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Abstract

We utilized 224Ra/228Th disequilibrium in the sediment to investigate processes that regulate solute transfer across the
sediment–water interface. Depth profiles of dissolved and surface-bound 224Ra and 228Th in the upper 0–20 cm sediment column
were measured using a delayed coincidence counter during a cruise to the Yangtze estuary from 15 to 24 August 2011. Along with
224Ra and 228Th, depth profiles of 234Th were collected to determine the bioturbation rate in the sediment. At most study sites, a
significant deficit of 224Ra relative to 228Th was observed in the upper 0–10 cm. In contrast, 224Ra was in excess with respect to
228Th in the upper 0–5 cm at the river mouth, possibly due to redistribution of 224Ra from the mid-salinity region. By modeling
the 224Ra depth profiles in the sediment using the general diagenetic equation, we demonstrated that in most cases molecular
diffusion and bioturbation together can account for only �20–30% of the measured flux of 224Ra. We concluded that other
mechanisms, especially irrigation, must be invoked to explain the remnant 70% of the observed deviation of 224Ra relative to
228Th. On the basis of the 224Ra/228Th disequilibrium in the sediment and a concept of increased surface area for exchange by
irrigation as developed by early investigators, we proposed a new approach – the 224Ra/228Th disequilibrium approach to quantify
the transfer rate of other dissolved species across the sediment–water interface. We have utilized this new approach to determine the
benthic consumption rate of dissolved O2. The result reveals that benthic consumption is an important loss term of dissolved O2 in
the Yangtze estuary and must be considered as one of the mechanisms that lead to hypoxia in this area.
� 2013 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The sediment–water interface is a site of intense interac-
tion among physical, biological, and chemical processes. Sed-
iment interstitial waters are typically distinct in chemical
composition from the overlying seawater. Consequently,
there are generally sharp concentration gradients across the
sediment–water interface in many dissolved species. Through
diffusion and advection, these dissolved species transfer
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between the sediment and the overlying water. Early studies
have shown that the transfer across the sediment–water inter-
face can have a major effect on the composition of the over-
lying water. For instance, Sayles (1979) demonstrated that
in deep-sea sediments the exchange across the sediment–
water interface adds or subtracts Mg2+, K+, Ca2+, and
HCO�3 from seawater at rates that are of the same order of
magnitude as the rates by which these species are added to
the oceans by rivers. Thus, it is important to quantify the
rates of transfer across the sediment–water interface and to
understand the processes that regulate them.

Traditionally, rates of transfer across the sediment–
water interface have been determined by (1) deploying a
benthic chamber over the sediment to monitor the flux into
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Fig. 1. Location of sampling sites.
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the overlying water (e.g., Berelson et al., 1987; Jahnke et al.,
2000), (2) modeling the depth profiles of a dissolved species
of interest in the sediment (e.g., Emerson et al., 1984; Lett-
mann et al., 2012), or (3) constructing a mass balance for a
substance in the overlying water column (e.g., Moore and
Krest, 2004). Most recently, a thorium series nuclide pair,
224Ra/228Th, was proposed as a potential approach for trac-
ing the exchange across the sediment–water interface (Cai
et al., 2012). In marine sediments, 224Ra (half-life = 3.66 d)
is continuously produced via alpha decay by its parent nu-
clide, 228Th (half-life = 1.91 y). But, unlike the highly parti-
cle-reactive 228Th, an appreciable fraction of 224Ra in
sediment particles can be released to the interstitial water,
and migrate across the sediment–water interface into the
overlying water. As a consequence, a deficit of 224Ra with
respect to 228Th in near-surface sediments is anticipated.
Furthermore, the extent of the 224Ra deficit must be regu-
lated by the multiple processes that operate at the sedi-
ment–water interface. As such, investigations on the
224Ra/228Th disequilibrium in near-surface sediments will
lend insights into both the rate of transfer across the sedi-
ment–water interface and the regulating processes therein
(e.g., diffusion and bioturbation). Compared to the tradi-
tional approaches, the 224Ra/228Th disequilibrium method
avoids the risk of altering the physical conditions near the
sediment–water interface and unlike the modeling ap-
proach, makes few assumptions. It is also relatively easy
to apply.

Due to prior analytical difficulties, however, there are
few measurements on 224Ra/228Th disequilibrium in marine
sediments. In this study, we utilize a newly developed meth-
od (Cai et al., 2012) to investigate the 224Ra/228Th disequi-
librium in near-surface sediments within the Yangtze River
estuary. Our goal is to exploit 224Ra/228Th disequilibrium
as a proxy for tracing the processes that regulate the trans-
fer of dissolved substances across the sediment–water
interface.

2. SAMPLING AND ANALYTICAL METHODS

2.1. Study area

The Yangtze (Changjiang) River is one of the largest riv-
ers in the world with an annual water discharge of
0.9 � 1012 m3 y�1 (Changjiang Sediment Bulletin in 2009,
2010). Historically, the river discharged �500 � 106 tons
of sediment to the sea annually (Chen et al., 2001). In the
last decade, however, the sediment discharge has decreased
by 30–40% due to dam and reservoir construction (Yang
et al., 2007). Approximately 40% of the total Yangtze-de-
rived sediment is believed to be trapped in the Yangtze estu-
ary (Milliman et al., 1985). Consequently, the Yangtze
estuary is characterized by a large fluvial depositional basin.
The bottom sediments in the river mouth area (<10 m water
depth) are sand and silt, whereas the mid-estuary region
(10–60 m water depth) contains a mixture of silt and clay.
Further offshore, relic sand of the Pleistocene dominates
(Liu et al., 2006). This area is under the influence of strong
tidal current, which can be >2 m s�1 during spring tide.
Coastal oceanography in this area is characterized by a rel-
atively cold and brackish southward-flowing current, the
China Coastal Current. This current intensifies in winter,
carrying the Yangtze’s brackish water and sediment south-
ward along the inner shelf. Over the outer shelf, the sea is
dominated by a north flow of warm and saline water, the
Taiwan Warm Current, which intensifies in summer in re-
sponse to the prevailing southeast monsoon (Lee and Chao,
2003).

Crustacea, echinoderms and polychaetes are the main
benthic fauna in this region. Seasonal differences in the ben-
thic community have been documented (Liu, 1988). Crusta-
cean and echinoderm were reported to be dominant in
summer, and polychaetes were found to dominate the ben-
thic community in winter. The biomass of the benthic fauna
is generally high in summer, which can be >40 g/m2. In
comparison, it is much lower in winter (Liu, 1988). Incuba-
tion experiments demonstrated that in this region, the ben-
thic fauna can significantly increase the transfer rate of
dissolved species, especially ammonia, across the sedi-
ment–water interface (Liu, 2007).

2.2. Sample collection

Sediment samples were collected during a cruise to the
Yangtze estuary from 15 to 24 August 2011 onboard R/V
Runjiang I. Sampling stations are indicated in Fig. 1. De-
tailed information about the sampling stations is provided
in Table 1. A total of 9 stations were occupied during this
cruise. Sediment cores were taken from a standard box
corer (20 � 20 � 60 cm). The cores were checked visually
to ensure that the interface was intact. Each core was
sub-sampled for various analyses including 224Ra, 228Th,
234Th, porosity, and grain size. Along the salinity gradient,
seawater samples (20 l) were collected and suspended parti-
cles were filtered onto a 142-mm 0.7 lm (nominal pore size)
GFF filter. The samples were obtained to characterize the
disequilibrium between 224Ra and 228Th in suspended par-
ticles. In parallel to the sediment coring, depth profiles of
224Ra were collected in the overlying water column. The
seawater 224Ra measurements were conducted to investi-
gate the submarine groundwater discharge (SGD) in this



Table 1
224Ra, 228Th, and 234Thex activities (dpm/g dry sediment), as well as porosity and grain size in the near-surface sediment of the Yangtze
estuary.

