N
N

N

HAL

open science

Sulfate minerals control dissolved rare earth element
flux and Nd isotope signature of buoyant hydrothermal
plume (EMSO-Azores, 37°N Mid-Atlantic Ridge)
Valérie Chavagnac, Hassan Saleban Ali, Catherine Jeandel, Thomas E Leleu,
Christine Destrigneville, Alain Castillo, Laura Cotte, Matthieu Waeles, Cécile
Cathalot, Agathe Laés-Huon, et al.

» To cite this version:

Valérie Chavagnac, Hassan Saleban Ali, Catherine Jeandel, Thomas E Leleu, Christine Destrigneville,
et al.. Sulfate minerals control dissolved rare earth element flux and Nd isotope signature of buoyant
hydrothermal plume (EMSO-Azores, 37°N Mid-Atlantic Ridge). Chemical Geology, 2018, 499, pp.111-
125. 10.1016/j.chemgeo.2018.09.021 . hal-01901653

HAL Id: hal-01901653
https://hal.univ-brest.fr /hal-01901653
Submitted on 21 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.univ-brest.fr/hal-01901653
https://hal.archives-ouvertes.fr

Chemical Geology

November 2018, Volume 499, Pages 111-125
http://dx.doi.org/10.1016/[.chemge0.2018.09.021
http://archimer.ifremer.fr/doc/00456/56733/

Sulfate minerals control dissolved rare earth element flux
and Nd isotope signature of buoyant hydrothermal plume
(EMSO-Azores, 37°N Mid-Atlantic Ridge)

Chavagnac Valérie ", Saleban Ali Hassan *, Jeandel Catherine ?, Leleu Thomas *,
Destrigneville Christine *, Castillo Alain *, Cotte Laura >, Waeles Mathieu ®, Cathalot Cecile °,
Laes Agathe °, Pelleter Ewan °, Nonnotte Philippe ’, Sarradin Pierre-Marie *, Cannat Mathilde ®

! Géosciences Environnement Toulouse, GET, Université de Toulouse, CNRS, IRD, UPS, 14 A
Edouard Belin, 31400 Toulouse, France
? Laboratoire d'Etudes en Géophysique et Océanographie Spatiales, LEGOS, Université de Toulouse
SCNRS, CNES, IRD, UPS), 14 A Edouard Belin, 31400 Toulouse, France

LEMAR CNRS-UMR 6539, IUEM, Université de Bretagne Occidentale, place Copernic, 29280
Plouzané, France
* Laboratoire Environnement Profond (LEP/EEP/REM), Ifremer, ZI de la Pointe du Diable, CS 10070,
29280 Plouzané, France
® Laboratoire de Cycles Géochimiques (LCG/GM/REM), Ifremer, ZI de la Pointe du Diable, CS 10070,
29280 Plouzané, France
® Laboratoire Détection, Capteurs et Mesures (LDCM/RDT), Ifremer, ZI de la Pointe du Diable, CS
10070, 29 280 Plouzané, France
" Laboratoire Géosciences Océan, LGO, IUEM, Université de Bretagne Occidentale (CNRS, IRD), place
Copernic, 29280 Plouzané, France
8 Institut de Physique du Globe de Paris, Université Sorbonne Paris Cité (CNRS), 1, rue Jussieu, 75238
Paris Cedex 05, France

* Corresponding author : Valérie Chavagnac, email address : valerie.chavagnac@get.omp.eu

Abstract :

While hydrothermal vents are now thought to be a major source of dissolved iron to the oceans, they
have always been considered to be a sink for the dissolved rare-earth elements (DREEs). However,
true dissolved REE observations in hydrothermal plumes are still lacking. Here we report for the first
time the DREE concentrations and neodymium isotopic compositions (DeNd) of buoyant hydrothermal
fluids at Lucky Strike (Mid-Atlantic Ridge). We find that 27 to 62% of total hydrothermal DREEs are
rapidly scavenged by anhydrite precipitation at the onset of buoyant plume formation. After this initial
loss, all DREEs behave quasi-conservatively within the buoyant plume. Dissolved phase ¢Nd (DeNd) in
the evolving plume are identical to black smoker DeNd of +9.0 and contrast radically with DeNd of the
local deep water mass at —12.0. Plume DeNd as low as +6.6 may be reconciled by dissolution of newly
formed barite in the local environment and carrying seawater DeNd signature. We find, based on the
first plume DREE observations, that hydrothermal plumes are in fact a source of DREE to the North
Atlantic Deep Water. Precipitation/dissolution processes of hydrothermally-derived minerals, i.e. sulfates
in the buoyant plume and Fe oxy-hydroxide in the non-buoyant plume, will likely affect the fate of other
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trace metals and their isotopic composition.
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1. Introduction

Hydrothermal submarine vents are known to be a important source for some elements to
the oceans (Elderfield and Schultz, 1996). Fluids from hydrothermal fields located at mid-
ocean ridges display similar REE patterns when normalized to chondrite or Post-Archean
average Australian Sedimentary rocks (PAAS). They show light REEs (LREES) enrichment
over heavy REEs (HREES), together with positive europium anomalies, and concentration
enrichment factors of 10 to 10° compared to seawater concentrations (Michard and Albaréde,
1986; Michard, 1989; Klinkhammer et al, 1983, 1994; Mitra et al., 1994; Douville et al,
1999; Bau and Dulski, 1999; Schmidt et al., 2010). In comparison, REE patterns of black
smoker fluids collected at back-arc basins and subduction zones exhibit either LREEs or
MREEs enriched compared to HREEs (Craddock et al., 2010; Cole et al., 2014). The behavior
of hydrothermal REEs once expelled into deep seawater has been inferred solely from the
REE signatures of suspended particulate matter (SPM) and/or sediment cores in the vicinity
of hydrothermal vents (Trocine and Trefry, 1988; German et al., 1990, 1991, 2002; Rudnicki
and Elderfield, 1993; Sherrell et al., 1999; Chavagnac et al., 2005, 2006, 2008; German and
Seyfried, 2014). Generally, it is thought that hydrothermal systems are sinks for marine
DREE due to scavenging onto Fe-bearing minerals in hydrothermal plumes. SPM in the non-
buoyant hydrothermal plume is dominated by Fe oxy-hydroxides which are indeed enriched
in particle-reactive elements, such as the REEs (German et al., 1990, 1991, 2002; Sherrell et
al, 1999). However, high plume DFe levels have been detected in the deep-water column
over several hundreds of km away from hydrothermal vents at the ridge axis (Nishioka et al.,
2013; Saito et al., 2013; Resing et al., 2015), suggesting that Fe-associated oceanic tracers and
more specifically the DREEs might also show similar behavior.

Klar et al. (2017) showed that isotope fraction of dissolved Fe observed in the buoyant

hydrothermal plume cannot be reconciled solely by dilution with the background seawater but



reflects the role of Fe-ligand complexation and the presence of labile particulate Fe. A
thorough assessment of the dissolved/particulate partitioning in the buoyant plume is
therefore needed to better characterize the export of other hydrothermal trace metals (Waeles
et al., 2017) and DREEs in the open ocean. Furthermore, recent studies illustrated that the Nd
isotopic composition (eng) IS a key tracer to quantify Nd (and REE) transfer between
particulate and dissolved phases (Lacan and Jeandel, 2001, 2005; Jeandel et al., 2013;
Jeandel, 2016). Therefore, measurements of DREEs and Nd isotopic signature in
hydrothermal plumes can provide important new information to address the role of
hydrothermal systems as a DREE source or sink to the Oceans.

