Marine Geology 416 (2019) 105975

Contents lists available at ScienceDirect

Marine Geology

journal homepage: www.elsevier.com/locate/margo

Surface sediment composition and distribution of hydrothermal derived R

Check for

elements at the Duangiao-1 hydrothermal field, Southwest Indian Ridge At

Shili Liao™"™*, Chunhui Tao™™"*, Agata Alveirinho Dias“’, Xin Su’, Zhen Yang®, Jianyu Ni*",
Jin Liang™", Weifang Yang™", Jia Liu™", Wei Li*", Chuanwan Dong®

@ Second Institute of Oceanography, Ministry of Natural Resources, Hangzhou 310012, Zhejiang, China
Y Key Laboratory of Submarine Geosciences, State Oceanic Administration, Hangzhou 310012, China

¢ Institute of Science and Environment, University of Saint Joseph, Macao

4 School of Ocean Sciences, China University of Geosciences, Beijing 100083, China

€ Faculty of Earth Resources, China University of Geosciences, Wuhan 430074, Hubei, China

f Instituto Don Luiz, Faculty of Sciences, University of Lisbon, Portugal

& School of Earth Sciences, Zhejiang University, Hangzhou 310027, China

1 School of Oceanography, Shanghai Jiaotong University, Shanghai 200030, China

ARTICLE INFO ABSTRACT

Editor: Gert J. De Lange The study of the hydrothermal component in oceanic sediments provides key data for locating active and in-

Keywords: active hydrothermal systems. In this work, we report the geochemistry of surface sediments collected in the
Sediments newly discovered basaltic-hosted Duangiao-1 hydrothermal field (DHF) on the Southwest Indian Ridge (SWIR).
Geochemistry The sediments are mainly composed of a pelagic fraction (carbonate ooze) with minor clay contents, basaltic

Duangiao-1 hydrothermal field
Southwest Indian Ridge

debris, Fe—Mn oxyhydroxides, and hydrothermal components. Hydrothermal elements in the DHF exhibit a
precipitation sequence of Cu = Co > Zn =Pb > Fe > Mn = Ni = As. Proximal sediments to the hydro-
thermal discharge area are characterized by high Cu, Pb, Zn, and Co concentrations and higher Cu/Fe and Zn/Fe
ratios, decreasing abruptly within the first kilometer. After this proximal area, an evident increase of Mn con-
centrations and Mn/Fe ratios was observed, denoting higher oxidizing conditions of the hydrothermal plume.
Hydrothermal derived Pb and Co precipitated together with the sulfide phases, whereas at the distal sediments
Pb, Co, Ni, and As seem to be scavenged from seawater by oxyhydroxides. This was corroborated by increased
REE/Fe ratios with distance to the discharge zone. The geochemistry of DHF sediments is consistent with an
effective separation of metals during gradual cooling, and concomitant Eh and pH modifications, of the hy-
drothermal plume when in contact with seawater. This promotes the precipitation of Cu sulfides first, closest to
the discharge area, followed by Cu—Zn and Fe sulfides and Fe—Mn oxyhydroxides, in more distal areas. A
comparison of the DHF sediments with those from Dragon Horn, another hydrothermal site at the SWIR, suggests
that the hydrothermal fluids responsible for mineral precipitation at DHF are less reduced, favoring the for-
mation of sulfides and oxyhydroxides at shorter distances from the discharge zone. These findings are parti-
cularly valuable to the understanding of the variation in hydrothermal anomalies detected in sediments from
proximal and distal areas of discharge zones, contributing to the development of tools for the discovery of
hydrothermal fields.

1. Introduction

Since the discovery of the first hydrothermal field (Corliss et al.,
1979), scientific synergies have been put forward to increase the
knowledge of seafloor hydrothermal processes. This is relevant both
from a fundamental perspective, as it allows a better understanding of
the importance of these systems in ocean chemistry, earth dynamics,

and biological communities, but also from an applied standpoint, as
declining metal resources on land makes deep-sea mining economically
more viable. Seafloor massive sulfide (SMS) deposits are formed on and
below the seabed via hydrothermal activity and are usually enriched in
metals such as Cu, Pb, Zn, Au, Ag, and Co. The amount of these deposits
is estimated to be in the order of 6 x 10° tons (Hannington et al.,
2011). However, most of these estimates are based on known seafloor
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deposits and active hydrothermal systems that form buoyant plumes.
Thus, to better estimate the dimension of seafloor deposits, an in-
ventory of the inactive deposits is required.

Seafloor sediments adjacent to hydrothermal fields (HFs) are often
affected by hydrothermal activities, acquiring mineralogical and che-
mical compositions distinct from the background sediments (Feely
et al., 1987). Due to the long-term duration of hydrothermal activity,
the geochemical features of sediments adjacent to HFs can provide in-
formation not only about the spatial distribution and intensity of the
activity but also about the evolution and sedimentary flux of the field
(Cave et al., 2002; Laurila et al., 2014). Therefore, investigating the
geochemical features of seafloor sediments can help to identify both
active and ancient hydrothermal fields.

