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G E O C H E M I S T R Y

Early diagenetic control on the enrichment 
and fractionation of rare earth elements in  
deep-sea sediments
Yinan Deng1,2,3, Qingjun Guo4,5*, Congqiang Liu6, Gaowen He1,2, Jun Cao1,2, Jianlin Liao7, 
Chenhui Liu1, Haifeng Wang1, Jianhou Zhou1, Yufei Liu1, Fenlian Wang1, Bin Zhao1, Rongfei Wei4, 
Jiang Zhu3, Haijun Qiu1

The rare earth elements and yttrium (REY) in bioapatite from deep-sea sediments are potential proxies for 
reconstructing paleoenvironmental conditions. However, the REY enrichment mechanism and the reliability of 
this tracer remain elusive because of the lack of key information from ambient pore water. Here, we report 
high-resolution geochemical data for pore water, bottom water, and bioapatite from deep-sea sites in the western 
Pacific. Our results reveal that the benthic flux of REY from the deep sea is less substantial than from the shallow 
marine realm, resulting in REY-rich sediment. The depth distribution of REY in pore water is opposite to that of 
bioapatite, and REY patterns and neodymium isotopic compositions are not uniformly distributed within bioapatite. 
These results indicate alteration of REY and neodymium isotopic compositions during early diagenesis. Therefore, 
we infer that REY from bioapatite are not robust recorders of the deep marine environment through Earth’s history.

INTRODUCTION
Rare earth elements (REEs) and yttrium, referred to as REY, are robust 
proxies of seawater processes (1). REY are of increasing economic 
interest as an important strategic resource (2). In particular, heavy 
REE (HREE; Gd-Lu) are more valuable because of their limited 
reserves being essential for modern high-technology products (3). 
Investigating potential HREE resources is thus a subject of consid-
erable interest, considering that exploring feasible deposits still faces 
substantial challenges. The most HREE-rich materials in the world 
are deep-sea sediments (termed REY-rich muds) (4–6). These deposits 
are not only currently identified in the Pacific (4–8) but recently also 
reported from the Indian (9) and northern Atlantic (10) oceans.

From the explorative/oceanographical perspective, the knowledge 
gap that needs addressing is the origin and accumulation mecha-
nism of the REY-rich muds. There is consensus that apatite is the 
eventual host of REY in deep-sea sediment (7, 8, 11). The types of 
apatite in marine sediments are bioapatite (fish debris, i.e., teeth and 
bones) (7), authigenic carbonate fluorapatite, and detrital apatite 
(igneous or metamorphic origin) (12, 13). Although bioapatite is 
not super abundant in the sediments, it can hold at least ~69% of 
the total REY of REY-rich muds in the Pacific (9). Authigenic car-
bonate fluorapatite could also be responsible for REY enrichments 
in sediment, but this only occurs in limited geological settings such 
as near to mid-ocean ridges (5). However, the source of REY in sed-
iment is still a matter of debate. It has been suggested that REY in 
deep-sea sediments originates from mid-ocean ridge hydrothermal 

fluids (4). However, the low concentrations of REY and positive Eu 
anomaly (14) observed in hydrothermal fluid display markedly 
different features from deep-sea sediments. Nonetheless, hydrother-
mal activity represents a source of Fe-Mn (oxyhydr)oxides, which 
play an important role in the formation of authigenic apatite and the 
accumulation of REY in the sediment (5). REY in deep marine settings 
have been suggested to have a seawater origin (5, 15), but other studies 
have pointed out that the diffusion of REY from seawater into bio-
apatite is too slow to produce such high accumulations of REY (11, 16), 
implying that REY-rich pore water may be the source. Dissolution of 
marine particles causes REY to be adsorbed onto bioapatite during 
early diagenesis, confirming that pore water is the principal source 
of REY in deep-sea sediments (5, 8, 11, 17, 18). To the best of our 
knowledge, there has been little attention paid to REY of pore water 
in REY-rich muds, contributing to the lack of understanding of the 
sources and mechanisms responsible for the accumulation of REY 
in deep-sea sediments.

REY and Nd isotopic signatures of bioapatite within marine sed-
iments are also widely used for reconstructing paleoseawater condi-
tions and processes (11, 15, 18, 19). However, bioapatite commonly 
becomes enriched in REY after deposition, suggesting that REY in 
bioapatite may record diagenetic conditions rather than a pristine 
seawater signal (16, 17, 20). Because of the differences in the distribu-
tions of REY in pore water and seawater (21–25), a new framework 
that accounts for REY in pore water from different depositional en-
vironments is needed to enable REY to be used as a paleoceanograph-
ic tracer (20). Toyoda and Tokonami (11) revealed that bioapatite 
from shallow sea sediments appears to be an unreliable archive for 
seawater. Existing data about REY of pore water are mainly from the 
shallow marine realm. By contrast, investigations of REY in pore 
water at deep-sea sites are scarce (18), particularly in deeper sub-
surface pore water. Moreover, understanding the relationship of the 
REY in bioapatite, bottom water, and the surrounding pore water is 
of great importance in revealing the reliability of REY as a pale-
oceanographic tracer. However, no study dedicated to the REY geo-
chemistry of all these three phases has been conducted to date.
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Here, we present high-resolution REY data of pore water, bottom 
water, and bioapatite from REY-rich muds in the western Pacific 
(Fig. 1). The present study provides new insight into the origin and 
detailed accumulation processes of REY enrichment in sediment. In 
addition, it provides direct evidence pertaining to the use of REY in 
deep-sea bioapatite as a paleoceanographic proxy.

