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Abstract. Our study is focused on REE and yttrium (REY) geochemistry of pore waters from core-box sedi-
ments. The samples were collected from the 0-5 cm, 10-15 c¢m, 25-30 c¢m, and 35-40 cm depth intervals of
four stations of the eastern part of block H_22 of IOM license area of the Clarion-Clipperton Fracture Zone,
NE Pacific. The REE studies in marine pore fluids were limited by analytical challenges. The pore water
analysis we applied is based on a modern, improved analytical technique (ICP-MS, Perkin-Elmer SCIEX
Elan DRC-e) with a cross-flow nebulizer and a spectrometer optimized (RF, gas flow, lens voltage) using a
quadrupole cell in a DRC (Dynamic Reaction Cell) mode that allowed us to define the whole suite of REE.
The XREY values of the samples vary from 4.05 pg/l to 106.34 pg/l. The REE content is at least one order of
magnitude higher than the oceanic water. We followed the natural variations of La, Lu, Ce, and Y in absolute
concentrations for station 3607. Cerium and Y are slightly enriched around the water-sediment interface,
while La and Lu are enriched in the deeper layers. PAAS normalized REY patterns show a pronounced nega-
tive Ce/Ce* ratio together with a little MREE and HREY enrichment. The relatively “flat” REE patterns are
typical for the shallow open ocean and characterize REE released from the organic matter degradation. We
assume that the decomposition of and adsorption on organic matter and oxidation conditions are the main fac-
tors for REE fractionation in the pore water. The reason for some scatter in our REY data might be linked to
bioturbation that has affected the sediment profiles.
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INTRODUCTION

Fe-Mn polymetallic nodules and sediments are
potential source of critical elements, especially
of Rear Earth Elements and yttrium (REY) (e.g.,
Kato, 2011; Hein et al., 2013; Balaz, 2021). Still,

there are gaps in our understanding of the element
sources and the diversity of genetic processes (sorp-
tion, scavenging, ion-exchange, etc.), complicated
by the organic-geochemical and bioturbation pro-
cesses. The deep-sea sediments hosting Fe-Mn
nodules are soaked in pore waters considered an
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important source of trace metals, so in the present
study we focus on the REY geochemistry of the
pore waters. Our aim was to reveal their applica-
bility to genetic interpretations and assessment of
the potential as a REY source. The research is in
accordance with ISBA/19/LTC/8 recommendations
for chemical oceanography to “collect information
on background water column chemistry, including
water overlying the resource, in particular on metals
and other elements that may be released during the
mining process.”

The marine geochemistry of REE has attracted
increasing attention as they serve as: (1) a useful
probe in understanding scavenging processes of
particulate matter (Elderfield and Greaves, 1982;
Byrne and Kim, 1990); (2) natural analog of acti-
nides and transuranics, such as Ac, Th, Pu, Am, Cm
and Cf in the marine environment (Bowen et al.,
1980; Livingston and Anderson, 1983); and (3) trac-
ers of water masses and ocean circulation (Zhang
and Nozaki, 1996). The REE studies in marine pore
fluids were limited by analytical challenges (Kim
et al., 2012), and too few pore water data are avail-
able from the stations to make statements about the
concentration trend with depth.

In our case study, we focus on REY geochemi-
cal characteristics and distribution in the ocean
pore waters of the deep-sea sediments of four sta-
tions (3607, 3609-1, 3615 and 3629) from the In-
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teroceanmetal (IOM) exploration area (Fig. 1) in
the Clarion-Clipperton Fracture Zone (CCZ). The
samples were collected during the IOM-2019 re-
search cruise. For data acquisition, we applied a
modern, improved analytical technique (ICP-MS,
Perkin-Elmer SCIEX Elan DRC-e) with a cross-
flow nebulizer and a spectrometer optimized (RF,
gas flow, lens voltage) using a quadrupole cell in a
DRC (Dynamic Reaction Cell) mode (Lyubomiro-
va et al., 2020a). It allowed us to define the whole
suite of REE in depth profiles, whereas subse-
quently the REY distributions were Post Archean
Australian Shale (PAAS) normalized and conclu-
sions were made about the elements anomalies and
sourcing.