There are several geochemical and mineralogical methods to iden-
tify hydrothermal signatures in sediments (e.g., Bostrom et al., 1969;
German et al., 1999; Hrischeva and Scott, 2007; Huang et al., 2017; Pan
et al., 2018) and, with the discovery of ultramafic-hosted hydrothermal
vent fields, new approaches were added. The chemical composition and
spatial distribution of hydrothermal-derived elements around ultra-
mafic-hosted HFs are considerably different than those from volcanic-
related HFs (e.g., Mottl and Mcconachy, 1990; Cave et al., 2002;
Edmonds and German, 2004; Coogan et al., 2017; Dias et al., 2010). For
example, sediments from ultramafic-hosted HFs are usually richer in
ultramafic-derived elements, such as Mg, Ni, and Cr (Kuhn et al., 2000;
Yu et al., 2018; Dias et al., 2010), and metalliferous sediments and
deposits typically exhibit high Cu and Co contents and high Cu/Fe
values (Cave et al., 2002; Dias and Barriga, 2006; Rusakov et al., 2013;
Yang et al., 2016b).

The ultraslow-spreading Southwest Indian Ridge (SWIR) is char-
acterized by limited magma supply and was thought to be lacking hy-
drothermal activity (Baker et al., 2004). However, after the discovery of
the first active HF (Longgi-1) in 2007, more HFs have been observed in
this area, including the Duangiao-1, Yuhuang-1, Longqi-3, Junhui-1,
Tiancheng-1, Tianzuo-1, and Changbai-1 fields (Tao et al., 2012, 2014).
These discoveries imply abundant hydrothermal activity on the SWIR.
Currently, at least two types of sulfide mineralization have been iden-
tified on the SWIR: (1) the Duanqiao-1 HF (DHF) located on-axis under
volcanic settings (Yang et al., 2016a) and (2) the Longqi-1 HF located
off-axis, near an oceanic core complex (OCC), at the hanging wall of a
detachment fault (Zhao et al., 2013; Tao et al., 2014; Liang et al., 2014).
The distribution of hydrothermal elements in the Dragon Horn area,
where the Longgqi-1 HF is located, has been previously characterized
(Liao et al., 2018).

Here, we present the geochemical characterization of DHF sedi-
ments to evaluate possible geochemical anomalies related to the nearby
hydrothermal system. We compare these results with those from the
Dragon Horn area in relation to the spatial zonation of hydrothermal
elements within surface sediments and the mechanisms that form the
patterns of zonation. This study can be particularly valuable to the
understanding of the variation in the hydrothermal anomalies detected
in sediments from proximal and distal areas of the discharge zone,
contributing to the development of valuable tools for the discovery of
HFs.

2. Geological background

The study area is located at the shallowest zone of the ultraslow-
spreading SWIR (Dick et al., 2003), between Indomed and Gallieni
transform faults. It is positioned at an axial highland (central volcano)
in the shallow portion (~1700 m water depth) of segment 27 (72km
long; Cannat et al., 1999; Tao et al., 2012). The ridge volcanic axis
(RVA) is developed without obvious ridge rift (Fig. 1). Beneath segment
27, the oceanic crust is unusually thick (~10 km), which is probably
related to the existence of a well-developed magma chamber (Sauter
et al., 2004; Li et al., 2015; Niu et al., 2015; Jian et al., 2017). Most of
the study area is covered by pillow basalt or basaltic debris with
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sediments covering the depressions. The sediments are described as
calcareous shell remains of foraminifera (oozes) with a low content of
pelagic clays and lithogenic detritus (Chen et al., 2013). The DHF was
discovered during the DY115-20 cruise. Massive sulfide deposits, sedi-
ments, and opal samples were collected using TV-Grab. Focused tur-
bidity, temperature, and methane anomalies were not observed using
tow-yo or CTD investigations (Tao et al., 2014). The dating of DHF
sulfide chimneys using 22°Th/?3®U ratios revealed that this field suf-
fered several episodes of hydrothermal activity distributed between
0.737 and 84.338 kyrs ago (Yang et al., 2016a). Although no plume
signals were detected, locally hydrothermal diffuse venting was ob-
served by HOV survey (Shenhaiyongshi by RV Tansuoyihao) during the
2018-2019 cruise on SWIR. In situ temperature measurements of the
venting fluid revealed values as high as 277 °C. Those observations
indicate that DHF is still partially active at local area.

