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A B S T R A C T

Major and rare earth elements (REEs) concentrations in sediment pore fluids are crucial for tracking biogeo
chemical processes during early diagenesis. However, the low concentrations and volumes typically sampled, 
particularly from long sedimentary sequences, limit our understanding of the REE behaviors in pore fluids. Here, 
major and trace elements have been analyzed on pore fluids from nine cores collected along the Penghu and 
Gaoping submarine canyons (SE Taiwan), in order to constrain diagenesis processes in sediments characterized 
by turbidite deposits and to determine their potential influence on the REE behavior in pore fluids. The ΣREE 
decrease from 600 to 200 pM in the upper 500 cm, with the maximum value attributed to the dissolution of Mn 
oxides in the redox transition zone. A decrease with depth of Ca and Mg concentrations are most probably 
associated with the formation of authigenic carbonate during the sulfate reduction process. This process absorbs 
REE from pore fluids without the REE fractionations. At deeper depth, an HREE enriched pattern is observed in 
core along the Penghu Canyon and might be linked to the degradation of organic matter in the methanogenesis 
zone. For cores located along the Gaoping Canyon, super-chondritic Y/Ho ratios comparable to seawater suggest 
a pronounced mixing of pore fluids with seawater and stronger scavenging of detrital sediments in the turbidity 
system. Overall, our results indicate that the REE concentrations in the pore fluids are relatively low and par
titioning at deep depth in South Taiwan, REE distributions of pore fluids from turbidites sequences show a non- 
steady state variations in the high energy depositional setting.

1. Introduction

Sediment diagenesis significantly influences biogeochemical cycling 
of elements, benthic fluxes to overlying waters, and the preservation of 
paleo-environmental signatures in sediments (e.g. Berner, 1980; Bou
dreau, 2000; Hesse and Schacht, 2011; Hood et al., 2018; Du et al., 
2025). According to the electron acceptors sequentially utilized by mi
crobial communities (O₂ > NO₃− > MnO₂ > Fe(OH)₃ > SO₄2− > CH₂O), 
sediment redox zones develop with increasing burial depth (e.g., Froe
lich et al., 1979; Arndt et al., 2013). Ideally, they can be divided into an 
oxidized (oxygen-rich) zone, a sub-oxidized (oxygen-poor) zone, an 

anoxic zone, a sulfide zone and a methanogenesis zone. Trace element 
behavior during these processes, particularly in highly reactive surface 
layers (<1–2 m), has been extensively studied and these studies pri
marily form the basis for our current understanding of fluid migration in 
subseafloor systems (e.g., Elderfield and Sholkovitz, 1987; Haley et al., 
2004; Torres et al., 2004; Abbott et al., 2015; Deng et al., 2022; Steiner 
et al., 2023). However, datasets on trace element concentrations in long 
sediment sequences remain limited due to the low concentrations and 
volumes available as well as the challenges associated with the collec
tion and analysis of pore fluids (Smrzka et al., 2019). This hinders our 
knowledge about the potential impact on the pore fluids of different 
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processes during the early-diagenesis of sediments, particularly in the 
upper sediment sequences.

Moreover, the rare earth elements (REEs) in pore fluids are powerful 
tools for tracing biogeochemical processes and for reconstructing the 
environment in which sediment diagenesis takes place (e.g., Bau and 
Dulski, 1996; Frimmel, 2009; Kim et al., 2012; Zwicker et al., 2018). The 
fractionation of REEs in sediments and pore fluids is due to several 
factors such as REE provenance and sources, dissolution or co- 
precipitation effects, processes of absorption/desorption, physic- 
chemical parameters of the medium and redox state, and finally the 
stability in solutions favored or not by the presence of ligands and the 
process of complexation (Williams-Jones et al., 2012; Bayon et al., 2020; 
Li et al., 2022). A large dynamic range of REE fractionation and patterns 
can be found in marine sedimentary environments. Among the sedi
mentary processes known in pore fluids, early diagenesis, such as 
dissolution of iron and manganese oxides in the first tens of centimeters 
of the seafloor sediment, often lead to a MREE-enriched pattern in pore 
waters (Haley et al., 2004; Deng et al., 2017). Linear REE patterns are 
found below the Mn reduction zone (Haley et al., 2004; Kim et al., 
2012). At deeper depth, HREE-enriched patterns with a negative Ce 
anomaly are observable due to the remineralizations of particulate 
organic matter in the methanogenic zone (Kim et al., 2012). However, 
such REE records in pore fluids are still geographically scattered and 
fragmentary, which precludes a complete characterization.

The behavior of REEs and major elements in the pore fluids of 
turbidite deposits characterized by high sedimentation rates remains 
poorly constrained, despite their critical role in tracing biogeochemical 
processes unique to these high-energy depositional systems. Indeed, 
turbidity currents are efficient in transporting terrigenous sediments and 
can also transport a large amount of organic matter into the submarine 
canyons (Martín et al., 2011; Hage et al., 2024; Zhang et al., 2024). The 
degradation of these organic matters and detrital materials may have a 
considerable impact on the early diagenesis of sediments and REE 
fractionations of pore fluids (Haley et al., 2004; Wang et al., 2022). 

Consequently, further work is needed to constrain the behavior of these 
specific elements in the fluids of deep-sea sediment cores (Smrzka et al., 
2019).

Here, we have systematically analyzed major (Na, Ca, Mg) and trace 
(Ba, Mn, Mo, U, REEs and Y) element concentrations in pore fluids 
collected from sediment cores located along the Gaoping and Penghu 
submarine canyons of the northern South China Sea (SCS). Our results 
permit us to assess the potential impact of early-diagenesis on the REEs 
of pore fluids of sediments characterized by relatively high sedimenta
tion rates (from 55 to 560 cm/kyr) in hemipelagic and turbiditic sedi
mentary environments.

2. Materials and sedimentological settings

Six long Calypso cores and three CAlypso SQuare box (CASQ) cores 
were collected on the banks of the Gaoping and Penghu submarine 
canyons during the HydroSed cruise, on board R/V Marion Dufresne, in 
June 2018 (Fig. 1, Table 1). Detailed lithology and estimation of sedi
mentation rates for each core are presented in Table 1 and in Supple
mentary figs. 1 and 2.

The Gaoping and Penghu submarine canyons transport large 
amounts of sediments from Taiwanese rivers to the northern SCS during 
the late Quaternary (Liu et al., 2016; Bertaz et al., 2024). These two 
submarine canyons are characterized by different land-sea configura
tions which result in distinct sedimentation rates and lithologies for 
studied cores located close to each of these two submarine canyons.