Geological background
GC08, GC062, and GC120 sites were cored in the Pigafetta Basin, 
western Pacific (Fig. 1). The sediments at 0 to 40 m beneath the 
seafloor are dominated by brown zeolitic clay, at water depths 
between 5000 and 6500 m. They exhibit a low sedimentation rate 
(<0.5 m/million years) (26) and low organic matters contents and 

contain terrigenous clastic material. This area is surrounded by 
Magellan seamounts, Marcus-Wake seamounts, and Marshall Islands 
(18). In general, the upper parts of the GC08 site (ca. 742 cm in 
thickness), GC062 site (ca. 800 cm in thickness), and GC120 site 
(ca. 700 cm in thickness) consist of siliceous clay showing high water 
content, whereas the middle to lower parts are dominated by pelagic 
clay with relatively low water content.

RESULTS
The REY, major elements, anion, cation, and Nd isotope data are 
listed in tables S1 to S5. REY concentrations in pore water range 
between 289 and 15,363 pM. Significant variability of REY in pore 

Fig. 1. Location, bathymetry, and lithological columns of the sampling area. (A) Research area located in Pigafetta basin, western Pacific Ocean. (B) High-resolution 
bathymetry maps of the study area. (C) The seismic sub-bottom profile of GC08, GC120, and GC062. (D) The lithological columns, REY, and Ce/Ce* of deep-sea sediments.
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water was observed at GC062 site (~2620 to 15,363 pM), with the 
smallest variability observed at site GC08 (~289 to 5519 pM). Ce/Ce* 
values of the pore water samples range from 0.18 to 0.65 (mean = 
0.40 ± 0.12, n = 90) and middle REE (MREE)/MREE* range from 
0.27 to 0.54 (mean = 0.38 ± 0.06, n = 90). On the basis of elevated 
REY concentrations in the seawater and pore water REY profiles of 
all sites, the REY release from sediments mainly occurs in two inter-
vals: (i) a weaker release at sediment-water interface (SWI) and (ii) 
a relatively strong release in deep subsurface sediment (Fig. 2). REY 
concentrations in pore water are up to 12,025 pM at SWI, two or-
ders of magnitude higher than in bottom seawater (558 pM). 
The deep subsurface shows substantial increases in pore water REY 
(the second REY-release event) at sites GC08 [~125 to 670 cm be-
low the seafloor (cmbsf)], GC062 (~275 to 525 cmbsf), and GC120 
(~200-550 cmbsf), consistent with removal of pore water REY in 

the lower part of the cores. Similar trends were observed for the 
MREE/MREE* values (Fig. 2). Mn, Fe, Al, NO3

−, and SO4
− in pore 

water remain nearly constant down cores, whereas Mn and NO3
− 

show gradually decreasing concentrations with depth at GC08 
site (Fig. 3).

Whole-rock samples show a high ΣREY from 368 to 3436 parts 
per million (ppm; mean = 961 ± 400 ppm, n = 111), indicating REY 
enrichment in sediment. Ce/Ce* values of the whole-rock samples 
range from 0.12 to 0.84 (mean = 0.45 ± 0.14, n = 111). Bioapatite 
samples show a greater ΣREY range from 15 to 16,739 ppm (mean = 
4845 ± 4063, n = 101) than that of the sediment at the GC062 site. 
Almost all bioapatite fossils presented herein show distinct negative 
Ce anomalies (Ce/Ce* = 0.01 to 0.20, mean = 0.08 ± 0.05, n = 101), 
insignificant positive Eu anomalies, positive Y anomalies, and slight 
HREE enrichments. The REY of bioapatite at the GC062 site show 

Fig. 2. Comparison of REY and MREE/MREE* variations in pore water from different sites ranging from shallow sea to slope to basin. Data sources: U1325 and 
U1329 sites (36) and U1345 site (37).
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abruptly increasing concentrations from SWI (mean = 3145 ppm, 
n = 17) to 200 cmbsf layer (mean = 6455 ppm, n = 14), thereafter 
remaining constant down core. REY geochemistry is not uniformly 
distributed within a single bioapatite fossil and shows substantial 
variation from the root (outer rims) part to the tip (inner) part. The 
average concentrations of REY at the root part, middle part, and tip 
part in fossil teeth are 6808 ppm (~20 to 16739 ppm, n = 30), 5163 ppm 
(~16 to 13,759, n = 40), and 2534 ppm (~15 to 7947 ppm, n = 31), 
respectively. Ce/Ce* values decrease slightly from root part (mean = 
0.10 ± 0.04, n = 30) to middle part (mean = 0.08 ± 0.03, n = 40) to 
tip part (mean = 0.06 ± 0.05, n = 31).