3. Sampling and analysis methods
3.1. Sampling

Surface sediments were sampled using a TV-Grab and a multi-tube
sampler on six cruises, DY115-20, 21, DY125-30, 34, 40, and DY135-
49, conducted between 2008 and 2018. Areas with a thicker sediment
cover were chosen for sampling, in particular the western portion of the
field, because the bottom current activity is mainly directed northwest
(Liao et al., 2015). Approximately the upper 10 cm of the sediment
samples was analyzed based on: (1) The age of this layer is estimated at
10ka according to previous studies that show a sedimentation rate of
the SWIR of ~1 cm/kyr (Mcarthur and Elderfield, 1977), which may
increase to 2.7-3.8 cm/kyr in the vicinity of HFs (Daessle et al., 2000;
Cave et al., 2002), and (2) that the field was active 0.737 ( = 0.023)
kyrs ago (Yang et al., 2016a).

Twenty-four surface sediments were collected (Fig. 1 and Appendix
1) at a water depth ranging from 1653 to 2456 m. Additionally, four
samples were collected along the ridge flank located > 60 km away
from the ridge axis to represent the mineral composition and geo-
chemistry of the background sediments. These sediments were char-
acterized by pale brown to white carbonate oozes and basaltic debris
(< 1%). The X-ray diffraction phase analysis suggested that the sedi-
ments were mainly comprised of calcite (> 95%), with minor quartz
(< 1%), aragonite (1%-5%), and clay minerals (mainly kaolinite, about
2%; Chen et al., 2013).

3.2. Analytical methods

Geochemical analyses were performed at the ALS Laboratory Group
in Guangzhou, China. Before analyses, samples were dried and sieved
using a 60-mesh (250 um) standard sieve to reduce the influence of
debris on sediment composition (Liao et al., 2017). Major elements
were analyzed using X-ray fluorescence spectrometry (PANalytical
PW2424). Prior to analysis, each sample was fully mixed with a flux
containing lithium nitrate and heated at 1000°C for ~1h. After
melting, each sample was transferred into a platinum mold to form a
flat glass sheet. Three standard samples (GBW07105, NCSDC47009,
and SARM-4) were used during the analyses to monitor data accuracy.
The measurement error for the collected data was within 5%.

Trace elements were analyzed using an Agilent 7700x ICP-MS.
Sediment samples were crushed to grains < 74 um (200 mesh) in an
agate mortar. Then, ~250 mg of each sample was weighed and digested
with HClO4, HNO3, and HF. The solutions were evaporated until dry;
the residue was leached and dissolved using diluted HCI, and the dis-
solved sample was analyzed. The results were corrected for spectral
inter-element interferences. Reference samples GBM908-10 and
MRGeo08 were used as internal standards for data quality control. The
measurement error on the data was within 10%.
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Fig. 1. Location and topography of the study area. White points and squares are sediments sampled using TV-Grab and a multi-tube sampler, respectively.
Topography data were obtained from the General Bathymetric Chart of the Oceans (GEBCO, 2008) and multibeam bathymetry studies.

4. Results

The statistic results of the sediments are shown in Table 1. Full
geochemical results are given in Appendix 1.

4.1. Major elements

Whole geochemical analyses show that the DHF sediments exhibit
CaO content ranging from 45.10 to 52.87 wt% (average = 50.25 wt%),
which is comparable to background sediments (BGS:
average = 50.97 wt%) (Appendix 1). The contents of Al,O3, TFe;Os3,
and MgO are 0.50-2.83, 0.39-2.16, and 0.27-1.25 wt%, with average
values of 1.22, 0.99, and 0.53 wt%, respectively, which are higher than
those of background sediments. Compared with background sediments,
the DHF sediments also exhibit higher SiO, and TiO, content with
average values of 1.73-9.17 and 0.02-0.22 wt%, respectively. As Al and
Ti are relatively immobile elements in MOR hydrothermal systems (e.g.,
Bostrom, 1973; Dias and Barriga, 2006), they may represent clastic/
detrital components in sediments and, accordingly, their levels were
high in the DHF samples (average Al = 0.79 wt% and Ti = 0.06 wt%).
As the BGS were collected at the ridge flanks, these elements also show
higher levels of clastic/detrital components within the ridge axis sedi-
ments compared with the ridge-flank sediments, which is similar to the
sediment features near the Rodrigues Triple Junction on Central Indian
Ocean (Kuhn et al., 2000).

