottom-water temperature plotted as a function of water depth in northern
SCS. The solid line corresponds to the polynomial regression given in the Figure, i.e.
Eq. (2) in the text. Inset map: locations of the 92 stations where bottom-water
temperature was measured.

these 549 cores (see above), the number of cores with measure-
ments of the three variables (pH and the) was 513.

The porewater pH is sensitive to changes in temperature and
pressure that occur when the core is transferred from its deep-
sea environment to the ship. We corrected for temperature effects
using the sediment temperature measured on board the ship (Tsuip)
(Gieskes, 1969; Ben-Yaakov, 1970):

pH[emp corr — pHship +0.0093 x (TShiP - Ti” situ) (1)

where T;, sir, iS the in situ bottom-water temperature. We calcu-
lated the latter from water depth (Hgepn) using the following regres-
sion equation that we derived from our 92 in situ bottom-water
temperature measurements (Fig. 2):

Tin sie = 2.8288 x 107" x Hjpy — 3.0539 x 107 x Hyy, + 1.2246
x 107 x Hi,py — 0.0217 x Hgepen + 16.796

(r* =0.99; p<0.0001; N=91; 500 < Hgepn < 3702) (2)

The 0.0093 temperature coefficient in Eq. (1) was chosen based
on the in situ characteristics of the deep-sea environment in our
study area (temperature <5 °C, salinity > 34, 6.9 < pH < 8.4; (Ben-
Yaakov, 1970). Stations with water depths between 137 and
500 m were shallower than those where bottom temperature had
been measured, but the bottom-water temperatures calculated
with Eq. (2) corresponded well to measured temperatures at
depths between 137 and 500 m in the water column of the SCS
(Fig. 5 of Chou et al., 2007), i.e. differences were <1 °C, which would
cause differences in pH < 0.01 according to Eq. (1). Hence we used
Eq. (2) to compute bottom-water temperatures at all our sites
including the 26 with water depths between 137 and 500 m.

We corrected for pressure effects using the hydrostatic pressure
(Pgem) corresponding to the sampling depth:

pHin situ = themp corr 0.000408 x Py (3)

where Pyyn = Hgepn/10. The constant value 0.000408 (pH-atm™ 1) in
Eq. (3) was calculated from the change in pH (ApH =0.102) that
occurs when the pressure is changed from 0 to 250atm
(AP =250 atm) at temperature <5 °C, salinity = 34.8, and pH=7.8
(Culberson and Pytkowicz, 1968), i.e. ApH/AP = 0.000408.

2.4. Data treatment

Spatially continuous pH values were obtained from the 1153
discrete data points using the natural neighbor interpolation
method, which determines the weights of nearest points to be used
to interpolate a new value. The method is based on Voronoi tessel-
lation (Voronoi diagram), which divides the plane according to dis-
tance to points in various subsets of the plane (Franz, 1991). The
basic equation is:

FX.Y) =) Wf(X.Y) (4)
i=1

where F(X, Y) is the interpolated value of the point at coordinate
position (X, Y), W; is a weight, and f(X;, Y;) is the value of each data
point (X;, Y;) around the (X, Y) point. The weights W; are calculated
based on the surrounding data when inserting (X, Y) into the tessel-
lation (Sibson, 1981). We used the Arcmap software for the calcula-
tions, and for plotting contour lines to identify areas of low and high
pH. We used the contour line pH = 7.5 to subdivide our study area
into four regions.

We computed Model I linear regressions of porewater pH on
water depth, bottom-water temperature, and percent concentra-
tions of OC and CaCOs. We performed t-tests to assess the statisti-
cal significance of the regression coefficients.

