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A B S T R A C T   

Seamounts are a unique ecosystem in marine environment, but the relevant understanding is limited. In this 
study, sedimentation and bioturbation around the Pako Guyot of Magellan, and the Lamont, Scripps, Arnold, and 
Pot Guyots of Marcus-Wake seamounts in the northwest Pacific were evaluated using 230Thex and 210Pbex as 
tracers. Our results showed that the linear sedimentation rate and the mass accumulation rate ranged from 0.12 
to 2.50 mm/ka and from 0.06 to 1.14 kg/m2/ka with averages of 1.27 � 0.80 mm/ka and 0.49 � 0.30 kg/m2/ka 
respectively. The accumulation flux of organic carbon in surface sediments was estimated to be 0.10–4.52 g C/ 
m2/ka. The bioturbation coefficients ranged from 1.01 to 27.1 cm2/a with an average of 10.8 � 9.2 cm2/a, which 
is higher than those in abyssal sediments or predicted by traditional empirical equations. The enhanced bio
turbation supports the view that seamounts are hotspots for pelagic and benthic organisms. The bioturbation 
intensity showed a great variability with the maximum around 40 km away from the edge of seamount summit. 
The bioturbation coefficient correlated positively with sedimentation rate and accumulation flux of organic 
carbon in surface sediments, indicating that the supply of organic matter is a main driving force for enhanced 
bioturbation around the seamounts. The increase in sedimentary organic matter promotes the activities of 
benthic organisms. More research is needed to gain a deep understanding of bioturbation in seamounts in the 
context of future climate change.   

1. Introduction 

Bioturbation, sediment transport processes including reworking and 
borrowing through benthic organisms (especially macrobenthos), leads 
to significant changes in community structure and early diagenesis, and 
further affects biogeochemical cycling in sediments (Kristensen et al., 
2012). In deep-sea environments, bioturbation dominates the transport 
of surface sediments (Tromp et al., 1995). Almost all particles that settle 
down to the seabed are disturbed several times before being buried 
deeply (Wheatcroft, 1992). Bioturbation alters physical and chemical 
properties of sediments by mixing new sediments with old ones 
(Meadows et al., 2012). Destruction of chemical gradients in porewater 
increases the supply of oxygen and food, thus accelerates 
diffusion-limiting reactions such as dissolution of minerals (opal, calcite 
and apatite, etc.), and increases mineralization rate of organic matter 
(Arndt et al., 2013; Chakrabarty and Das, 2007; Henderson et al., 1999; 
Lohrer et al., 2004). Naturally, bioturbation disturbs origin signals 
recorded in sediments and biases understanding of paleoenvironmental 
change (Charbit et al., 2002; Henderson et al., 1999; Hutson, 1980; 

Leuschner et al., 2002). 
A variety of models have been developed to quantify bioturbation 

intensity, including random walks model, transition-matrix model, 
lattice-automaton model and stochastic differential model (Boudreau, 
1986; Boudreau et al., 2001; Shull, 2001; Wheatcroft et al., 1990). 
Bio-diffusion model, especially one-dimensional steady-state eddy 
diffusion model, has been widely applied in studies of sediment bio
turbation (Guinasso and Schink, 1975; Meysman et al., 2003; Smith 
et al., 1993, 1997; Suckow et al., 2001). In this model, bioturbation and 
sedimentation are considered to be similar to diffusion and advection 
respectively. Bioturbation coefficient (DB) and mixed depth (L) are used 
to describe bioturbation intensity mathematically (Boudreau, 1994, 
1998; Middelburg et al., 1997; Teal et al., 2008). The DB value repre
sents the movement rate of particles, which is in proportional to particle 
diffusion. The L value denotes the depth where particles are frequently 
mixed. Both DB and L can be estimated based on tracer profile in a 
sediment core. 234Th (T1/2 ¼ 24.1 d) and 210Pb (T1/2 ¼ 22.23 a) are 
radioisotopes used widely to quantify biotubation (Boudreau, 1994; 
Lecroart et al., 2010; Teal et al., 2008). 210Pb is suitable for long-term 
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bioturbation in deep-sea sediments, while 234Th is more suitable for 
high-frequency conditions in coastal environments (Boudreau, 1986; 
Reed et al., 2006; Smith et al., 1993). Although many studies have been 
conducted on DB or L in sediments, most of them focused on nearshore or 
north Atlantic. Little is known about bioturbation in the northwest Pa
cific. Globally, bioturbation intensity has been found to correlate posi
tively with sedimentation rate and organic matter accumulation flux, 
and correlate negatively with water depth (Boudreau, 1994; Middelburg 
et al., 1997; Tromp et al., 1995). It remains unclear whether these re
lationships remain true in the northwest Pacific, where many seamounts 
exist and sedimentation rate is only a few millimeters per millennium. 

Seamounts are ubiquitous intermediate-scale (0–10 km) topographic 
features on the seabed (Wessel et al., 2010). Based on global bathymetric 
data at 30 arc-sec resolution, 33,452 seamounts (above 1000 m) and 
138,412 knolls (200–1000 m height) are identified, who cover approx
imately 21% of ocean’s floor (Yesson et al., 2011). However, only a few 
hundred seamounts have been surveyed until now. How seamounts 
affect environmental complexity, biological patchiness, biogeochemical 
cycle and sedimentary processes are not fully understood (Turnewitsch 
et al., 2013). Many studies have focused on biodiversity and biomes in 
the seamounts, as they act as hotspots for biological activities. However, 
not all of seamounts receive enough nutrients from overlying waters, the 
high benthic biomass in seamounts remains to be explained (McClain, 
2010; Wilson et al., 1987). Bioturbation is an indicator of benthos di
versity and activity, but studies on bioturbation in seamounts are rare 
(Levin and Thomas, 1989; Yang et al., 2011). Levin and Thomas (1989) 
found that infaunal activities in the seamount cap were more active than 
in the perimeter of summit in the central Pacific due to its slow current, 
but no significant relationship was observed between bioturbation co
efficient (0.6–3.0 cm2/a) and current velocity. In addition, a positive 
relationship between bioturbation coefficient (1.59–8.64 cm2/a) and 
organic carbon content was observed around the seamounts of the 
northwest Pacific (Yang et al., 2011). 