4.2. Trace elements

Copper and Zn contents range from 9.4 to 338 ppm and from 10 to

105 ppm with averages of 57.9 and 31.8 ppm, respectively. The Pb
content ranges from 2.7 to 27 ppm (Pbyedian = 9.55 ppm). The content
of Pb, especially in the proximal sediments, is considerably higher than
in the background (Pb = 4.7 ppm) and the metalliferous sediments
(Pb = 4.2 ppm) from Dragon Horn area. Metals, such as Cu, Pb, Zn, Fe,
Mn, Co, and As, have significantly higher concentrations in the DHF
than in the background sediments (Table 1). In addition, the average
Cu/Al, Zn/Al, and Pb/Al ratios of the DHF sediments (79.13, 48.21, and
16.26, respectively) are higher than those of background sediments
(42.11, 33.24, 10.96, respectively), indicating that the enrichment of
these elements in the sediments possibly results from a contribution by
hydrothermal components. The average Ni and Cr contents are 11 and
10 ppm, respectively, almost similar to the background sediments
(Ni = 14 and Cr = 6 ppm), but lower than the sediments from Dragon
Horn area (28 and 27 ppm, respectively).

4.3. Rare earth elements and yttrium (REY)

REY concentrations were normalized to the chondrite values (Taylor
and Mclennan, 1985). The deviations of Eu and Ce from their neighbors
lanthanide elements were defined by Eu and Ce anomalies [Eu/
Eu* = 2(Eu/Eu,)/(Sm/Sm, + Gd/Gd,); Ce/Ce* = 2(Ce/Ce,)/(La/
La, + Pr/Pry); Table 1]. Sediments from DHF exhibited ¥REE contents
ranging from 19.91 to 59.75 ppm, and chondrite-normalized REY dis-
tribution patterns show a strong enrichment in LREE (Fig. 2a) with
LREE/HREE values between 1.15 and 2.01. All sediment samples show
negative Eu anomalies (Eu/Eu* = 0.60-0.80; average 0.71). Negative
Ce anomalies (Ce/Ce* = 0.52-0.94; average 0.72) were also present in
the majority of the sediments, except for two sediment samples that
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Table 1
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Major and trace elements of the sediments from the DHF and comparison with the Dragon Horn area.

Elements DHF sediments BGS (n = 4) Dragon Horn Dragon Horn non- Basalt Serpentinite CIR sediments
metalliferous metalliferous sediments  (n = 26) (n=19)
sediments (n = 8) (n =47)
Min Max  Average Median SD Average Average Average Average Average Average
CaCO3 (wt%) 80.49 94.36  89.68 89.62 3.39 90.97 83.01 85.35 20.09 1.45
SiO, (Wt%) 1.73  9.17 3.94 3.69 1.85 3.12 7.14 6.25 48.95 41.10 12.75
Al,03 (Wt%) 0.50 2.83 1.22 1.12 0.59 0.81 1.31 1.74 16.16 1.56 2.55
TFe;03 (Wt%) 0.39  2.16 0.99 0.83 0.54 0.55 2.44 1.33 11.10 8.57 2.29
K>0 (wt%) 0.09 021 0.14 0.13 0.03 0.77 0.17 0.22 0.14 0.02
MgO (wt%) 0.27 1.25 0.53 0.48 0.24 0.38 1.77 0.99 8.38 36.17 0.84
Na,O (wt%) 0.61 1.58 1.03 1.02 0.23 1.24 1.06 1.21 2.39 0.10 0.96
MnO (wt%) 0.02 0.12 0.06 0.065 0.03 0.04 0.08 0.05 0.16 0.12
P,05 (Wt%) 0.01  0.09 0.05 0.05 0.02 0.06 0.06 0.06 0.06 0.03 0.07
TiO, (Wt%) 0.02 0.22 0.08 0.06 0.05 0.04 0.08 0.09 1.10 0.03 0.04
LOI (Wt%) 37.34 4491 41.95 42.46 1.73 43.12 39.67 40.62 0.05 11.71
Mo (ppm) 0.14 097 0.42 0.35 0.24 0.4 1.53 0.33 0.09
Bi (ppm) 0.05 0.17 0.08 0.08 0.03 0.06 0.11 0.07 0.02
Cu (ppm) 9.4 338.0 57.9 23.85 79.35 18.1 333.2 47 93 15 141
Pb (ppm) 2.7 27.0 10.5 9.55 7.17 4.7 4.2 5 2 1 20
Zn (ppm) 10 105 31.8 24.00 25.99 14.3 50 24 95 32 83
As (ppm) 3 8 4 4.10 1.60 1.9 6 3 1 5
Sb (ppm) 0.00 0.32 0.16 0.14 0.08 0.15 0.21 0.15
Co (ppm) 5 22 12 11.65 5.29 7 17 8 49 85 24
Ni (ppm) 6 20 11 9.50 4.02 14 56 24 143 1515 110
Cr (ppm) 3 27 10 9.00 6.36 6 40 25 230 1530 30
V (ppm) 4 42 17 13.00 11.28 6 26 20 270 30 22
Ti (ppm) 0.02 0.13 0.05 0.05 0.03 0.026 0.05 0.054
Mn (ppm) 173 956  468.25 465.00 221.73 305 536 401 2600
MSI 38.01 57.20 47.31 47.73 4.88 50.97 33.41 48.38
YREE 19.91 59.75 31.32 29.80 8.12 43.37 33.48 41.66
LREE 11.81 39.27 18.87 18.40 5.36 25.67 19.66 24.58
LREE 6.62 20.48 12.45 11.92 3.12 17.7 13.82 17.08
L/H 1.15 201 1.53 1.48 0.22 1.46 1.43 1.46
(Eu/Eu®)y 0.60 0.80 0.71 0.73 0.06 0.71 0.7 0.72
(Ce/Ce*)n 052 1.31 0.76 0.74 0.20 0.57 0.63 0.58