3. Results
3.1. Horizontal distribution of porewater pH

The 1153 pH measurements on porewater in the northern SCS
ranged from 6.9 to 8.3 pH units (Fig. 3). Based on the horizontal
distribution of the contour line pH = 7.5, we identified four broad
regions (Fig. 4): south of Hainan Island (H), the Pearl River plume
and the connected submarine canyon (P), the area influenced by
the western branch of the KIC (K), and southwest of the coast of
Taiwan Island (T). Region K had generally higher pH than the other
regions (pH > 7.5 in most of the region, and up to 8.3 in its north-
ern part); it corresponded to the western branch of the KIC along
the northern continental slope. On the two sides of high-pH region
K, the pH of porewater was generally lower. To the northeast of
region K, region T (pH < 7.5 in most of the region) was affected
by the northern branch of the KIC year-round, and by the influx
of river water from the southwestern part of Taiwan Island. To
the immediate southwest of region K, region P had moderately
low pH (pH < 7.5 in most of the region); the northern part of that
region was connected to the plume of the Pearl River, and most of
its low porewater pH values were located in a submarine canyon
(pH < 7.3). Further to the southwest, region H exhibited the lowest
porewater pH of the northern SCS (pH < 7.3); it was characterized
by upwelling in summer, and affected by freshwater from the Pearl
and the Red Rivers carried by the coastal circulation. Overall,
region K had the largest areas of surface sediments with
pH > 7.5, and region H the largest areas with pH < 7.3.

3.2. Porewater pH, and water depth, bottom-water temperature, and
OC and CaCOs concentrations

The linear regressions of porewater pH on environmental vari-
ables show that, for the whole sampling area, porewater pH was
significantly related (p < 0.05) to water depth, bottom-water tem-
perature and CaCOs; concentration, but not OC concentration
(Fig. 5). When considering each of the four regions, there were
large scatters of data points in most bivariate plots that caused rel-
atively low coefficients of determination, i.e. all r* were <0.18. Plots
of residuals (Fig. 6) show that the points were most widely



138 C. Shao et al./ Progress in Oceanography 149 (2016) 134-144

108°E 110°E

114°E

11%"E 4

116°E

Water depth: 137-3702 m S

22°NH

60"

20°N+

18°N+

16°N—

Depth of porewater pH measurements |n sediment: 2-3cm

__Dongsha { .
d Island | %o

Fig. 3. Spatial distribution of the 1153 pH measurements, made 2-3 cm below the surface of the sediment cores.

108°E 110°E 11%°E
Il

11(?°E

Water depth: 137-3702 m
22°N-

20°N+

18°N—

16°N-|

Depth of porewater pH measurements in sediment: 2-3

Northern'SCS slope direction: 30° NE

Longitude
interval 0.5°

Fig. 4. Spatial distribution of pH (measured 2-3 cm below the surface of the sediment cores) resulting from the natural neighbor interpolation method using the discrete pH
values measured on cores sampled at sites in Fig. 3, and contour lines pH = 7.3, 7.5, 7.7 and 7.9. The shape of the submarine canyon (black lines) was drawn based on the
isobaths. Four regions were identified from the positions of the contour line pH =7.5: H, P, K, and T (see text).

scattered relative to the regression line for water depth between
500 and 2000 m (500-2000 m in regions H and P, and 500-
3500 m in region T), bottom-water temperature between 2 and
6 °C, CaCO3 concentration <10 and >20%, and OC concentration
between 0.6 and 1.2%. Deep-water sediments generally had low
temperature and pH (Figs. 2 and 5a). Region T had the lowest
surface-sediment CaCOs percent concentrations, whereas regions
H and P had the highest, but the relationship between percent
CaCOs and pH was different in these two regions, i.e. significantly
positive in P and not significantly different from zero in H (Fig. 5¢).
Contrary to CaCOs, surface-sediment OC percent concentrations
tended to be quite similar in the four regions (Fig. 5d).

4. Discussion

4.1. Complementary approaches used to ensure the quality of pH
measurements in porewater

The measurement of pH is sensitive to oxidation processes
when the sediment is directly exposed to air, and when it

experiences changes in temperature and pressure (Murray et al.,
1980). In this study, we used the following approaches to ensure
the quality of pH measurements on the sediment-core samples.