The Gaoping Canyon is a very active submarine canyon system 
connecting the Gaoping River to the deep-sea trench system (Fig. 1). The 
Gaoping River is characterized by a relatively small and mountainous 
catchment area with a relatively limited floodplain, delta and shelf (Huh 
et al., 2009). It has been shown that during typhoon events, the intense 
rainfall and runoff lead to intense physical erosion and increased sedi
ment discharge by the Gaoping River (Dadson et al., 2003; Zhang et al., 
2018). In such conditions, the suspended-sediment concentration of the 

Fig. 1. Bathymetric maps of the northeastern SCS showing the location of studied cores (and site numbers) (black dots) where pore fluids were collected. We also 
reported four bathymetric profiles indicating the distances and altitudes of studied sites HYDROSED (Sites HS) in relation to the thalweg of the Gaoping and Penghu 
submarine canyons. The blue triangles represent the sediment cores mentioned in the text (Hu et al., 2017; Huang et al., 2023a; Bertaz et al., 2024). The Gaoping 
River and the submarine Canyons (Penghu Canyon and Gaoping Canyon) are also displayed. (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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river plume offshore from the Gaoping River and at the head of Gaoping 
Canyon can be high enough to generate nepheloid layers on the slope 
and turbulent hyperpycnal flows within the canyon (Zhang et al., 2018). 
Three and a half years of in situ subsea mooring observations conducted 
on the levee, approximately 3.5 km laterally and 500 m vertically from 
the thalweg of the Gaoping Canyon, demonstrate that typhoon-induced 
turbidity currents are associated with enhanced sediment flux, elevated 
temperature, and reduced salinity, reflecting the lateral dispersion of 
turbidity currents onto the canyon bank (Zhang et al., 2018). The li
thology of sediments from all investigated cores collected on the banks 
of the Gaoping submarine canyon is thus mainly composed of a suc
cession of turbidites deposits exhibiting different thickness and grain- 
size depending mainly from the elevation of the core above the 
canyon thalweg (Fig. S1, S2). In more detail, Sites HS1 (Cores 
MD18–3556-CQ and MD18–3557), HS2 (Core MD18–3558-CQ and 
MD18–3560) and HS3 (Core MD18–3561) in the northern part of the 
studied area are at altitudes of ~540–650 m above the thalweg of 
Gaoping submarine canyon (Fig. 1, Table 1). The cores are mainly 
composed of deposits of silty mud sediments interbedded with thin silty 
layers with erosive bases corresponding to turbidite deposits with a 
thickness of between 0.5 and 5 cm (Fig. S1, S2). On the other hand, sites 
HS4 (Cores MD18–3562-CQ and MD18–3563), and HS7 (Core 
MD18–3567) are located further south (Fig. 1, Table 1) at lower alti
tudes above the thalweg of the Gaoping submarine canyon (between 125 
and 250 m) and are composed of thicker, coarser turbidite layers from 1 
to 20 cm in thickness (Fig. S1, S2). All investigated cores, located on the 
flat bank of Gaoping submarine canyon, are characterized by slightly 
variable sedimentation rates reaching up to ~250–560 cm/kyr for 
studied sites close to the canyon (HS1, HS2, HS4 and HS7), with lower 
values (~130 cm/kyr) for distal studied sites (HS3), estimated from 
comparison with proximal cores (Fig. 1, S3, S4, Table 1). The mean 
sedimentation rate at Sites HS1 and HS2 is estimated by reference to 
Calypso Core MD18–3574 (21◦50.42′N, 120◦10.67′E; 22.52 m long; 
1171 m water depth), which is located on a similar western levee of the 
Gaoping submarine canyon to Sites HS1 and HS2 (Fig. 1). The age model 
for this core is based on 11 calibrated radiocarbon dates and indicates a 
mean sedimentation rate of 560 cm/kyr (Fig. S3, Table S1). Three 
calibrated radiocarbon dates obtained on core MD18–3557 (HS1) 
confirmed a high sedimentation rate for this core (mean sedimentation 

rate of 510 cm/kyr; Fig. S3, Table S1).
Calypso Core MD18–3561 (Site HS3) is located at a greater distance 

from the Gaoping submarine canyon than cores at sites HS1 and HS2 and 
very close to Core MD10–3291 (21◦14.49′ E, 120◦13.91′ N, water depth 
of 2070 m) where the mean sedimentation rate has been estimated to be 
130 cm/kyr (Yu et al., 2017a, Fig. S4). A comparison of the magnetic 
susceptibility record of core MD18–3561 with those of the well- 
constrained chronology of core MD10–3291 allowed us to estimate a 
mean sedimentation rate of approximately 130 cm/kyr for core 
MD18–3561 (Fig. S4). The mean sedimentation rate of Site HS4 and HS7 
are estimated to be lower than the dated cores nearby which are closer to 
the canyon thalweg (e.g. mean sedimentation rate of 510 cm/kyr for 
Core MD18–3565; Huang et al., 2023a).

Calypso Core MD18–3569 was collected at Site HS8 located on the 
eastern bank of the Penghu Canyon (Fig. 1, Table 1). The lithology of 
Core MD18–3569 consists mainly of a greenish gray homogenous 
hemipelagic mud without any visible turbidites (Fig. S1). The mean 
sedimentation rate of Core MD18–3569 is lower than the other studied 
sites with a value of ~55 cm/kyr (Bertaz et al., 2024). At present time, 
the Penghu Canyon is not connected to any rivers flowing from southern 
China or southern Taiwan. The head of the Penghu Canyon begins at the 
South China shelf break and sediment sources are either the Taiwan 
Strait or the rivers of south-western Taiwan (Huh et al., 2011).

3. Methods

3.1. Pore fluids sampling

140 pore fluid samples have been collected from six Calypso and 
three CASQ cores using precleaned ceramic sticks (Rhizon) with vacuum 
syringes (30–50 cm per sample for CASQ cores and 150 cm per sample 
for Calypso cores). The volumes of pore fluids samples extracted from 
sediments were around 10 to 14 ml. Pore fluids samples were filtered 
and acidified to a pH of less than 2 with supra-pure 6 N HCl and then 
stored in a fridge at +4 ◦C to prevent of any effects of evaporation.

CASQ coring permits the upper 10 m to be collected without sig
nificant disturbance of the upper part of the sediments (Kissel et al., 
2013) which permit us to collected pore fluids samples at high resolu
tion, every 30 cm, along the upper meters of the core. In contrast, the 

Table 1 
Detailed sampling information, lithology and estimation of sedimentation rate for studying cores.

Site Latitude and 
longitude

Water 
depth (m)

Estimated sedimentation 
rate

Core name Length 
(m)

Lithology

HS1
21◦39.04′ N, 
120◦16.95′ E 2102

~561 cm/kyr (MD18–3574, 
Table S1)

MD18–3557 22.7 Dark greenish gray clyey sediment, stacked fine-grained overflow 
deposite from turbidity currents.