Similarly, the bioapatite fossil does not show a homogeneous 
Nd value and displays a large range of Nd values within individ-
ual samples. At GC062 site, bioapatite Nd values range from −12.0 
to −1.4 (mean = −6.1 ± 2.9, n = 48), but the average Nd value be-
comes higher from root part (−6.7 ± 2.9, n = 19) and middle part 
(−6.7 ± 3.0, n = 16) to tip part (−4.6 ± 2.3, n = 13). Bioapatite has 
relatively higher Nd values in shallow sediment (≤100 cmbsf), 
where the average values of the root part, the middle part, and the 
tip part of fish teeth are −5.4 (n = 8), −4.3 (n = 5), and −3.3 (n = 6), 
respectively. The average Nd values of bioapatite become higher 
from the root part (−7.6, n = 11) and middle part (−7.7, n = 11) to 
tip part (−5.7, n = 7) at depth (≥100 cmbsf).

DISCUSSION
Role of deep-sea sediment in governing the oceanic 
REY budget
Pore water REY concentrations observed in this study are significantly 
higher than the previously published data (18, 20–23, 25). The high 
pore water REY favors the formation of REY-rich bioapatite due to 
the progressive diagenetic uptake of pore water REY by bioapatite 
in sediments (16). This process is controlled by the availability of 
REY in the pore water (8). Although REY in pore water are 100 times 
more concentrated than in seawater, the formation of such high 
accumulations of REY in bioapatite requires an unrealistically high 
flux of pore water through the sedimentary column (11) and a low 
sedimentation rate (18). It is suggested that the dominant process of 
adsorption occurs at the SWI and in the shallow burial environment 
(15, 17, 27). In addition to the SWI, there is an intensified enrich-
ment area in deep (>1 m) burial environments, as demonstrated in 
later sections.

Two distinctive REY-release events are discernible in the seawa-
ter and pore water profiles. The first one occurs at the SWI and the 
second one that takes place in deeper subsurface sediments (Fig. 2). 
Two REY-release events lead to the REY enrichment of bioapatite 
because of subsequent transfer of REY to bioapatite. Pore water Nd 
concentrations rise near the SWI but undergo a steep fall down 

Fig. 3. Variations of Mn, Fe, Al, NO3
−, and SO4

2− in pore water at sites GC08, GC062, and GC120, western Pacific. 
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core, which is consistent with the modern marine shallow-water 
subsurface environment of the seafloor (Fig. 4). The release of REY 
is thought to be controlled mainly by different redox conditions, 
i.e., oxic degradation of organic matter (23, 28), reductive dissolution 
of Fe-Mn (oxyhydr)oxides (23, 29), and dissolution of clay minerals 
(30). The redox conditions are controlled mainly by the input of
organic matter, oxygen flux, and sedimentation rate (31). The dis-
solved Mn and Fe show relatively low concentrations, and dissolved 
Al concentrations remain nearly constant downward at GC062 and
GC120 (Fig. 3), pointing to oxic conditions throughout the sediments 
without reduction of Fe-Mn (oxyhydr)oxides (17) and dissolution
of clay minerals (30). Oxic conditions are also evidenced by seawater- 
like SO4

2− concentrations and relatively high concentrations of

NO3
− (equal to or exceeding that of seawater; Fig. 3) (31). However, 

dissolved Mn enrichment with a peak concentration at 150 cmbsf 
and nearly constant dissolved Fe concentrations are shown in GC08, 
indicating the possible presence of suboxic conditions at intermediate 
depths (Fig. 3). The production zone of dissolved Mn does not match 
the peak REY concentrations, which is consistent with the suggestion 
that Mn oxides are not a principal carrier of REY (23). A stepwise 
decrease in NO3

− concentrations in the shallow subsurface of core 
GC08 implies relatively low concentrations of dissolved oxygen in 
deeper sediment. The nonanoxic environments support the previous 
suggestion that O2 penetrates much deeper in pelagic sediments of 
the Pacific Ocean (32–34).

The most reasonable explanation for pore water REY enrich-
ment during the first REY-release event is the oxic degradation of 
organic matter (18, 28), which mainly occurs near SWI under very 
low sediment accumulation rates (32, 34). This interpretation is 
supported by the extremely low sedimentation rate of <0.5 m/million 
years in the study area (35). Recent studies emphasized a substantial 
benthic source of REY from seafloor to the global ocean, which can 
be regarded as a dominant contributor to the oceanic REY budget 
(25, 30). Existence of upward diffusion of REY owing to the gradient 
between the pore water and bottom water REY concentrations 
(table S1), which show high observed pore water REY concentrations 
at <3 cmbsf, implies that pelagic sediments may still be a source of 
REY to the ocean. However, except for the GC062 site, which is proba-
bly influenced by detrital components from nearby seamounts (Fig. 1) 
(18), pore water REY concentrations near SWI at sites of GC08 and 
GC120 are relatively lower than previously published data from the 
shallow sea, slope, and calcareous deep-sea sediments (Fig. 4). These 
results are inconsistent with the recent assessment that pelagic sediments 
contribute the greatest benthic flux of REY to seawater (20, 24). 
We infer that only insignificant amount of REY diffuses from pore 
water to the overlying water column in deep-sea area in the western 
Pacific, facilitating the accumulation of REY in the sediment column. 
The insignificant benthic source of REY to the global ocean might 
contribute to the enrichment of REY in pelagic muds.