Depth (cm) 224Ra (dpm/g) 228Th (dpm/g) 224Ra/228Th 234Thexcess (dpm/g) Porosity Grain size (Ø)

Y0; 31� 19.3000 N, 121� 43.8660 E; 10.0 m; T = 29.21 �C, S = 0.20; August 17, 2011a

0–1 0.79 ± 0.04 0.60 ± 0.03 1.32 ± 0.09 ND 0.377 2.2
2–3 0.86 ± 0.05 0.61 ± 0.03 1.41 ± 0.10 ND 0.407 2.2
4–5 0.81 ± 0.04 0.62 ± 0.03 1.29 ± 0.09 ND 0.418 2.2
6–7 0.74 ± 0.04 0.69 ± 0.03 1.07 ± 0.08 ND 0.438 2.2
10–11 0.68 ± 0.04 0.66 ± 0.03 1.03 ± 0.07 ND 0.462 2.8
15–16 0.66 ± 0.04 0.64 ± 0.03 1.03 ± 0.08 ND 0.443 2.2

Y1; 31� 0.9000 N, 122� 19.6850 E; 12.0 m; T = 25.96 �C, S = 23.06; August 17, 2011

0–1 0.50 ± 0.05 0.33 ± 0.03 1.52 ± 0.21 ND 0.586 4.2
1–2 0.83 ± 0.07 0.89 ± 0.06 0.93 ± 0.10 ND 0.533 5.3
2–3 0.76 ± 0.07 0.87 ± 0.06 0.87 ± 0.10 ND 0.573 5.1
3–4 0.84 ± 0.07 0.81 ± 0.06 1.04 ± 0.12 ND 0.622 5.2
4–5 0.68 ± 0.06 0.84 ± 0.06 0.82 ± 0.10 ND 0.641 5.7
5–6 0.69 ± 0.06 0.79 ± 0.05 0.88 ± 0.10 ND 0.627 6.4
7–8 0.71 ± 0.07 0.67 ± 0.05 1.05 ± 0.13 ND 0.627 5.3
9–10 0.84 ± 0.09 0.82 ± 0.06 1.03 ± 0.13 ND 0.591 5.9
11–12 0.70 ± 0.09 0.67 ± 0.05 1.05 ± 0.16 ND 0.566 6.0
17–18 0.59 ± 0.08 0.58 ± 0.04 1.03 ± 0.15 ND 0.595 6.2

Y3; 30� 50.3370 N, 122� 49.5400 E; 23.0 m; T = 23.36 �C, S = 30.25; August 19, 2011

0–0.5 0.66 ± 0.06 1.12 ± 0.08 0.59 ± 0.07 1.64 ± 0.14 0.747 6.3
0.5–1 1.41 ± 0.12 0.733
1–2 0.70 ± 0.06 1.04 ± 0.07 0.68 ± 0.08 1.12 ± 0.11 0.719 6.3
2–3 1.03 ± 0.09 1.19 ± 0.08 0.87 ± 0.10 0.86 ± 0.10 0.699 6.3
3–4 0.78 ± 0.07 0.93 ± 0.07 0.83 ± 0.09 0.52 ± 0.08 0.658 6.4
4–5 0.49 ± 0.04 0.51 ± 0.04 0.96 ± 0.11 0.00 ± 0.60 0.647 6.0
5–6 0.41 ± 0.03 0.38 ± 0.03 1.09 ± 0.12 ND 0.650 5.9
7–8 0.38 ± 0.04 0.38 ± 0.03 0.99 ± 0.13 ND 0.624 5.8
9–10 0.38 ± 0.04 0.39 ± 0.03 0.98 ± 0.12 ND 0.589 4.4
12–13 0.53 ± 0.05 0.60 ± 0.04 0.88 ± 0.11 ND 0.548 4.9
15–16 0.48 ± 0.05 0.51 ± 0.04 0.93 ± 0.12 ND 0.612 6.4

Y4; 30� 30.4770 N, 123� 20.9060 E; 56.0 m; T = 19.68 �C, S = 34.39; August 20, 2011

0–0.5 0.56 ± 0.05 0.63 ± 0.05 0.89 ± 0.10 2.54 ± 0.20 0.489 3.0
0.5–1 0.00 ± 0.74 0.446
1–2 0.36 ± 0.03 0.40 ± 0.03 0.91 ± 0.10 ND 0.444 2.4
2–3 0.36 ± 0.03 0.39 ± 0.03 0.93 ± 0.10 ND 0.442 3.3
3–4 0.28 ± 0.02 0.36 ± 0.03 0.78 ± 0.09 ND 0.449 3.4
4–5 0.32 ± 0.03 0.36 ± 0.03 0.89 ± 0.10 ND 0.427 2.6
5–6 0.31 ± 0.03 0.36 ± 0.03 0.85 ± 0.09 ND 0.420 2.8
7–8 0.38 ± 0.03 0.39 ± 0.03 0.98 ± 0.11 ND 0.412 2.9
9–10 0.43 ± 0.04 0.36 ± 0.03 1.20 ± 0.13 ND 0.408 3.0
11–12 0.42 ± 0.04 0.43 ± 0.03 0.99 ± 0.11 ND 0.403 2.9
14–15 0.35 ± 0.03 0.37 ± 0.03 0.93 ± 0.11 ND 0.382 3.5

Y8; 31� 10.0040 N, 123� 2.2210 E; 63.0 m; T = 20.74 �C, S = 33.70; August 21, 2011

0–0.5 0.51 ± 0.04 0.60 ± 0.04 0.85 ± 0.09 2.82 ± 0.22 0.518 2.5
0.5–1 2.99 ± 0.23 0.535
1–2 0.43 ± 0.03 0.49 ± 0.04 0.87 ± 0.09 1.31 ± 0.15 0.512 2.9
2–3 0.37 ± 0.03 0.42 ± 0.03 0.88 ± 0.10 0.07 ± 0.11 0.478 2.8
3–4 0.30 ± 0.03 0.35 ± 0.02 0.87 ± 0.09 0.00 ± 0.25 0.446 3.2
4–5 0.40 ± 0.03 0.43 ± 0.03 0.93 ± 0.10 ND 0.437 2.8
5–6 0.27 ± 0.03 0.34 ± 0.02 0.81 ± 0.09 ND 0.434 2.4
7–8 0.40 ± 0.04 0.43 ± 0.03 0.92 ± 0.11 ND 0.464 2.8
9–10 0.35 ± 0.03 0.33 ± 0.02 1.04 ± 0.12 ND 0.451 2.5
14–15 0.38 ± 0.03 0.43 ± 0.03 0.90 ± 0.10 ND 0.437 3.7

Y10; 31� 19.9020 N, 122� 49.8180 E; 53.0 m; T = 22.70 �C, S = 32.79; August 16, 2011

0–0.5 0.74 ± 0.06 0.93 ± 0.06 0.79 ± 0.08 5.07 ± 0.35 0.651 4.9
0.5–1 3.55 ± 0.25 0.623
1–2 0.57 ± 0.04 0.64 ± 0.05 0.90 ± 0.09 0.40 ± 0.10 0.632 5.0
2–3 0.49 ± 0.04 0.53 ± 0.04 0.93 ± 0.10 3.99 ± 0.28 (?) 0.580 4.3

(continued on next page)
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Table 1 continued

Depth (cm) 224Ra (dpm/g) 228Th (dpm/g) 224Ra/228Th 234Thexcess (dpm/g) Porosity Grain size (Ø)

3–4 0.38 ± 0.03 0.46 ± 0.03 0.83 ± 0.09 3.05 ± 0.23 (?) 0.574 4.7
4–5 0.47 ± 0.04 0.45 ± 0.04 1.04 ± 0.11 0.01 ± 0.05 0.498 4.0
5–6 0.42 ± 0.03 0.49 ± 0.04 0.86 ± 0.09 ND 0.488 4.8
7–8 0.40 ± 0.03 0.41 ± 0.03 0.97 ± 0.11 ND 0.471 5.0
9–10 0.34 ± 0.03 0.37 ± 0.03 0.91 ± 0.10 ND 0.471 5.3
11–12 0.43 ± 0.04 0.49 ± 0.03 0.87 ± 0.09 ND 0.421 4.6

Y17; 31� 45.3590 N, 122� 20.5610 E; 23.0 m; T = 23.10 �C, S = 30.49; August 16, 2011

0–0.5 0.90 ± 0.07 1.01 ± 0.07 0.89 ± 0.09 1.54 ± 0.14 0.642 6.4
0.5–1 1.13 ± 0.12 0.652
1–2 1.00 ± 0.13 0.87 ± 0.07 1.14 ± 0.18 1.35 ± 0.13 0.646 5.0
2–3 0.71 ± 0.11 0.77 ± 0.06 0.92 ± 0.16 0.93 ± 0.11 0.581 5.0
3–4 0.56 ± 0.05 0.85 ± 0.06 0.65 ± 0.07 0.20 ± 0.09 0.539 5.1
4–5 0.34 ± 0.03 0.53 ± 0.04 0.63 ± 0.07 0.40 ± 0.06 0.544 5.1
5–6 0.54 ± 0.04 0.61 ± 0.04 0.89 ± 0.09 0.00 ± 0.20 0.557 6.0
7–8 0.61 ± 0.05 0.65 ± 0.05 0.94 ± 0.10 ND 0.526 5.6
9–10 0.63 ± 0.05 0.69 ± 0.05 0.92 ± 0.10 ND 0.596 5.9
11–12 0.72 ± 0.06 0.72 ± 0.05 1.01 ± 0.11 ND 0.587 6.6
14–15 0.69 ± 0.06 0.69 ± 0.05 1.01 ± 0.11 ND 0.596 6.6
17–18 0.64 ± 0.05 0.69 ± 0.05 0.93 ± 0.10 ND 0.553 5.6