Here, we report on the DREE concentrations and the DNd isotopic compositions of
buoyant hydrothermal fluids collected within the first seconds of black smoker fluids mixing
with seawater. For the first time, we used an in-situ filtration approach which limits chemical
exchanges between dissolved and particulate phases (> 0.45um) during sampling, thus
providing a unique opportunity to assess the fate of DREEs along the mixing gradient of
hydrothermal fluids by local deep seawater. The Lucky Strike hydrothermal field (LSHF) at
37°N along the Mid Atlantic Ridge (MAR) was chosen because the hydrothermal activity at
this location has been monitored continuously since 2010 by the EMSO-Azores deep-sea
observatory (Colaco et al, 2011). The considerable contrast in eng between the mid-ocean
ridge basalt (i.e. +7 to +10) and the surrounding deep seawater (i.e. -12) is favorable to the

detection of any dissolved/particulate exchange processes in the water column.

2. Geological setting and sample collection
2.1. Study area
The Lucky Strike hydrothermal field (LSHF) is located on the MAR at 37°17°N, “400km

to the Southwest of the Azores archipelago (Fig. 1; Langmuir et al., 1997). The LSHF is



hosted on a basaltic substratum at a depth of "1700 meter below sea level on top of a central
submarine volcano, where 20 to 30 active vent sites are reported (Langmuir et al., 1997; Von
Damm et al, 1998; Charlou et al, 2000; Barreyre et al., 2012; Escartin et al., 2015). The
LSHF is surrounded by the North Atlantic Deep Water (NADW; Zheng et al., 2016).
Monitored hot hydrothermal fluids (196-340°C) show persistent annual inter-site
differences in the chloride composition of black smoker fluids, resulting from distinct fluid
pathways and distinct rock compositions in the subsurface reaction zone and/or in the upflow
zone (Langmuir et al., 1997; Von Damm et al., 1998; Charlou et al., 2000; Pester et al., 2012;
Leleu, 2017; Leleu et al., submitted). The distribution of major and trace elements argues for
a single source that undergoes phase separation at 2500-2800 meter below the seafioor at a
temperature of 430-440°C and feeds the entire LSHF (Leleu et al., submitted). Temperature
of the roof of the reaction zone is estimated at 400°C for the Capelinhos vent but clusters
around 370°C for the other vents at the LSHF. Salinity differences between sites originate
from a permeability gradient within the subsurface, where vapor-dominated fluids
preferentially flow through large conduits and fissures while the brine-dominated phase will
tend to fill porosity and smaller scale fissures (Leleu et al., submitted; Fontaine et al., 2007).
Dissolved Fe and Mn concentrations are 3 to 5 times higher in Capelinhos fluids compared to
other LSHF vents and are controlled by processes in the upflow zone, including brine

saturation, permeability and faulting (Leleu et al., submitted).

2.2. Sample collection

During two maintenance cruises to EMSO-Azores aboard the R/V Pourquoi Pas? in 2014
and 2015, black smoker and buoyant plume fluids were collected back to back during ROV
Victor 6000 dives using dedicated fluid samplers at four selected black smokers named

Capelinhos, Aisics, White Castle, and Y3 (Table 1). The selected vents cover the entire



chlorinity diversity of the LSHF fluids, ie. 267 to 574 mM, together with their evolving
buoyant hydrothermal plumes. In-situ temperature measurement of black smokers was carried
out using the high temperature sensor of the ROV Victor 6000 prior to any fluid sampling.
High temperature hydrothermal fluids were sampled by inserting the snorkel of gas-tight
titanium syringes into the main chimney, which were triggered via the hydraulic arm of the
ROV Victor 6000 (Fig. 2A). At each dive, up to 4 gas-tight titanium syringes were triggered
per smoker to determine the composition of the hydrothermal end-member after extrapolation
to zero-Mg levels (Table 1). Coupled to the gas-tight syringe sampling, the mixing gradients
between black smoker fluid and deep seawater were sampled using the in-situ filtration
PEPITO sampler deployed on the ROV Victor 6000 (Fig. 2B; Cotte et al., 2015; Waeles et al.,
2017). Each sampling was performed by pumping water through a 0.45 pm filter into an acid-
cleaned blood-bag using an acid-cleaned titanium-Tygon inlet coupled to the ROV
temperature probe (Cotte et al, 2015; Waeles et al., 2017). At each dive, sampling was
carried out towards increasing temperatures. The snorkel of the PEPITO sampler was first
placed at 1 to 2 m from the vent orifice at temperature ~ 4°C and then shifted downward
within the central part of the buoyant plume to take samples every 10°C until reaching 140-
150°C (Cotte et al., 2015; Waeles et al., 2017) (Fig. 2B, Table 1).

Immediately after the recovery of the ROV Victor 6000 on board the research vessel, both
gas-tight fluid samplers and PEPITO instrument were transferred to a dedicated chemical lab
for fluid extraction. First, gases were extracted from gas-tight samplers and transferred into
vacuum stainless steel canisters. The fluid samples were then extracted, filtered through
0.45um Millipore filters and split into different aliquots for aboard and onshore analysis and
stored at 4°C in a cold room. pH, Eh, salinity, conductivity, and H,S were measured on-board
immediately after processing. H,S concentrations were measured in the solution with an

amperometric micro-sensor (AquaMsS, France). The in-situ filtered PEPITO blood bags



contained between 130 and 2100 mL of buoyant hydrothermal fluids. 3 to 6 samples were
selected among the 15 buoyant plume fluids collected at each site, for further DREE and DNd
isotope analyses. An aliquot of 125 to 250 ml for each sample was transferred from the in-situ
filtered bags into acid-cleaned low-density polypropylene bottles, and acidified with 100 to
200 W of bi-distilled concentrated HCI, prior to storage at 4°C in a cold room. pH

measurements were also carried out on board on the in-situ filtered and un-acidified fluids.

3. Analytical methods
The analytical methods used for major and trace element concentrations in hydrothermal
flud and plume were described in details in previous publications (Besson et al., 2014; Cotte

et al., 2015; Leleu, 2017; Waeles et al., 2017).