Seamounts are a unique ecosystem in oceanic environments and are 
hotspots for pelagic and benthic organisms. However, knowledge of 
sedimentation, bioturbation, and carbon fluxes around seamounts re
mains scarce, in part, due to the remoteness, limited sampling, and the 
need in multidisciplinary approach. In this study, bioturbation intensity 
at several Guyots in the northwest Pacific was evaluated by 210Pbex 
tracer using a bio-diffusion model. In order to clarify the factors 
affecting the DB around the seamounts, sedimentation rate was deter
mined by 230Thex tracer. The role of sedimentary process and deposition 
flux of particulate organic matter in regulating bioturbation around the 
seamounts was discussed. The spatial variability of bioturbation in
tensity around the seamounts was depicted to understand the effect of 
topographic changes. Our objective is to test the hypothesis that sea
mounts provide unique topographic environment for accumulation of 
particulate organic matter in sediments, especially at the foot of sea
mounts, which stimulates bioturbation activity of benthic organisms. 

2. Material and methods 

2.1. Study areas 

Many seamount clusters are located on the northwest Pacific plate. 
Here, a total of 12 sediment cores were collected from the Magellan 
Seamounts Cluster and the Marcus-Wake Seamounts Cluster between 
the northwest Pacific and the east Mariana Basin. Among them, seven 
sediment cores (MABC18, MAMC07, MABC06, MABC16, MAMC06, 
MABC02 and MABC11) were collected from the Pako Guyot centered at 
15.7� N, 155.2� E, a large northeastern seamount belonging to the 
Magellan Cluster. The other five sediment cores (NAMC02, C1-MC1601, 
C1-MC1602, C3-MC1603 and C3-MC1604) were collected from Marcus- 
Wake Seamounts Cluster (Fig. 1). 

The Pako Guyot is covered by cobalt-rich crusts. The summit is 
covered by foraminiferal ooze, with a minimum water depth of 1350 m 

and a slope between 0.5� and 2.0�. The edge of the summit is at depth of 
1500–1650 m while the surrounding abyssal plain is about 5500 m 
depth. The average slope gradient from the summit to 4000 m depth is 
10.9� (Wang et al., 2016; Zhu et al., 2011). Microgeomorphic units, like 
trench, ridge and depression, are well developed on the slope (Zhu et al., 
2011). The bottom current around the Pako Guyot is affected by tides 
with seasonal variability, which is anticyclonic with the highest velocity 
at the summit and the lowest at the base. Besides, a northward current 
steadily presents in the eastern base of the mountain (Wang et al., 2016). 

Several seamounts, including the Lamont, Scripps, Arnold, and Pot 
Guyots, locate around our sampling sites of the Marcus-Wake Seamount 
Cluster. The topography is more complicated than in the Pako Guyot. 
The heights of these seamounts range from 3656 m to 4022 m, and the 
base depth is about 5500 m. The Lamont Guyot is located at 21�300 N, 
160�000 E with a height of 3656 m and a summit area of 1570 km2. The 
uphill slope is 15.7� while that of downhill is 1.7� on average. The 
Scripps Guyot is located at 23�400 N, 159�200 E, with a height of 4022 m 
and a slope gradient of 1.7�. The Arnold Guyot is located at 21�100 N, 
158�150 E with a summit area of 424 km2 at the height of 3839 m. This 
Guyot rises 2.3� on the lower flanks and 11.3� on the upper flanks. The 
Pot Guyot lies at 19�300 N, 160�100 E, with a height of 3839 m and a 
slope of 10.8� (Smoot, 1989). 

2.2. Sampling 

Seven sediment cores were collected around the Pako Guyot by a 
multiple corer with an inner diameter of 9.5 cm during July–September 
2012 onboard the HAIYANG LIUHAO. The other five cores were 
collected around the Marcus-wake seamounts by a multiple corer during 
a voyage in 2016 on board the XIANGYANGHONG SHIHAO (Table 1). 
The multiple corer used in our sampling is able to collect sediments 
without disturbance. All the cores were sampled below the carbonate 
compensation depth at a depth of about 4500 m (Berger et al., 1976), 
and consisted of deep sea red clay. After collection, the sediment core 
was sectioned at 1 cm intervals as soon as possible. The subsample was 
sealed in a clean polyethylene bag and stored frozen at -18 �C. In the 
land laboratory, sediment samples were freeze-dried for further analysis. 

Fig. 1. Sampling locations around the seamounts in the northwest Pacific. 
Stations MABC18, MAMC07, MABC06, MABC16, MAMC06, MABC02 and 
MABC11 are located around the Pako Guyot of the Magellan seamount cluster, 
and stations NAMC02, C1-MC1602, C1-MC1601, C3-MC1603 and C3-MC1604 
are located around the Pot, Lamont and Arnold seamounts of the Marcus- 
Wake seamount cluster. 
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2.3. Density and porosity 

Sediment samples were weighted before and after freeze-dried to 
calculate dry density and porosity. Dry density is calculated by the 
following equation: 

ρD¼
wD

π�
�

D
2

�2

� H � wW � wD
ρSW

(1)  

where ρD is dry density of sediments (g/cm3), wD and wW are dry weight 
and wet weight respectively (g), D is the diameter of sediment core (9.5 
cm), H is the height of subsample (1 cm in this study), and ρSW is density 
of seawater (1.025 g/cm3). 