GEOLOGICAL SETTING

The IOM license area is situated in the eastern
part of the Clarion-Clipperton Fracture Zone, NE
Pacific, which is considered most perspective for
nodule exploitation. It is designated as the H22_NE
exploitable block and covers an area of 630 km? of
the seafloor between 11°06'-11°26'N latitude and
119°25'-119°42'W longitude at depth varying from
4,300 m to 4,500 m (Fig. 1). The analyzed four sta-
tions 3607, 3609-1, 3615 and 3629 are distributed
among various geomorphological types, represent-

11° 30’

11° 20"

M08 119040 -119° 30 Lt

Fig. 1. Geomorphological map of the seafloor with location of the sampling area in the IOM exploration site in the eastern part of
the Clarion-Clipperton Fracture Zone, NE Pacific (the background is a satellite image provided by Google Earth).
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ed mostly by undulating hilly plains intersected by
longitudinal ridges oriented in a meridional direc-
tion, and a sub-parallel volcanic massif. All stations
sampled are located below the critical carbonate
compensation depth (CCD). The sedimentary cover
within the IOM exploration area is about 100 m
thick. The sediment profile is topped by siliceous
silty clay. Sediments of this layer contain 3.04—
28.6% of amorphous silica and are characterized by
a reduced bulk density and an increased moisture
content (Balaz, 2021; Skowronek et al., 2021).

At all stations, the dominating sediment type is
light brown siliceous silty clay with irregular dark
patches along the entire core down to 45 cm in depth.
The top layer of thickness 7—12 cm comprises a sem-
iliquid, predominantly dark brown, siliceous silty
clay, denoted as geochemically active layer (GAL).
The GAL is the medium for polymetallic nodule for-
mation. The redox potential (Eh) values for the GAL
range from +462 mV to +545 mV, average +494 mV,
and show a tendency to decrease with depth. Maxi-
mum redox potential value (+547 mV) was obtained
for slightly siliceous silty clay at station 3615 at a
depth of 30 cm. The sediments at this station are dark
and contain abundant radiolarian skeletons, sponge
spicules, micronodules, and clay aggregates. The ac-
tive reaction (pH) of the deep-sea environment for
all sediments is mostly neutral, varying from 7.01 to
7.52, averaging 7.36 (Milakovska et al., 2021).

Previous results of Milakovska et al. (in prepa-
ration) for the sediments in the area indicated fine
silt predomination. The sediments are poorly sorted,
with bimodal particle size distribution. The silt (50—
84%) and sandy (9-31%) fractions show opposite
trends of distribution, and the clay fraction quantity
increases with depth. The mineral composition ac-
cording to bulk XRD data is uniform in quality and
quantity. An amorphous phase (84-88%) predomi-
nates and represents biogenic opal, authigenic Fe-
Mn (hydro)oxides and clay minerals. These grain
size and phase compositions define the sediments
as clayey siliceous oozes. The crystalline phases of
illite, kaolinite, chlorite, quartz, and andesine repre-
sent a detrital component, while halite, cristobalite,
and barite are of authigenic origin. Illite, illite/smec-
tite, chlorite/vermiculite and kaolinite, and quartz
admixture were detected in all fractions <2 pm (Mi-
lakovska et al., 2021).

The chemical composition of the sediment sam-
ples is similar in the four stations and some small
differences are related to the station location and
depth interval sampled. The values for Si, Al, Fe,
K, Mg and Ti show low variations among the layers
and slightly increase with depth. Manganese content

varies from 0.16% to 0.70%, being highest for the
top 7-12 cm and decreases with depth. The Mn/Fe
ratio, Co, Ni, Cu and Ba have the highest values in
the upper layer, and lowest in the deepest levels. The
highest Mn, Co and Cu concentrations are defined
for station 3615, while the highest Ba and P values
are found for stations 3629 and 3615. The XREE val-
ues in the sediments vary from 196 to 358 ppm, and
the XREY — between 247 and 458 ppm. The stations
3629 and 3615 have the highest REE and Y content
without any significant variations between the layers.
PAAS-normalized REE patterns have MREE and
HREE enrichment. All samples show strong negative
Ce (Ce/Ce* = 0.70) anomaly, positive Eu (Ew/Eu* =
1.19) anomaly, and weak positive Y (Y/Y* = 1.03)
anomaly (Hikov et al., 2022).