Note: MSI is the “Metalliferous Sediment Index” given by 100*Al/(Al + Fe + Mn) values (Bostrom et al., 1969). L/H is the ratio between LREE/HREE. Data from
Dragon Horn area are from Liao et al. (2018); Basalt and serpentinites were partially published by Yang et al. (2017) and Chen et al. (2015). Central Indian ridge

sediments (CIR) are from Kuhn et al. (2000).

exhibited significant positive Ce anomalies (40I-TVG02 = 1.20 and
341II-TVGO7 = 1.31). Sediments were also normalized to the back-
ground sediments (BGS; Fig. 2b) to evaluate the major differences on
the REY contents relatively to pelagic sediments without hydrothermal
signatures. Although the sediments from DHF exhibit REY patterns si-
milar to BGS patterns, they are slightly enriched in HREE. Major dif-
ferences can be also observed in the Eu and Ce anomalies. Positive Eu
anomalies are more evident in proximal sediments and sometimes are
associated with less negative or even slightly positive Ce anomalies
(Fig. 3). These positive anomalies observed in the BGS-normalized
patterns corroborates a stronger hydrothermal signature in the area
near the discharge zone.

100

DHF sediments
= DHF sediments(Average)
= BGS(Average)
Basalt(Average)

Sediments/Chronite

1 L L L L L L L L L L 1 L L

La Ce Pr NdSm Eu Gd Tb Dy Ho Er TmYb Lu

Y

Sediments/BGS

5. Discussion
5.1. Sediment composition

To better understand the contribution of the hydrothermal-derived
elements in the surface sediments from DHF, a comparison to the BGS
was performed. The BGS are pelagic sediments characterized by Liao
et al. (2018) as calcareous oozes mixed with basaltic debris and Fe—Mn
oxyhydroxides (hereafter referred to as Fe—Mn oxides; Table 1 and
Appendix 1). In the DHF, the calculated CaCO3 content of the sediments
show values usually higher than 90%, which is in agreement with the
main composition of the BGS. However, the contribution of basement-
derived debris and hydrothermal-derived signatures in the sediments is
evident. On the Al,03-TiO, and Al,03-MgO diagrams, surface

2.0

0.2 I I I I I I 1 1 1 I I I I
LaCePrNd Sm Eu Gd Tb Dy HoEr Tm YbLu Y

Fig. 2. REY patterns of the DHF sediments normalized to (a) chondrite (Taylor and Mclennan, 1985) and to (b) background sediments (BGS).
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sediments from the DHF plot between the background sediments and
basalts (Fig. 4a and b), indicating that they contain minor basaltic
debris. This result is different for surface sediments from the Dragon
Horn area, Rainbow, and Saldanha that contain significant ultramafic
debris (Cave et al., 2002; Dias and Barriga, 2006; Liao et al., 2018), as
supported by a high content of MgO (Fig. 4b). In addition, sediments
from the DHF exhibit lower Al and Mg contents compared with those
from the CIR and Endeavor Ridge Segment (Fig. 4b), indicating a lower
basaltic debris content in the sediments from the study area (Kuhn
et al., 2000; German, 2003).

Sediments in the DHF exhibit a clear enrichment in metals, such as
Cu, Zn, Pb, Fe, and Mn (Fig. 5a and b), suggesting the input of hydro-
thermal-derived elements. As no apparent sulfide debris was found in
the sediments, the high content of these elements is likely driven by
hydrothermal fallout or directly precipitated within the sediment
during the rise of the fluid. This is also consistent with previously re-
sults showing that indexes of Fe, Cu, and Zn content are sufficiently
sensitive to differentiate the effects of diverse hydrothermal activities
on surface deposits in the SWIR (Pan et al., 2018). In addition, the DHF
sediments exhibit a Fe—-Cu-enrichment pattern, similar to the Dragon
Horn and Endeavor field (Fig. 5b). Most of the Saldanha sediments, in
comparison with the ones of the DHF, have a higher content of Fe—Mn
oxyhydroxides (Fig. 5a) and sulfides dominated by Zn-rich sulfide
phases (Fig. 5b), typical from low-temperature hydrothermal activity
(Dias and Barriga, 2006). Surprisingly, the DHF sediments exhibit
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higher Pb content than the Dragon Horn area and background sedi-
ments (Fig. 6), even similar to the pattern of sediments influenced HFs
(e.g., Jan Mayen and Loki's Castle; Baumberger et al., 2016; Cruz,
2016). It has been reported that sulfide developed on sediment-starving
mid-ocean ridges exhibit low Pb contents (Hannington et al., 2005). We
propose that the hydrothermal plume inherited the Pb enrichment
feature from the DHF vent fluid, which is supported by the Pb-rich
features of the sulfide recovered from this field (Yang, 2017). Pb was
scavenged by the Fe—Mn oxyhydroxides in the hydrothermal plume,
that later precipitated within the sediment cover. This hypothesis is
well supported by the strong positive correlation between Pb and Mn
(Fig. 6, Pearson's correlation, R = 0.827; P = 0.000; N = 24). Ad-
ditionally, Pb can be also derived from the hydrothermal fluid and in-
corporated in the plume sulfide minerals that have precipitated within
the sediment.