Y18; 30� 30.3300 N, 122� 49.7790 E; 23.0 m; T = 20.48 �C, S = 33.82; August 22, 2011

0–0.5 0.87 ± 0.07 0.89 ± 0.06 0.98 ± 0.11 5.16 ± 0.34 0.767 6.0
0.5–1 2.53 ± 0.19 0.739 5.9
1–2 0.76 ± 0.06 0.88 ± 0.06 0.86 ± 0.09 0.80 ± 0.10 0.730 6.0
2–3 0.71 ± 0.06 0.74 ± 0.05 0.96 ± 0.10 0.53 ± 0.08 0.706 6.2
3–4 0.45 ± 0.04 0.52 ± 0.04 0.86 ± 0.10 0.31 ± 0.08 0.686 6.4
4–5 0.64 ± 0.05 0.63 ± 0.05 1.02 ± 0.11 0.18 ± 0.06 0.650 6.1
5–6 0.38 ± 0.03 0.47 ± 0.03 0.81 ± 0.09 0.21 ± 0.06 0.607 6.0
7–8 0.58 ± 0.05 0.52 ± 0.04 1.10 ± 0.12 ND 0.603 5.9
9–10 0.39 ± 0.03 0.36 ± 0.03 1.11 ± 0.13 ND 0.651 4.6
11–12 0.48 ± 0.04 0.45 ± 0.04 1.06 ± 0.12 ND 0.634 6.0
14–15 0.33 ± 0.03 0.36 ± 0.03 0.93 ± 0.11 ND 0.592 5.8

N0; 30� 30.3680 N, 122� 22.3410 E; 26.0 m; T = 25.51 �C, S = 26.78; August 18, 2011

0–0.5 0.52 ± 0.04 0.49 ± 0.04 1.07 ± 0.11 ND 0.631 5.9
0.5–1 ND 0.615
1–2 0.52 ± 0.04 0.49 ± 0.04 1.06 ± 0.11 ND 0.568 5.8
2–3 0.53 ± 0.04 0.48 ± 0.03 1.09 ± 0.12 ND 0.589 5.7
3–4 0.45 ± 0.04 0.37 ± 0.03 1.20 ± 0.13 ND 0.574 5.6
4–5 0.40 ± 0.04 0.38 ± 0.03 1.06 ± 0.12 ND 0.582 5.9
5–6 0.41 ± 0.04 0.39 ± 0.03 1.04 ± 0.12 ND 0.578 6.1
7–8 0.47 ± 0.04 0.42 ± 0.03 1.14 ± 0.13 ND 0.562 5.5
9–10 0.40 ± 0.03 0.37 ± 0.03 1.10 ± 0.12 ND 0.564 5.1
11–12 0.53 ± 0.05 0.55 ± 0.04 0.98 ± 0.11 ND 0.494 4.9
14–15 0.47 ± 0.04 0.48 ± 0.04 0.98 ± 0.11 ND 0.500 4.5

ND: Not detectable, i.e., when the second measurement of sediment 234Th is larger or indistinguishable from the first measurement.
a T and S represent temperature and salinity in the bottom water.
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area. The results will be reported elsewhere (Wang et al.,
personal communication).

2.3. 224Ra and 228Th analyses

The method for the determination of 224Ra and 228Th in
coastal sediments has been described in detail by Cai et al.
(2012). This technique measures 224Ra and 228Th dissolved
in pore water as well as surface-bound 224Ra and 228Th. It
does not detect 224Ra and 228Th bound in the crystal lattice
of bulk sediments. In brief, immediately after sample collec-
tion, the sediment sub-cores (area = 17.3 cm2) were sliced
into 1-cm thick slabs. The sediment slab was placed in a
250 ml Teflon beaker and 150 ml Milli-Q water was added
to form a slurry. The slurry was ultrasonicated for 5 min.
To the slurry 5–10 drops of concentrated NH3�H2O were
added. Then, 1.0 ml of KMnO4 solution (3.0 g l�1) and
1.0 ml of MnCl2 solution (8.0 g MnCl2�4H2O l�1) were
added to form a suspension of MnO2. Subsequently, the
sediment slurry together with the MnO2 precipitate was fil-
tered onto a pre-weighed 142-mm 0.7 lm (nominal pore
size) GFF filter. The filtration was terminated when drop-
lets of water ceased to issue from the filter. The sample
was then placed into the sample chamber and was partially
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dried for�30 min using an air stream. After the weight ratio
of water/(sediment + filter) was adjusted to 0.4–0.5, we re-
corded the weight of the sample and connected the sample
chamber to the RaDeCC system. Helium gas was circulated
through the sediment sample and the counting cell at a rate of
12–15 l/min. The sample was counted for 4–6 h. About 8–
10 d later, the sample was re-measured using a same Ra-
DeCC system. In order to minimize the error, the water con-
tent of the sample was maintained in the vicinity of the
original level during storage. The measurement parameters
(like water content, counting time, etc.) were also controlled
to be consistent in the two measurements. The final 224Ra and
228Th activities at the sampling time were calculated from the
first and the second measurements. Chance coincidence and
contributions from the 219 channel were corrected using
the equations described in Moore and Arnold (1996) and
Moore (2008). The errors associated with 224Ra and 228Th
activities were propagated from counting statistics, counter
calibration, chance coincidence correction and in-growth
correction. The RaDeCC counter is calibrated with a
232U–228Th standard using the method of standard addition.
The reproducibility and the overall accuracy of 224Ra (and
228Th) measurement based on this method are estimated to
be ±5% and ±5–7%, respectively. Finally, it must be noted
that the 224Ra and 228Th measurements actually represent
the exchangeable 224Ra activity and the production rate of
exchangeable 224Ra in sediment particles. For convenience,
however, hereafter we simply refer to them as 224Ra and
228Th activities.

2.4. 234Thex analysis

Excess 234Th (234Thex) activity in the sediment was ac-
quired from two parallel measurements. Immediately after
the cruise, dried sediment samples (3–4 g) were leached in
a hot solution of 50 ml of 6 N HCl + 5 ml of H2O2 for
4 h. To ensure that the absorbed 234Th was quantitatively
leached, this step was repeated 3 times. Subsequently, the
leachates were combined and evaporated to near dryness.
Twenty milliliters of 8 N HNO3 was added to re-dissolve
the sample, which was then transferred into a precondi-
tioned anion-exchange column (AG1-X8, 100–200 mesh).
Thorium was purified by rinsing the column with
3 � 10 ml of 8 N HNO3 (Anderson and Fleer, 1982). Final
ion-exchange chemistry was accomplished by passing
3 � 10 ml of 1 N HCl to elute the Th into a 100 ml beaker.
Then, NH3�H2O was added to the Th effluent and the pH
was adjusted to �9.0. The subsequent procedure is essen-
tially similar to the protocol for seawater 234Th measure-
ment based on the MnO2 co-precipitation technique (e.g.,
Buesseler et al., 2001; Cai et al., 2006). Briefly, 0.375 ml
of KMnO4 solution (3.0 g l�1) and 0.25 ml of MnCl2 solu-
tion (8.0 g MnCl2�4H2O l�1) were added to form a suspen-
sion of MnO2, which serves to absorb Th isotopes in the
solution. The MnO2 suspension was filtered onto a 25 mm
diameter, 1.0 lm pore size QMA filter. The filter was dried,
and mounted under one layer of Mylar film and two layers
of aluminum foil. The 234Th activity in the sample was
determined immediately by counting its daughter 234mPa
on a gas-flow proportional low-level beta counter (GM-
25-5, RISØ National Laboratory, Denmark).

After 5–6 months, a parallel sediment sample was
processed in the same manner as described above and the
sample was measured using the same RISØ detector. The sig-
nal in this parallel measurement is contributed from the 234Th
activity that was supported by 238U, non-234Th beta emitters
(like 212Pb, 212Bi, 208Tl, and other short-lived beta-emitting
daughters of 228Th), and the background of the
counter. 234Thex activity was calculated from the two parallel
measurements and reported with a propagated uncertainty
that includes the two parallel counting of 234Th and the error
associated with detector calibration. The detectors were
calibrated using deep waters and/or aged seawater samples
where 234Th and 238U are expected to be in secular equilib-
rium (e.g., Rutgers van der Loeff et al., 2011).