SAMPLING STRATEGY AND METHODS
OF STUDY

Sampling strategy

The core-box sediments were collected from the in-
tervals 0-5 cm, 10-15 cm, 25-30 cm and 35-40 cm
from stations of block H_22 of IOM (Fig. 1). The
sediment samples for pore water extraction were
selected on-board and the individual depth inter-
vals followed the recommendations of the Interna-
tional Seabed Authority ISBA/19/LTC/8 to collect
information on metals and other elements of the
background water column in the region of resource
exploration. The water sampling was done using
centrifuging by 11000 rpm. The extractions of ca.
300 ml of pore water were filtrated through a mem-
brane filter (Vladipore, type MFAC-OC-2, pore
diameter of 0.45 pm) using a laboratory vacuum
pump with polycarbonate filter (Sartorius stedium
16510). The filtered water samples were stored in
plastic bottles of 150 ml in volume and stabilized by
concentrated nitric acid of 0.15 ml.

ICP-MS analyses of the pore waters

The chemical analyses of the water samples were
carried out at the Trace Analysis Laboratory, Fac-
ulty of Chemistry and Pharmacy, University of So-
fia “St Kliment Ohridski” using ICP-MS Apparatus
(Perkin-Elmer SCIEX Elan DRC-e) with a cross-
flow nebulizer, following the analytical techniques
of Lyubomirova et al. (2020a, b). The spectrom-
eter was optimized (RF, gas flow, lens voltage) to
provide minimal values of the ratios of oxides and
double charged ions and maximum intensity of the
analytes. The concentrations of 69 elements were
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determined during the analyses, including REE
and Y. Working standard solutions were prepared
from ICP-MS multi-element calibration standard
solution-2 (Ultra Scientific) and ICP-MS Multiele-
ment Standard B (High Purity Standards) with initial
concentrations of 10 mg/L, to which single element
standards of some elements (Fluka) with initial con-
centrations of 1000 mg/l were added after appropri-
ate dilution (details in Lyubomirova et al., 2020a).
External calibration by multi-element standard solu-
tion was performed. The calibration coefficients for
all calibration curves were at least 0.99. The ICP-
MS conditions for measurement of the elements of
interest are given in Lyubomirova et al. (2020a, b).
The simultaneous determination of all elements in
the samples was achieved by reducing the signal of
the macroelements thanks to the application of a Dy-
namic Bandpass Tuning parameter RPa (the DC po-
tential between the pole pairs of the quadrupole cell
that enables the high-mass cut off) using cell-based-
ICP-MS (Lyubomirova et al., 2020a, b).

RESULTS

Pore water profiles

The ICP-MS results for the REY concentrations
in the pore water samples show variation of
YXREY from 4.05 pg/l (25-30 cm depth, station
3607) to 106 pg/l (0-5 cm depth, station 3615).
The REE content of the pore waters is at least one
order of magnitude higher than the oceanic wa-
ter value (average bottom seawater after Li and
Schoonmaker, 2014) and shows an enrichment of
the middle and heavy REE. The REE of the host
sediments (Hikov et al., 2022) show values that
are two orders of magnitude higher than the stud-
ied pore waters.

Among the set of REE, La, Lu, and Ce are cho-
sen and followed in the depth profiles of station
3607 as they are known to behave differently from
the other REE in the water column (see review in
Byrne and Sholkovitz, 1996) and may have distinct
distribution in pore water. The variation in the abso-
lute values of La, Ce, Y, and Lu were also compared
to the variation in Fe, Mn and Co absolute values
(Fig. 2) for a further geochemical interpretation. Ce-
rium and Y reveal a shallow subsurface maximum
(0-5 cm) and smooth decrease in depth, whereas La
and Lu show an enrichment at the deeper level. The
comparison between the absolute values of the ele-
ments above described in the pore waters to their
values in seawater show an overall enrichment in
the pore waters.