Firstly, it is known that redox processes are complex, and can
change rapidly with depth below the sediment surface (Hales,
2003; Jourabchi et al., 2005). Laboratory experiments, model sim-
ulation and in situ pH measurements have indicated that the stron-
gest vertical gradients in pH generally occurred in top 2 cm below
the sediment-water interface (between 0.1 and 1.1 pH units cm™!
in Fig. 7), whereas vertical gradients were generally
<0.15 pH unit cm™~' at the depth of 2-3 cm. Given that porewater
pH is relatively constant between 2 and 3 cm below the sediment
surface, this depth layer is suitable for porewater pH measure-
ments, as was done in the present study.

Secondly, some sediment cores contained detritus in their top
parts, and could thus have been invaded by seawater at the time
of collection and retrieval. In such cases, the upper parts of the
cores could have experienced strong diffusion of properties
between the seawater and the porewater before the measurement
of pH. To prevent this potential problem, the sediment cores with
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Fig. 5. Scatter diagrams and linear regressions of surface-sediment porewater pH versus (a) water depth, (b) bottom-water temperature, (c) surface-sediment CaCOs
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regression coefficient.

detritus were not used. In addition, to avoid exposure of the sam-
ples to air and minimize the processing time of samples, these
were not disturbed before measuring the pH, i.e. the pH was mea-
sured on the porewater within the cores as soon as these arrived on
board the ship. This approach is different from that of IODP, where
porewater pH is measured on extracted interstitial water
(Expedition 302 Scientists, 2006; Expedition 329 Scientists,
2011), the cores are stored at low temperature (9 °C) and handled
in an inert atmosphere when sampling the interstitial water, and
the extraction of interstitial water to measure its pH may require
from 1 to 50 h on board the ship. Our approach minimizes the time
between the retrieval of the core and the measurement of pH.
Thirdly in order to minimize the temperature effects, the pH
was measured on porewater directly inside the undisturbed core,
without extraction, as soon as the core was retrieved on board
the ship. Later, we corrected the measured pH for any difference

between the in situ bottom-water temperature and that of the sed-
iment core at the time of measurement, using Egs. (1) and (2). For
pressure changes, we corrected our pH data to the in situ hydro-
static pressure using Eq. (3). A similar method was also used by
Culberson and Pytkowicz (1968) and Murray et al. (1980) to cor-
rect the pH in cases of differences between measurement and
in situ temperature and pressure. Using our method, the accuracy
of the correction will not be better than about +0.02 pH units when
the measurement and in situ temperatures differ by 20 °C (Gieskes,
1969). This is not as good as the temperature correction method of
Hunter (Hunter, 1998) for the total, free and seawater pH scales,
which reduces the error in the calculated pH to <0.0002 pH unit
over the temperature range 0-40°C. This correction is imple-
mented in the R package ‘seacarb’ (Gattuso et al., 2014).

For our pH measurements, we used a commercial combined
glass electrode (diameter: 0.4 cm), which immerses the reference
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CaCOs concentration, and (d) surface-sediment OC concentration.

electrode and the test electrode together in the sediment. Previous
studies have shown that pH profiles measured with such a com-
mercial pH electrode agreed with those measured in sediment
with a pH microelectrode >2 cm below the sediment-water inter-
face (Cai et al., 2006). Even if immersing a combined pH-measuring
glass electrode in a suspension of charged particles can create a
liquid-junction potential (Jenny et al., 1950), this “suspension
effect” or “colloid effect” is negligible when measuring pH with a
combined glass electrode in marine sediments (Cai, 1992; Cai
and Reimers, 1993).

In the present study, we were interested in horizontal varia-
tions in the distribution of pH over the whole northern SCS, and
thus used contour lines with differences of 0.2 pH unit to deter-
mine the horizontal pH gradients (Fig. 4). This led to the identifica-
tion of low-pH areas with pH < 7.3 (northern part of region H,
submarine canyon of region P, and region T), and the high-pH
region K where pH>7.5. Hence, small uncertainties on the
in situ pH values, if present, would affect only slightly the results
of our large-scale analyses and would not affect our oceanographic
conclusions.