MD18–3556- 
CQ

7.1
Dark greenish gray clayed sediment showing numerous mm-scale silty 
clay to silty laminations.Frequent organic-rich concretions and layers 
are observed.

HS2
21◦46.99′ N, 
120◦13.17′ E 1793

~561 cm/kyr (MD18–3574, 
Table S1)

MD18–3560 28.9
Dark greenish gray clayed sediment showing numerous mm-scale silty 
clay to silty laminations. Frequent organic-rich concretions and layers 
are observed.

MD18–3558- 
CQ

8.1 Dark greenish gray clyey sediment, stacked fine-grained overflow 
deposite from turbidity currents.

HS3 21◦44.31′ N, 
120◦11.55′ E 1953 ~130 cm/kyr (MD10–3291, 

Yu et al., 2017a)
MD18–3561 40.5 Dark greenish gray clay sediment with silty clay, discoutinuous 

laminations

HS4
21◦34.13′ N, 
120◦11.98′ E 2711

~510 cm/kyr (MD18–3565, 
Huang et al., 2023a)

MD18–3563 20.1 Dark greenish gray clay sediment showing countless centimeter to 
decimeter-scale sandy deposits, turbidites

MD18–3562- 
CQ 3.0

Dark greenish gray clay sediment showing countless centimeter to 
decimeter-scale sandy deposits, turbidites

HS7
21◦35.25′ N, 
120◦05.62′ E 2746

<510 cm/kyr (MD18–3565, 
Huang et al., 2023a) MD18–3567 20.1

Dark greenish gray clay sediment showing countless centimeter to 
decimeter-scale sandy deposits, turbidites

HS8
22◦09.30’ N, 
119◦49.24′ E 1320

54.7 cm/kyr (Bertaz et al., 
2024) MD18–3569 40.1 Very dark greenish clay with some foraminifera
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uppermost layers (upper 150–300 cm) of the Calypso cores can be 
disturbed by the coring system, but at greater depth they extend the 
sequence of high-quality sediment to 40 m with sampling depth interval 
resolution of 150 cm per sample. Thus, combining results of both cores 
have the potential to provide a unique and fully detailed depth profile of 
variations in major and trace element concentrations of the upper 40 m 
of the southern margin of Taiwan. This enables us to study a continuous 
diagenesis process from the top (seawater - sediment interface) to the 
bottom.

3.2. Major and trace element concentrations analyses

The concentrations of major elements (Na, Ca and Mg) and trace 
elements (Ba, Mn, Mo and U) in pore fluids were measured by the 
ThermoScientific Inductively Coupled Plasma Mass Spectrometer (ICP- 
MS XseriesII) of the PANOPLY's analytical facilities at the Laboratoire des 
Sciences du Climat et de l'Environnement (LSCE), University Paris-Saclay, 
France. To take account of matrix effects due to salt content, samples 
were systematically diluted by a factor of 400. Calibrations were per
formed using the standard addition method with NASS-6 diluted 400- 
fold serving as the charged matrix. During the analytical sequences, 
blanks, two standard seawater solutions IAPSO and NASS-6 and stan
dard reference solution NIST 1640a were run to verify the ICP-MS 
calibration obtained from the measurements of primary standard solu
tions, to correct instrumental drift, to validate the dataset and finally to 
evaluate analytical uncertainties. Based on the measurement of NASS-6 
replicates (n = 29), 2σ relative standard deviations were 1.7% for Na, 
6.6% for Ba, 2.6% for Mg, 2.8% for Ca, 5.3% for Mo, 2.8% for U. As the 
Mn value is too low in NASS-6, analytical uncertainty is estimated to be 
better than 5.3% (2σ) for Mn based on NIST 1640a analyses (n = 10).

3.3. REE concentration analyses

REE and Y concentrations have been analyzed on 5 ml aliquots of 
pore fluids using the ThermoScientific MS–iCAP TQ of the PANOPLY's 
analytical facilities at the Laboratoire des Sciences du Climat et de l'Envi
ronnement (LSCE), University Paris-Saclay, France. The analytical pro
cedure used to extract and purify REEs from the matrix has been adapted 
from the analytical procedure described in detail by Wu et al. (2015). 
Briefly, an ultra-pure FeCl3 solution and a spike solution enriched in 
141Pr and 169Tm were added to each sample with contents around 10–50 
fold higher than REE concentrations in the samples. After 48 h of 
equilibration under regular shaking, the pH was adjusted to ~8 through 
the addition of ultraclean NH4OH (Optima grade), leading to the for
mation of iron hydroxides, which, in turn, efficiently scavenge REEs out 
of the pore fluids samples. After a few days of regular shaking, the REE 
co-precipitated fractions were then separated from the remaining solu
tion through several centrifugations and Milli-Q water doped with 
several drops of a molar NH4OH solution. During analytical sequences 
using ICP-MS, REE concentrations were corrected for any sensitivity 
drift of the machine by using internal standard monitoring. The added 
141Pr and 169Tm spikes allowed the calculation of the REE extraction 
step recovery (higher than 92%) and finally REE concentrations by 
taking into account the initial Pr and Tm contents in the samples. As 
151Eu and 153Eu were affected by Ba–O interferences during ICP-MS 
analyses, owing to the high Ba concentrations remaining after chemi
cal separation, particularly in the Ba-rich pore fluids from HS1, HS3, and 
HS8, Eu concentrations are not considered here. The accuracy of cali
brations and determination of REE concentrations was verified during 
the analytical sequences by analysis of the geological standard BCR-2 
prepared at various dilutions. Blank corrections were systematically 
applied for all REEs since analysis of chemical blanks (reagents, spike 
solutions before and after chemistry, filtration step, etc.) revealed a non- 
negligible but reproducible REE signal (around ±20%, n = 3) with 
contributions of ~10% for HREE and up to 20%, for LREEs for the pore 
fluid sample with the lowest concentration of rare earth elements. For 

most of the pore fluids, such blank corrections were negligible. Finally, 
our measurements were characterized by analytical uncertainties that 
were systematically below 15% (2σ) for all REEs. This is illustrated in 
supplementary fig. S5, which presents REE concentrations measured for 
the seawater standard NASS-6 using the same analytical procedure as 
that applied to the pore fluids samples. Such uncertainties integrate the 
accuracy of ICP-MS calibrations, the addition of a spike solution or other 
reagents, the filtration step, the Fe-oxide co-precipitation and REE 
extraction, REE measurement, and, finally, the external reproducibility. 
In addition, the use of Rhizon samplers for pore-water extraction may 
influence the measured REE concentrations. Based on repeated blank 
tests, we estimate that contributions from Rhizon samplers are negli
gible for MREEs (with the exception of Eu) and HREEs. In contrast, blank 
experiments conducted under acidic conditions indicate that REE 
release from Rhizon samplers may reach up to ~1.5–2 pM for La, Ce, and 
Nd under our analytical conditions. Because these blanks were per
formed under acidic conditions, they likely overestimate the actual 
release of La, Ce, and Nd under natural pore-water conditions. Accord
ingly, we excluded from the dataset all La, Ce, and Nd concentrations 
below 8 pM to minimize potential bias associated with sampler-derived 
contamination.