REY-release event in deep burial environments
The second REY-release event and high values of MREE/MREE* 
were observed in the deep subsurface at research sites (Fig. 2). The 
results are similar to previously published REE data of pore waters 
at depth (>100 cmbsf) in the Cascadia margin (U1325 and U1329) 
(36) and the Bering Sea Slope (U1345) (37). The result suggests that 
the REY release from sediments and subsequent transfer into bio-
apatite during early diagenesis can occur in deep subsurface envi-
ronments, comparable with previous results showing bioapatite REY
enrichment, which develops at the SWI and intensifies systemati-
cally with depth (8, 16).

Pore water REY enrichments in the California margin is caused 
mainly by the reduction of Fe oxides (23). A general absence of 
anoxic conditions was observed at our study sites. Given that most 
organic matter would be oxidized within the uppermost sediments 
(18), the mechanisms accounting for the desorption of REY in deeper 
oxic sediments remain poorly constrained. It is probably induced 
by the transformation of Fe minerals from the initial precipitates 
(i.e., ferrihydrite) to secondary minerals (i.e., goethite), which tends 
to reduce the reactive surface area, resulting in the release of REY to 
pore water (38). This explanation is mainly applicable to the region 
near the mid-ocean ridge where the influence of hydrothermal Fe-Mn 

Fig. 4. Comparison of pore water Nd variations in global ocean. Data sources: 
California margin (23), Oregon margin (24), Oregon slope (35), Hydrate ridge (59), 
Pigafetta basin (18), and Tasman Sea (20).
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(oxyhydr)oxides is notable (5). However, the source of the ter-
rigenous sediment in study area is dominated by aeolian dust (6). 
The transition from initial Fe precipitates to Fe smectite is an alter-
native explanation for the substantial release of adsorbed REY into 
nonanoxic pore water. The formation of montmorillonite as a result 
of interaction between Fe-Mn (oxyhydr)oxides and biogenic opal is 
favored over a large-scale sea area (5, 39). This phenomenon is like-
ly to result in the release of REY into pore water during the transfor-
mation to Fe smectite owing to large ionic radii of REY inhibiting 
their incorporation in the smectite structure (5). This inference is 
supported by the increasing amount of montmorillonite with depth 
in the study area (table S3).

The rise of MREE/MREE* values of study sites during the second 
REY-release event indicates that MREE are released preferentially from 

solid phases into pore water (Fig. 2). The post-Archean Australian 
shale (PAAS)-normalized REY distribution patterns of these pore water 
samples display slight MREE enrichment (Fig. 5, A, C, and E) compared 
to pore waters above and below this depth zone. This contrasts with 
the distinctive seawater pattern showing a progressive enrichment 
toward HREE and Ce depletion (Fig. 5, B, D, and F). Despite the 
“MREE bulge”–type pattern observed because of the reduction of 
Fe-Mn (oxyhydr)oxides under anoxic conditions (23, 25), most mod-
ern marine pore waters do not show such extreme MREE enrich-
ments under either oxic or anoxic conditions (18, 21, 23, 37, 40). 
The observed MREE enrichments in the [REE] pool of pore waters 
were due to the surface charges of Fe and Mn oxyhydroxides, which 
preferentially scavenge dissolved MREE from the water column that 
are subsequently released during early diagenesis (41).

Fig. 5. PAAS shale-normalized REE distribution spectra of pore water from deep-sea sediment, western Pacific. (A, C, and E) The slight MREE enrichment patterns 
of pore water in the second REY-release event. (B, D, and F) The seawater-like REY patterns of pore water. The blue and green lines indicate pore water depth zone above 
and below the second REY-release event.
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As an element with multiple valence states, cerium (Ce) can exist 
in either trivalent or tetravalent forms depending on the environment 
and so is frequently used to assess redox conditions (1, 21). The sig-
nificant negative Ce anomalies in the sites range from 0.18 to 0.65 
(table S1) are mainly due to oxic or suboxic conditions in the study 
area. The high values of Ce/Ce* in the shallow subsurface (Fig. 6) 
are likely derived from the decomposition of organic matter, as 
settling organic matter particulates preferential release Ce relative 
to other light REEs (LREEs) into pore water during its degradation 
near SWI (18, 23). Furthermore, lower Ce/Ce* values are common 
in the second REY-release event at our study sites, consistent with 
the observation in Cascadia margin (36) and the Bering Sea Slope 
(Fig. 6) (37). The mechanism that leads to the removal of dissolved 
Ce from deep pore water under oxic-suboxic conditions remains 
unclear. Considering that there is little redox-related modifica-
tion, the change of Ce/Ce* values is not only caused by the changing 

concentration of dissolved Ce but also caused by variations in the 
concentrations of the other REY (9). The variability of Ce/Ce* values 
can be explained by a mineralogical control (42), because the 
trivalent REY is linked to phosphate or Fe phases, while Ce are likely 
associated with Mn phases (8, 42). Therefore, the Ce anomaly may 
not provide direct evidence of changes in redox conditions owing to 
the mineralogic control on REY abundance (42). There is a possibility 
that the transformation of Fe minerals releases more trivalent REY 
other than Ce, resulting in an intense negative Ce anomaly in pore 
water during the second REY-release event.