3.1. Fluid processing for DREE concentration analyses

The REE pre-concentration and purification technique developed for seawater (Tachikawa
et al, 1999; Lacan and Jeandel, 2001), had to be modified and adapted to the chemical
composition of hydrothermal fluids. Before any chemical treatment, a solution of triple-spikes
ie. °Nd, ™Eu and '"*Yb isotopes, was added to all samples together with a droplet of
ultrapure H,O, to ensure the conversion of all dissolved Fe present as Fe®* in reducing
hydrothermal fluids, to its oxidized Fe** form. The pH of the solution was increased to 8 with
NHs-H,O solution to provoke the precipitation of Fe oxy-hydroxide particles Fe(OH)s which
scavenge all dissolved REEs (Lacan, 2002). The precipitate was rinsed three times with MQ-
H,O to ensure the removal of all major ions, e.g. Na and Ba in particular. Isolation of the REE
from the remaining major elements and Fe was carried out using two-step ion exchange
columns and elution with ultra-pure bi-distilled acids. REE concentrations were determined

with a High-Resolution Inductively Coupled Mass Spectrometer (HR-ICP-MS) Thermofisher



Scientific Element XR at the Observatoire Midi-Pyrénées. Sample introduction was done
using an Aridus desolvating nebulizer to reduce oxide formation (<0.05%). Purified REE
were re-dissolved in a HNOs; 0.3N solution doped with indium and rhenium to track
instrumental drift during sample analysis. Calibration of the instrument was performed with
an in-house multiple REE standard at 10, 50 and 100ppt. Measured background intensities of
ultraclean HNO3; 0.3N in between samples were subtracted from the sample intensity, which
corresponds to 0.01-0.2% for the LREE and 0.2-0.6% for the HREES. Average Nd blanks are
0.6 ppt, <<< than several ngs of Nd in the sample. Instrumental errors are usually less than

3% for the LREEs and 6% for the HREEs (Tachikawa et al., 1999).

3.2. Nd isotopic compositions

The un-spiked fluid samples were treated through the previous steps of co-precipitation,
and double ion exchange columns with an additional step one to isolate Nd from the other
REEs. Nd isotopic compositions were measured on a Thermo-lonization Mass Spectrometer
Thermofisher Scientific Triton at the TUEM (European Institut for Marine Studies, Pole
Spectrométrie Océan, Brest, France) laboratory in Brest. The **3Nd/***Nd ratio was defined as
the average of a minimum of 100 measurements of ion intensities following the static multi-
collection mode. The ***Nd/***Nd ratios were normalized to **°*Nd/***Nd = 0.7219. Measured
143N d/A**Nd values for La Jolla standard of 1-5 ng Nd (recommended value of 0.511860) was
0.511850 + 12 (log, n = 13). The Nd isotopic composition uses a gng hotation to reflect the
13Nd/A**Nd  ratio compared to CHUR (Chondrite Uniform Reservoir, **Nd/%*Nd =
0.512638; Bouvier et al, 2008) on the parts per ten-thousand scale (eng =

((“**Nd**Ndsampre/ **Nd/H**Ndcrur) - 1)*10000).

3.3. Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS)



Mineral analyses and chemical maps were performed on filters sampled in the LSHF
buoyant plumes using Scanning electron microscopy (SEM) coupled to Energy Dispersive
Spectroscopy (EDS). Investigations were done with a FEI Quanta 200 SEM equipped with an
OXFORD Instrument X-MAXN Silicon Drift Detector (detector size: 80mm2) EDS on C-
coated fragments of the 0.45 pm filters. Secondary electron images were performed for
textural and morphology characterization of the particulate material collected in situ. In
addition, X-ray semi-quantitative EDS maps were performed on an area of about 1mm2 and
elaborated with the “Large Area Mapping” module of the OXFORD AZtec software. Each
area was composed of over 150 fields and each field (130pum*114 pm) was scanned with a

resolution of 512*448 pixels (1 pixel = 0.25 pm).

4. RESULTS

4.1. Quantification of hydrothermal end-member contribution to the buoyant

hydrothermal plume.

The composition of the end-member hydrothermal fluids is calculated by linear
extrapolation to zero-Mg of the least-square regression method applied on fluid data, i.e.
fluids collected by gas-tight titanium syringes (Von Damm, 1988). The data are reported in
Table 1. The DBa concentration of the end-member hydrothermal fluid is based on the sample
exhibiting the lowest DMg concentrations because pure hydrothermal fluids exhibits DMg
close to zero. The DBa of hydrothermal fluids decreases at increasing DMg concentration (i.e.
dilution by NADW), most likely due to barite precipitation.

The proportion of hydrothermal end-member in the buoyant plume fluids, i.e. the extent of
dilution by local seawater, can be determined using two independent parameters: 1) in-situ
temperature measurements, ie.  adiabatic mixing hypothesis, and 2) dissolved Mg (or

dissolved Mn) concentrations of the solution, i.e. conservative behavior of Mg (or Mn) within



the buoyant hydrothermal plume and hence during the early stages of fluid and seawater
mixing, as illustrated in Figure 3A. Apart from two exceptions at Y3 site, all buoyant fluid
samples plot within error bars onto the mixing trend, indicating consistent calculated
proportions of hydrothermal end-member and NADW sources in the buoyant fluid mixture.
Moreover, the proportions found for the black smoker fluids are very close to the calculated
end-member, i.e. >97% of hydrothermal end-member. In comparison, the samples of buoyant
hydrothermal plume fluids are composed of 14-50% of hydrothermal end-member,

corresponding to a dilution factor of 2 - 7.1 by NADW.

4.2. Dissolved REE concentrations

Observed IDREE concentrations are shown in Figure 3B and their NADW-normalized
REE patterns are illustrated in Figure 4. All hydrothermal plume fluids have XDREE
concentrations lower than those of their respective end-member fluid but significantly higher
than those of NADW (Table 2). The highest XDREE values (3.4 — 6.0 nM) are obtained at
Aisics while the lowest ones (1-1.5 nM) are measured at Capelinhos. The DREE patterns of
buoyant hydrothermal fluids mimic those of hydrothermal end-members, reflecting different
degrees of dilution with NADW. Ovwerall, all samples display a strong DLREE over DHREE
enrichment with (La/Yb)y values ranging from 2.3 - 53, and strong positive EWEU* and
Ce/Ce* anomalies of 8.1 - 24.7 and 3.6 - 4.4 respectively. Yet, La/La* anomalies display
some variability at Aisics for example, where the most diluted fluids of the buoyant plume
have positive La/La* anomalies compared to negative La/La* in the least diluted fluids. Note
that Capelinhos fluids whether diluted or not by NADW, display concave downward-shaped
NADW-normalized DREE patterns, highlighted by DMREE enrichment over DLREE and

DHREE.
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4.3. Dissolved Nd isotope compositions

The Deng Values of collected hydrothermal fluids vary between +9.0 at Aisics and White
Castle and +7.8 at Capelinhos and Y3. In comparison, the Deng Values of buoyant
hydrothermal plumes vary between +6.6 and +8.9, the latter being identical within error to the
DNd isotope signature of their corresponding black smoker fluids. The dataset is reported in

Table 2.

4.4. Particulate phase in the buoyant hydrothermal fluid

Sulfate minerals (anhydrite, gypsum and barite) are present on filters collected within
each of the studied LSHF buoyant plumes, with crystals that can be larger than 50um (Figure
5). On the fiter collected within the White Castle buoyant plume at “70% mixing of
hydrothermal fluid with NADW, large anhydrite crystals (Figure 5A) and very fine Ca-sulfate
minerals (<1pm) with a patchy distribution (Figure 5C) covers 2 % of the investigated area

(Figure 5C). Barite particles (Figure 5B and 5C) are less abundant at <0.4%.