To differentiate the pelagic sediments with and without metalli-
ferous/hydrothermal inputs, the “Metalliferous Sediment Index” (MSI;
100*Al/(Al + Fe + Mn); Bostrom et al.,, 1969) was used. Index va-
lues < 40% or 60% have been previously interpreted as demonstrating
abundant hydrothermal input to ridge-flank sediments (e.g.,
Yamamoto, 1987; German, 2003; Dias and Barriga, 2006; Du et al.,
2007; Hung et al., 2018). The DHF sediments show MSI values below
60%, with 17 samples below 50% as with a minimum value of 38.01%
(Table 1), indicating a slight enrichment in metalliferous contents in
some of the sediments.

On the Si-Fe-10 Mn diagram, most of the sediment samples from
the DHF plot between basalt and the background sediments (Fig. 5a).
Some samples plot closer to the Fe—Mn oxide region, suggesting that
they contain significant Fe—Mn oxides. However, the DHF sediments
show relatively higher Mn content compared with the ones from
Dragon Horn (Figs. 5a and 6). This suggests that oxides from DHF are
dominantly Mn-rich phases, in contrast with the ones from Dragon
Horn that are dominantly Fe-rich phases. In addition, Fe—Mn oxides of
hydrothermal origin generally display chondrite-normalized REY pat-
terns with negative or no Ce anomalies, whereas hydrogenetic Fe—Mn
oxides are typically characterized by positive Ce anomalies due to the
oxidative scavenging of Ce from seawater (Elderfield et al., 1981; Kuhn
et al., 1998). Further, seafloor oxidation processes of the basaltic debris
of the sediments may produce negative Ce anomalies (Ludden and
Thompson, 1979). Compared with the background sediments, sedi-
ments in the DHF exhibit positive Ce/Ce{sgs normalizeay anomalies,
showing extremely high values in two samples (Fig. 3). Therefore, part
of the Fe—Mn oxides of the sediments is probably hydrogenetic.
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Fig. 4. Diagrams of Al,03-TiO, (a) and Al,03-MgO (b) for the DHF (Duangqiao-1). For comparison, data from background sediments (BGS); Dragon Horn (Liao et al.,
2018); Endeavor HF (Hrischeva and Scott, 2007); CIR (Kuhn et al., 2000); Rainbow HF (Cave et al., 2002; Chavagnac et al., 2005; Dias and Barriga, 2006); Saldanha
(Dias and Barriga, 2006); Basalt (Yang et al., 2017) and Serpentinite (Chen et al., 2015) are also plotted.
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Fig. 6. Comparison of Pb and Mn content of sediments from the DHF and
Dragon Horn area. For comparison, data from others sources is plotted. Data
base: background sediments (BGS) and Dragon Horn (Liao et al., 2018); En-
deavor HF (Hrischeva and Scott, 2007); Jan Mayen and Loki's Castle (Cruz,
2016).

5.2. Distribution and zonation of hydrothermal elements

In order to identify the hydrothermal fluids-derived elements and
the ones that were scavenged from seawater by the hydrothermal
buoyant plumes, the hydrothermal origin of elements was calculated
according to the formulas suggested by Cave et al. (2002) and Liao et al.
(2018): Elementyygrothermal = Elementroe, — Elementp,zaic (see Sup-
plementary Methods for details). Concentrations of these elements with
distance to the hydrothermal field were analyzed to understand if there
was any pattern in the dispersal features of hydrothermal-derived ele-
ments (Fig. 7). Further, to better identify the proportion of the different
elements in the whole sediment, element/Fe ratios were also studied
(Fig. 8).