The porosity is calculated as follows: 

∅ ¼
VW

VT
¼

wW � wD
ρSW

wW � wD
ρSW
þ wD

ρD

(2)  

where Φ is porosity used to calibrate compaction effect in the sediment 
core. 

2.4. 210Pb, 226Ra and 230Th analysis 

2.4.1. 210Pb 
The radioactivity of 210Pb was determined by its 46.5 keV γ ray with 

a branch ratio of 4.25% via a high-purity germanium (HPGe) detector 
(GX3020, CANBERRA). The detection efficiency was calibrated using 
sediment standards DYhd2013-0544 and DYhd2013-0545 from Na
tional Institute of Metrology, China. The specific activity of 210Pb was 
calculated by the following equation: 

A¼
Xn

i¼1

�
Ni

t
�

Nbi

tb

�

�
1

εiYim
(3)  

where A is specific activity of 210Pb (Bq/kg), Ni and Nbi are peak areas at 
46.5 keV of the sample and the blank respectively, t and tb are counting 
times for sample and blank respectively, εi is detection efficiency of 
210Pb (0.13 in this study), Y is branch ratio (4.25%), and m is the weight 
of sample (kg). 

2.4.2. 226Ra 
The post-homogenized sediments were sealed in a polyethylene box 

at least 20 days until radioactive equilibrium between 222Rn and 226Ra 
was established. The radioactivity of 226Ra was determined by γ spec
trometry with a high-purity germanium (HPGe) detector (GX3020, 
CANBERRA) through its decay products 214Pb and 214Bi. The energy 
transitions are 295.2 keV (18.4%) and 351.9 keV (35.6%) of 214Pb, and 
609.3 keV (45.49%) and 1120.3 keV (14.91%) of 214Bi. In previous 
studies, different γ ray lines were used to determine 226Ra activity, such 

as 351.9 keV, 609.3 keV and 1120.3 keV γ rays (Yang et al., 2011); 
295.2 keV and 609.3 keV γ rays (Suckow et al., 2001); 295.2 keV, 351.9 
keV and 609.3 keV γ rays (Yang et al., 1986). In this study, peak areas at 
295.2 keV, 351.9 keV, 609.3 keV and 1120.3 keV were determined 
simultaneously for samples collected from stations MABC06, MABC16, 
MABC18 and MAMC07. Our results showed that the specific activities of 
226Ra calculated from peak areas under the 295.2 keV were consistent 
with those under 609.3 keV, but the activities via the 351.9 keV and 
1120.3 keV were inconsistent. The specific activity of 226Ra from 351.9 
keV γ ray was overestimated due to interference of 211Bi, who emits a γ 
ray at 351.1 keV (12.91%) (Gilmore, 2008). The specific activity of 
226Ra from 1120.3 keV γ ray fluctuated greatly due to its low branch 
ratio (14.91%). Thus, only the peak areas under 295.2 keV and 609.3 
keV were used to calculate specific activity of 226Ra in this study. The 
detection efficiency of 226Ra was calibrated using sediment standards 
DYhd2013-0544 and DYhd2013-0545 from National Institute of 
Metrology, China. 

2.4.3. 230Th 
The specific activity of 230Th was determined using the 67.7 keV γ 

ray with a branch ratio of 0.377%. In order to assess detection efficiency 
of 230Th, 230Th activity in sediment samples from cores MABC06 and 
MABC18 was determined by α and γ spectrometry simultaneously. After 
assuming that 230Th activity obtained by α spectrometry is accurate, 
detection efficiency (ε) of γ spectrometry was calculated as follows: 

ε¼ N
AαYmt

(4)  

where N is peak areas of the 67.7 keV γ ray, Y is the branch ratio 
(0.377%), t is the counting time (s), m is the mass of sediments (kg), and 
Aα is specific activity of 230Th determined by α spectrometry (Bq/kg). 

The determination of 234U and 230Th by α spectrometry follows a 
widely used method with 229Th and 236U as yield tracers (Chen et al., 
2003; Yang et al., 2013; Zhang et al., 2004). In brief, 2–3 g of the 
pre-dried and homogenized sediments was first digested with HClO4, 
HNO3 and HF. The solution passed though a chloride-form anion resin 
column to separate Th from U. The eluents containing U and Th were 
electro-deposited on a stainless plate. The activity of 236U, 234U, 230Th 
and 229Th with energies of 4.493 MeV, 4.776 MeV, 4.687 MeV and 
4.845 MeV was determained by α spectrometry (Qctête® Plus, ORTEC, 
USA) respectively. 

Our results showed that the efficiency of 230Th (67.7 keV) detected 
by the γ spectrometry based on equation (4) ranged from 0.1318 to 
0.2198 with an average of 0.163 � 0.020. The activity of 230Th 
measured by γ spectrometry was calculated by the detection efficiency 
at a similar geometry. 

The sedimentation rate was assessed based on excess activity of 
230Th (230Thex), which is equal to the specific activity of 230Th minus 

Table 1 
Samping location, water depth, porosity at the sediment-water interface (Φ0), organic carbon content (Corg), organic carbon accumulation flux (ForgC), linear sedi
mentation without compaction (s*), mass accumulation rate (r), and bioturbation coefficient (DB) at each station.  