5. DISCUSSION

5.1. DREE signature of black smoker fluids

At LSHF, black smoker end-member fluids are significantly more enriched in *DREEs
than NADW, i.e. three orders of magnitude for the DLREES and one order for the DHREEs.
DREE concentrations of LSHF fluids are controlled by three major processes, i.e. brine/vapor
phase separation at depth in the vicinity of the magma chamber, physico-chemical properties
of the fluid and sub-surface processes linked to secondary mineral formation (Allen and
Seyfried, 2005). Under reducing conditions such as those encountered in hydrothermal fluids,
DREEs may form strong complexes with anions, among which chloride (CI) is the main

inorganic REE-binding ligand in the hydrothermal fluid. Major and trace element
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distributions among the wide range of fluid chlorinity (i.e. 267 - 574 mM) at LSHF are
controlled by phase separation of a single deep-rooted fluid (Leleu, 2017). Cl concentrations
correlate positively with increasing end-member Nd/Yb ratios while the concentrations of
> DREEs or each DREE do not. As a result, the effect of phase separation leads to preferential
DLREE enrichment in the brine phase while the vapor phase must be relatively enriched in
DHREEs, in line with experimental results (Shmulovich et al., 2002). In addition, the positive
EWEu* anomalies do not show any trend along the chlorinity and pH range, suggesting that
the magnitude of the EWEuU* anomalies is independent from phase separation but possibly
related either to physical and chemical properties of fluid, alteration of primary plagioclase or
shallower sub-surface processes (Haas et al., 1995; Douville et al., 1999; Allen and Seyfried,
2005). In reduced hydrothermal fluids, mobility of Eu in the divalent form is enhanced while
that of the other DREEs in the trivalent state is mainly controlled by secondary mineral
assemblage (Allen and Seyfried, 2005; Migdisov et al., 2016). As Eu?" and Sr** have similar
ionic radii (Shannon, 1976), Eu can be incorporated into the same secondary minerals. The
concave downward-shaped DREE patterns of the Capelinhos fluid are likely related to
anhydrite precipitation in agreement with previous anhydrite studies that show preferential
uptake of LREE (Mills and Elderfield, 1995; Schmidt et al., 2010; Craddock et al., 2010; Cole

et al., 2014).

5.2. DREE signature of buoyant hydrothermal fluids

In the buoyant hydrothermal plume, the SPM are dominated by Fe-bearing sulfide and
oxy-hydroxide particles that are efficient scavengers of both hydrothermal fluid and seawater
DREE (Mottl and McConachy, 1990; Bau and Dulski, 1999; Field and Sherrell, 2000;
Edmonds and German, 2004). Therefore, the fate of hydrothermal DREEs should be closely

linked to that of DFe. The DREEs reported here, were acquired on the same fluid samples
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analyzed for DFe concentrations whose results are reported in Waeles et al. (2017). These
authors showed that 90% of the Fe in the buoyant plume at LSHF remains in the dissolved
phase until the plume reaches a dilution factor of 100 with NADW (i.e. 4°C). Furthermore,
particles which includes a few pM of Fe (well below the concentration of DFe) are strictly
limited to copper- and zinc-bearing sulfides. The measured dissolved Fe/Mn ratios of buoyant
hydrothermal fluids are very similar to those of their respective calculated black smoker end-
members (see Table 1 and 2). The DFe and DMn behavior suggests that DREEs should be
preserved in the dissolved phases in the buoyant plume. Therefore, the plume XDREE
concentrations exhibit systematically lower values than those expected from the dilution of
their respective black smoker end-members - whatever the chloride concentrations (Figure
3B). Comparing the calculated *DREE under the hypothesis of their conservative behavior
during mixing with the observed data reveals a loss of 7 to 90% (Table 3). Furthermore, the
measured DREE concentrations (apart from two exceptions at Aisics and Y3) correlate
linearly and positively with the proportion of hydrothermal end-member in the mixture
(Figure 3B and Table 3). This suggests that following the initial, abrupt drop in DREE
concentrations when the hot fluid discharges into seawater, the DREE behave quasi
conservatively as the plume is further diluted by seawater to the temperature ranges of plume
sample collection (Figure 6). DREE scavenging by Fe-bearing copper and zinc sulfides may
explain the lowest percentage of DREE loss observed (12%), as sulfides are the most
common minerals found within one meter of chimney vent discharge (Feely et al., 1990,
1994). However, sulphide precipitation cannot explain as much as 90% DREE loss, due to the
low values of the distribution coefficient of REEs in sulfides (Morgan and Wandless, 1980;
Mills and Elderfield, 1995). These observations suggest the involvement of a mineral phase
which 1) scavenges DREEs, 2) does not require Fe as a major element constituent, and 3)

precipitates at the earliest stage of buoyant plume formation.
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5.3. Impact of anhydrite precipitation on hydrothermal DREEs distribution

Apart from amorphous silica, anhydrite (CaSO,) and barite (BaSO,) are the most
abundantly observed hydrothermal minerals after Fe-bearing sulphides (Feely et al, 1990;
Lilley et al., 1995). These minerals are observed on the filter membranes collected through in-
situ filtration of the buoyant hydrothermal fluids (Figure 5). They exhibit NADW-normalised
REE patterns characterized by pronounced LREE enrichments over HREE and positive
EWEu* and Ce/Ce* anomalies (Guichard et al., 1979; Barrett et al, 1990; Mills and
Elderfield, 1995; Humphris et al., 1998). Their precipitation from hydrothermal fluids will
reduce both the dissolved calcium (DCa) and the dissolved Ba (DBa) concentrations and take
up preferentially DLREEs over DHREEs. Note that anhydrite is more stable at high
temperature (>150°C) than barite. The geochemical features of the scavenged DREE fraction
can be estimated from the differences between the end-member DREE concentrations and
those obtained by linear regression of the buoyant plume data at hydrothermal contribution
equal to 100%, ie. DMg equal to zero. This is presented in Figure 6 for the Aisics vent,
whereby the difference is noted as A notation for each element. We observed that 25 - 30 % of
hydrothermal DCa are lost, corresponding to 0.27, 0.88 and 1.5 g.I'* of anhydrite precipitation
at Capelinhos, Aisics and White Castle, respectively. This is confirmed by the NADW-
normalized DREE concentrations of the missing fraction which show similar features to those
of anhydrite found at the TAG hydrothermal mound (Mills and Elderfield, 1995; Humphris et
al., 1998) (Table 3 and Figure 7).