4. Results

4.1. Major and trace element concentrations

The Na concentrations in all the cores range from 9500 to 11,100 
ppm with a mean value of 10,450 ± 261 ppm, which is consistent with 
the expected seawater Na concentration of 10,600 ppm estimated from 
regional deep salinity of 34.6‰ (Fig. S6, Huang et al., 2023b). To help 
comparison of both major and trace results throughout all cores, as well 
as correction for any potential effects of evaporation during storage, all 
element concentrations were normalized to Na by calculating the (Ci/ 
[Na]sample) ratio for each sample and then multiplying this ratio by the 
average Na concentration ([Na]avg) of the entire dataset: Ci-normalized =

(Ci/[Na]sample) × [Na]avg. For the upper 500 cm, the major (Ca, Mg) and 
trace element (Ba, Mn, Mo, U) concentrations measured at higher res
olution in CASQ Cores MD18–3556-CQ (Site HS1), MD18–3558-CQ (Site 
HS2), and MD18–3562-CQ (Site HS4) are consistent with the values 
measured along the calypso Cores MD18–3557 (Site HS1), MD18–3560 
(Site HS2) and MD18–3563 (Site HS4), respectively (Fig. S7). This in
dicates that results of the major and trace elements in the different 
sediment sequences are reproducible. Variations in Mo and U concen
trations are more evident in the CASQ cores, highlighting potentially 
rapid changes at the top of the cores. Such variations are less visible in 
Calypso cores due to the potential for disturbance of the core-top sedi
ment by the coring system.

The Ca concentrations display a systematic drop over the first 800 cm 
for Cores MD18–3557 (Site HS1), MD18–3561 (Site HS3) and 
MD18–3569 (Site HS8) (Fig. 2), decreasing from ~9.8 ± 0.03 to ~3 ±
0.01 mM for Ca. This decrease is less marked for Core MD18–3560 (Site 
HS2). At deeper depth, the Ca concentrations of these cores remain 
stable. Such trends in Ca concentrations are less pronounced for Cores 
MD18–3563 (Site HS4) and MD18–3567 (Site HS7), the sediments of 
which are composed of thicker and coarser turbidite layers (Fig. S1, S2). 
The Mg concentrations display also a systematic decrease over the first 
800 cm which is more or less important (from 50 to ~32–40 mM) in all 
the studied cores expect Core MD18–3563 (Site HS4) which present 
relatively constant high Mg concentrations (~50 mM) (Fig. 2). At deeper 
depth, the Mg concentrations continuous decrease slightly for Cores 
MD18–3560 (Site HS2), MD18–3561 (Site HS8) and MD18–3567 (Site 
HS7).

For Cores MD18–3557 (Site HS1), MD18–3561 (Site HS3) and 
MD18–3569 (Site HS8), Ba displays relatively low concentrations 
(nearly zero) in the upper 600–800 cm depth, and abruptly increases to 
over 20,000 nM downward. A similar trend in pore fluids is observed at 
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greater depth (around 2000 cm) in Core MD18–3560 (Site HS2). Very 
low Ba concentrations are observed all along Cores MD18–3563 (Site 
HS4) and MD18–3567 (Site HS7) (Fig. 2).

Except for the Calypso core MD18–3563 (Site HS4), Mn concentra
tions decrease from more than 300 μM at top 30 cm to nearly 0 at ~300 
cm depth and then stay constant at deeper depth in all the cores (Figs. 2 
and 3). The abrupt decrease is observed at shallower depth (around 100 
cm) for CASQ Core MD18–3562-CQ (Site HS4) whereas no significant 
changes are recorded for the upper part of the Calypso Core MD18–3563 
(Site HS4).

Variations of Mo concentrations decrease in Calypso Cores 
MD18–3557 (Site HS1), MD18–3560 (Site HS2), MD18–3561 (Site HS3) 

and MD18–3569 (Site HS8) from more than 300 nM at 75 cm to lower 
values around 300 cm. This decrease is observed at slightly greater 
depth (500 cm) for Cores MD18–3563 (Site HS4) and MD18–3567 (Site 
HS7). Higher resolution analyses in the upper part of CASQ cores indi
cate an increase from 100 nM in the core top (similar to seawater value) 
to a maximum (around 300 nM) at 100 cm for Cores MD18–3556-CQ 
(Site HS1) and MD18–3558-CQ (Site HS2) and at 100 to 200 cm for Core 
MD18–3562-CQ (Site HS4) (Fig. 3).

Variation in U concentrations is observed in the upper few tens of 
centimeters of the CASQ cores, which results in a rapid decrease from 
~12 nM at the surface to nearly 0 at 70–80 cm (Fig. 3). The Calypso 
cores do not display a decrease of U concentrations because of the low- 

Fig. 2. Major (Mg and Ca) and trace element (Ba, Mn, Mo and U) concentration profiles with depth obtained in pore fluids of Calypso Cores MD18–3557 (Site HS1), 
MD18–3560 (Site HS2), MD18–3561 (Site HS3), MD18–3563 (Site HS4), MD18–3567 (Site HS7) and MD18–3569 (Site HS8). The values of deep water (NASS-6) are 
indicated by blue diamonds, and the gray dashed line represents a seawater baseline. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 3. Mn, Mo, U and ΣREE concentrations and MREE/MREE* ratio variations with depth obtained in pore fluids of CASQ Cores MD18–3556-CQ (Site HS1), 
MD18–3558-CQ (Site HS2) and MD18–3562-CQ (HS4). The values of deep water (NASS-6, Site HS1 for REE results, Huang et al., 2023b) are indicated by blue 
diamonds and the gray dashed line represents a seawater baseline. (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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resolution sampling in the sub-surface and possible perturbation of 
sediments of the upper cores due to the coring system (Fig. 2).

4.2. Rare earth element concentrations

To avoid the Oddo-Harkins effect (Schmitt et al., 1963) and to plot 
their patterns, the REE concentrations in pore fluids are commonly 
normalized to the Post Archaean Australian Shale (PAAS; McLennan, 
2001). The calculated MREE/MREE* values ([GdN + DyN/]/[YbN +

NdN] ratio; Yu et al., 2017b; Huang et al., 2023b) are also used to 
identify the fractionation between HREE (Ho, Er, Tm Yb, Lu), LREE (La, 
Ce, Pr, Nd) and MREE (Sm, Gd, Tb, Dy).