Station Longitude Latitude depth Φ0 Corg ForgC s* r DB 

(�E) (�N) (m) (%) (%) (gC/m2/ka) (mm/ka) (kg/m2/ka) (cm2/a) 

MABC18 154.787 16.222 5778 0.838 0.24 0.75 � 0.08 0.75 � 0.08 0.31 � 0.03 2.03 � 0.2 
MAMC07 154.916 16.084 5445 0.777 0.25 0.66 � 0.04 0.56 � 0.03 0.26 � 0.01 4.23 � 0.65 
MABC06 154.897 16.075 5497 0.848 0.40 4.52 � 0.22 2.50 � 0.14 1.14 � 0.06 27.1 � 4.5 
MABC16 154.994 15.954 4629 0.806 0.18 0.10 � 0.02 0.12 � 0.02 0.06 � 0.01 1.79 � 0.25 
MAMC06 155.825 16.025 5920 0.839 0.30 1.78 � 0.09 1.87 � 0.10 0.60 � 0.03 22.4 � 2.3 
MABC02 155.459 15.288 5269 0.819 0.20 1.07 � 0.09 1.12 � 0.10 0.54 � 0.05 9.9 � 1.7 
MABC11 155.529 15.216 5840 0.809 0.24 0.65 � 0.05 0.63 � 0.05 0.28 � 0.02 3.21 � 0.42 
NAMC02 156.710 20.642 4570 0.767 0.19 0.58 � 0.05 0.54 � 0.05 0.30 � 0.03 1.01 � 0.13 
C1-MC1601 158.924 20.406 5560 0.747 0.30 2.50 � 0.12 2.35 � 0.11 0.84 � 0.04 19.98 � 1.62 
C1-MC1602 158.910 19.580 5645 0.806 0.29 1.58 � 0.06 2.06 � 0.09 0.54 � 0.02 9.63 � 0.91 
C3-MC1603 159.754 22.540 5231 0.794 0.24 0.81 � 0.05 1.06 � 0.07 0.34 � 0.02 8.16 � 1.90 
C3-MC1604 158.887 23.093 5520 0.729 0.26 1.72 � 0.10 1.70 � 0.11 0.67 � 0.04 19.78 � 2.39  
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that of 234U. Since specific activity of 234U in deep sea sediments is 1–2 
orders of magnitude lower than 230Th and varies a little vertically (Yang 
et al., 1986), the averaged specific activity of 234U (23 Bq/kg) in the 
MABC06 and MABC18 sediments obtained by α spectrometry was used 
to calculate the 230Thex in other samples. The resulting uncertainty of 
230Thex was much less than the counting error of 230Th activity. 

2.5. Organic carbon content 

0.2–0.5 g of the dried sediments was transferred to a pre-combusted 
(450 �C, 4 h) permeable crucible and treated with 1 mol/L HCl for 4–6 h 
at 50 �C to remove inorganic carbon. After cooling, the sample was 
washed with Milli-Q water to pH ¼ 7 and dried at 60 �C for 48 h 10 mg of 
the pre-treated sediments was wrapped into a tin capsule and analyzed 
using an elemental analyzer (Carlo Erba NC 2500) connected to a 
Thermo DELTA V isotopic ratio mass spectrometer. The detection limit 
and precision of carbon content were 0.1 μmol and better than 0.2%, 
respectively. 

3. Results 

3.1. Sedimentation rate derived from excess 230Th 

3.1.1. Profile of porosity and 230Th 
Although there are some fluctuations, the porosity generally de

creases exponentially with increasing depth, showing the effect of 
sediment compaction (Fig. 2). The relationship between porosity and 
depth is used to calibrate compaction effect in calculation of linear 
sedimentation rate. 

As shown in Fig. 3, the specific activity of 230Th generally decreases 
with increasing depth at all stations due to radioactive decay. However, 
230Th is relatively constant in a few centimeters below the sediment- 
water interface, reflecting the mixing in the upper sediments. The 
230Th data in the mixed layer should be excluded when calculating 
sedimentation rate below. 

3.1.2. Linear sedimentation rate 
The compaction effect will reduce the thickness of lower deposits, 

thus underestimate the apparent linear sedimentation rate. In this study, 
the compaction effect is corrected based on the profile of porosity 
(Matsumoto and Wong, 1977). Briefly, the porosity Φ at depth x (cm) in 
a homogeneous sediment core is described as following equation: 

∅¼ð∅0 � ∅∞Þe� αx þ∅∞ (5)  

where Φ0 and Φ∞ represent porosity at sediment-water interface (x ¼ 0) 
and fully compaction effect (x ¼ ∞), respectively, α is a coefficient. By 
fitting the porosity to the depth in a sediment core, Φ0, Φ∞ and α is 
assessed. 

The depth without compaction, x* (cm), is calculated as follows: 

x*¼
1 � ∅∞

1 � ∅0
xþ

∅0 � ∅∞

αð1 � ∅0Þ
e� αx �

∅0 � ∅∞

αð1 � ∅0Þ
(6) 

Assuming that deposition flux of 230Thex (230Th unsupported by its 
parent 234U) to the seafloor is constant, and the mixing effect on 230Thex 
is ignored, specific activity of 230Thex, Ai (Bq/kg) at a corrected depth x*

i 
in the sediment core should be: 

Ai ¼A0 exp
�
�

λTh

s* x*
i

�
(7)  

where A0 is the specific activity of 230Thex at sediment-water interface 
(Bq/kg), λTh is decay constant of 230Th (9.195�10-3 ka-1), s* is the linear 
sedimentation rate after correction for compaction (mm/ka). 

Based on the relationship between specific activity of 230Thex and x* 
in our sediment cores, the linear sedimentation rates are calculated to be 
in a range of 0.12–2.50 mm/ka with an average of 1.27 � 0.80 mm/ka 

(Table 1 and Fig. 4). For comparison, the sedimentation rate was esti
mated to be 0.10–2.15 mm/ka with an average of 0.89 � 0.57 mm/ka 
without considering the compaction effect. 