5.2.1. Cu, Pb, Zn, Co, Fe, and Mn

The results show a clear enrichment in Cu, Zn, and Fe near the
source, decreasing abruptly within the first kilometer and maintaining
very low concentrations after that (Figs. 7a and d). The same was
visible for the Cu/Fe, Zn/Fe ratios, which decrease with increasing

distance to the DHF (Fig. 8a). Contrarily, Mn shows higher concentra-
tions between the 2nd and 7th km (Fig. 7c). These results put in evi-
dence an effective separation of Cu, Zn, and Fe in the fluids relatively to
Mn. This is a consequence of the chemico-physical conditions of the
fluid when the mixing with the bottom seawater occurs. Due to the
decrease in temperature and Eh and increase in pH conditions, occur-
ring when the buoyant plume moves away from the source and un-
dergoes greater interaction with the bottom seawater, the Cu-Zn-Fe—
sulfides precipitate first, near the source. The Fe and Mn are transported
beyond the discharge zone and dispersed in the open ocean, pre-
cipitating as oxyhydroxides in more distant zones. The effective se-
paration of these metals is also corroborated by the decreasing ratios of
Cu/Fe and Zn/Fe and increasing ratio of Mn/Fe with the distance to the
discharge zone.

Although hydrothermal-derived Cu and Zn exhibit similar dispersal
distances (Fig. 7a), the Cu/Fe values show a slightly faster decrease
relatively to the background values than the Zn/Fe ratio, with values
starting to decay at a distance of 1.0-1.5 and 1.5-2 km from the source
(Fig. 8a), respectively. This suggests that Cu-rich sulfides precipitated
before more intense mixing processes occurred within the plume, fol-
lowed by the precipitation of Zn-rich sulfides.

The distribution of Pb and Co is similar to that of Cu, Zn, and Fe
within the first kilometer but shows a second peak between the 3rd and
9th kilometer (Figs. 7b and 8b). This indicates that Pb and Co were
incorporated in the sulfide structures in the early stage of plume for-
mation. The second enrichment is explained by the scavenging of those
elements from the seawater by oxyhydroxides, which takes place due to
the continuous mixing processes of the hydrothermal plume with sea-
water. The relationship between those elements is also supported by the
high correlation of Co with Mn (r = 0.892; P = 0.000; N = 24). Fur-
ther, sediment samples collected 2km away from the DHF exhibit
higher correlations of Pb with Mn (r = 0.903; P = 0.000; N = 16) than
total samples (r = 0.827; P = 0.000; N = 24), indicating that Pb and Co
were absorbed to oxyhydroxides after the majority of sulfides have been
precipitated.

5.2.2. Ni, As

Hydrothermal Ni, As, and the Ni/Fe and As/Fe values increased
with increasing distance from the DHF, with maximum values at
~10 km and decreasing values beyond that distance (Figs. 7c, d and 8c,
d). This feature is similar to the distribution of Mn and is consistent
with former studies (e.g., Feely et al.,, 1991; Edmonds and German,
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2004; Coogan et al., 2017), indicating that these hydrothermal ele-
ments are mainly incorporated via scavenging processes by the oxy-
hydroxides.

5.2.3. Rare earth elements

The initial REY pattern of the hydrothermal fluid is also con-
tinuously modified during the dispersal of the hydrothermal plume due
to physic-chemical changes related with the increasing dilution of the
fluid by unmodified seawater (Zeng et al., 2015). The REY patterns
from plumes become overprinted by those of seawater due to the
scavenging of REE by oxyhydroxides from seawater, which later pre-
cipitate in more distal sediments, explaining the higher ratios of REE/
Fe and XREE/Mn in distal zones of the field (Fig. 9a). In agreement, the
sediments collected at higher distances to the hydrothermal source
show lower negative BGS-normalized Ce anomalies (Fig. 9b), consistent
with the fallout from neutrally buoyant plumes due to the absorption of
REY from seawater by Fe oxide particles during plume dispersal. The
Eu/Eu{sgs normalized) anomalies are not related to distance from the DHF.

5.3. Factors controlling the dispersal of hydrothermal elements within the
DHF

The DHF is located ~60 km away from the Longqi-1 HF. However,
the DHF exhibits significant differences in the dispersal distance of
hydrothermal derived Cu and Zn. Comparatively, the dispersion of
these elements within 1-2km in the DHF show significantly lower
contents in Cu than in the Dragon Horn area (Liao et al., 2018). Former

studies suggested that the spatial distribution of hydrothermal derived
elements in sediments can be mainly affected by the following factors
(Coogan et al., 2017): (1) the chemical composition of hydrothermal
fluid; (2) the physicochemical environment and biological processes
within the hydrothermal plume; (3) the bottom flow and topographic
environment and; (4) the scale of hydrothermal activity. In general, the
topography and chemical composition of the hydrothermal fluids affect
the morphological characteristics of the element distribution in the
sediment (Cronan, 1983), while the scale of hydrothermal activity af-
fects the overall dispersal distance of elements. In the DHF and Longqi-1
HF, the main factor that determines the differences in spatial distribu-
tion of hydrothermal elements might be the physical and chemical
environment during plume dispersal.