REY accumulation in bioapatite
In this study, there are commonly shallow (near SWI) and deep 
(>500 cmbsf) sinks for pore water REY following the two REY- 
release events (Fig. 2), indicating a postdepositional net uptake of 
REY from pore water by sediments. A possible reason for REY sink 
from pore water is diagenetic uptake by bioapatite, given that phos-
phate minerals are defined as the main REY host phase in REY-rich 
muds (5, 7). The REY accumulations are considered to be generated by 
adsorption and/or substitution of REE3+ in the bioapatite crystal lattice 
(43, 44), either through the substitutions REE3+ + Si4+ ↔ Ca2+ + P5+ 
or REE3+ + Na+ ↔ 2 Ca2+, without forming REE minerals (7). The 
rapid increase in REY contents in each part of bioapatite fossils at 
shallow sediments (≤200 cm at GC062 site) (Fig. 7A) is in agree-
ment with the idea that REY accumulation mainly takes place at the 
SWI where pore waters are still in communication with bottom water 
(15) and intensifies with depth (8). In situ laser ablation inductively
coupled plasma mass spectrometry (ICP-MS) spot analysis reveals
that the REY concentrations decrease significantly from the root
(i.e., rim) part to the tip (i.e., inner) part of bioapatite (Fig. 7A). It is
well known that the root part of fish teeth is prone to take up REY
from the surrounding pore water during diagenesis (7, 15). Because
the dense enamel is impermeable to REY incorporation, the REY
only diffuses into the fossil tooth via the entrance at the root part,
resulting in the gradient of REY contents in bioapatite (7). The ex-
tremely high adsorption capacity of bioapatite crystals in the shallow
subsurface results from the mineral component of fish teeth, which
is thermodynamically metastable, and once exposed to pore water,
the crystallites in fish teeth will react, dissolving or spontaneously
recrystallizing, and increasing mean crystal sizes (45–47). Further-
more, crystal surfaces are exposed and tend to exchange with pore
waters, as collagen that can limit interaction at the crystal surfaces
degrades during early diagenesis (7, 46). This superficial layer REY- 
enrichment mechanism can be attributed to the steep fall of REY
near the SWI (Fig. 2) and the low sedimentation rate.

For fish teeth to survive into deep time, crystals need to grow, 
reducing their surface area and limiting intercrystalline porosity, 
which can effectively decrease the rate of REY exchange between 
bioapatite and pore waters (46–48), as evidenced by relatively con-
stant REY contents in bioapatite in deeper sediments (≥200 cm at 
GC062 site) (Fig. 7A). In this case, REY can be gradually absorbed 
by bioapatite.

Implication for paleo-ocean environmental reconstruction
The REY geochemistry of bioapatite (i.e., REY distribution pattern 
and Ce anomaly) has been traditionally regarded as a robust proxy 
for reconstructing ancient seawater chemistry (15, 43, 49, 50). Such 
reconstruction is connected to the preservation of seawater-like REE 
pattern in bioapatite due to immediate REY sequestration during 

Fig. 6. Comparison of Ce/Ce* variations in pore water at the different sites 
from shallow sea to slope to basin. Data sources: U1325 and U1329 sites (36) and 
U1345 site (37).
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exposure at the SWI where pore waters are still in communication 
with the overlying water column (15, 27). However, given the rela-
tively slow rates of REY uptake (11), recent studies have indicated 
that the primary REY signal of bioapatite can be modified because it 
can continuously incorporate REY from ambient pore waters during 
diagenesis (5, 7, 8, 17). MREE-enriched patterns are common in 
bioapatite (16, 17, 51), which might preserve pore water REY signa-
tures due to observed minor fractionation during the incorporation 
of REY to bioapatite (8). Therefore, it is still unknown whether the 
REY of bioapatite fossil record pore water compositions directly or 
reveal REY fractionation during early diagenesis.

The pore water REY results show that, at GC120 site, the con-
centrations of LREE, MREE, and HREE decrease by 60, 51, and 
45%, respectively, from the SWI to onset of the second REY-release 

event. The concentration of LREE, MREE, and HREE increased 
by 556, 641, and 441%, respectively, during the second REY-release 
event. These values decreased by 81, 84, and 83% respectively, in the 
lower part of the core. The same trend is observed at the other two 
sites, which indicates the existence of REY fractionation relative to 
sediment compositions. This is further supported by the variation 
of REY ratios and their crossplots. Figure 8 shows MREE and HREE 
concentrations plotted against LREE concentrations for pore water. 
LREE-MREE and LREE-HREE plots display relative linear relation-
ships in the lower LREE concentration range, corresponding to the 
start of the second REY-release event and the bottom of the core 
where REY systematically decreases with depth. Substantial devia-
tions in the LREE-MREE and LREE-HREE plots occur at the end of the 
second REY-release event (Fig. 8). Moreover, LaN/YbN, LaN/SmN, 