REY patterns

All REY patterns are normalized to Post-Archean
Australian Shale (PAAS), using data of McLen-
nan (1989). The REY normalization to PAAS was
chosen, because it is considered more relevant
for samples collected in the Pacific Ocean, in line
with Alibo and Nozaki (1999), than those com-
piled from the North American Shale Composite
(NASC).

PAAS-normalized REY patterns (Fig. 3) show an
enrichment of HREY and MREY over LREY. The
lowest Lag,/Ybg, ratio (0.04) is observed for station
3615 for the subsurface sample (0-5 cm depth), and
the highest value (0.63) for station 3609-1 for the
deepest (25-30 cm) sample (Table 1). For a com-
parison, the seawater Lag,/Yb,, is 0.276.

Positive and negative anomalies in the PAAS-
normalized patterns of Ce, Eu and Y are calculated
and presented in Table 1.

In our samples, the negative Ce/Ce* values
(Fig. 4) predominate and vary from 0.25 to 0.82.
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Fig. 2. Variation characteristics of La, Ce, Y, Lu, as well as the metals Fe, Mn and Co (in pg/l) in the pore water of station 3007

compared to their values in seawater (red asterisk).
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Fig. 3. PAAS-normalized REY patterns of the seawater and the pore water samples of stations 3615, 3629, 3609-1 and 3607.

Table 1

Cerium, europium and yttrium anomalies and La,/Yb, ratio of the pore waters of stations 3615, 3629, 3609-1 and 3607. Ce/
Ce* = 2Ce,/(Lay*Pr,); Euw/Eu* = 2Eu,/(Sm,+Gd,); Y/Y* = 2Y,/(Dy,+Ho,); 1, 2, 3 and 4 correspond to the sampled layer depth,

respectively 0-5, 10-15, 25-30 and 35-40 cm

SeaW 3615 3629 3609-1 3607
1 2 3 1 2 3 1 2 3 1 2 3 4
Ce/Ce* 0.16 0.3 025 072 046 051 073 173 125 0.71 201 082 158 0.64
Eu/Eu* 0.9 431 487 424 492 529 880 043 353 244 128 9.63 699 3.87
Y/Y* 1.24 0.13 0.08 0.16 0.1 0.12 013 034 572 174 029 051 06 0.42
Lag/Ybgy 0.28 0.04 012 023 0.09 058 011 022 0.3 0.63 013 038 0.12 0.51

Positive values for Ce/Ce* are rarely found, e.g.,
for station 3609-1 (1.73-1.25 for layer 1, 2), sta-
tion 3607 (2.01 — layer 1, 1.58 — layer 3). The Ce/
Ce* values increase with depth in two profiles

(st. 3615, 3629), decrease in one profile (3609-1), and

in one (st. 3607) do not exhibit any clear tendency.
The EwEu* values vary between 0.43 (station

3609-1, layer 1) and 9.63 (station 3607, layer 2).
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The highest Ew/Eu* values (up to 9.63) are found
for the second layer samples in most of stations
(3615, 3609-1, 3607). The Eu/Eu* values increase
with depth for the samples from station 3629 and
decrease in depth for the samples of station 3607 as
it is illustrated on Fig. 4.

In the pore water sample set, the values for Y/Y*
vary from 0.08 (station 3615, layer 2) to 5.72 (sta-
tion 3609-1, layer 2). For stations 3609-1 and 3607,
the highest are the Y/Y* values for the second layer,
and for station 3615 the Y/Y* value is the lowest
for the same layer. For stations 3615 and 3629, the
values for Y/Y* increase with depth, as for stations
3609-1 and 3607 vary without any regularity.

DISCUSSION

The new data on the natural concentration for REY
in the pore waters for four stations in the IOM ex-
ploration area make it possible to sort the distribu-
tions into groups that we believe are characteristic
for the sedimentation and early diagenetic process-
es. Three types of REY distribution were outlined:
i) T type — elevated concentrations for REY for
the layer 0-5 cm; the distribution is observed for
stations 3615 and 3629. The concentrations for
all REE and Y of layer 0-5 cm are distinctly high-
er than the other two layers. The distribution of
the REE and Y concentrations among the layers
for station 3629 is similar, but the concentration
differences are small. Exceptions are Nd and Eu

concentrations, as they are the highest for layer
10-15 cm;

ii) 11 type — elevated REY concentration pre-
dominantly for the layer 10-15 cm compared to the
other layers; the distribution is characteristic for the
pore waters of station 3609-1;

iii) III type — the REY elements show their max-
imal values in different layers, a distribution ob-
served for the samples of station 3607.