The sedimentation rates around seamounts in the northwest Pacific 
are consistent with those reported in the north Pacific, with a range of 
0.4–4 mm/ka and an average of 1.70 � 0.96 mm/ka (Druffel et al., 1984; 
Williams et al., 1978). 

3.1.3. Mass accumulation rate 
The mass accumulation rate (r) is not affected by compaction effect, 

which is calculated by the following equation: 

Ai ¼A0 exp
�
�

λTh

r
mi

�
(8)  

where Ai is the specific activity of 230Thex (Bq/kg) at the average mass 
depth mi of i-th section (kg/m2). The mass depth m(i) (kg/m2) at layer i 
conforms to the following equation (Sanchez-Cabeza and Ruiz-Fern�an
dez, 2012): 

m ðiÞ¼
Xj¼i

j¼1

Δmi

S
(9)  

where Δmi is dry mass of section i (kg), S is cross-section of sediment 
core (m2), and mi is calculated as follows: 

mi¼
mði � 1Þ þ mðiÞ

2
(10) 

Based on the relationship between specific activity of 230Thex and the 
mi in a sediment core, the mass accumulation rate is calculated to be in a 
range of 0.06–1.14 kg/m2/ka with an average of 0.48 � 0.29 kg/m2/ka 
(Fig. 5). For comparison, the mass accumulation rate of dust in our study 
areas was reported to range from 0.25 to 1 kg/m2/ka (Rea, 1994; 
Windom, 1975). It seems that eolian deposition is a main source of 
abyssal sediments in the north Pacific. 

Theoretically, the mass accumulation rate (rc) can be calculated from 
s* according to the following equation: 

rc¼ s*� ρD � ð1 � ∅0Þ (11)  

where rc is the theoretically calculated mass accumulation rate (kg/m2/ 
ka), and ρD is dry density of sediment (kg/m3). Our results showed a 
good positive linear correlation between r and rc with a slope close to 1 
(rc ¼ 0.96 ⋅ r þ 0.01, r2 ¼ 0.999, p < 0.0001), indicating that r and s* are 
matched in this study. 

3.2. Accumulation of organic matter 

3.2.1. Organic carbon 
The content of organic carbon (Corg) in surface sediments ranges from 

0.18% to 0.40% with an average of 0.26 � 0.06% (Table 1), which is 
close to the central North Pacific (0.21%–0.40%) (Müller and Suess, 
1979), but slightly lower than the central equatorial Pacific (0.26%– 
0.68%) (Smith et al., 1996) and the northeast tropical Pacific (0.39%– 
0.48%) (Yang and Zhou, 2004). The highest content of organic carbon 
appeared at station MABC06 on the northern foot of Pako Guyot 
(0.40%), while the lowest (0.18%, station MABC16) on the northern 
slope. No significant difference in organic carbon content is observed in 
surface sediments from the Magellan and the Marcus-Wake seamounts. 
The low organic carbon content in surface sediments is consistent with 
low productivity in the subtropical Paicific. 

3.2.2. Accumulation flux of organic carbon 
The accumulation flux of organic carbon (ForgC, gC/m2/ka) is 

calculated as follows: 

ForgC ¼ r � Corg � 10 (12) 
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Fig. 2. Profiles of porosity in sediment cores. The x-axis is depth (cm), and the y-axis is porosity. The porosity shows an exponential decrease with depth. The fitting 
curve and equation is shown in each panel. 
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Fig. 3. Profiles of 230Th in sediment cores. The x-axis is specific activity of 230Th (Bq/kg) and the y-axis is depth (cm). Note that 230Th activity is homogeneous in the 
upper 2–6 cm. 230Th activity decreases exponentially with the depth below the mixed layer due to radioactive decay. 
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Fig. 4. The relationship between specific activity of 230Thex (Bq/kg) and compaction-corrected depth (cm) in sediment cores. The fitting curve and equation are 
shown. Note that data in the mixed layer are shown in open circles, which is excluded in calculation of sedimentation rate. The estimated linear sedimentation rates 
are 2.15, 0.56, 0.12, 0.75, 1.87, 1.12, 0.63, 0.54, 2.35, 2.06, 1.06 and 1.70 mm/ka at stations MABC06, MAMC07, MABC16, MABC18, MAMC06, MABC02, MABC11, 
NAMC02, C1-MC1601, C1-MC1602, C3-MC1603 and C3-MC1604, respectively. 
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Fig. 5. The relationship between specific activity of 230Thex (Bq/kg) and mass depth (kg/m2) in sediment cores. The fitting curve and equation are shown. Note that 
data in the mixed layer are shown in open circles, which is excluded in calculation of sedimentation rate. The estimated mass accumulation rate are 1.14, 0.26, 0.26, 
0.31, 0.60, 0.54, 0.28, 0.30, 0.84, 0.54, 0.34 and 0.67 kg/m2/ka at stations MABC06, MAMC07, MABC16, MABC18, MAMC06, MABC02, MABC11, NAMC02, C1- 
MC1601, C1-MC1602, C3-MC1603 and C3-MC1604, respectively. 
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where the constant 10 represents conversion coefficient between both 
units. 

The ForgC values range from 0.10 to 4.52 g C/m2/ka, with an average 
of 1.39 � 1.19 g C/m2/ka in our study areas (Table 1), which is slightly 
lower than those in the central equatorial Pacific (2.0–6.8 g C/m2/ka, 
Müller and Suess, 1979) and the equatorial Pacific (1.8–18.8 g C/m2/ka, 
Smith et al., 1997). Previous studies have shown that ForgC correlated 
negatively with water depth on a global scale (Middelburg et al., 1997), 
but this correlation is not true around the seamounts of this study. 
However, a good positive correlation between ForgC and s* or r is 
observed, indicating that accumulation of organic matter was mainly 
controlled by sedimentation rate around the seamounts (Fig. 6). 