Fig. 7. Variations of REY, MREE/MREE*, Ce/Ce*, and Nd at root, middle, and tip in bioapatite. (A) Comparison of REY characteristics among bioapatite, pore water, 
and bottom seawater. (B) In situ compositional analysis showing the gradients of REY, Ce/Ce*, MREE/MREE*, and Nd in each part of bioapatite. (C) Binary cross-correlation 
plots of REY and Nd from root, middle, and tip in bioapatite. (D) Nd distribution in bioapatite with depth.
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and SmN/YbN can represent the ratios between LREE, MREE, 
and HREE (18). LaN/SmN ratios gradually fall in the second REY- 
release event with a further rise down the core, while SmN/YbN show 
the opposite trend, and LaN/YbN remains nearly constant at all sites. 
Systematic features of fractionation indicate that the LREE and MREE 
(especially MREE) are released more readily than the HREE, and 
MREE are selective and largely regenerated in the second REY-release 
event and then adsorbed on bioapatite in the lower part of the cores.

The bioapatite of the Holocene was reported to be characterized 
by modern seawater-like REE patterns with low REY contents (19). 
Conversely, Miocene and older bioapatite show more REY enrich-
ment. For example, most Early Cenozoic and late Mesozoic bio-
apatite displays obvious MREE-enriched, MREE bulge–type pattern 
(19, 44). These REY deviations are either attributed to secular vari-
ations of seawater chemistry in the geologic history (19, 50) or more 
extensive diagenesis involving REY fractionation (44). Despite the 
REY patterns of bioapatite being approximately similar to seawater, 

the heterogeneous REY patterns and concentrations in such phos-
phate minerals are discernible at GC062 site (Fig. 7), indicating 
possible fractionation during diagenetic trapping in bioapatite. Most 
bioapatite fossils contain extremely high REY concentrations at 
the root part (as high as ~16,738 ppm; table S2) and show notable 
REY gradients from the root part to the tip part (Fig. 7, A and B). 
The dentine is much more permeable than dense enamel during 
diagenetic incorporation of REY, which get adsorbed onto the 
root via the breach from the pore water (7, 11). The slightly higher 
MREE/MREE* values and lower Ce/Ce* values in the root part of 
bioapatite at the SWI relative to those of uppermost pore water and 
bottom water (Fig. 7A) further indicate that MREE and LREE (ex-
cept for Ce) are progressively removed through preferential adsorp-
tion onto external surfaces of bioapatite from pore water. This slight 
fractionation is induced by the adsorption mechanism, controlled 
by surface crystal-chemical properties (44).

The linear enhancement of MREE/MREE* values and negative 
Ce anomaly and rapidly decreasing in REY from root to tip is ob-
served within most individual fossil bioapatite (Fig. 7, A and B). The 
REY of inner portions of bioapatite is believed to derive from 
seawater and show much higher MREE/MREE* values and lower 
Ce/Ce* values compared to bottom seawater (Fig. 7A). Such linear 
enhancement demonstrates the intensity of REY fractionation from 
one another during diffusive transport and substitution within bio-
apatite (44, 46, 52). The substitution mechanism caused by bulk 
crystal-chemical properties results in relative ease of substituting 
REE ions of the different ionic radius into the Ca sites in the bioap-
atite lattice, which could be a potential contributor to fractionation 
with pore water (46).

It is worth noticing that the variations in REY, Ce/Ce*, and MREE 
in different areas both at the root and tip parts of bioapatite fossils 
tightly mirror those of surrounding pore waters, both of which show 
enormous differences from bottom water (Fig. 7A). These suggest 
that bioapatite REY geochemistry records neither seawater nor pore 
water but adsorption and desorption processes of REY during early 
diagenesis.

In addition, bioapatite displays an inhomogeneous distribution 
of Nd values that slightly increases from root to tip (Fig. 7B). The 
wide range of Nd between −12.0 and −1.4 (mean = −6.1) is compa-
rable with previously published Nd data of bioapatite in REY-rich 
sediment (53, 54). These results are significantly different from that 
of the Pacific Deep Water (−3.5) and the North Pacific Intermediate 
Water (−3.0) (55). The mechanism for the alteration of Nd in the 
fish teeth remains unknown. The Nd isotope compositions of fish 
teeth fossils have widely been used to trace paleoseawater composi-
tions and past ocean circulation patterns (15, 27, 49), as the Nd 
value seems not to be changed during in vivo ingestion nor frac-
tionated during postmortem REE incorporation (56). The reason-
able explanation for the resistance of Nd isotopes to alteration is the 
low concentration of Nd in pore water relative to that in the miner-
al (15). However, diagenetic REY uptake can occur over prolonged 
time scales (millions of years) and may modify the bioapatite Nd 
value if the pore water has a different REY and Nd isotope compo-
sition (15, 56). The modern fish teeth have Nd concentrations ~5 
order lower than that of fossil bioapatite (56), which indicates that 
the chief source of Nd in bioapatite is from pore water. In this study, 
pore water shows extremely high REY concentrations and distinctive 
REY patterns relative to that of seawater (Fig. 2), which can intro-
duce enough Nd into bioapatite under extremely low sedimentation 

Fig. 8. MREE and HREE concentrations plotted against LREE concentrations of 
pore water. 
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rates, affecting the original Nd isotopic ratios within bioapatite (15). 
Although the Nd isotopic compositions of pore water in REY-rich 
sediment remain unclear, Nd values are usually different between 
pore water and overlying water (24). The pore water Nd is deter-
mined by sediment diagenesis (35). Bioapatite Nd values are simi-
lar to those of the embedding sediment (56). The Nd values in 
REY-rich sediments in the Pacific Ocean show less radiogenic values 
(~−5.3) (53) relative to modern seawater (55). Meanwhile, ferro-
manganese sediment, a possible source of pore water Nd, displays 
lower Nd values than seawater (53). A weak negative correlation 
between Nd and REY occurs in each part of bioapatite fossils (Fig. 7C). 
Therefore, we infer that the original Nd values of bioapatite in deep- 
sea sediment may be altered by pore water with high Nd concentra-
tions and low Nd values during diagenesis.