The impact of anhydrite precipitation on the distribution of DREEs from hot to buoyant
hydrothermal fluids may be assessed based on the distribution coefficient (Kp) of the

considered phase (Table 4). The distribution coefficient is defined as:

REE in missing fraction (ppt)
Ky = — . Eq(1)
REE in end—member hydrothermal fluid (ppt)

14



This approach is detailed in Onuma et al. (1966), Guichard et al. (1979) and Morgan and
Wandless (1980) and will not be repeated here. The DREEs will substitute major ions in the
mineral phase with the closest ionic radius to the individual REE. The logarithm of Kp are
plotted against the square of the ionic radii difference between each of the REES (rreges+) and
the substituted major cation, i.e. Ca®* for anhydrite (rca+), in Figure 8. We took the effective
ionic radii of REE®* (apart from Eu**) and Ca?* reported by Shannon (1976) assuming
eightfold coordination number. Note that the coordination number impacts the effective ionic
radii of each REE (Shannon, 1976) but not the calculated Kp (Morgan and Wandless, 1980).
All calculated Kp of REEs in anhydrite calculated with Eq(1) lie between 10 and 1 (Table

4), significantly lower values of than 10° - 10°

calculated from anhydrite deposits (Mills and
Elderfield, 1995; Cole et al, 2014). This discrepancy is probably due to Kinetics effects as
anhydrite precipitates instantaneously at the onset of black smoker discharge to surrounding
deep seawater, while hydrothermal mounds grows owver longer timescales of up to that of
metal deposit formation. Meanwhile, for increasing chlorinity values of end-member
hydrothermal fluids, the Kp values of REE tend to fall on a linear trend and the Kp value of
Eu?" increases in comparison to those of its neighboring REE. These chemical features
indicate that chlorinity values of the solution control the distribution of REE between
anhydrite and black smoker fluids and the variability of EWEu* anomalies measured on
anhydrite at hydrothermal deposits. Alternatively, the Kp values of anhydrite calculated for
MREEs (Sm to Dy) at Aisics are very low compared to LREE and HREE obtained from other
sites, suggesting that MREE are preferentially partitioned into the fluid phase. This is clearly

evidenced by the concave downward-shaped NADW-normalized REE patterns of the most

vapor-dominated Capelinhos fluids (Figure 4).

5.4. Impact of sulfate mineral precipitation on Deng signature of the buoyant plume

15



DNd isotopic compositions were measured on both black smoker and buoyant plume
samples (Table 2). The purest black smoker fluids, i.e. >97% of hydrothermal end-member,
display variable Deng of +9.0 for Aisics and White Castle and +7.8 for Y3 and Capelinhos.
There is no correlation between black smoker Deng values and CI content. These values
reflect the Nd isotope signature of the basaltic substratum at LSHF which vary mainly
between +7.0 and +9.4 (Hamelin et al., 2013). These results provide clear evidence that the
Deng signature of hydrothermal fluids records and preserves the eng Of their substratum. The
Deng Values of the buoyant plume fluids are either identical to or lower by up to 2.4 Deng
units than those of their respective hydrothermal black smoker fluids, i.e. +8.9 to +6.6 at 14-
50% contribution of hydrothermal end-member in the plume mixture (Figure 9). These shifts
in Deng are significant and suggest the incorporation of Nd and other DREE from the
admixing NADW with eng of -12. These significantly lower Deng Vvalues of the buoyant
hydrothermal fluids could result from two different mechanisms.

1) At the onset of buoyant plume formation, anhydrite precipitation may scavenge 27,
53, 55 and 37% of hydrothermal DNd at Aisics, White Castle, Capelinhos and Y3
respectively (Table 3). If we assume in the conservative mixing equations 1) this
initial DNd loss for the black smoker source and 2) the conservative behavior of the
hydrothermal DREEs evidenced along the mixing gradient, then the calculated Deng
values of buoyant plume fluids are consistent with the measured ones. For example,
two buoyant fluids (PL5-601-C3 et PL5-601-D1, White Castle) exhibit excellent
consistency in their DREE concentrations and Deng results at +8.2, for similar mixing
contributions of NADW and black smoker (Figure 9). However, Deng Values as low as
+6.6 (Aisics site) require an initial hydrothermal DNd loss of 80 to 90% rather than

27%, which is not observed from DNd concentrations.
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2) An alternative (possibly in addition to anhydrite precipitation) mechanism may reside
in the occurrence of a specific mineral that may be entrained into the turbulent and
vigorous mixing of hydrothermal fluid with local NADW. Its dissolution within the
buoyant plume may provide not only an additional source of major cation and Nd but
also alter the DNd isotopic signature of the mixture. The size of this mineral should
necessarily be smaller than <0.45um as all analyzed buoyant fluids were filtered in-
situ. Sulfide minerals such as chalcopyrite, pyrite and sphalerite, exhibit mineral sizes
as low as 0.1 pm at the onset of buoyant plume formation (< 1m) (Feely et al., 1990)
but their dissolution rates are very slow, i.e. below 5.1 10** cms™ (Feely et al., 1987),
precluding their involvement. In contrast, sulfate minerals (barite and anhydrite),
present on our buoyant plume filters (Figure 5), show decreasing mineral size with
increasing height above the vent discharge. Both sulfate minerals have much faster
dissolution rates than sulfides (Feely et al, 1987). The smallest sulfate minerals
formed in the NADW-dominated portion of the buoyant hydrothermal plume record
the Nd isotopic composition of the surrounding water which is dominated by the Deng
value of NADW at -12. Their partial dissolution will increase DCa and/or DBa
concentrations of  buoyant hydrothermal fluids, and may evolve the DNd isotopic
composition of the buoyant hydrothermal fluids towards Deng Values lower than black
smoker Deng. In case of crystal sizes smaller than 0.45 pm, sulfate minerals present in
solution might have been dissolved by chemical treatment for sample conditioning, as
all buoyant hydrothermal fluids were acidified on-board. Barite dissolution is
potentially evidenced by higher DBa concentrations in the buoyant hydrothermal
fluids than hydrothermal end-members (Figure 6), arguing for a contribution of 11, 12,
6 and 2 pglI' of dissolved barite at Aisics, White Castle, Y3 and Capelinhos

respectively. With 0.2 pg.gt of Nd for barite (Hein et al, 2007), barite dissolution
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supplies "3 to 14 pM of DNd to buoyant hydrothermal plumes at LSHF, which is
undetectable from DNd concentration measurements (instrumental errors of 3% for

LREE), yet observable in the DNd isotopic compositions.

6. IMPLICATIONS

Within the marine environment, different modes of formation of barite have been
proposed. First, degradation of organic matter may release substantial amounts of DBa to
seawater, creating favorable conditions for barite formation (Griffith and Paytan, 2012). In
addition, biological and microbiological studies show the occurrence of small barite crystals
formed by bacteria onto the outer shells of mollusks as a result of Ba purging into the
extrapallial fluid (Fritz et al., 1990; Gonzalez-Mufioz et al., 2012). At hydrothermal vents and
in particular at LSHF, numerous mussel beds flourish around wvent discharges taking
advantage of organic matter produced by chemolithotrophic bacteria. Caillac et al. (2013)
identified nano-crystals of barite associated with organic matter on alteration surfaces of
basaltic glasses at a deep-sea hydrothermal vent. A combination of basalt alteration, mollusk
proliferation and organic matter availability at LSHF provides an ideal environment for the
formation of barite nano-crystals. But up to date, no geochemical and Nd isotopic studies
were carried out on such barite bio-mineralization to support or reject this hypothesis.

Alternatively, at the eastern equatorial Pacific, Martin et al. (1995) examined barite
minerals present in deep-sea sediments collected underneath the hydrothermal plume
trajectory identified by Lupton and Craig (1981) and more recently Resing et al. (2015). The
strontium (Sr) and Nd isotope signatures of barite minerals contrast radically with those of
foraminifera and fish teeth which record the Sr and Nd isotopic signatures of local seawater,
i.e. 0.709160 and eng at -6, respectively. A contribution of hydrothermally-derived barite,

even though relatively far from the ridge axis, was proposed to explain least radiogenic Sr
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isotopic signature compared to seawater value. However, the systematic unradiogenic barite
ends as lows as -11.8, cannot be reconciled neither with Pacific seawater (eng -6) nor
hydrothermal (eng >+6) contributions. Martin et al. (1995) suggested a contribution from an
unobserved aeolian input characterized by high Nd concentration and unradiogenic Nd
isotopic composition.