3.3. Bioturbation coefficient derived from excess 210Pb 

3.3.1. Profiles of 210Pbex 
The excess of 210Pb (210Pbex) represents the portion unsupported by 

226Ra in sediments, which is calculated as follows (Sanchez-Cabeza and 
Ruiz-Fern�andez, 2012): 

210Pbex¼
210Pb � 226Ra (13) 

As shown in Fig. 7, specific activity of 210Pb is excess with respect to 
its parent 226Ra in the upper 30–50 cm at all stations, indicating the 
influence of bioturbation. Since the sedimentation rates are less than 
2.50 mm/ka, 210Pb will reach a radioactive equilibrium with 226Ra 
within the upper several millimeters in absence of bioturbation. The 
prevalent excess of 210Pb in the cores indicates that excess 210Pb in 
newly deposits is transported to depth via bioturbation. At stations 
NAMC02, C1-MC1601, C1-MC1602 and C3-MC1604, the specific ac
tivity of 210Pbex increases to a maximum as the depth increases, and then 
decreases exponentially (Fig. 7). The appearance of the maximum in
dicates a heterogeneous mixing of particles by the benthic organisms 
(Boudreau, 1986; Smith and Schafer, 1984; Yang and Zhou, 2004). The 
data of 210Pbex affected by non-local mixing are excluded when esti
mating bioturbation coefficient. 

3.3.2. Bioturbation coefficient 
According to one-dimensional diffusion model, the bioturbation co

efficient (DB) is calculated by fitting 210Pbex to the following function 
(Nozaki et al., 1977): 

∂
∂t
ðρAÞ¼

∂
∂t

�

ρDB
∂A
∂z

�

�
∂
∂z
ðρs*AÞ � λρA ​ (14)  

where ρ is density of sediments (g/cm3), A is specific activity of 210Pbex, 
z is the depth below sediment-water interface (cm). DB is bioturbation 
coefficient (cm2/a), s* is linear sedimentation rate (cm/a), λ is decay 
constant of 210Pb (0.03118 a-1). 

Assuming: (1) a steady state, (2) DB, s* and ρ are constant in the 
mixed layer, and (3) s* is low enough to be ignored during bioturbation, 
equation (14) is simplified as follows: 

0¼DB
∂2A
∂x2 � λA (15) 

By applying the boundary conditions, i.e., x ​ → ​ 0, A ¼ A0, and x ​ → 
​ ∞, A ​ → ​ 0, the solution of equation (15) is: 

A¼A0e� z
ffiffiffiffi
λ

DB

p

(16) 

The calculated DB values range from 1.8-27.1 cm2/a with an average 
of 10.8 � 9.2 cm2/a (Fig. 8). The bioturbation coefficients around the 
seamounts show highly variable on a small scale. For example, the DB 
value at station MABC06 (27.1 � 4.5 cm2/a) is significantly larger than 
that at station MAMC07 (4.2 � 0.7 cm2/a) although the distance be
tween two stations is only 2.3 km. Similarly, bioturbation in deep sea 
sediments also shows great spatial variability induced by benthos 

activities. For example, the DB values showed changes in decimeter scale 
in the abyssal Arabian Sea (Turnewitsch et al., 2000), the Peru Basin 
(Suckow et al., 2001) and the northeast Atlantic (Smith et al., 1986), and 
varied 3–4 times at a site in the east equatorial Pacific (Cochran, 1985). 

Fig. 6. The relationship between accumulation flux of organic carbon (gC/m2/ 
ka) and (a) linear sedimentation rate (mm/ka) and (b) mass accumulation rate 
(kg/m2/ka) around the seamounts. The accumulation flux of organic carbon 
(ForgC) shows an exponential increase with both linear sedimentation rate (s*) 
and mass accumulation rate (r). The fitting curve and equation are shown in 
each panel. 
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Fig. 7. Profiles of specific activity of 210Pb, 226Ra, 210Pbex (Bq/kg) in sediment cores. The specific activity of 210Pb, 226Ra and 210Pbex is represented by black circle, 
red diamond and green triangle, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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Fig. 8. The relationship between specific activity of 210Pbex (Bq/kg) and depth (cm) in sediment cores. The fitting curve and equation are shown in each panel. Note 
that the data in the non-local mixing layer are shown in open circles, which is excluded in calculation of bioturbation coefficient. The estimated DB values are 27.1, 
4.23, 1.79, 2.03, 22.4, 9.9, 3.21, 1.01, 20.0, 9.63, 8.16 and 19.78 cm2/a at stations MABC06, MAMC07, MABC16, MABC18, MAMC06, MABC02, MABC11, NAMC02, 
C1-MC1601, C1-MC1602, C3-MC1603 and C3-MC1604, respectively. 
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4. Discussion 

4.1. Enhanced bioturbation around seamounts 

As shown in Table 1, the DB values around the seamounts in the 
northwest Pacific (1.8–27.1 cm2/a, avg. 10.8 � 9.2 cm2/a) are higher 
than those in the western Pacific (1.59–8.64 cm2/a, Yang et al., 2011), 
the northeast tropical Pacific (0.26–2.75 cm2/a, Yang and Zhou, 2004), 
the equatorial Pacific (0.019–0.50 cm2/a, Cochran, 1985; DeMaster and 
Cochran, 1982; Peng et al., 1979; Smith et al., 1997), the western North 
Pacific (0.11–0.58 cm2/a, Yang et al., 1986), and the Santa Catalina 
Basin in the eastern North Pacific (0.33–0.59 cm2/a, Smith et al., 1993), 
and close to those in productive areas, such as the Peru Basin (2.0–278.1 
cm2/a, Suckow et al., 2001), the Panama Basin (23 cm2/a, Aller and 
DeMaster, 1984). The high DB values indicate that bioturbation activity 
is active around seamounts, who are hotspots for pelagic organisms. 