The diagenetic Nd uptake from the pore water (56) might con-
tribute to the substantial variability in Nd values. In the water col-
umn, the Nd values of fish teeth tend to integrate seawater values 
(15, 27, 53). During postmortem diagenetic REY uptake into bioap-
atite within a few 104 years at the SWI, the Nd values of the root 
part of fish teeth may be affected (56) due to a 105-time increase in 
Nd concentrations (7). Bioapatite Nd seems unlikely to be changed 
significantly in a short time scale. This is confirmed by relatively 
high values of Nd in each part of bioapatite from shallow sediment 
(≤100 cmbsf) (Fig. 7D). In particular, the average value of Nd in 
the tip part of bioapatite is −3.3 (table S5), which can still preserve a 
seawater signal (55). With increasing depth in the sediment column, 
the second REY-release event introduces substantial Nd (Fig. 2) with 
a distinct Nd value into the pore water. Considering an extremely 
slow sedimentation rate in the study area (26), diagenetic Nd uptake 
in the fish teeth can occur over time scales of millions of years, re-
sulting in further alteration of Nd in bioapatite (15, 56). The Nd 
of the middle part and the tip part can be gradually affected during 
REY diagenetic substitution and diffusion processes in the bioapa-
tite lattice. This interpretation is supported by the significantly low 
Nd values in each bioapatite part in deep sediment (≥100 cmbsf; 
Fig. 7D). These results indicate that the Nd isotopic signal in bioap-
atite has been likely blurred by diagenetic alteration, thus in turn 
recording a Nd isotopic signal of diagenetic processes.

MATERIALS AND METHODS
The seawater and sediment samples were collected on the ship us-
ing CTD (conductance, temperature, and depth) and gravity corer 
during the Guangzhou Marine Geological Survey Haiyang-6 Cruise 
in July 2017. All the bottles, samplers, tubing, and filters were cleaned 
with acid and Milli-Q water before use. The shipboard sampling 
procedures are described in detail in (18). Briefly, bottom water samples, 
approximately 25 m above the seafloor, were collected in Niskin bottles 
attached to an epoxy-coated CTD rosette. These samples were 
immediately filtered through 0.45-m filter, stored in acid-washed 
high-density polyethylene bottles, and acidified to pH 2 using high- 
purity HCl. The pore water samples were collected immediately 
after the sediment collection to minimize the contact with ambient 
air. Briefly, high-resolution pore water samples were extracted by 
Rhizon sampling device (pore diameter of ~0.1 m) in an anoxic 
environment. These samples were kept in precleaned polytetrafluoro-
ethylene (PFA) tubes and acidified to pH ~ 2 using ultrapure HCl. 
Samples from Rhizons not only show accurate values of pH, sulfate, 
alkalinity, and metal concentrations but also yield good results of 

REY determination in pore water (18). All the aliquots and sediment 
samples were stored at 4°C before further analyses.

Water analyses
To avoid contamination, the experimental tools, including Teflon 
beakers, polypropylene bottles, and tubing, were cleaned by ultra-
pure acid and Milli-Q water. Ultraclean reagents (Thermo Fisher 
Scientific, optima grade) were used. The dissolved REY concentrations 
were analyzed by an online preconcentration system at Laboratory 
of Elemental Scientific Inc. (Shanghai, China) via an ICP-MS 
(Agilent 7900, CA, USA) coupled to an ESI SeaFAST III (automated 
preconcentration system for seawater; Elemental Scientific Inc., NE, 
USA). Sample preparation and measurements followed the proce-
dure established by (8, 20, 57). This system is used to remove the 
water matrix and improve the sensitivity via an ion exchange col-
umn consisting of ethylenediaminetriacetic acid and iminodiacetic 
acid functional groups to selectively preconcentrate REY from wa-
ter samples while washing out anions and alkali and alkaline earth 
cations at pH of ~7. The method used here used a 7-ml PFA sample 
loop that required an initial sample volume of approximately 8 ml. 
To assess the accuracy of this technique, seawater certified reference 
materials (CRMs) (NASS-6, National Research Council of Canada) 
were used as there is no CRM that exists for pore waters. The devi-
ations between the REY results and the literature values are less 
than 10% (1) (table S6). The external accuracy based on replicate 
measurements (n = 10) of NASS-6 was ≤10% for all REY. Detection 
limits were assessed by three times of the signal of 1% HNO3 blanks, 
which were between 0.016 and 0.88 pM. Although no shipboard 
procedural blanks were taken during this cruise, procedural blanks 
were determined in the laboratory, which were indistinguishable 
from 1% HNO3 blank signals and were below the defined detection 
limits (table S6). The REY concentrations were normalized to PAAS 
(58); Ce/Ce* = CeN / (1/2LaN + 1/2PrN), Eu/Eu* = EuN / (1/2SmN + 
1/2GdN), and Y/Y* = YN / (1/2DyN + 1/2HoN) were calculated (18); 
and MREE/MREE* = 2 × average (MREE) / [average (LREE) + average 
(HREE)] was calculated according to (17).