Total REE concentrations (ΣREE), and MREE/MREE* of pore fluid 
samples are reported in Figs. 3, 4. Two types of ΣREE depth profile are 
observed for the investigated cores. The first one is the gradual down
ward decreasing trend in ΣREE visible in upper 500 to 700 cm of Cores 
MD18–3557 (Site HS1), MD18–3560 (Site HS2), MD18–3563 (Site HS4) 
and MD18–3567 (Site HS7) with several peaks of ΣREE at a greater 
depth. The REE concentrations are high in the upper 100 cm of the cores 
(400–800 pM). Such values are three- to four-times higher than the 
mean values measured in deep waters collected at the closet water sta
tion Site HS1 (ΣREE of 150 pM; Huang et al., 2023b). A decrease to a 
relatively low value (200 pM) is observed at around 500–700 cm. The 
second type of depth profile is observed in the longest Cores MD18–3561 
(Site HS3) and MD18–3569 (Site HS8). For these cores, relatively low 
ΣREE values (100–200 pM), similar to seawater values (blue diamonds 
reported in Fig. 4), are observed in the upper section of the cores. For 
Core MD18–3569 (Site HS8), the ΣREE values increase to 380 pM at 
~500 cm depth and remain high down to the bottom of the core. For 
Core MD18–3561 (Site HS3), an increase in ΣREE concentrations up to 
920 pM is observed at 3500 cm. The MREE/MREE* ratios in Cores 
MD18–3557 (Site HS1), MD18–3560 (Site HS2), MD18–3561 (Site HS3) 
and MD18–3569 (Site HS8) show a decreasing trend downward, while in 
Cores MD18–3563 (Site HS4) and MD18–3567 (Site HS7), several in
creases of MREE/MREE* at deep depth are observed to be coupled with 

rising ΣREE concentrations.

5. Discussion

The studied pore fluids were collected in sedimentary environments 
characterized by relatively high sedimentation rates (between 55 and 
560 cm/kyr; Table 1; Fig. S3) and contrasted lithologies: coarse and 
thick turbidite sequences (Sites HS4 and HS7; Supplementary Table 1), 
very fine and thin turbidite sequences (Sites HS1, HS2, HS3; Supple
mentary Table 1) and hemipelagic deposits (Site HS8, no turbidites 
deposits, Supplementary Table 1) (Figs. S1 and S2). Metal element 
concentrations of pore fluids samples from all the cores vary greatly with 
depth and reflect the diagenesis process of sediments. In the following 
sections, we firstly discuss the processes that dominate the REE frac
tionations downward from the sediment–seawater interface and then we 
discuss the potential influence of turbidite layers on the REE fraction
ations of pore fluids.

5.1. Redox sensitive elements at sediment top

Most metal elements are directly or indirectly affected by changing 
redox conditions driven by the action of microbial respiration (Paul 
et al., 2019a; Smrzka et al., 2019). The concentration of the elements 
Mn, Mo, U in the upper pore fluids samples (Figs. 2 and 3), well observed 
in CASQ cores, is closely associated with the reduction-oxidation (redox) 
transition, which implies a depletion of oxygen as a result of organic 
matter degradation in the upper tens of centimeters.

In the pore fluids, dissolved Mn is generally present in Mn(II) and Mn 
(III) states, as obtained by the reductive dissolution of Mn oxides 
coupled with the decomposition of organic matter in the suboxic envi
ronment (Froelich et al., 1979). The high Mn concentration in the upper 
50 cm of all the cores is thus linked to the reduction of Mn oxides in the 
oxygen- deficient environment (Fig. 3). Notably, Core MD18–3562-CQ 
(Site HS4) reveals a sharp Mn drop to nearly zero at around 100 cm, 
while the other two CASQ cores decrease gradually to reach nearly zero 

Fig. 4. ΣREE concentrations and MREE/MREE* ratio variations with depth obtained in pore fluids of Calypso Cores MD18–3557 (Site HS1), MD18–3560 (Site HS2), 
MD18–3561 (Site HS3), MD18–3563 (Site HS4), MD18–3567 (Site HS7) and MD18–3569 (Site HS8). The cores are shown, from left to right, from turbidite deposits 
with thicker and coarser grain-size turbidite layers to less thick and finer grain-size turbidite layers, according to the lithology. Core MD18–3569 (HS8) located on the 
right side corresponds to hemipelagic sediments mainly composed of homogenous hemipelagic mud without any visible turbidites. Simplified lithology of each site is 
shown besides the curves. Arrows along the curve indicates the decreasing/increasing trend.
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at around 300 cm.
Similarly, the elements U and Mo are sensitive to oxygen concen

trations (Yano et al., 2020). Within the oxygenated pore fluids, U is 
found as soluble U (VI) (Calvert and Pedersen, 1993), but as the oxygen 
content is rapidly depleted with depth, soluble U (VI) will reduce to 
insoluble U (IV) and precipitate as an authigenic solid (Anderson, 1982; 
Owens et al., 2011). Thus, a low U concentration in pore fluids, can be 
used as a qualitative indicator of low oxygen content (Costa et al., 2023). 
The decreasing trend in the upper 80 cm of all the CASQ cores implies a 
decrease of oxygen concentration until a redox interface that resides at a 
depth of approximately 80 cm for sites HS1, HS2 and HS4 (Fig. 3).

The minimum U concentration has been observed to correspond with 
the maximum of Mo concentration. As Mo fixation requires the avail
ability of hydrogen sulphide (Scholz et al., 2014), thus the decrease of 
Mo concentration occurs deeper depth than U concentration in Cores 
MD18–3556-CQ (Site HS1), MD18–3558-CQ (Site HS2) and 
MD18–3562-CQ (Site HS4) (Fig. 3). This is in agreement with several 
previous studies showing the association of Mo enrichment with lower 
redox potentials and high sulfide concentrations in pore fluids (e.g., 
Algeo and Lyons, 2006; McManus et al., 2006; Smrzka et al., 2019). For 
Core MD18–3562-CQ (Site HS4) which is composed of thicker and 
coarser turbidites sequences, Mo concentration does not greatly 
decrease until 300 cm. This indicates a deeper depth of occurrence of a 
sulfidic environment.