Previous studies have shown that as the water depth increases, the 
intensity of bioturbation is generally weakened, as most environmental 
factors affecting macrobenthos activity, such as particle size, sedimen
tation rate and food abundance, are often related to water depth. An 
empirical equation is proposed to describe the relationship between DB 
and water depth (z, m) based on data from the eastern Pacific and the 
north Atlantic: DB ¼ 5:2� 100:762� 0:0004�z ​ (Middelburg et al., 1997). 
According to this equation, the DB values around the seamounts in this 
study are estimated to be in a range of 0.13–0.45 cm2/a, which is 1–2 
orders of magntitude lower than those derived by excess 210Pb. It means 
that biotubation around the seamounts is more active than those esti
mated by water depth. 

The enhanced bioturbation is consistent with relatively high biomass 
of benthic organisms around seamounts. Several studies have shown 
that benthic abundance around seamounts is higher than that in the 
adjacent continental slopes and abyssal plains. For example, species 
richness around the seamounts of Norfolk ridge in the southwest Pacific 
is higher than that of adjacent Caledonia slope (Samadi et al., 2006). The 
megafaunal community around two seamounts of Andaman-arc basin in 
the northeast Indian Ocean is more diverse (Sautya et al., 2011), and the 
biomass of megabenthos around the seamount off Australia and New 
Zealand is higher than that in the adjacent slope (Rowden et al., 2010). 
The high benthic biomass indicates that seamounts are suitable for 
growth of benthic organisms. 

Several environmental factors have been proposed to influence bio
turbation in deep-sea sediments, including water depth (Middelburg 
et al., 1997), bottom current (Smith and Schafer, 1984), oxygen pene
tration into sediment (Smith and Rabouille, 2002), sedimentation rate 
(Boudreau, 1994; Tromp et al., 1995), organic carbon content in surface 
sediment (Yang and Zhou, 2004; Yang et al., 2011), and burial flux of 
particulate organic carbon at sediment-water interface (Legeleux et al., 
1994; Pope et al., 1996; Smith et al., 1997; Smith and Rabouille, 2002). 
It is valuable to assess which factor regulates bioturbation in the unique 
environment of seamounts. Our results show a great positive correlation 
between the DB value and the linear sedimentation rate (s*) or mass 
accumulation rate (r) around the seamounts (Fig. 9 a, b), indicating 
sedimentation of particulate matter in the water column is a main pro
cess affecting the intensity of bioturbation. This positive correlation is 
similar to previous observation by compilation of global data (Boudreau, 
1994; Tromp et al., 1995). However, the DB values around the sea
mounts are significant higher than predicted from the empirical re
lationships based on global data (Fig. 9a). For example, the relationship 
between the DB value and the linear sedimentation rate obtained in this 
study is DB ¼ 1.1�106 ⋅ s1.3, wheareas the reported empirical relation
ships are DB ¼ 15.7 ⋅ s0.6 (Boudreau, 1994) and DB ¼ 42.66 ⋅ s0.85 (Tromp 
et al., 1995). It is evident that the intensity of bioturbation around the 
seamounts is stronger than the empirical prediction. Note that the 
empirical relationships were based on data from different marine envi
ronments where only a little in low sedimentary environment, although 
the sedimentation rates varied by more than five orders of magnitude 

(0.1–105 mm/ka, Boudreau, 1994; 1–105 mm/ka, Tromp et al., 1995). 
The sedimentation rates around the seamounts are in a range of 
0.12–2.50 mm/ka, indicating that the enhanced bioturbation exists in 
the low sedimentary seamount environment. 

The fact that bioturbation around the seamounts is regulated by 
sedimentation rate reflects the effect of changes in food supply required 
for the growth of benthic organisms. A good exponential positive rela
tionship between the DB values and accumulation fluxs of organic car
bon was observed in this study, indicating that bioturbation around the 
seamounts was supported by accumulation of organic matter in 

Fig. 9. The relationship between bioturbation coefficient (cm2/a) and (a) 
linear sedimentation rate (mm/ka) and (b) mass accumulation rate (kg/m2/ka) 
around the seamounts. The DB values show an exponential increase with both 
the s* and the r. In panel a, the black line is fitting curve of our data. The red 
and green lines represent the empirical equations proposed by Boudereau et al. 
(1994) and Tromp et al. (1995) respectively. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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sediments (Fig. 10). Similar covariation relationship between bio
turbation and accumulation flux of organic carbon have been observed 
in the equatorial Pacific, the western Pacific and the north Atlantic 
(Yang and Zhou, 2004; Yang et al., 2011). This means that similar to 
other sea areas, bioturbation around the seamounts is mainly affected by 
the availability of organic matter. 

4.2. Spatial variation of bioturbation around the seamounts 

As shown in Fig. 11, spatial distribution of the DB around the sea
mounts shows that the highest value occurs at a certain distance from 
the edge of seamount summit, while the low values at the edge of 
summit and the abyssal plain far from the seamounts. The DB values 
change by 26.8 times in a range of only 140 km from the seamount 
summit, indicating that bioturbation has high spatial variability around 
the seamounts. The highest value of DB around the Pako Guyot appears 
about 40 km from the edge of seamount summit, while that around the 
Marcus-Wake seamounts appears about 50 km away from the edge of 
seamount summits (Fig. 11). As for the Pako Guyot, the depth of summit 
edge is 1650 m, and the uphill slope is 10.8� from 1650 m to 4000 m 
while the downhill slope is 2.8� from 4000 m to 5500 m. The estimated 
distance from the edge of summit to the foot of seamount is about 43 km 
for the Pako Guyot. Similarly, the distance from the edge of summits to 
the foot of seamounts is estiamted to be about 49 km for the Marcus- 
Wake seamounts (the depth of summit edge is 1300 m, and the uphill 
slope is 13� from 1300 m to 4200 m while the downhill slope is 2� from 
4200 m to 5500 m). Obviously, all the highest DB values appear at the 
foot of these seamounts. 