While these studies do not necessarily imply that the least radiogenic eng Values observed
in LSHF buoyant plume samples are influenced by barite, they raise questions on the Nd
isotope signature of barite formed via different pathways at hydrothermal vents. Thus far,
little is known about barite chemical and isotopic signatures along the continuum from the

proximal buoyant plume to the non-buoyant plume within the water column.

7. CONCLUSIONS

The distribution of hydrothermal DREEs and DNd isotope signatures in hydrothermal
fluids shed light on the effect of sulfate minerals along the mixing gradient of pure black
smoker until its 10-fold dilution by NADW. The four LSHF black smoker fluids record and
preserve the DNd isotope signatures of the substratum, i.e. Deng at +7.8 to +9.0, and exhibit a
narrow range of DNd/DFe ratios at 0.4 10® - 5.2 10°. Once expelled into the deep seawater,
hydrothermally-derived DREEs are strongly influenced and altered by sulfate minerals: at the
onset of buoyant plume formation by anhydrite then by the barite precipitation/dissolution
cycle in the buoyant plume. Anhydrite precipitation leads to 27 to 55% scavenging of the
hydrothermal DNd budget. After this initial loss, all DREEs behave quasi-conservatively
within the buoyant plume and 90% of iron is preserved in the dissolved phase. The imprint of
barite is suspected from higher DBa concentrations in the buoyant hydrothermal fluids than
hydrothermal end-members together with the Deng values of buoyant plume fluids which

showed a decrease from the black smoker Deng of +9.0 down to +6.6 in the plume. We find,
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based on the first plume DREE observations at LSHF, that hydrothermal plumes are a source
of DREE to the NADW. Precipitation and dissolution of sulfate minerals in buoyant plume
control the hydrothermal DREE flux to the ocean and alter the Nd isotope signature of local
deep seawater while the Fe oxy-hydroxides minerals which dominates the SPM of non-
buoyant plume are efficient scavengers of marine DREE budget and record the Nd isotope

signature of the surrounding seawater.
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Figure captions

Figure 1: Location of the Lucky Strike hydrothermal field on the Mid-Atlantic Ridge.
Hydrothermal vents are reported on the bathymetric map of the vent field as black stars,
among which four active vents (red star) have been sampled for pure and buoyant
hydrothermal fluids (Table 1).

Figure 2: Deep-sea photographs of fiuid collection at the Aisics hydrothermal vent using
titanium gas-tight syringe for black smokers in (A) and the in-situ fitration PEPITO
instrument for the buoyant hydrothermal plume in (B) (ROV Victor 6000; IFREMER/CNRS).
Locations of fluid collection is represented by blue diamond for buoyant hydrothermal plume.
Figure 3: (A) Calculated percentages of hydrothermal fiuid contribution in the collected fiuid
samples based on in-situ temperature and Mg concentrations, illustrating good correlation
between physical and chemical parameters. The line represents the evolution of %
hydrothermal fluid in solution during dilution by seawater wusing binary mixing for
conservative Mg and adiabatic mixing equation for temperature. (B) Distribution of the
>DREEs concentrations as a function of hydrothermal contribution in the collected fluid
samples. The dashed lines represent the conservative mixing trends of different hydrothermal
end-member fluids diluted by seawater (NADW,; Zheng et al., 2016).

Figure 4. NADW-normalized DREE patterns of hydrothermal end-member fluids (in red)
and buoyant hydrothermal plumes samples (in blue) at four hydrothermal vents of the Lucky
Strike hydrothermal field: Aisics in (A), Y3 in (B), Capelinhos in (C) and White Castle in
(D). DREE concentrations of the NADW are from Zheng et al. (2016).

Figure 5: A. Secondary electron (SE) micrograph of a large anhydrite crystal with dissolution
texture corresponding to entrained particles into the turbulent proximal plume (White Castle;
PL5-601-B1). B. SE micrograph of barite crystals collected within the buoyant plume (White

Castle; PL5-601-B1). C. Mosaic SE image and Ba and Ca X-ray maps of the filter collected

30



within the White Castle buoyant plume (White Castle; PL5-601-B1); Ca X-ray map shows the
two types of Ca-sulfates (i.e. large anhydrite grains and very small Ca-sulfates that occurs as
patchy zones) which represents around 2% of filter surface.

Figure 6: Concentrations of dissolved Calcium (DCa), Neodymium (DNd) and Barium (DBa)
reported as a function of dissolved Magnesium (DMg) for collected black smoker and
buoyant hydrothermal plume fluids in A, B and C, respectively at the Aisics vent. The
missing fraction noted as ADCa, ADNd and ADNd are indicated. See text for further
information. Element concentrations of high temperature hydrothermal fluids are reported in
blue while those of buoyant black smoker fluids are in orange.

Figure 7: NADW-normalized REE patterns of the missing REE fractions at each site, in
comparison with anhydrite (Humphris et al, 1998), Fe-bearing oxy-hydroxide collected in
neutrally buoyant plume by a Stand Alone Pumping System (SAPS) (Edmonds and German,
2004), amorphous silica and barite (Barrett et al., 1990) expected at deep-sea hydrothermal
vents.

Figure 8: Kp of REEs for the four missing fractions plotted against (rree - rcaz+).

Figure 9: Variation of plume Deng signatures for different percentage contributions of
hydrothermal end-member in the mixture. These trends are based on conservative mixing
equations (black line). The dashed lines mimic a conservative mixing between NADW and
hydrothermal end-members which have lost 50, 60, 80 and 90% of their primary
hydrothermal DNd concentrations by scavenging. These trends are reported for two
hydrothermal buoyant plumes, ie. Aisics in (A) and White Castle in (B). The black dots
represent the observed Deng signatures at the calculated percentage contribution of

hydrothermal end-member in the mixture.
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Tables

Table 1: Chemical composition of high temperature and buoyant hydrothermal fluids
collected at four active vents of the LSHF. Sampling device for each sample is also
mentioned. Temperature values are measured in-situ using high temperature probes of the
ROV Victor 6000. The chemical composition of the missing fraction represents the difference
between end-member hydrothermal fluids and those obtained by linear regression of the
buoyant plume data at hydrothermal contribution equal to 100%, i.e. DMg equal to zero. We
indicate the contribution percentage of hot hydrothermal fluid in each of buoyant plume
samples based on temperature and DMg concentrations (8: Waeles et al., 2017).

Table 2: Dissolved REE concentrations (in pM) of four selected hydrothermal vents. Nd
isotope compositions are also reported for eight buoyant hydrothermal plume fluids and four
high temperature hydrothermal fluids. End-member compositions were estimated by
extrapolation of all fluids composition concentrations versus DMg relationships to a zero
DMg content, as expected in pure hydrothermal end-member. n.m.: not measured; n.d.: not
determined. N : NADW (Zheng et al., 2016). EWEU* = (2*Euy) / (Smy + Gdy); Ce/Ce* =
Cen/ ((2*Pry) - Ndy) ; La/La* = Lan / ((3*Prn) - (2*Ndn)) ; (La/Yb)n = Lan / Yby .