The ΣREE concentrations are higher (>350 pM) in the upper 100 cm 
of cores located along Gaoping canyon (MD18–3563 (Site HS4), 
MD18–3567 (Site HS7), MD18–3557 (Site HS1) and MD18–3560 (Site 
HS2)) (Figs. 3, 4). These elevated ΣREE concentrations in the upper 100 
cm are associated with MREE/MREE* values consistently greater than 1 
(Figs. 3, 4). This could be attributed to the selective release of MREEs 
into fluids via the reduction of Fe–Mn oxyhydroxide (Mn oxides more 
likely than Fe oxides) in the subsurface, as MREEs exhibit a particular 
affinity for manganese oxides (Haley et al., 2021; Hatje et al., 2024). The 
ΣREE peak and higher MREE/MREE* in the core top of 100 cm coincides 
with the high concentrations of dissolved Mn in the subsurface (R2 of 
0.84, 0.81 and 0.41 between MREE/MREE* and Mn concentration for 
the upper 200 cm of sediments from Cores MD18–3556-CQ (Site HS1), 
MD18–3558-CQ (Site HS2) and MD18–3562-CQ (Site HS4) (Fig. S8), 
with lower coefficient of correlation for site HS4 which is strongly 
influenced by the turbidity current. This is also in agreement with the 
previous studies demonstrating that MnO2 could be the main source of 
REE for pore fluids (Du et al., 2025). This observation supports common 
redox effects on REE distribution in pore fluids in the upper part of the 
core from the southern margin of Taiwan. Results indicate that a po
tential flux from sediments preferentially releases MREEs to the pore 
fluids at these depths and could account for the increased ΣREEs, MREE/ 
MREE* of bottom water at the studied site (HS1, Fig. S9; Huang et al., 
2023b).

5.2. Sulfate reduction and the methanogenesis process and their impact on 
REE fractionation in pore fluids

The solid phase of barium, barium sulfate (barite), is known to be 
stable in undersaturated waters (Paytan and Griffith, 2007) and its 
precipitation in seawater should be thermodynamically unfavorable. 
Thus, the barium concentrations in the seawater and in the pore fluids in 
the upper several meters of our studied cores are very low (Fig. 2). At 
deeper depth, in a context of low oxygen concentrations, pore fluids 
sulfate can act as an oxidant for anaerobic respiration which allows the 
dissolution of barite (Breymann et al., 1992; Costa et al., 2023). 
Consequently, the solubility of barite increases drastically when pore 
fluids are depleted in sulfate. As a result, the dissolution of barite leads to 
an increase with depth in the concentration of dissolved Ba in pore fluids 
by up to four orders of magnitude (von Breymann et al., 1990). This 
dissolution is primarily driven by sulfate reduction, often occurs at the 
sulfate-methane transition zone (SMTZ) (Borowski et al., 1996; Snyder 

et al., 2007), where sulfate is consumed by anaerobic oxidation of 
methane (AOM: CH4 + SO4

2− → HCO3
− + HS− + H2O) and organoclastic 

sulfate reduction (SR: 2(CH2O) + SO4
2− → 2HCO3

− + H2S) (Borowski 
et al., 1996). Given the similar sedimentation rate in Cores 
MD18–3561and MD10–3291 (Fig. S3, S4), the abrupt increase in Ba at 
500 cm depth in Core MD18–3561 (Site HS3) is consistent with the in
crease of CH4 and DIC, as well as the depletion of SO4

2− in the pore fluids 
of Core MD10–3291, located close to the studied core (Fig. 6; Hu et al., 
2017, Chuang et al., 2019), reflecting comparable geochemical signals 
at equivalent chronological horizons. Thus, from the variations of Ba 
concentrations, the SMTZ depth should be located at around 500–600 
cm in Cores MD18–3557 (Site HS1), MD18–3561 (Site HS3) and 
MD18–3569 (Site HS8). The SMTZ is observed at around 2000 cm in 
Core MD18–3560 (Site HS2) whereas in Cores MD18–3563 (Site HS4) 
and MD18–3567 (Site HS7) composed of thicker and coarser turbidites 
sequences, it does not occur above a depth of 2000 cm (Fig. 2).

In calypso Cores MD18–3557 (Site HS1), MD18–3560 (Site HS2), 
MD18–3561(Site HS3) and MD18–3569 (Site HS8), the concentrations 
of Ca and Mg in the pore fluids gradually decrease toward the SMTZ in 
the upper 800 cm of the cores and stay relatively constant at greater 
depth. The decrease in Ca concentration in the upper meters of Core 
MD18–3561 (Site HS3) corresponds to the decrease in sulfate and in
crease in DIC of Core MD10–3291, located very close to Core 
MD18–3561 and on the same flat bank of Gaoping submarine canyon 
(Figs. 1 and 6). This suggests that Cores MD18–3561 (Site HS3) and 
MD10–3291 might be controlled by the same mechanisms. Since sulfate 
reduction is responsible for the increase in alkalinity, which favors the 
precipitation of carbonate (Paul et al., 2019b), the simultaneous 
decrease across the SMTZ of Ca and Mg in Cores MD18–3557 (Site HS1), 
MD18–3560 (Site HS2), MD18–3561 (Site HS3) and MD18–3569 (Site 
HS8) could be explained by consumption of both ions for carbonate 
precipitation (Mg-rich calcite or simultaneous dolomite and calcite 
formation) at the SMTZ. This is supported by higher ion activity product 
(IAP, Moore et al., 2004; Wehrmann et al., 2011) more than a constant 
solubility product (Ksp) of dolomite for all the cores, suggesting favor
able conditions for dolomite formation, which then results in the uptake 
of Mg and Ca from the pore fluids (Fig. S10). Previous studies also found 
the presence of dolomite rimmed by ankerite and Mg-rich calcite in core 
MD10–3291 offshore SW Taiwan (Hu et al., 2017). In contrast, the 
decrease in Ca and Mg is not observed in Core MD18–3563 (Site HS4) 
and is relatively weak in Core MD18–3567 (Site HS7), which may reflect 
limited sulfate reduction and minor formation of authigenic carbonates 
in these cores. However, direct measurements of sulfate gradients are 
required to confirm this interpretation. This hypothesis is in agreement 
with the deeper depth of sulfate depletion suggested by the Ba variations 
in the pore fluids of these cores. Considering that both cores are char
acterized by the deposition of coarser (high sand proportion) and thicker 
turbidites (Fig. S1, 2), it seems that the strong turbidite deposits might 
indeed inhibit the sulfate reduction process and the precipitation of 
authigenic carbonates.

Below the SMTZ, Mg concentrations in Cores MD18–3560 (Site HS2) 
and MD18–3569 (Site HS8) continuously decrease with depth, while Ca 
remains constant. This decoupled behavior cannot be explained by 
carbonate precipitation alone, which typically affects both Ca and Mg 
simultaneously. Instead, it may indicate the authigenesis of Mg-rich 
silicate minerals, such as clays (e.g., Hu et al., 2025), a process often 
associated with reverse weathering that consumes alkalinity and 
cations.