Unlike the procedure used by early investigators (e.g.,
Aller and Cochran, 1976; DeMaster et al., 1985), our pro-
tocol for sediment 234Th analysis does not involve a yield
tracer. As such, it is important to evaluate the overall yields
of the chemical procedure that we applied. The overall
yields are determined using the method of standard addi-
tion, i.e., by measuring a set of standards in which known
activities of 234Th and 238U were added to an unknown sed-
iment sample. Dried sediment samples collected from the
Yangtze estuary were mixed and homogenized. A set of 8
replicate samples each with a dried mass of 3.8 g were taken
from the homogenized bulk sediment. To the replicate sam-
ples a succession (0.500, 1.000, 1.500, 2.000, 2.500, 3.000,
3.500, and 4.000 ml) of 238U–234Th standard solutions with
a 234Th activity of 68.5 ± 0.70 dpm/ml were added. The
samples were processed and measured following the proce-
dure described above. The results of 234Th measurement vs.
234Th addition from the standards are shown in Fig. 2. A
simple Linear Least Square (LLS) analysis is performed.
The SLOPE gives an overall yield of 0.963 ± 0.059. The
high yield with a relatively small error indicates that our
chemical procedure for the 234Thex measurement in sedi-
ment is reliable. The standard error associated with the
overall yield was also included when propagating the error
related to the 234Thex activity. Overall, the reproducibility
of the 234Thex measurement based on our procedure is con-
sidered to be in the vicinity of ±10%.

2.5. Sedimentology

The box cores were sampled at various depths for grain
size analysis, which was performed with a laser particle size
analyzer (Melvern’s Matersizer 2000). Separate sediment
samples were dried at 60 �C for 24 h. The porosity was cal-
culated from the weight loss using a grain density of
2.6 g cm�3.

3. RESULTS

224Ra, 228Th, and 234Thex activities as well as porosity
and grain size in the near-surface sediment of the Yangtze
estuary are presented in Table 1. Bottom water temperature
and salinity at each station are also presented. During the
cruise, bottom water temperature at the study sites varied
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between 29.21 and 19.68 �C, and showed a decrease with
distance offshore. Bottom water salinity increased with dis-
tance offshore, from 0.20 at Y0 to 34.39 at Y4. Porosity in
the near-surface sediment ranged from 0.377 to 0.767. Due
to sediment compaction, porosity profiles showed a general
decrease with depth. Grain size distribution at the study
sites ranged from sand to silt, with the coarsest sediment
at the river mouth site (Y0). In general, coarse sediments
were characterized by lower porosity.

3.1. Depth profiles of 224Ra and 228Th

Sediment 228Th activities at the study sites varied be-
tween 0.33 ± 0.03 and 1.19 ± 0.08 dpm/g (dried mass).
High 228Th activity was generally found to be associated
with fine sediment (Fig. 3). This observation is consistent
with the recognition that thorium is principally absorbed
onto particle surface and consequently, small particles tend
to have a higher absorption capacity for thorium due to
their large specific surface area (e.g., Santschi et al.,
2006). Except at Y0, Y1, and N0, depth profiles of 228Th
show a rapid decrease in the upper 5 cm (Fig. 4). The reduc-
tion in 228Th activity is coincident with the depth trend of
sediment 234Thex activity (Table 1), and indicates that a
considerable fraction of 228Th in the surface sediment must
be supplied via the scavenging of 228Th in the overlying
water column by suspended particles. Indeed, Broecker
et al. (1973) observed that 228Th/228Ra ratio in surface
water was much less than unity and decreased as the coast
was approached. Subsequent to deposition of suspended
particles at the sediment–water interface, 228Th in excess
over that supported by 228Ra in the sediment starts to de-
cay, resulting in a decline of 228Th activity with depth in
the near-surface sediment. At Y0 and N0, 228Th activity
was relatively constant with depth. At Y1, a 228Th mini-
mum was observed at the sediment surface, but increased
a factor of 3 in the underlying sample. Below this layer,
228Th activity slightly decreased with depth. The absence
of a decline of 228Th activity with depth suggests that an ex-
cess of 228Th relative to 228Ra may not exist at Y0, Y1, and
N0. Indeed, at these sites no excess 234Th activity was
detectable (Table 1). The absence of sediment 228Thex and
234Thex at Y0, Y1, and N0 may be caused by lateral trans-
port of bottom sediment across the estuary. In fact, this
process has been demonstrated to be responsible for the
formation of a �800 km subaqueous deltaic deposit that
extends from the Yangtze River mouth south toward the
Taiwan Strait (Liu et al., 2006). A similar mechanism was
invoked to interpret the seabed deficiency in 234Th observed
on the Amazon shelf (Moore et al., 1996; Smoak et al., 1996).

Sediment 224Ra activities in the study region ranged
from 0.27 ± 0.02 to 1.03 ± 0.09 dpm/g. 224Ra profiles gen-
erally show a depth pattern similar to 228Th (Fig. 4). At
depths below 10 cm, 224Ra approached secular equilibrium
with 228Th. For depths between 10 and 20 cm, the mean 224-

Ra/228Th activity ratio was 0.993 ± 0.078 (1SD, n = 26),
not significantly different from unity. The standard devia-
tion is also consistent with the error propagated from the
measurement uncertainty of 224Ra and 228Th (±5%). This
indicates that 224Ra migration was negligible below
10 cm. In contrast, a significant deviation of 224Ra relative
to 228Th was evident in the upper 0–10 cm at most study
sites. The most remarkable deficit of 224Ra occurred at
Y3, where at 0–1 cm 224Ra/228Th ratio was as low as
0.59 ± 0.07. The marked deficit in 224Ra indicates active
migration of 224Ra across the sediment–water interface into
the overlying water column. At Y0, however, 224Ra was in
excess with respect to 228Th in the upper 5 cm. Below this
layer, 224Ra and 228Th approached secular equilibrium.

3.2. 224Ra and 228Th activities in suspended particles

224Ra and 228Th activities in suspended particles along
the salinity gradient in the Yangtze estuary are presented
in Table 2. Also presented in Table 2 is 224Ra activity in sea-
water. Seawater 224Ra activity varied between 5.85 ± 0.12
and 111.2 ± 0.8 dpm/100 l, and exhibited a plateau in the
salinity range of 5–15 (Fig. 5). This mode is similar to the
pattern of seawater 224Ra vs. salinity in most estuaries
(e.g., Krest et al., 1999; Moore and Krest, 2004; Liu
et al., 2012). It reflects release of 224Ra into seawater from
suspended particles and/or bottom sediment or submarine
groundwater discharge. 228Th activity in suspended
particles ranged from 1.06 ± 0.16 to 2.24 ± 0.21 dpm/g,



Fig. 4. Depth profiles of 224Ra (open square) and 228Th (filled square) in the upper 0–20 cm sediment. The red area represents a deficit of
224Ra and the green area denotes an excess of 224Ra. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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much higher than that in the surface sediment. The differ-
ence between suspended and seabed 228Th activity can be
due to a grain size effect, with finer-grained suspended mat-
ter in water column. It may also reflect that a considerable
fraction of 228Th in suspended particles has decayed away
or mixed with older sediment after deposition over the sea-
floor. 224Ra activity in suspended particles varied between
0.48 ± 0.13 and 2.13 ± 0.31 dpm/g. At S < 2, 224Ra and
228Th in suspended particles were essentially in secular equi-
librium. In comparison, a marked deficit of 224Ra relative
to 228Th in suspended particles was observed at S > 2
(Fig. 5). The most remarkable depletion of 224Ra in sus-
pended particles occurred at S = 15.8, where the 224Ra/228-

Th ratio was as low as 0.35 ± 0.07. On average, at S > 2 the
224Ra/228Th ratio in suspended particles was 0.60 ± 0.21
(1SD, n = 5). This indicates that �40% of the exchangeable
224Ra in suspended particles desorbed during mixing into
seawater. This result compares well with the estimate from
a desorption experiment on Yangtze sediment by Gu et al.
(2012). It is also consistent with the result from the Amazon
shelf, where Moore et al. (1995) showed that 40% of the
exchangeable 224Ra in suspended particles was released into



Table 2
224Ra and 228Th activities (dpm/g dry mass) in suspended particles, seawater 224Ra activity, and the Kd value of 224Ra along the salinity
gradient in the Yangtze estuary. Samples were collected on August 17, 2011.

Latitude (�N) Longitude
(�E)

Salinity TSM
(mg/L)

Seawater 224Ra
(dpm/100 l)

224Ra (dpm/g) 228Th (dpm/g) 224Ra/228Th
(A.R.)