Table 3: Calculated DREE concentrations of the missing REE fraction.

Table 4: Distribution coefficient (Kp) of REE in anhydrite.
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Table 1

) . ) End- End-
Site  Latitude -On9itud deptyea Sample  Samplin Tin- o 5o DM 50 5ee bros pca DBa membe membe
e h r name g device situ r r
based based
N W mbsl °C mM mM pM8 pM8 mMS8 mM UM on
on T°C
DMg
NADW# 4 81545541 0 0O 0 1028 013
Aisics  of 17.33 32°16.53 140q 201 PR-598- ooty 9749649 nm 376 64 146 023 1657 1901 30.40% 31%
96 57 5 D2 7 7
2'32,'598' PEPITO 10?-“1 49 nm 353 73 166 019 1746 144 34.80% 35%
2'12'598' PEPITO 12148 468 nm. 338'0 83 195 017 1847  21.07 38.90% 39%
2'22'598' PEPITO 1338 4i7 o 3%4 96 221 047 17.93 2327 43.80% 43%
25'598' PEPITO 15448 456 nm 2%'8 102 230 019 1959  23.72 44.90% 50%
MISFLU Tk 307 38 428 106 252 512 051 3672  3.83 98.00% /
01 syringe 4
MISFLU Tr 307 *2 431 431 234 509 054 3398 349 92.00% /
02 syringe 1
MISFLU Ti 307 32 431 1.05 253 484 093 3572 828 98.10% /
03 syringe 3
End- 429+ 0,60£0,1 36,520, 8,44+15
o 307 > 0 25741522417 i :
Missing /o 1 / 65  -437
fraction
White  37°17.35 32°16.84 201 PL5-601- 53 414 o
e u 2084 1700 91 L PEPITO 93:23 % nm 2% 6885 8773 01 1446 1517 2330% 29%
PL5-601- PEPITO 10044 5.0 nm 33.8 122.3 147.84 036 1661  19.86 37.40% 32%
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C2 3 6 6 5
o O pEpiTO M2 02 nm 985 9115 11061 033 1482 1816 28.70% 37%
DO pepimo M52 nm Y0 o167 1078 028 1456 1027 2030% 36%
MISFLU Tk 311 3% 492 098 14 36074 082 3737 851 9820% /
27 syringe 9 1
M15FLU Ti- 311 8 488 405302 38557 11 3568 627 9250% |/
26 syringe 1 3
MISFLU Tk 319 35 493 1.07 3821 43065 195 3737 955 9g00% /
25 syringe 3 2
end- 489+ 369+1 1,34+0.3 37,85+0, 8,46£0,5
end- ot 0 0701 Y 9 )
f'\r’"ss_'“g /0 / / 1132 -49.4
action

ya  STLTOL SEIBOT 470, 2L TLTS52 bEpITO 4848 6.1 nm %0 2852 5048 027 nm 754 3380% 14%
PL7-582- % 219
i PEPITO 70+7 57 nm 37 5058 98.96 036  nm 846 31.60% 21%
oo 207 pEPITO TP OS nm 34 ggg 17272 027 nm 1647 38.10% 39%
MIFLU Tt 595 37 571 105 2730 5505 151 5212 602 98.10%
16 syringe 6 6
MIAFLU TF o5 38 571 227 258 5137 139 5219 341 9580%
17 syringe 6
MUFLU TF 305 42 577 423 298 50571 136 472 1402 9220%
18 syringe 3 3
end- 574+ 1,49+0.0 52,501, 8,07+3,4
end- 50 27343 55329 14 . ;
Missing /0 / / / -24.9
fraction
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Capelinh  37°17.36 32°15.82

0s

77

98

1659

201 PL6-602-
5 D1

PL6-602-
D2
PL6-602-
D3
PL6-602-
El
PL6-602-
E3
M15FLU
37
M15FLU
38
M15FLU
39
M15FLU
40
end-
member
Missing
fraction

PEPITO 8947 5i0
PEPITO 101+4 4%9
PEPITO 112+3 467
PEPITO 1314 457
PEPITO 13943 4%6
Tk 318 2
syringe 8
TE 318 3.2
syringe

T|-_ 318 3.2
syringe 1N
T 3.1
syringe v 4 9

n.m.

n.m.

n.m.

n.m.

n.m.

273

274

276

275

268+
2

/

38.3
3
35.6
7
34.7
2
30.8
4

30.8
8

1.27

1.54

1.39

1.4

0

0

107.5
7

122.2

159.9
4
158.2
4
197.1
4
597.6
4
543.7
2
589.2
7
584.3
4

594+1 249444 0,57+0.2 17,04+0, 18,9245,

2
/

512.16

585.65

741.36

768.45

857.34

2503.6
8
2298.4
6
2476.9
6
2439.8
4

4
/

0.13

0.15

0.14

0.17

0.23

0.62

0.98

0.61

n.m.

1
/

11.11 8.54
11.3 9.26
12.61 10.16
12.09 11.92
12.49 11.69
16.92 20.32
16.62 20.05
17.17 4.23
16.77 29.13
09 33
2.03 -8.5

29.20%

34.10%

35.80%

43.00%

42.90%

97.70%

97.20%

97.40%

97.40%

28%

31%

35%

38%

45%
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Table 2

Site ‘:’ng'e La Ce Pr Nd SmEu Gd ThDy HoEr | YbLuZPR D’\é‘g/D La/l. EuE Ce/C (La/Yb 143'&‘3/14 +1sE BZ
pM pM pM pM pM pM pMp pMR/lpMIO R/IR/IpM

B 274 82 4619739 1 5108 6 1652085309 905

. PDI§-598- 19;11 932. 1.216 4778. 762. 1338. 73. 1g. 1y 22 2515. P 3039. 3.2;;5- .
PI2-698- 2072 1351 17 672. 100 168. 98. 13 7f' 12. 5q 51151 4826 406 0512074 00900 g g
PS8 612 218 % 1% D472 1 271 2355073705 5079 "B 0513006 > 90" 8.9
PI-598- 1196 1682 239 945, 187 368. 190 21 114 18, 42, 622, 5 5230, 4.30E- L
25-598- 1269 29:2)5 25 19;)4 1%6 3932. e 1189 19 4; s 55;9. 4.3675- 0513027 o.%%oo L6
Il\J/I0115FL 2575 684 7.035 2756 4.1;8 9934 399 57,309 486 . 10 551 c 15.3509 5.3(;35— 0513007 0.20300 00
End- 2626 6987 719 2711 457 1014 407 58. 315 47. 10110, 52. , 15516 5.20E-
member 3 3 5 8 7 4 3 9 8 7 2 9 4 7 6