The depth profiles of the ΣREE concentrations are different in the 
two contrasted lithologies of the sediment cores investigated in this 
study. Indeed, ΣREE concentrations appear a decreasing trend in the 
upper 800 cm and the concentrations are relatively low (< 200 pM) at 
deep depth in all cores characterized by turbidite deposits, whereas 
hemipelagic sediments (Core MD18–3569, Site HS8) are generally 
associated with increasing concentrations (Fig. 4). The decreasing trend 
in ΣREE of pore fluids could be related to authigenesis during early 
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diagenesis (e.g., the reverse weathering process, authigenic clay for
mation or buried to authigenic phosphate, Du et al., 2022). The PAAS- 
normalized REE patterns indicate that only samples at the subsurface 
exhibit an expected MREE enriched pattern in Cores MD18–3556-CQ 
(Site HS1) and MD18–3562-CQ (Site HS4) (Fig. 5a, c), which is associ
ated with the release of Mn oxides at the redox transition zone as dis
cussed above. The REE patterns of the upper 700 cm present a similar 
LREE-depleted pattern in all the CASQ cores (Fig. 5a, b, c) and in the 
upper 600 cm of Core MD18–3569 (Site HS8, Fig. 7a). These REE pat
terns of pore fluids exhibit a uniform distribution to seawater in Site HS1 
(Huang et al., 2023b), with a significantly weaker negative Ce anomalies 
compared to overlying seawater (Fig. S8). These suggest that the REE 
pattern of pore fluids mainly preserve a seawater HREE-enriched 
signature and not greatly impacted by the early diagenesis of sediment 
during the sulfate reduction process.

ΣREE concentrations in Core MD18–3569 (Site HS8) exhibit a 
different trend compared to the other cores, as they show a low con
centration in the first 600 cm (mean of 77 pM) before increasing 
abruptly to more than 300 pM by 675 cm (Fig. 4). This rise in ΣREE 
concentrations is observed in the methanogenic zone below the SMTZ 
and is coupled with a decreasing trend of MREE/MREE*(Fig. 4). In 
addition, the PAAS-normalized REE patterns display a significant 
enrichment of HREE (La/Yb < 0.1) at deeper depth (>600 m) in Core 
MD18–3569 (Site HS8) and MD18–3561 (Site HS3) (Fig. 7, 8b). This 
HREE-enrichment pattern was also observed in pore fluids of the 
northern Cascadia accretion margin in the methanogenic zone, where it 
has been suggested that HREEs are released during particulate organic 
carbon (POC) degradation and subsequent chelation by DOC (Kim et al., 
2012). Organic matter is expected to have a short residence time in the 
sulfate-bearing sections of the sediment sequence due to the relatively 

Fig. 5. PAAS-normalized REE patterns of pore fluids in CASQ Cores MD18–3556-CQ (Site HS1) (a), MD18–3558-CQ (Site HS2) (b) and MD18–3562-CQ (Site 
HS4) (c).

Fig. 6. Depth profiles of Ca and Ba concentrations of pore fluids in Calypso Core MD 18–3561 (Site HS3) compared with depth profiles of dissolved CH4, SO4
2− , DIC 

and Cl− in Core MD10–2393 (Hu et al., 2017). The Sulfate Methane Transition Zone (SMTZ) depths are represented by the horizontal gray bar.
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high sedimentation rate in Core MD18–3569 (Site HS8, ~55 cm/kyr). 
This condition may promote the down-core transfer and subsequent 
release of REEs within the deeper methanogenic zones. Conversely, the 
lack of pronounced HREE enrichment in turbidite-dominated cores 
(Fig. 8b; e.g., Cores MD18–3562 (Site HS4) and MD18–3567 (Site HS7)) 
could be consistent with lower bioavailability of organic matter typi
cally associated with these coarser, often reworked deposits (Hage et al., 
2024). More information is needed about the organic matter content in 
these cores in order to further constrain this hypothesis. Overall, our 
results support the hypothesis that the POC degradation within the 
methanogenic zone below the sulfate-reducing zone may play a signif
icant role in the REE enrichment of pore fluids at greater depths (from 
~1000 to ~4000 cm) as well as in specific REE partitioning.

It is worth noting that, at a depth greater than ~1000 cm, a few peaks 
of REE concentrations are visible in Core MD18–3563 (at around 1000 
cm, 1500–1800 cm, Site HS4), Core MD18–3567 (1000–1500 cm, Site 
HS7), and below 3000 cm in Core MD18–3561 (Site HS3) (Fig. 4). Each 
rise in ΣREE concentration is accompanied by an increase of MREE/ 
MREE*, suggesting a preferential release of MREEs into the pore fluids. 
Considering the higher content of turbidites in these cores (Fig. S1, S2), 

we attribute the REE variations at depth along sediment cores to the 
detrital material delivered by turbidite deposition.

5.3. Impact of turbidites on the REE concentrations in pore fluids

We compare the Y and Ho concentrations in Fig. 8a. The super- 
chondritic Y/Ho ratio was identified (value of 47) in all cores charac
terized by turbidite deposit sequences: this ratio is similar to seawater 
values (Y/Ho ratios range from 47 to 77; Alibo and Nozaki, 1999; Bau 
and Dulski, 1999). Conversely, pore fluid samples from Core 
MD18–3569 (Site HS8) characterized by hemipelagic deposit display a 
significantly different chondritic Y/Ho ratio (mean Y/Ho ratio of 29). 
This value is comparable to Y/Ho ratios found in surface sediments in 
the South China Sea (Y/Ho ratio range from 26.1 to 27.2; Liu et al., 
2010), and in pore fluids in the central equatorial Pacific (31.6; Paul 
et al., 2019b). In general, the super-chondritic Y/Ho ratios in seawater 
are associated with the scavenging process within the water column 
(Nozaki et al., 1997) as the Ho is more strongly complexed than Y on the 
surface of particulate matter during the scavenging process (Bau et al., 
1997). Thus, it is reasonable to hypothesize that the higher Y/Ho ratios 

Fig. 7. a) PAAS-normalized REE patterns of pore fluids in Calypso Core MD18–3569 (Site HS8). b) PAAS-normalized REE patterns of pore fluids in methanogenic 
zone in Core MD18–3557 (Site HS1), MD18–3560 (Site HS2), MD18–3561 (Site HS3) and MD18–3569 (Site HS8).

Fig. 8. a) Y concentration versus Ho concentration; b) MREE/MREE* versus La/Yb ratios in all the pore fluids of the studied Calypso cores. Calypso cores from 
different sites are labeled in different colors. Dashed line in (a) represent the average Y/Ho ratio in seawater (Alibo and Nozaki, 1999) and sediments in the northern 
South China Sea (Liu et al., 2010). Solid and outlined stars represent the values of surface and deep seawater in Site HS1 (Huang et al., 2023b). Solid circles in (b) 
show the shallow pore fluids in East China shelf (Deng et al., 2022), the outlined circles represent the deep pore fluids collected in the northern Cascadia accretionary 
margin (Kim et al., 2012).
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of pore fluids for all the cores along the Gaoping Canyon result from 
stronger scavenging by coarser fractions in the turbidity currents (Zhang 
et al., 2018). In addition, the turbidity currents induce significant bot
tom erosion and perturbation of pore water, remobilizing the REE dis
tributions of pore fluids via strong mixing with seawater.