Kd
a (104 cm3/g)

31� 19.3000 121� 43.8660 0.16 170 19.5 ± 0.3 2.13 ± 0.31 2.24 ± 0.21 0.95 ± 0.17 1.06 ± 0.16
31� 06.6000 121� 56.1100 1.70 2050 69.8 ± 0.4 1.73 ± 0.20 1.75 ± 0.13 0.99 ± 0.14 0.25 ± 0.03
31� 04.8000 122� 01.4400 5.60 2207 111.2 ± 0.8 1.22 ± 0.12 1.71 ± 0.12 0.72 ± 0.09 0.11 ± 0.01
31� 03.3000 122� 05.1600 10.3 459 106.7 ± 0.9 1.05 ± 0.13 1.79 ± 0.14 0.59 ± 0.08 0.10 ± 0.01
31� 02.8200 122� 07.2000 15.8 591 107.1 ± 0.8 0.62 ± 0.10 1.77 ± 0.14 0.35 ± 0.07 0.06 ± 0.01
31� 01.5000 122� 15.7800 20.0 269 69.5 ± 0.5 1.48 ± 0.14 1.66 ± 0.16 0.89 ± 0.12 0.21 ± 0.02
31� 00.9000 122� 19.6800 29.0 13.1 5.85 ± 0.12 0.48 ± 0.13 1.06 ± 0.16 0.46 ± 0.14 0.82 ± 0.22

a Kd is defined as the ratio of 224Ra activity in suspended particles (dpm/g) to the activity in seawater (dpm/cm3).
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Fig. 5. Distributions of seawater 224Ra activity (upper panel), and
224Ra (open square) and 228Th (closed square) activities in
suspended particles (lower panel) along the salinity gradient in
the Yangtze estuary.
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seawater. Direct measurement of 224Ra and 228Th in sus-
pended particles thus provides an independent approach
for quantifying desorption rate of radium during estuarine
mixing.

3.3. Depth profiles of 234Thex

Excess 234Th activities (234Thex) were observed in the
upper 0–6 cm sediment column at most study sites except
for Y0, Y1, and N0 (Table 1). The absence of 234Thex at
these sites, as mentioned above, could be caused by lateral
transport of bottom sediment across the estuary. The
234Thex profiles generally showed a decrease with depth
(Fig. 6), which must be ascribed to the decay of 234Th after
deposition over the seafloor. There were considerable site-
to-site variations in 234Thex. 234Thex activity in the surface
0–0.5 cm ranged from a low of 1.54 ± 0.14 dpm/g to a high
of 5.16 ± 0.34 dpm/g. The inventory of 234Thex activity in
the upper 0–6 cm varied between 1.69 ± 0.15 and
5.33 ± 0.47 dpm/cm2 (Table 3). At Y10, high 234Thex activ-
ities at depth between 2 and 3 cm were observed below a
layer of sediment with low 234Thex activity. These high
234Thex activities, however, were not consistent with the
depth pattern of 228Th at the same station. We thus con-
sider that the high 234Thex signal between 2 and 3 cm at
Y10 could be a sampling artifact. As such, these abnormal
data were not included in the calculation of 234Th inventory.

4. DISCUSSION

4.1. Bioturbation rates estimated from 234Th

Bioturbation is an important process that influences the
transfer of dissolved species across the sediment–water
interface. In this study, we use a less restrictive definition
of bioturbation (Smethie et al., 1981). It refers to any dis-
placement of particles and the accompanying movement
of interstitial water, whether initiated by biological or phys-
ical processes. In the absence of bioturbation, 234Thex

would be confined in the surface sediment as its half-life
(24.1 d) is short compared to the typical sedimentation rate
in the coastal areas (�1 cm y�1). The occurrence of 234Thex

at depth in the sediment thus reflects the downward mixing
of sediment. Since the 1970s, the penetration of 234Thex into
sediment has been extensively utilized to assess bioturba-
tion rates (e.g., Aller and Cochran, 1976). Assuming steady
state and constant porosity, the rate of change in 234Thex

activity is described by the equation

@234Thex

@t
¼ 0 ¼

@ DB
@234Thex

@z

� �
@z

� x
@234Thex

@z
� k234

234Thex

ð1Þ

where DB is the bioturbation coefficient, x denotes the sed-
imentation rate, and z represents depth below the sediment–
water interface. If the advective burial of sediment is a neg-
ligible term for 234Thex distribution (i.e., x � 0), and if DB is
constant with depth, then we can solve Eq. (1) by taking the



Fig. 6. Depth profiles of 234Thex in the sediment. Note the outliers at 2 and 3 cm at Y10. The two values are excluded when finding the best fit
of the 234Thex profile at this station.

Table 3
234Thex inventory (I 234Thex), bioturbation coefficient (DBÞ, observed flux of 224Ra (F RaÞ, theoretical flux of 224Ra induced by molecular
diffusion (F M Þ, by molecular diffusion plus bioturbation (F MþBÞ, residence time of pore water (sÞ, benthic consumption rate of O2 (F O2

Þ, and
utilization rate of O2 in the bottom of the water column (RO2

) at the study sites.

Station I 234Thex

(dpm cm�2)
DB

(10�7cm2 s�1)
F Ra

(dpm cm�2 d�1)
F M

(dpm cm�2 d�1)
F MþB

(dpm cm�2 d�1)
s (d) F O2

(mmol m�2 d�1)
RO2

(mmol m�2 d�1)

Y0 – – 0.419 ± 0.055 0.001 – 0.010 ± 0.001 – –
Y1 – – �0.017 ± 0.046 �0.018 – – 1.2 ± 3.4 20.6
Y3 2.99 ± 0.16 17 �0.177 ± 0.030 �0.025 �0.053 2.4 ± 0.6 25.6 ± 4.4 40.0
Y4 1.69 ± 0.15 0.002a �0.084 ± 0.034 �0.009 �0.009 1.8 ± 0.8 – –
Y8 5.33 ± 0.47 4.6 �0.122 ± 0.032 �0.011 �0.023 1.5 ± 0.5 – –
Y10 4.41 ± 0.22 1.6 �0.121 ± 0.033 �0.016 �0.021 2.1 ± 0.7 21.6 ± 5.8 110.3
Y17 4.20 ± 0.32 20 �0.178 ± 0.046 �0.020 �0.057 2.6 ± 1.0 24.2 ± 6.2 69.6
Y18 4.01 ± 0.18 1.4 �0.031 ± 0.029 �0.018 �0.022 34 ± 105 6.9 ± 6.3 42.8
N0 – – 0.082 ± 0.028 �0.010 – – – –

a At Y4, DB was estimated by fitting only two data points. This gives an upper limit of DB at this location.
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boundary conditions 234Thex = [234Thex]0 at z = 0 and
234Thex = 0 at z!1:

234Thex ¼ ½234Thex�0e
�
ffiffiffiffiffiffi
k234
DB

q
z

ð2Þ

Fitting Eq. (2) to the 234Thex profiles yields the best estimates of
DB. As shown in Table 3, the bioturbation coefficient varied
over three orders of magnitude, from <0.01 � 10�7 to
20 � 10�7 cm2 s�1. The wide range of the DB values in Table 3
suggests that benthic biological activity was highly
heterogeneous in the Yangtze estuary. Overall, the DB values
in this study are comparable to the estimates of the bioturba-
tion coefficient in the New York Bight and the Amazon shelf
(e.g., Cochran and Aller, 1979; DeMaster et al., 1980). High
values of DBð� 2� 10�6 cm2 s�1Þ were observed at Y3 and
Y17. These values are similar in magnitude to the molecular
diffusion coefficient in sediment interstitial water (�1–
10 �10�6 cm2 s�1). This implies that bioturbation could be
an important process in regulating the transfer of dissolved spe-
cies across the sediment–water interface in the Yangtze estuary.
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4.2. 224Ra flux across the sediment–water interface

224Ra fluxes across the sediment–water interface at our
study sites can be calculated with a one-dimensional (1D)
mass balance exchange model (Cai et al., 2012). By assum-
ing steady state and that 224Ra is solely supplied via alpha-
decay of 228Th in the sediment, the flux of 224Ra can be di-
rectly derived from a mass balance consideration:

F Ra ¼ �
Z 1

0

k224ðATh � ARaÞdz ð3Þ

where F Ra (dpm cm�2 d�1) denotes the flux of 224Ra (“+”

downward) across the sediment–water interface. ATh and
ARa are 228Th and 224Ra activities in a unit of dpm cm�3