\c/:VaTttEe E'O-f_'Cl 5%2' 732' 7§' 223' 44 2%8' 32' 45 23. 4.1 18 1367 1 195’1' 3'1625 0.82 21.14 0.512986 O'%%Ol 6.8
roo, DOL IS g 437 0L 28557 137 63 1 199513 300 2% 0,87 20,19 0513081 00" 8.6
Co g o1 000 P g7 42 206- 40 5 21 4710147400 792> 25 086 20,04 0513059 "0 8.2
E'O‘f_'Dl 623' 8521' 983' 3124' 398' 1?[6' 336' 4.7 2;_" 43 11 1.36.61.1 22358' 2'961E' 0.86 20.98 0.513056 O'(_,’L%OO 8.2
{\J"2175F'- 3701 53625 5‘;3 2010 2‘35 1?85 2'219 3? 1.%2 2: 4:? 5326 3 13'281 5'567 B 0.83 21.04 0.513099 O'%%OO 9.0
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erd- 37705426 574 2047 260 1228 233 3L 155 5 50. ¢ 4 26. 5 13835 3926 g5 51 05 457 2776

v3 el 0L S A 2N g0 3319 36 10 1266 1 100 2O% 1011444 443 1334 am am nd
Eé‘;:BS 681 765 83 2o 23' 88.8 2;. 38°0 4477 147411 1957' 2'665'5' 0.97 1305 433 1788 nm  nm nd.
:;27_'(:2 1044 1???7 127 4256' 571' 1574' 417 6.2 33' 6.5 12' 21 1?' 15 3136' 2'467 B 097 1326 441 19.02 0513031 0'2%00 7.7
VIAFL 5512 OO A0S AT 207 108, 18225, 125 21 47 502031 1010 SUF 1 42 1536 6.37 4267 0513038 000 78
erd- 5622 6581495 1744 5, 724. 185 24,127 21 4. ¢ ,25. | 15821 3 1 15 1537 637 4309

capeln PLO- 764 137 28 152 79 37280 65 20 4399 1465129541 %5 1032402 38 23  am  am nd
o, 809 1> 3 AT 1457 63 6820 4 92 15308107 *U% 1422473 438 296 nm  nm nd
EIO_S-DS 1%2' 2(;1' 2;3_ 1%0' 13' 87.2 1&" 2 7108130104 0 5662 1'376'5' 045 2155 34 5318 nm  nm nd.
EIO_S-El 97.8 1%6' 3; 210 75' 4236' 7§' 8 3; 5 171' 147312 1156' 2'773'5' 1112414 42 259 nm  nm nd.
oy, 889190 7213 80 % 738336 5 a4 7 1 MO 2E 1170400 424 248 nm am na
VL 1234 2310 235 1012 971 164g 209 35 101 92 T8 45 T L1 7489 2% 0,98 25.16 5.85 339 0513087 O 00 78
end- 12602410 2451103 57 1705298 34,166 33. 76, 12.72.10. 7116, 21E- g5 pc 09 555 34
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Table 3

s e ’

End- ) er » Missing % | End- e » Missing % | End- ey » Missing % | End- ey » Missing %
ppt membe ceptR REE DREE | membe ceptR REE DREE | membe ceptR REE DREE | membe ceptR REE DREE

r lost r lost r lost r lost
La |38]357.7 4212' 514.1 214' g% 239.7  46.6 | 1714 257 84 1457 850 | 7656 3730' gé 3953 516
Ce [115)950.7 °I) 00 3889 405 |7462 %0 0 3864 518 | 3279 631, 2648 807 [9039 “0 O 467.9 518
Pro|065| 99.4 722, 272 273 | 794 3901 403 508 | 336 1L80; 218 649 | 684 452 232 339
Nd |284/ 3076 201 0 1064 268 | 2809 13> 0 1539 531 | 1546 6930y 853 552 (2467 0 % 930 377
sm |058| 675 57.5 gé 10 148 | 384 187 ?é 197 512 | 408 292 8:',, 115 283 | 31.3 187 g% 126  40.2
Eu |0.16 151.1 1%)5' gé 352 233 | 1832 947 ;’é 885 483 | 250.4 125' 84 851 340 |107.8 588 gé 490 455
Gd (08| 628 5820, 46 7.3 | 360 179: 181 503 | 455 27.0 ; 185 407 | 286 174.. 112 302
T 043 92 72, 20 216 | 49 22 0 27 551 | 53 30 » 23 439 | 38 23, 15 388
Dy |0.98| 503 381, 122 243 | 248 115, 133 537 | 263 1230; 140 531 | 204 129 75 367
Ho |0.26] 7.7 6.1 gé 16 205 | 39 18 ?6 21 533 | 54 16 84 38 705 | 35 23 gé 11 330
Er |0.87| 166 14.1 gé 26 154 | 82 42 g{; 40 489 | 125 33 sgi 92 737 | 80 57 gé 23 201
Tm 013 18 15 g, 03 164 | 09 055 04 482 | 20 04 » 17 822 | 09 07 g5 02 220
Yo (092 89 73 ) 16 184 | 45 20 o 25 554 | 122 15 ). 107 875 | 43 32 11 258
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Lu |oa6] 09 09 0r 01 87 | 05 03, 03 483 | 19 02 17 893 [ 05 04 o, 01 206
2D | 21013 5926 27 |1935.1 971.9 50.2 |1089.9 676.1 62 |2193.9 1066.1 486
';f/" 0.53 na 0.83 0.81 0.98 0.95 1.42 251
ggi 5.04 7.34 457 481 5.85 6.23 6.37 10.55
cUE 9.91 19.52 21.04 19.99 25.16 25,25 15.36 17.53
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Table 4

FAYE] (03 KD |White Castle KD |Capelinhos KD |Y3 KD
ppt [End-member Missing REE End-member Missing REE End-member Missing REE End-member Missing REE

La3+ La 357.7 514.1 239.7 0.47 171.4 145.7 0.85 765.6 395.3 0.52
Ce3+ Ce 959.7 388.9 0.41 746.2 386.4 0.52 327.9 264.8 0.81 903.9 467.9 0.52
Pr3+ Pr 99.4 27.2 0.27 79.4 40.3 0.51 33.6 21.8 0.65 68.4 23.2 0.34
Nd3+ Nd 397.6 106.4 0.27 289.9 153.9 0.53 154.6 85.3 0.55 246.7 93.0 0.38
Sm3+ Sm 67.5 10.0 0.15 38.4 19.7 0.51 40.8 115 0.28 31.3 12.6 0.4
Eu2+ Eu 151.1 35.2 0.23 183.2 88.5 0.48 250.4 85.1 0.34 107.8 49.0 0.45
Gd3+ Gd 62.8 4.6 0.07 36.0 18.1 0.5 455 18.5 0.41 28.6 11.2 0.39
Th3+ Tb 9.2 2.0 0.22 4.9 2.7 0.55 53 2.3 0.44 3.8 15 0.39
Dy3+ Dy 50.3 12.2 0.24 24.8 13.3 0.54 26.3 14.0 0.53 20.4 7.5 0.37
Ho3+ Ho 7.7 1.6 0.2 3.9 2.1 0.53 54 3.8 0.7 35 1.1 0.33
Er3+ Er 16.6 2.6 0.15 8.2 4.0 0.49 12.5 9.2 0.74 8.0 2.3 0.29
Tm3+ Tm 1.8 0.3 0.16 0.9 0.4 0.48 2.0 1.7 0.82 0.9 0.2 0.22
Yb3+ Yb 8.9 1.6 0.18 4.5 2.5 0.55 12.2 10.7 0.87 4.3 1.1 0.26
Lu3+ Lu 0.9 0.1 0.09 0.5 0.3 0.48 1.9 1.7 0.89 0.5 0.1 0.21
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