We hypothesize that the higher DB values occurred at the foot of 
seamounts are related to more active benthic activities caused by 
massive accumulation of organic matter. At the foot of seamounts, in 
addition to local deposits from the water column, organic matter in 
surface sediments is also supplemented by transportation down the 
slope. In the open ocean, organic matter in the seabed sediments mainly 
derives from photosynthesis of phytoplankton in the euphotic zone. The 
sinking flux of particulate organic carbon (POC) in the water column 

decreases exponentially with increasing depth (Martin et al., 1987). 
According to a power-law model (FPOC (z) ¼ C ⋅ z-b, Martin et al., 1987) 
and its ideal parameter value (b � 0.7, Cael and Bisson, 2018), the POC 
export fluxes at depths of 1600 m (the depth of Pako Guyot summit) and 
1300 m (the depth of Marcus-Wake seamount summit) are estimated to 
be 2.4 and 2.7 times the flux at a depth of 5500 m (the depth of seamount 
foot), respectively. Clearly, the unique topographical feature of sea
mounts helps to capture more particulate organic matter on the summit 
and transport it down the hillside to form an organic-rich sedimentary 
environment at the foot of seamounts. The accumulation of organic 
matter stimulates benthic activity, thereby strengthening bioturbation 
at the foot of seamounts. 

This variation pattern of the DB values is consistent with the distri
bution of benthic organisms around the seamounts. In the voyage of 
Pako Guyot from July to September 2012, distribution of benthos 
around the seamount was investigated. The results showed that 63 
species of megabenthos inhabit around the Pako Guyot, including 22 
species of Porifera (sponges, etc.), 17 species of Cnidaria (corals, sea 
anemones, etc.), 15 species of Echinodermata (sea lily, starfish, brittle 
star, sea urchin, sea cucumber, etc.), Arthropoda (shrimp, etc.) and 
Chordata (fish, etc.). The density of macrobenthos decreases as the dis
tance from the foot of Pako Guyot increases (Wang, 2015), which is 
similar to spatial variation of the DB values observed here. This may 
indicate that macrobenthos are main groups affecting bioturbation in 
sediments around the Pako Guyot. Similarly, the DB values have been 
observed to increase with the abundance of mega- and macro-benthos in 
the northeast tropical Atlantic (Legeleux et al., 1994) and the equatorial 
Pacific (Smith et al., 1997). The spatial distribution of benthic organisms 
is closely related to their lifestyle, current status, food supply, etc. The 
current observed by the mooring system indicated that the bottom ve
locity on the summit is higher than that at the foot of the Pako Guyot 
(Wang, 2015), which means that benthic organisms that cause bio
turbation prefer a low-energy environment. Previous studies of benthic 
communities around seamounts have shown that filter feeding and 
sessile benthos (such as sponges and corals) prefer high-energy 

Fig. 10. The relationship between bioturbation coefficient (cm2/a) and accu
mulation flux of organic carbon (gC/m2/ka) around the seamounts. The DB 
values show an exponential increase with the ForgC. The fitting curve and 
equation are shown. 

Fig. 11. The variation of bioturbation coefficient (cm2/a) with the distance 
from the edge of the seamount summit (km). The open circles and solid tri
angles represent data from Pako Guyot and Marcus-Wake seamounts respec
tively. The solid and dashed lines are fitting curves for data from Pako Guyot 
and Marcus-Wake seamounts respectively. The solid and dashed arrows point to 
the foot of Pako Guyot and Marcus-Wake seamounts respectively. 
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environments (such as the summit or peak of seamounts) because rapid 
flow provides more rock outcrops for biofouling, while deposit feeders 
prefer soft sediments with weak currents, which facilitates particle 
settling (Clark et al., 2010; Kaufmann et al., 1989; McClain and 
Lundsten, 2015). Since the deposit feeder is the main biological popu
lation for bioturbation in sediments, the higher DB values at the food of 
Pako Guyot is obviously related to the higher biomass of deposit feeders. 
As for the Marcus-Wake seamounts, due to the lack of benthic data, we 
can not discuss the impact of benthic organisms on the spatial variation 
of DB values. Due to the limitation of benthic organisms, the possible 
effect of benthic habits and their bioturbation modes on bioturbation 
around the seamounts cannot be explored in this study. More simulta
neous research on bioturbation and benthos is needed in the future. 

5. Conclusions 

Our results show an enhanced but highly variable bioturbation 
around the seamounts of the Magellan and Marcus-Wake clusters. The 
DB values around the seamounts estimated by 210Pbex tracer are higher 
than those in abyssal sediments or predicted by traditional empirical 
equations. The spatial variation shows that the highest DB value occurs 
at about 40–50 km from the edge of the seamount summit, and the low 
DB values at the edge of summit and the abyssal plain far from the 
seamounts. The active bioturbation at the foot of the seamounts is hy
pothesized to be related to massive accumulation of ogranic matter, 
which is supported by a positive relationship between the DB value and 
the accumulation flux of organic carbon in surface sediments. The pos
itive correlation between the DB value and the linear sedimentation rate 
or mass accumulation rate further indicates that particle setting regu
lates organic matter accumulation around the seamounts. Climate 
change has changed oceanographic conditions and thus the flux of 
organic matter into the deep sea. More studies are needed to gain a deep 
understanding of bioturbation in seamounts in the context of future 
climate change. 
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