(wet sediment), which was converted from a mass unit using
a relationship of dpm cm�3 = dpm g�1 � qs � (1 � ø),
where qs is the sediment density and ø is the porosity. In
practice, we assume that 224Ra and 228Th are in secular
equilibrium below 10 cm. F Rawas then calculated by trape-
zoidal integration of the 224Ra deficit in the bioturbation
zone (0–10 cm). As shown in Table 3, 224Ra fluxes varied
between �0.178 ± 0.046 and 0.419 ± 0.055 dpm cm�2 d�1

in our study region.
The positive values, which may result from a net scav-

enging of 224Ra from the overlying seawater by the bottom
sediment, are a reflection of the distinct geochemical behav-
ior of 224Ra in freshwater as compared to seawater. In
freshwater the distribution coefficient (Kd) is high, causing
224Ra to be bound tightly onto particle surfaces (e.g., Swar-
zenski et al., 2003). As river water mixes with seawater, the
increasing ionic strength causes Kd to decrease, releasing a
considerable fraction of Ra from particles. Thus, the mid-
estuary region is generally characterized by elevated activi-
ties of dissolved 224Ra. In the Yangtze estuary, seawater
224Ra activity in the mid-salinity region was on the order
of 100 dpm/100 l, compared to � 20 dpm/100 l at the river
mouth (Fig. 5). In contrast, as estimated from the 224Ra
measurements in seawater and in suspended particles, the
distribution coefficient of 224Ra (Kd) at the river mouth fell
in the range of 2500–11,000, much higher than in the mid-
salinity region (Table 2). If 224Ra is transported (i.e., by
estuarine circulation) from the mid-salinity region charac-
terized by high seawater 224Ra activity and low Kd in the
sediment to the river mouth characterized by low seawater
224Ra activity and high Kd in the sediment, a fraction of
224Ra in the overlying water may be absorbed by bottom
sediment, resulting in a 224Ra excess as observed in the
upper 0–10 cm sediment at Y0.

Like other dissolved species in interstitial water, the ben-
thic flux of 224Ra must be regulated by the multiple pro-
cesses that operate at the sediment–water interface. These
processes include molecular diffusion, bioturbation, and
irrigation. As shown in Fig. 7, at our study sites 224Ra flux
is positively correlated with the bioturbation coefficient
(F Ra ¼ ð�5:3� 1:7Þ � 104DB � ð0:079� 0:019Þ;
R2 = 0.708; P < 0.05). The positive correlation indicates
that bioturbation is an important process that regulates
the benthic fluxes of 224Ra in the Yangtze estuary. The
intercept in this linear relation is �0.079 ± 0.0
19 dpm cm�2 d�1, which represents the average 224Ra flux
resulted from other processes, namely molecular diffusion
and irrigation. Of course, this intercept is meaningful only
if Kd and 224Ra activity in the overlying water are uniform
for all the stations plotted.

The relative importance of molecular diffusion, biotur-
bation, and irrigation in regulating the benthic flux of
224Ra can be assessed in a more quantitative manner by
modeling the 224Ra profiles using the general diagenetic
equation (Berner, 1980):

@224Ra

@t
¼
@ DS

Kþ1
� @224Ra

@z

� �
@z

þ
@ DB

@224Ra
@z

� �
@z

� 1

qsð1� /Þ

� @F g

@z
� x

@224Ra

@z
� k224

224Raþ k224
228Th ð4Þ

where K is a dimensionless adsorption constant. It is linked
to the distribution coefficient of 224Ra by the relation
K = [qs(1 � ø)/ø] � Kd. DS is the diffusivity of 224Ra in
the sediment, DB represents the bioturbation coefficient,
and F g (dpm cm�2 d�1) denotes the flux induced by irriga-
tion. Note that 224Ra in this expression takes a unit of
dpm/g dry sediment. Eq. (4) implicitly assumes that the
density of dry sediment (qsÞ and porosity (ø) are constant
with depth. In this expression, the first term on the right
side represents the contribution of molecular diffusion of
224Ra in interstitial water. The second term describes the
contribution of bioturbation. The third term denotes the
contribution of irrigation. The fourth term describes
transport of 224Ra by sedimentation. The fifth and sixth
terms are decay and production rates of 224Ra in the sed-
iment. The molecular diffusion coefficient for radium in
seawater (D) is a function of temperature. At 0–25 �C, it
varies from 3.7 � 10�6 to 8.3 �10�6 cm2 s�1 (Boudreau,
1997). In marine sediments, this coefficient must be further
corrected for tortuosity (hÞ by the relation DS ¼ D=h2. The
tortuosity can be estimated from the porosity using the
expression h2 = 1 � 2 ln (ø) (Boudreau, 1997). For the
224Ra distribution in marine sediments, the advective bur-
ial of sediment is generally a small term compared to the
decay or the production rate of 224Ra (Hancock et al.,
2000). Therefore, we neglected this small term in our mod-
el. Aside from Y0, Y1, and N0, 228Th in the upper 0–10 cm
sediment can be best approximated as an exponential
function of depth. With these assumptions, we obtain an
equation for the steady-state distribution of 224Ra in the
sediment:

@ DS
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þ
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@224Ra
@z

� �
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� 1

qsð1� /Þ �
@F g

@z

� k224
224Raþ k224ðGe�bz þ SÞ ¼ 0 ð5Þ

where G, b, and S can be identified by finding the best fits to
the 228Th profiles in the sediment. For Y0, Y1, and N0, we
assume that 228Th activity was constant in the upper 0–
10 cm sediment. In this case, the steady-state distribution
of 224Ra in the sediment can be expressed as:
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Fig. 7. Dependence of the measured flux of 224Ra on the bioturbation coefficient in the sediment of the study region. Note that a negative
value means flux from sediment to water.
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In order to assess the relative importance of molecular dif-
fusion plus bioturbation in the overall 224Ra budget, we ini-
tially assume that irrigation is negligible. Under this
circumstance, Eqs. (5) and (6) are simplified to:

@ DS
Kþ1
� @224Ra

@z

� �
@z

þ
@ DB

@224Ra
@z

� �
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� k224
224Raþ k224ðGe�bz þ SÞ ¼ 0 ð7Þ

and
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Kþ1
� @224Ra

@z

� �
@z

þ
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@224Ra
@z

� �
@z

� k224
224Raþ k224S ¼ 0 ð8Þ

To solve Eqs. (7) and (8), two boundary conditions are
required. At the sediment–water interface, we assume that
224Ra/228Th ratio in the surface sediment is identical to
the average ratio in suspended particles (cÞ, i.e., 224Ra =
c � (G + S) or 224Ra = c � S. At infinite depth, we have
the boundary condition 224Ra = S as z!1, i.e., assuming
that 224Ra is in secular equilibrium with 228Th. The solu-
tions to Eqs. (7) and (8) are:

224Ra ¼ �
G ð1� cÞBþ cb2
� �
ðB� b2Þ
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and

224Ra ¼ S½1� ð1� cÞe�
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B
p

z� ð10Þ

where

B ¼ ðK þ 1Þk224

DS þ ðK þ 1ÞDB
Eqs. (9) and (10) illustrate 224Ra distribution in the near-
surface sediment of the Yangtze estuary when molecular
diffusion and bioturbation are the dominant processes that
operate at the sediment–water interface. In this case, the
flux of 224Ra (F MþBÞ across the sediment–water interface
is given by

F MþB ¼ �
DS

K þ 1
þ DB

� �
qsð1� /Þ

�
G ð1� cÞBþ cb2
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and

F MþB ¼ �
DS

K þ 1
þ DB

� �
qsð1� /Þð1� cÞS

ffiffiffi
B
p

ð12Þ

If molecular diffusion is the only process that operates at
the sediment–water interface, then the second term in
Eqs. (7) and (8) is removed. In such a case, 224Ra distribu-
tion and the diffusive flux of 224Ra (F M ) are just a special
case of the more general Eqs. (9)–(12) with DB ¼ 0. In
Eqs. (9)–(12), the value of K can be estimated from the dis-
tribution coefficient of 224Ra, Kd. Previous studies have
demonstrated that the value of Kd in bottom sediment gen-
erally falls in the range of 10–5000, with higher values in
freshwater and lower values in seawater (Cochran and
Krishnaswami, 1980; Krest and Harvey, 2003). In this
study, we adopt a Kd value of 2500 to model the 224Ra
distribution at Y0. For the other sites, a Kd value of 11.7
(Hancock et al., 2000) is used to calculate the flux of
224Ra. Note that in Eqs. (11) and (12), the term 1/(K + 1)
is not applied to DB because a true random mixing
process of sediment involves both solid particles and the
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accompanying interstitial water. All the parameters used in
the model calculation are listed in Table 4. Results of the
flux calculation are also shown in Table 3. For Y0, Y1,
and N0, F MþB is not available because 234Th excess was
not detectable at these sites.