The high MREE/MREE* (1.6, Fig. 8b) ratios in Core MD18–3563 
(Site HS4) are much higher than that of deep water (0.9; Huang et al., 
2023b), and more comparable to the values obtained for surface water 
(1.3; Huang et al., 2023b) from HS1, the closest water station in the SCS, 
which are greatly impacted by the discharge of detrital material from 
Taiwanese rivers. As turbidity currents efficiently transport the detrital 
material to the deep canyon (Zhang et al., 2024), degradation of detrital 
material and associated organic matter is expected to release more 
MREEs and LREEs to the pore fluids, leading to higher MREE concen
tration and La/Yb ratios in Core MD18–3563 (Site HS4). Such REE 
fractionation of pore fluids in the turbidite deposits is comparable with 
shallow pore fluids (less than 25 cm bsf) in the East China Shelf (Deng 
et al., 2022), while REE distributions in Core MD18–3569 (Site HS8) 
agree with deep pore fluids in the northern Cascadia accretionary 
margin (Kim et al., 2012) (Fig. 8b). In summary, the turbidity currents 
create of an extensive, transient redox front due to the rapid burial of 
reactive organic matter and oxidants by turbidite layers. This non-steady 
transport process can simultaneously shift the biogeochemical envi
ronment and greatly influence the REE distributions of pore fluids at 
deep depth. Thus, the REE concentrations of pore fluids are definitively 
dominated by scavenging of terrigenous sediments delivered by the 
turbidity current and by strong mixing with the overlying seawater in 
the turbulent environment.

5.4. Implications of REE fractionations of pore fluids in the northern SCS

We have summarized the variations of major elements and REE 
patterns, and drawn an interpretive zonation in Fig. 9. According to the 
REE models provided by Haley et al. (2004) and Kim et al. (2012), each 

stage of PAAS-normalized REE patterns and associated sediment 
diagenesis processes is well observed in our pore fluids collected in cores 
along the Gaoping and Penghu submarine canyons. The considerable 
terrigenous inputs from South Taiwanese rivers and transported through 
the Gaoping Canyon induce high sedimentation rates and a thick redox 
zone, especially in the sites located in the northern Gaoping Canyon 
(Sites HS1, HS2 and HS3) and close to the levee (Site HS4). For instance, 
the MREE enrichment pattern can be recognized even 30 cm below the 
seafloor in Core MD18–3562-CQ (Site HS4), indicating that the Mn 
reduction zone can extend to a deeper depth in turbidite deposits. This 
could be caused by the rapid burial of organic matter which limits its 
oxidation near the sediment-water interface. This depth is deeper 
compared to previous pore fluids results from low energy setting, e.g., 
Buzzards Bay, off the east coast of North America (Sholkovitz et al., 
1989), the California margin and the Nazca Ridge off Peru (Haley et al., 
2004), the Oregon slope (Abbott et al., 2015) and the Western Pacific 
(Abbott, 2019), where the Mn reduction zone extends just a few centi
meters below the seafloor. The higher REE concentrations related to Mn 
oxides dissolution have the potential to influence bottom water REE 
concentrations and patterns. Our data show that diagenetic reactions are 
confined to the upper 50 cm, which are consistent with previous studies 
estimating the zone of early diagenesis and its associated benthic flux 
(Patton et al., 2021; Deng et al., 2022; Du et al., 2022).

A gradual decrease of Ca, Mg and REEs concentrations in pore fluids 
is associated mainly with adsorption via the formation of authigenic 
carbonate. This process can extend down to around 800 cm below sea
floor in most sites, although it does not appear to induce a notable 
fractionation of REEs. A significant increase of HREEs in the pore fluids 
is found at Site HS8, which is interpreted as resulting from POC degra
dation during the methanogenesis process under sulfate reduction zone. 
In addition, a Ba decrease is observed below 2500 cm in Site HS8 and, in 
parallel, methane gas has been observed in core MD18–3569 during 
onboard investigation, suggesting potential methane seepage in Site 
HS8. While the REE behaviors are not significantly changed below 2500 

Fig. 9. Pore fluids REE biogeochemical model for the northern South China Sea. The PAAS-normalized REE patterns of sediment pore fluids from Haley et al. (2004)
and Kim et al. (2012) have been adapted to this study.
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cm. More investigation on the presence of gas and organic matter in Core 
MD18–3569 (Site HS8) and in other cores is needed to further constrain 
the REE behaviors in the methanogenic zone.

6. Conclusion

We have analyzed the major (Na, Ca and Mg) and trace elements (Ba, 
Mn, Mo, U, REE and Y) of pore fluid samples from Calypso and CASQ 
cores retrieved from the turbidity system of the southern margin of 
Taiwan (sediment banks of the Gaoping and Penghu submarine can
yons). The aim was to identify the sediment diagenesis processes in cores 
characterized by high sediments rates and by the frequent occurrence of 
thin or thick turbidites deposits, and to assess their potential influence 
on the REE behavior in pore fluids. The main conclusions of this work 
are as follows: 

1) The dissolution of Mn oxides occurred in the redox transition zone (i. 
e., in the upper few tens of centimeters below the seafloor) and is 
associated with a pattern of MREE-enriched pore fluids. Redox 
diagenesis also affects U and Mo concentrations in the upper part of 
sediment cores. This early diagenesis of sediments releases REEs to 
the surrounding pore fluids and has the potential to induce a benthic 
flux which has modified the REEs pattern and concentrations of the 
surrounding deep-water masses of the northern South Chine Sea.

2) Decreases in Ca and Mg concentrations in the pore fluids in the upper 
800 cm, are probably associated with the formation of authigenic 
carbonate during the sulfate reduction process. This does not cause a 
fractionation of REEs. The process of methanogenesis under the 
SMTZ, recognized here by a pronounced increase in Ba in hemi
pelagic sediment along the Penghu submarine canyon, contributes to 
HREE enrichment in the pore fluids.

3) The super-chondritic Y/Ho ratios of pore fluids in all cores charac
terized by turbidite deposits along the Gaoping submarine canyon, 
suggest intensive mixing of pore fluids and seawater and stronger 
reverse-scavenging of detrital materials in the turbiditic sediment 
sequence system. Large inputs of terrigenous material delivered by 
the turbidity current cause MREE enrichment and higher La/Yb ra
tios in the pore fluids from turbidites.
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