Too few pore water points in depth profiles are
available for the studied stations to make well-con-
strained statements about the REY concentration
trend with depth. The natural variations in the ab-
solute concentrations followed in the depth profiles
for station 3607 (Fig. 2) show a shallow subsurface
maximum at a depth 0-5 cm and a smooth decrease
in depth for Ce and Y. The clear deeper sink in the
REE concentration found for the pore water profiles
from and the Western Pacific (see Deng et al., 2017,
fig. 2) and the California margin sites (Haley et al.,
2004) was not observed in the present study. Lantha-
num and Lu show a tendency of enrichment in the
deeper layers (Fig. 2). The small scale heterogeneity
in REY distribution and the lack of a clear deeper
sink found in the pore water profiles by Haley et
al. (2004) and Deng et al. (2017) could be assigned
to the small scale solid phase heterogeneity in the
deep sea sediments described by Milakovska et al.
(in preparation) for the IOM license area. Generally,
there is an agreement the heterogeneity of deep-sea
sediments to be a result of the burrowing activities
of various organisms (Berger, 1967). Some of the
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Fig. 4. Ce/Ce*, Eu/Eu*, Y/Y* and Lag,/Yb, patterns of distribution of the samples of stations 3615, 3629, 3609-1, and 3607 com-

pared to the seawater (marked by a red asterisk).
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vertical disturbance of pore water profiles (e.g., re-
ported by Callender and Bowser, 1980) could also
be interpreted as a result of burrowing activities of
organisms. Consequently, some scatter in our REY
data can be speculated upon that bioturbation has
affected the sediment profiles.

The PAAS-normalized REY patterns of pore
waters in marine sediments were summarized and
grouped into the three types of patterns by Haley et
al. (2004): “Linear”, “HREE enriched” and “MREE
bulge”. The “Linear” and the “MREE bulge” are
more typical for the cores with dissolved Fe. Our
samples have REY values elevated over the sea-
water in a linear fashion from Ce to Lu, with pre-
dominantly negligible Ce-anomaly and negligible
to distinct “MREE bulge”. Similar are the REE
patterns for pore water from the Western Pacific
(Deng et al., 2017), Northern Cascadia accretion-
ary margin (Kim et al., 2012) and California margin
(Haley et al., 2004). These “type of patterns” serve
to elucidate the processes that control the REEs in
pore waters, broadly applicable for fingerprinting
early diagenetic processes. The “linear” pattern is
the most common type, describing a constant, but
moderate increase in the PAAS-normalized REEs.
This pattern type represents REEs released from the
degradation of organic matter, as concluded by Ha-
ley et al. (2004). It is coupled with the increasing
tendency of the REEs to complex with dissolved or-
ganic carbon (DOC) produced during the degrada-
tion process (Byrne and Sholkovitz, 1996).

The “MREE bulge” pattern is far more conspic-
uous than the other pattern types. The coincidence
of pore water showing this pattern with the zone of
greatest production of dissolved Fe strongly sug-
gests according to Haley et al. (2004) that dissolu-
tion of a surficial, REE-enriched solid Fe-phase is
the source of these REEs.

Another REY source for the pore waters is the
hydrothermal input in addition to the DOC and
dissolved Fe. The hydrothermal input represents
a large, but likely secondary flux of REY to the
ocean, and carries a flat or HREE depleted REY
signal with excess europium concentrations (Bau
and Dulski, 1996; Douville et al., 1999). Rivers are
a major source of REY, and carry a flat “continen-
tal type” shale-normalized distribution pattern. The
typical seawater REE profile (Fig. 3) is smooth and
coherent with progressive enrichments in heavier
REE and a distinct Ce/Ce* anomaly.