The flux of 224Ra solely induced by molecular diffusion
(F M Þ varied between �0.025 and 0.001 dpm cm�2 d�1

(Table 3). The positive flux represents net absorption of
224Ra from the overlying water by the bottom sediment.
From Table 3, it is evident that at different locations the
relative contribution of molecular diffusion was highly
variable, ranging from <1% to 100% of the observed flux
of 224Ra. Nevertheless, for most study sites molecular diffu-
sion can account for only �10% of the measured flux of
224Ra. Two exceptions are Y1 and Y18, where molecular
diffusion was responsible for 100% and 58% of the benthic
flux of 224Ra. At Y0, molecular diffusion can explain only
<1% of the 224Ra excess in the upper 0–10 cm sediment.
In comparison, when the process of bioturbation is incor-
porated, the flux of 224Ra (F MþBÞ increases by a factor of
2–3. It ranged from �0.009 to �0.057 dpm cm�2 d�1, and
on average, accounted for 30% of the observed flux of
224Ra. Like molecular diffusion, the relative contribution
of F MþB to the total flux of 224Ra at different locations
was also quite variable. At Y4, it was responsible for 11%
of the measured flux of 224Ra. By contrast, at Y18 it
explained up to 70% of the benthic flux of 224Ra. In this
regard, it must be noted that an important mechanism in-
voked by Eqs. (11) and (12) is that as sediment particles
are brought to the sediment–water interface, a fraction of
224Ra originally associated with solid particles can be re-
leased into the overlying water due to re-establishment of
the absorption–desorption equilibrium of 224Ra (Sun and
Torgensen, 2001). Had this mechanism not been invoked,
the term 1/(K + 1) must be applied to DB in the expression
of flux calculation. Consequently, this would lead to an in-
crease of only <0.0028 dpm cm�2 d�1 in the theoretical flux
F MþB compared to F M . Clearly, this value is too small to ex-
plain the dependence of the measured flux of 224Ra on the
bioturbation coefficient as illustrated in Fig. 7.
Table 4
Parameters used in the model calculation. D and DS represent the molecu
denotes the porosity in the sediment, K is a dimensionless adsorption con
b, and S are the constants identified by finding the best fits to the 228Th

Station D (10�6 cm2 s�1) DS (10�6 cm2 s�1) ø

Y0 9.1 3.3 0.42
Y1 8.5 4.2 0.60
Y3 8.0 4.4 0.67
Y4 7.3 2.8 0.44
Y8 7.5 3.0 0.47
Y10 7.9 3.6 0.55
Y17 7.9 3.8 0.58
Y18 7.5 4.2 0.68
N0 8.4 4.0 0.58

a At this location, we arbitrarily take an upper boundary condition tha
the maximum ratio that was measured in the sediment core. Regardless o
flux (F M Þ is a negligible term in the overall 224Ra budget at this location
Taking the uncertainty into consideration, only at Y1
and Y18 were molecular diffusion and bioturbation suffi-
cient to account for the observed flux of 224Ra. For most
cases, these two mechanisms can explain only �20–30%
of the benthic flux of 224Ra. Fig. 8 compares the measured
profile of 224Ra collected from Y3 with those calculated
using Eq. (9). In general, the model-derived 224Ra activities
are higher than the actual measurements. We therefore con-
clude that other mechanisms, especially irrigation, must be
invoked to explain the remaining 70% of the observed devi-
ation of 224Ra relative to 228Th in the near-surface sediment
of the Yangtze estuary. Irrigation can be treated as a pro-
cess of pumping seawater into the seabed, and consequent
advection upward of interstitial water (e.g., Smethie et al.,
1981). Thus, for the irrigation term in Eq. (4) we specify
that

@F g

@z
¼ /

cp � cs

sz
ð13Þ

where cp is the activity of 224Ra per unit volume of pore
water, cs is the 224Ra activity in the overlying water, and
sz represents the residence time of pore water at depth z.
Apart from the river mouth, 224Ra activity in the overlying
seawater is generally much lower than the pore water activ-
ity, i.e., cs « cp (e.g., Hancock et al., 2000). As such, Eq. (13)
can be re-written as

@F g

@z
¼ 1

sz
qsð1� /Þ

224Ra

K þ 1
ð14Þ

Direct measurement of the residence time of pore water,
however, is exceedingly difficult. In this study, we used
Eq. (14) to calculate the value of sz that is required to ex-
plain the observed flux of 224Ra. In the calculation, we as-
sumed that sz is constant in the zone of irrigation. In
addition, both molecular diffusion and bioturbation were
assumed to be active such that the flux of 224Ra induced
by irrigation (F gÞ is equivalent to the difference between
the measured flux and the flux caused by molecular diffu-
sion plus bioturbation (F MþBÞ. Results of the calculation
show that the average residence time of pore water in the
lar diffusion coefficient of radium in seawater and in the sediment, ø
stant, c is the average ratio of 224Ra/228Th in suspended particles, G,
profiles in the sediment. See text for the details.

K c G (dpm/g) b (cm�1) S (dpm/g)

898 1.41a – – 0.64
20 0.60 – – 0.75
15 0.60 1.24 0.16 0.00
39 0.60 0.26 1.89 0.37
35 0.60 0.24 0.79 0.37
25 0.60 0.50 0.78 0.42
22 0.60 0.39 0.49 0.63
15 0.60 0.63 0.20 0.29
22 0.60 – – 0.42

t 224Ra/228Th ratio at the sediment–water interface is equivalent to
f this boundary condition, a sensitivity test reveals that the diffusive
.
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Fig. 8. Measured 224Ra activities at Y3 compared to the theoretical
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upper 0–10 cm sediment of the Yangtze estuary varied be-
tween 1.5 and 34 d (Table 3). For most study sites, however,
the residence time of pore water was in the vicinity of 2 d.
In terms of a layer of 10 cm sediment, this residence time
corresponds to an irrigation rate of 0.3–6.7 cm d�1. Smethie
et al. (1981) used 222Rn budget in the sediment to estimate
an irrigation rate of 0–4.4 cm d�1 on the Washington con-
tinental shelf. Colbert and Hammond (2008) reported a
pore water residence time of 4 d for the top 28 cm of sedi-
ments in San Pedro Bay. This corresponds to an irrigation
rate of 6.9 cm d�1. Overall, our result from the Yangtze
estuary compares well to those reported for the Washington
continental shelf and San Pedro Bay.

We can use Eq. (13) to further explore site Y0 at the riv-
er mouth, where excess 224Ra was measured in the upper
sediments. This site is characterized by permeable sandy
sediments. Because of the small scale turbulence in the
upper layer of unconsolidated sediment caused by bottom
swell and tidal currents (e.g., Rutgers van der Loeff,
1981), it is expected that irrigation at this site would be
highly efficient. We have proposed that estuarine circula-
tion transported some seawater containing elevated activi-
ties of 224Ra from the mid-salinity region to the river
mouth where 224Ra was scavenged by the bottom sediment.
We take a value of 1.0 dpm/l for cs, which is typical of the
224Ra activity in seawater from the mid-salinity region (Ta-
ble 3) and assume that the pore water at the river mouth
was depleted in 224Ra (i.e., cp � 0) and that the flux of
224Ra induced by bioturbation is negligible (i.e.,
F g � F Ra � F M Þ. The value of s calculated from Eq. (13)
is 0.010 ± 0.001 d. This corresponds to an irrigation rate
of 990 ± 130 cm d�1. It indicates that irrigation at Y0 was
so efficient that the pore water in the upper 0–10 cm sedi-
ment at this site was flushed �100 times each day, building
an excess of 224Ra in the sediments.
4.3. Transfer of other dissolved species: A 224Ra/228Th

disequilibrium approach

The general diagenetic equation allowed us to model the
224Ra profiles in the sediment. It has lent important insights
into the mechanisms that control the exchange across the
sediment–water interface in the Yangtze estuary. Using
the derived estimates of DS , DB, and s, it is possible to cal-
culate the transfer rates of other dissolved species (like O2,
nutrient, and DIC). Nonetheless, it must be noted that sev-
eral assumptions have to be invoked in order to derive an
analytical solution to the general diagenetic equation. These
assumptions include (a) that bioturbation is a true random
mixing process such that it can be illustrated using an eddy-
like diffusion coefficient DB; (b) that other processes affect-
ing the transfer of a dissolved species between the sediment
and the overlying water, such as wave and current stirring,
can be neglected; (c) the values of qs, ø, K, DS , and DB in the
sediment layer of interest are constant; and (d) that steady
state is established. It is, however, not always possible to
verify all of the assumptions.