Dissolved Mn, Fe, and Al concentrations in pore water were per-
formed on 50-fold diluted samples by Milli-Q water following the 
procedure established by (18). The precision was generally better 
than 10%. The concentrations of SO4

2−, NO3
−, Cl−, Br−, and F− were 

measured using the ICS-1100 ion chromatograph (Thermo Fisher 
Scientific, MA, USA), following the procedures described by (18). 
Ion concentrations were determined on 100-fold diluted samples by 
ultrapure water. The AG19-type column was used for ion separation, 
and a bicarbonate solution (i.e., 1.8 mM Na2CO3 + 1.7 mM NaHCO3) 
was used as the eluent. The relative SD for ions in samples was ≤1%. 
The concentrations of Mn, Fe, and the anion were measured at 
the Third Institute of Oceanography, State Oceanic Administration 
(Xiamen, China).

Sediment analyses
Sediment samples were crushed and pulverized (200 mesh). Prepa-
ration for REY analyses of sediment followed the method of (18). At 
first, 50-mg sample was weighed into a precleaned Teflon beaker, 
followed by addition of HCl, HF, and HClO4. Subsequently, the 
mixture was evaporated to near dryness. Last, the residues were re-
dissolved in 10% HNO3 and diluted to 25 ml with double distilled 
water. REY was measured via ICP-MS (X-Series II, Thermo Fisher 
Scientific, MA, USA). The analytical precision was better than 5%. 
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Clay minerals were identified by x-ray diffraction (XRD) using a 
Rigaku diffractometer (D/Max 2500PC, Tokyo, Japan). Three XRD 
runs were performed, following air-drying, ethylene glycol solvation 
for 24 hours, and heating at 490°C for 2 hours. Semiquantitative 
estimates of peak areas of the basal reflections for the montmoril-
lonite (including mixed layers) (15 to 17 Å) were carried out using 
the Jade software.

In situ elemental and Nd isotopic analyses
The typical fossil fish teeth samples were hand-picked from bulk 
sediments of 10 stratigraphic intervals [0, 50, 100, 200, 300, 425, 
500, 600, 700, and 800 (cmbsf), respectively] by using a binocular 
microscope. These bioapatite samples were cleaned with Milli-Q water, 
then embedded in epoxy resin, and polished by diamond abrasive. 
As REY might be distributed heterogeneously within the tooth fossils 
(7), it is necessary to analyze the different parts of samples. On the 
basis of the morphological characteristics of fossil teeth divided into 
three parts with the same length from outer rim to inner, described 
as root, middle, and tip.

A 193-nm ArF excimer laser ablation system (RESOlution M-50, 
Resonetics, USA) coupled with either an ICP-MS (Element XR, Thermo 
Fisher Scientific, USA) or multicollector ICP-MS (Neptune, Thermo 
Fisher Scientific, USA) used for REY and Nd isotopic analysis, re-
spectively. The REY abundant were normalized by NIST SRM 610 
and the Ca content obtained by electron probe microanalysis was 
used as the internal standard. Data reduction was performed using 
ICPMSDataCal software.

In situ Nd isotopic analyses followed the method of (53). An X 
skimmer cone and a small N2 (2 ml/liter) flow improved the instru-
mental sensitivity. The aerosol ablated by the laser gets transported 
using helium as a carrier gas (800 ml/min). The beam diameter and 
ablation frequency were 31 to 82 m and 6 Hz, respectively. Before 
every analytical session, the instrument was configured to monitor 
Kr in the Ar gas after optimization. All isotope signals were detected 
with Faraday cups under static mode. Each analysis consisted of 250 
cycles with an integration time of 0.262 s per cycle. The gas blank of 
143Nd was less than 0.2 mV. The mass bias of 143Nd/144Nd was nor-
malized to 146Nd/144Nd = 0.7129 with an exponential law. Analyses 
of 25 apatite Durango and 40 apatite McClure standard sample 
yielded a weighted mean of 143Nd/144Nd = 0.512470 ± 0.000060 
(2SD) and 143Nd/144Nd = 0.512280 ± 0.000055 (2SD), respectively, 
which is identical within error to their published values. REY com-
positions and Nd isotopes were analyzed at Guangzhou Institute of 
Geochemistry, Chinese Academy of Sciences (Guangzhou, China). 
Nd isotopic analyses are reported in the standard epsilon notation 
Nd(t) = [(143Nd/144Nd)sample (t) / (143Nd/144Nd)CHUR (t) − 1]104, 
where CHUR is the chondritic uniform reservoir with a present day 
143Nd/144Nd = 0.512638.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abn5466
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