Our results show that REE concentrations exhibit
a large dynamic range, and that REE fractionations
reflect remineralization of organic coatings and the
reduction of Fe and Ce oxides. We obtained relative-

ly “flat” REE patterns with an almost complete ab-
sence of Ce anomaly that are typical of shallow open
ocean REE patterns (Byrne and Sholkovitz, 1996).

The cerium anomaly (Ce/Ce*) is thought to be
indicative of redox state (Elderfield, 1988; Byrne
and Sholkovitz, 1996) because Ce has redox poten-
tial in the pH range of seawater. Anomalous con-
centrations of redox-sensitive Ce compared with
neighboring REE originate in oxic water column
conditions, and as such, Ce anomalies can provide
a potentially useful redox proxy. Usually, negative
(<1) Ce anomalies are typical of well-oxygenated
seawater while positive (>1) Ce anomalies are ex-
pected under reducing conditions where soluble
Ce?* is more stable. The predominance of the nega-
tive values for the Ce anomaly in our samples indi-
cates oxygenated seawater for most of the samples.
The exceptions are some of the samples of stations
3609-1 and 3607, whose positive Ce anomaly indi-
cates reducing pore water.

The studied pore waters show Eu anomaly (Eu/
Eu*) values that are in the same range as reported for
seawater by Tostevin et al. (2016). According to the
positive values of Eu anomaly, the pore water sam-
ples are in most of the cases alkaline — between 0.43
(layer 1, st. 3609-1) and 9.63 (layer 2, st. 3607), in
line with MacRae et al. (1992). Based on Eu**/Eu*
equilibria in aqueous solution, MacRae et al. (1992)
predict that Eu** should be highly stable at neutral
to alkaline pH in strongly anoxic conditions, thus
resulting in enhanced Eu abundances relative to Sm
and Gd (i.e., Ew/Eu*> 1). Such positive Eu anoma-
lies have been reported also in hydrothermal systems
associated with a Ca enrichment (e.g., Klinkhammer
et al., 1994; Douville et al., 1999), but very little is
known about the europium fractionation in highly
reducing environment of the continental margin
sediments, such as those associated with sulfidic and
methanogenic zones. However, the Eu anomaly is
not pronounced enough to interpret a clear signal.

The understanding of Y anomaly (Y/Y*) is
somewhat limited, as many earlier studies did not
include Y measurements alongside REEs. Larger
Y anomalies (40-80) are described by Bau et al.
(1997) and Nozaki and Zhang (1995) occurring in
open-marine settings, and smaller (33—40) ones in
near-shore or restricted settings. Our data are not in
line with Bau et al. (1997) and Nozaki and Zhang
(1995), as they are much lower than the values for
both seawater and open-marine settings.

The bottom sediments, pore waters and poly-
metallic nodules form the real environment for the
nodules formation. This environment is a result,
according to Kotlinski and Stoyanova (2012) and
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Hein et al. (2013), of sedimentation rate, bioturba-
tion, oxidation conditions, certain bottom current
conditions, and diagenetic process (biogeochem-
istry, adsorption, desorption, transformation and
migration). The concentration of metals in the pore
water depends on the accumulation rate of sedi-
ments and the processes of dissolution, reduction
and oxidation, while in sediments and nodules the
metal deposition depends on the presence of nu-
cleus (fragments of old nodules, sediment material,
volcanoclastic rocks, bioclastic material), well oxy-
genated bottom waters, semi-liquid surface layer
and bioturbation (Kotlinski and Stoyanova, 2012).
The nodules precipitate in two main types of en-
vironment: (i) hydrogenetic (from seawater), and
(ii) diagenetic (from pore fluids). A third, mixed
(hydrogenetic-diagenetic) type of environment is
often reported (Hein et al., 2013).

The highest Eh values and elevated contents of
Mn, Co, Cu, Ba and P are documented for sediments
of station 3615 (Milakovska et al., 2021). The same
station shows the highest REY contents of both
sediments and pore waters that suggest some in-
put from the neighboring volcanoes (Hikov et al.,
2022). Elevated phosphorous content may also play
an important role for the REE accumulation (Ren et
al., 2021) for this station.
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