4.2. pH variations among oceanographic regions

There were large horizontal variations in pH in the northern SCS
(Figs. 3 and 4), consistent with the large spatial variability exhib-
ited by ocean-wide values of porewater pH, including the IODP
data set (IODP-USIO, 2014) (Table 1). The spatial variations in pore-
water pH in the northern SCS could be related to differences in
water-column characteristics that included upwelling, freshwater
river influx, seasonal changes in circulation and KIC caused by
monsoons, and geomorphical features (Fig. 8). The three areas with
the lowest porewater pH were south of Hainan Island, in a sub-
marine canyon connected to the Pearl River plume, and southwest
of Taiwan Island (Figs. 3 and 4). Previous studies in northern SCS
have shown that characteristics of the water column determined
the sources, transport and deposition of surface sediments (Liu
et al., 2013), and the accumulation of particulate organic carbon
(POC) in sediments (Zhang et al., 2014). It was also shown at
deep-water sites (>2000 m) in the Atlantic and the Pacific Oceans
that the magnitude of the POC flux from the overlying water
column was among the most important factors that determined
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porewater pH (Jourabchi et al., 2008). In our dataset, the areas with
high potential for POC input from the overlying water column (i.e.
northern part of region H, submarine canyon in P, and region T
where POC originated from upwelling or river freshwater with
high POC concentrations) had low porewater pH, likely resulting
from OC decomposition. However, all regions had relatively similar
surface-sediment OC percent concentration (Fig. 5d), indicating
that independently from the OC flux from the overlying water col-
umn, most OC in surface sediments was oxidized locally and
returned as CO, to the water column. Hence high OC deposition
from the overlying water column would usually be accompanied

by intensive redox processes (including OC remineralization) in
surface sediments.

The northern part of region H, South of Hainan Island, showed
the lowest porewater pH in this study (<7.3). The water column
there was characterized by complex processes that included the
occurrence of upwelling events in surface waters (Jing et al.,
2009), and freshwater input from the Pearl and Red Rivers carried
by coastal circulation (Hu et al., 2000; Ou et al., 2009; Liu et al.,
2013). High concentrations of POC had been reported in the water
column of region H, especially in the northeastern part (Yuan et al.,
2011). The high POC concentrations may have been an effect of
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coastal upwelling, which occurs in the northern part of region H in
summer (Jing et al., 2009) and is known to often cause increased
phytoplankton production (Zhang et al., 2010; Song et al., 2012).
In addition, the observed high POC concentrations in the water col-
umn may have also reflected POC inputs from the Pearl and Red
Rivers given that surface sediments in the northern part of region
H generally originate from the two rivers (Liu et al., 2013), whose
waters have high POC concentrations (Chen et al., 2006). As
explained in the previous paragraph, the oxidation of the OC
deposited in sediments could have contributed to porewater acid-
ification, i.e. low pH.

The porewater pH was high in region K, and lower in region P
(Fig. 4). However, previous studies (Hu et al., 2000; Shao et al.,
2007; Liu et al., 2013) have suggested that the two regions are both
strongly influenced by the western branch of the KIC. This current
flows along the continental slope (Hu et al., 2000; Gan et al., 2006)
and transports large amounts of clay minerals from Taiwan Island,
which would be the general source of those minerals in surface
sediments of regions K and P (Shao et al., 2007; Liu et al., 2013).
Despite this similarity in the source of clay minerals, regions K
and P had different pH values and concentrations of OC and CaCOs.
In region K, which is located on the broad continental slope south-
east of Dongsha Island (Fig. 1), seismic reflection profiles have
shown that the KIC has eroded away the Holocene and most of
the Pleistocene sediments (Liidmann et al., 2001; Shao et al,,
2007), resulting in extensive remobilization, decomposition before
burial, and transport of OC from region K to P (Blair and Aller,
2012). This may have left little OC to be decomposed and thus acid-
ified the sediments in region K, which would explain the observed
high porewater pH (>7.5) in that region. In contrast in region P, the
geomorphology is characterized by the presence a large submarine
canyon that crosses the continental slope, where most of the low-
pH values (<7.3) are found. The northern part of the canyon was a
paleo-delta front during the last glacial period, and seismic reflec-
tion profiles have shown that most sediments in region P were
characterized by terrigenous material transported from the Pearl
River (Lidmann et al., 2001; Shao et al., 2007). In addition, large
amount of surface-sediment clay minerals in region P originated
from the Pearl River (Liu et al., 2013), indicating that this river
could have been the source of most of the OC in surface sediments.
Furthermore, >60% of the new POC on the northern SCS shelves is
transported to the slopes and decomposed there (Chen et al.,
2006). All these sources of OC combined with the OC transported
from region K by the KIC would contribute to explain the low pore-
water pH in the submarine canyon of region P. In other words, the
low pH values in the submarine canyon of region P would be
related to the high pH values in region K through the transport
of OC by the KIC from K to P.