In the present study, we propose a relatively simple and
straightforward approach to quantify the transfer rate of a
dissolved species across the sediment–water interface. This
approach (hereafter referred to as the 224Ra/228Th disequi-
librium approach) is built upon the observed 224Ra/228Th
disequilibrium in the sediment and a concept of increased
surface area for exchange by irrigation as developed by
early investigators (e.g., Aller, 1980; Imboden, 1981).
Fig. 9 is a schematic of this concept. In general, exchange
of a dissolved species between the sediment and the overly-
ing water is considered to take place not only at the conven-
tional sediment–water interface, but also within the animal
burrows and tubes in the sediment. In other words, the
boundary layer for exchange is a highly invaginated inter-
face. In addition, near the sediment–water interface and
the wall of the burrows, there is a viscous sublayer where
the concentration gradient of a dissolved species is estab-
lished. This viscous sublayer results from the fact that the
eddy diffusivity of a turbulent flow decreases and ap-
proaches to zero when the sediment surface (or the wall
of burrows) is approached. As a consequence, molecular
processes become quantitatively more important than tur-
bulence in bringing about the transfer of dissolved constit-
uents, i.e., molecular diffusion is the predominant transport
mechanism of a dissolved species between the sediment and
the overlying water (Jørgensen, 2006). If one further as-
sumes that the burrows are constantly flushed so that the
concentration gradient inside the burrows is the same as
in the surface sediment, then the steady-state flux of a dis-
solved species can be written as

F ¼ �n/DS
@c
@z

ð15Þ

where n is an area factor, which can be regarded as the
effective area available for the transfer of a dissolved species
per unit area of wet sediment; @c

@z is the concentration gradi-
ent of the species of interest at the interface. Eq. (15) is the
general expression of the concept of increased surface area
for exchange by irrigation. This general expression was first



Fig. 9. A schematic of the general concept of increased surface area for exchange by irrigation. The viscous sublayer adjacent to the sediment–
water interface is indicated by a framed box (left graph) and is blown up in the right graph.
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proposed as a non-local transport process by Imboden
(1981). Christensen et al. (1984) showed that the non-local
transport process can be interpreted as reflecting increased
surface area of sediments. Hammond et al. (1985) pursued
this general concept and used 222Rn as a tracer to assess
nutrient exchange in estuarine sediments. By virtue of
222Rn, Colbert and Hammond (2008) applied a related
model to coastal sediments to calculate pore water resi-
dence times. These investigators showed that pore water
224Ra and 223Ra had residence times similar to 222Rn.
Although considerable success has been made, one limita-
tion of Eq. (15), however, lies in its inherent assumption
that irrigation channels maintain a concentration that is
equal to the concentration in the overlying water. If the irri-
gation channels have a significant residence time, the bur-
row water will approach pore water concentrations at
depth. Under this circumstance, the flux of a dissolved spe-
cies will be overestimated by Eq. (15) (Hammond et al.,
1985).

Based on the flux of 224Ra (F RaÞ derived from
224Ra/228Th disequilibrium in the sediment, n can be
calculated from Eq. (15). Consequently, the benthic flux
of a dissolved species i (F iÞ is expressed by

F i ¼ F Ra

Di
S

DRa
S

� � @ci

@z
@cRa

@z

 !
ð16Þ

where superscript Ra and i denote 224Ra and the dissolved
species i, respectively. In practice, when high-resolution
profiles of pore water 224Ra and i are not available, the con-
centration gradients @cRa

@z and @ci

@z can be determined by mea-
suring the 224Ra activity and the concentration of i in the
overlying water and at the layer of 0–1 cm sediment. The
uncertainty with F i depends mainly on the error associated
with the measured flux of 224Ra and on how accurately we
can characterize the concentration gradients of 224Ra and i

at the interface. For the ratio of molecular diffusion coeffi-
cient Di

S to DRa
S , however, it is not different from the ratio in

seawater. Moreover, this ratio is constant over the temper-
ature range of 0–25 �C that is generally encountered in the
sediment (Boudreau, 1997). As such, calculation of the indi-
vidual molecular diffusion coefficient in the sediment is
unnecessary, and the error caused by the correction for tor-
tuosity and temperature is thus eliminated. Compared to
the theoretical approach based on the general diagenetic
equation, the 224Ra/228Th disequilibrium approach elimi-
nates the need to resort to highly idealized parameters, such
as K, DB, and s. Instead, the transfer of a dissolved species
is simplified as molecular diffusive processes across a highly
invaginated sediment–water interface. Overall, the 224-

Ra/228Th disequilibrium approach is fairly easy to apply.
We now use this approach to quantify the benthic con-

sumption rate of dissolved O2 (DO) in the Yangtze estuary.
Depth profiles of DO in the sediment were determined at
Y1, Y3, Y10, Y17, and Y18 using a Hg–Au microelectrode.
As shown in Fig. 10, DO dropped from �150–210 lM to
zero over the top few millimeters of the sediment. We esti-
mated the concentration gradient of DO by finding the best
fit of DO vs. depth to a straight line. The derived gradient
of DO in the sediment varied from �0.25 to
�0.75 lmol cm�4. Using the Kd value adopted above, the
concentration gradient of pore water 224Ra can be inferred
from the measurements of total 224Ra activity in 0–1 cm
sediment. The ratio of molecular diffusion coefficient DO2

S

to DRa
S in the sediment is 2.6 (Boudreau, 1997). On the basis

of the measured flux of 224Ra, we derive an estimate of
1.2 ± 3.4 to 25.6 ± 4.4 mmol O2 m�2 d�1 for the benthic
consumption rate of dissolved O2 in the Yangtze estuary
(Table 3). In this study, water column O2 uptake experi-
ments were also conducted. The results showed that at
the study sites, the oxygen utilization rates in the bottom
of the water column ranged from 20.6 to 110.3 mmol O2 -
m�2 d�1 (Table 3). The benthic consumption rate of dis-
solved O2 is equivalent to 6–61% of the utilization rate of
O2 in the bottom water. Thus, benthic consumption repre-
sents an important loss term of dissolved O2 in the Yangtze
estuary and must be considered as one of the mechanisms
that lead to hypoxia in this area (Li et al., 2002; Wang,
2009).

5. SUMMARY

Transfer across the sediment–water interface is critical
to understanding the biogeochemistry of many elements
in the coastal seas. In this study, 224Ra/228Th disequilibrium
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Fig. 10. Depth profiles of dissolved O2 in the sediment at different study sites.

82 P. Cai et al. / Geochimica et Cosmochimica Acta 125 (2014) 68–84
was first used to investigate the processes that regulate the
exchange between the sediment and the overlying water in
the Yangtze estuary. By modeling the 224Ra profiles in
the sediment using the general diagenetic equation, we dem-
onstrated that in most cases molecular diffusion and biotur-
bation together can account for only �20–30% of the
measured flux of 224Ra. We concluded that other mecha-
nisms, especially irrigation, must be invoked to explain
the remnant 70% of the observed deviation of 224Ra relative
to 228Th in the sediment. On the basis of the 224Ra/228Th
disequilibrium in the sediment and a concept of increased
surface area for exchange by irrigation as developed by
early investigators, we proposed a new approach – the 224-

Ra/228Th disequilibrium approach to quantify the transfer
rate of other dissolved species across the sediment–water
interface. We have utilized this new approach to determine
the benthic consumption rate of dissolved O2. The result re-
veals that benthic consumption is an important loss term of
dissolved O2 in the Yangtze estuary and must be considered
as one of the mechanisms that lead to hypoxia in this area.

The principal restrictions of the 224Ra/228Th disequilib-
rium approach are our ability to measure the flux of
224Ra, how accurately we can characterize the concentra-
tion gradients of pore water 224Ra and the dissolved species
of interest at the interface, and how uniform the concentra-
tion gradient is at each site. In this study, the concentration
gradients of pore water 224Ra were inferred from the mea-
surements of total 224Ra activity in the sediment. A sensitiv-
ity test reveals that the calculated fluxes of oxygen are
rather sensitive to the value of Kd that is selected. For
changes of 2� in the Kd value of 224Ra, the calculated oxy-
gen fluxes would change by approximately the same factor.
Direct measurement of high-resolution profiles of pore
water 224Ra should therefore be considered to be the top
priority in future studies. Inter-comparison between the 224-
Ra/228Th disequilibrium approach and the traditional ap-
proaches, such as a benthic chamber approach, should
also be encouraged.
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