In region T as in regions H and P, surface sediments had low pH,
high concentrations of OC and low concentrations of CaCOs (Fig. 5).
Water characteristics there were strongly influenced by the north-
ern branch of the KIC (Hu et al., 2000; Gan et al., 2006). The low
concentrations of OC and CaCOs in KIC water (Tang et al., 1998;
Chen et al., 2006) could explain the low CaCO3 concentrations in
region T sediments. The great depth of region T (Fig. 1) could be
another explanation for the low concentration of surface-
sediment CaCOs, i.e. most of the CaCO; would have dissolved
before reaching the deep seafloor. The high OC concentration in
surface sediments of region T could be related to the erosion and
transport of large amounts of POC from Taiwan Island by rivers,
including the Cho-Shui, Kao-ping, Erh-Jen and Tseng-Wen Rivers
(Liu et al.,, 2013).

A previous study has shown that the pH of porewater does not
necessarily reflect directly that of the overlying waters (Herlihy
and Mills, 1986), which is also shown in Fig. 7 for in situ pH values
in porewater and in the overlying bottom water. Our results are

consistent with those of Jourabchi et al. (2008), which indicate that
some characteristics of the seawater could indirectly influence the
porewater pH through exchanges of OC and CaCOs between the
water column and the sediments. For example, high OC rain to
the seafloor, intensive redox processes in the sediments, and low
CaCOs3 buffer capacity could lead to low porewater pH (Fig. 5).
These combined mechanisms contribute to explain the observed
differences in porewater pH among the four regions of the north-
ern SCS, where the water column had contrasting characteristics
(Fig. 8).

4.3. Relationships between porewater pH and water depth, bottom-
water temperature, CaCO3 and OC

In northern SCS, porewater pH was linearly related to water
depth and bottom-water temperature in regions H, P and T
(Fig. 5a, b; p<0.001). The regressions analyses indicated that
higher bottom-water temperature and surface-sediment pH gener-
ally occurred in shallower waters (Figs. 2 and 5). Hydrostatic pres-
sure and bottom-water temperature can affect porewater pH
through several, complex mechanisms that include changes in
the dissolution constants and buffering capacity of CaCO;
(Culberson and Pytkowicz, 1968; Gieskes, 1969), oxygen content
for redox processes (Nealson, 1997), and bioturbation (Trevors,
1985; Arnosti et al., 1998). Among these factors, bioturbation is
considered to be the dominant mode of sediment redistribution
in the upper centimeters of oceanic sediments, and because the
bioturbation coefficient decreases exponentially with increasing
water depth, the latter could be a key variable to predict carbon
accumulation, burial and remineralization (Middelburg et al.,
1997). In addition, vertical transport caused by bioturbation could
exceed solute transport in the uppermost layers of marine sedi-
ments (Meile and Cappellen, 2003), thus increasing the amount
of oxygen taken into sediments from the overlying waters for oxic
reactions and sediment acidification.

Our data showed significant positive linear relationships
(p<0.001) between pH and the percent concentration of solid
CaCOs in region P, i.e. porewater with low pH had low CaCOs3 con-
centration, and no significant linear relationships in the three other
regions (Fig. 5¢; p > 0.05). The positive relationship in region P is
consistent with in situ pH electrode measurements (Archer et al.,
1989; Cai et al., 1995; Hales and Emerson, 1996), and results from
both benthic flux chamber experiments (Jahnke and Jahnke, 2004)
and model simulation (Jourabchi et al., 2005) showing that oxic
respiration of organic carbon can drive CaCOs dissolution and
decrease the porewater pH in response to metabolically produced
CO, (Hales, 2003). It is also consistent with a previous study
(Emerson and Archer, 1990) showing that within the sediment,
>40% of the dissolution of particulate CaCO3; was caused by OC
degradation at the CaCOs saturation horizon depth, and 15-30%
by dissolution above that depth. The dissolution of CaCOs in turn
buffers the sediment porewater pH, and the pH of porewater is
strongly related to dissolution rate of CaCO3 (Jourabchi et al., 2005).

Our data did not show significant linear relationships (p > 0.3)
between porewater pH and the percent concentration of OC
(except in upwelling region H, Fig. 5d, p = 0.003). The absence of
significant relationships in three regions may reflect OC redox pro-
cesses, which are among the most important factors that affect the
pH of porewater (Hales and Emerson, 1996; Reimers et al., 1996;
Jourabchi et al., 2005), and depend on the magnitude of the OC
input fluxes and the degradation rate of OC (Jourabchi et al,
2008). Redox processes in the water column and the sediment
are responsible for the return of >99.5% of the OC to the overlying
water, and the burial of <0.5% in marine sediments on the
geological timescale (Burdige, 2007). Hence the lack of linear
relationships between porewater pH and the percent
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concentration of OC in our data (except in region H, Fig. 5d) was
likely because the observed OC concentrations in the surface
sediments of northern SCS represented the amounts of deposited
0C, and not those of oxidized OC that could have taken part in
redox processes. Our results are also consistent with observations
that the seafloor rates of oxic respiraton of organic carbon were
relatively independent of depth and location in the offshore
tropical Pacific and Atlantic, and the subtropical North Atlantic,
with the exception of sediments beneath the Pacific eastern
equatorial upwelling zone (Hales, 2003).

As global warming progresses, the warmer surface waters will
progressively reach increasingly greater depths in some areas,
and influence the sediments there. In our data, shallower and
higher-temperature sediments generally had higher pH
(Fig. 5a, b). In sediments, most of the OC is oxidized in the upper
few centimeters, primarily utilizing dissolved molecular oxygen
(Emerson and Bender, 1981; Reimers et al., 1996). In regions with
shallower depths, waters affected by global warming would carry
lower oxygen concentrations (i.e. gas solubility is an inverse func-
tion of water temperature), which could limit the intensive respi-
ration of organic matter in surface sediments, leading to high
porewater pH (Jourabchi et al., 2005). In addition, the higher water
temperature could enhance the diffusion coefficients of ions (Li
and Sandra, 1974), with the result that more H* could diffuse out
of surface sediments into the water column, and more buffering
carbonate ions could diffuse from the water column into the sur-
face sediments. All these mechanisms could increase the pH of
porewater as global warming progresses. Simultaneously the
decreasing OC respiration in surface sediment and lower CaCO3
solubility in both porewater and the overlying column would limit
the dissolution of particulate CaCO5; (Mucci, 1983; Hales, 2003)
which could lead to more particulate CaCOs preserved in surface
sediments.

5. Conclusions

In this study, we identified large-scale spatial pH variations in
porewater (2-3 cm below the sediment surface) in the northern
SCS, which could be related to characteristics of the overlying
water column (Fig. 8). The relationship between porewater pH
and water-column characteristics suggests that ocean acidification
and global warming may have major effects on future deep-sea
sediments through changes in physical and chemical characteris-
tics of the overlying water column and exchanges at the
sediment-water interface, as changes in surface-ocean tempera-
ture and pH progressively reach deeper waters.
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