The DHF, a magmatic-hosted hydrothermal field, is located on the
RVA (Yang et al., 2016a), whereas the Dragon Horn area is located near
the OCC termination fault and is dominated by magmatic and tectonic
processes (Zhao et al., 2013; Tao et al., 2014; Liang et al., 2014). In the
Dragon Horn area, the host rock and the heat source are significantly
different from that of magmatic-hosted HFs. This geological context
seems to be responsible for the higher content of Cu and for the ob-
served geochemical composition features of the adjacent sediments,
(e.g., higher Cu/Fe ratios; Daessle et al., 2000; Liao et al., 2018). In
addition, in geological contexts similar to the Dragon Horn, where long-
lived detachment faults are thought to provide the pathways for hy-
drothermal circulation, hydrothermal plumes can show signatures de-
rived by the interaction with mantellic rocks, characterized by very
high H, and CH, concentrations relative to hydrothermal plumes from
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basaltic-hosted systems (Charlou et al., 2002). As a result, this more
reduced fluid can retain ions, such as HS™ and $>~, in the hydrothermal
plume for a longer time, transporting hydrothermal-derived metals for
longer distances that will thus precipitate in sediments in more distal
regions. Furthermore, under more reduced conditions, the organic li-
gands could potentially stabilize the dissolved Cu, Zn, Fe, and Mn in
hydrothermal plumes, dispersing these metals to longer distances
(Sander and Koschinsky, 2011).

In the DHEF, the dispersal distance of hydrothermal Zn is comparable
with hydrothermal Cu (DHF Zn: 1.5-2km; Cu: 1.0-1.5 km; and Figs. 7
and 8) but shows considerably lower concentrations than in the Dragon
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Horn area (Dragon Horn Zn: 2 km; Cu: 5-6 km; Liao et al., 2018). Dif-
ferences between the precipitation of Cu and Zn have also been ob-
served in some HFs, where Cu precipitates quicker or slower than Zn
(e.g., Mottl and Mcconachy, 1990; Cave et al., 2002; Edmonds and
German, 2004; Trocine and Trefry, 1988). Hydrothermal plumes de-
rived from the tectonic-hosted Dragon Horn area are rich in CH, and H,
and are more reducing than those from the volcanic-related DHF. Under
these more oxidative conditions, Fe has a higher affinity to react with
oxygen and to form oxyhydroxides than Mn (Marbler et al., 2010). As
Mn oxidation in the fluids is much slower than Fe, Mn precipitates at
higher distances from the source. Additionally, Mn enrichment may
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Fig. 9. REY in sediments with increasing distances to the DHF.
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area. The structure of the ridge is modified after Escartin et al. (2008), and hydrothermal fluid-seawater mixing process is modified after Sander and Koschinsky
(2011). Hydrothermal plume derived from the tectonic-hosted Dragon Horn area was reduced as a result of high content of CH4 and H, produced by serpentinization,
which favors the formation of oxyhydroxide particles rich in Fe during dispersing and mixing with seawater (Marbler et al., 2010). However, the plume derived from
the DHF was more oxidizing favors the formation of oxyhydroxide particles rich in Mn. The oxyhydroxide particles enriched in Fe has a higher affinity with Cu than
Zn, whereas oxyhydroxide particles enriched in Mn absorbs more Zn than Cu (Koschinsky and Hein, 2003), that probably resulting in the separation of Cu and Zn in

the plume.

continue as a result of hydrogenetic precipitation of Mn-rich oxyhydr-
oxides and by biological oxidation. However, the continually oxidizing
processes of the plume along the mixing with the oxygenated seawater
during plume dispersion will allow the oxidation of Mn at longer dis-
tances.

Cu shows a higher affinity with Fe (Koschinsky and Hein, 2003) and
an evident fractionation with Zn during hydrothermal plume dispersal
(Fig. 10). This results in an increase in the dispersal distance of hy-
drothermal Cu, as described for other ultramafic-hosted HFs, such as
Rainbow (Cave et al., 2002; Edmonds and German, 2004), where Cu
disperses to at least 5-6 km away from the vent. It is also consistent
with the relatively higher content of Mn in the sediments in the DHF
(Fig. 5a) and supported by the higher correlations of Zn with Mn in the
DHF than in Dragon Horn (Supplementary Table 1). This suggests that
hydrothermal Cu and Zn mainly migrate via absorption to Mn oxy-
hydroxides in the DHF and to iron oxyhydroxides in the Dragon Horn
area. In addition, because Zn only has one oxidation state, it is likely to
be most mobile under oxidizing conditions once deposited in the sedi-
ment. When sulfides are oxidized to sulfates, Zn will be released to pore
waters where it can migrate out of the sediment, thus creating low Zn
concentrations under high oxygen conditions (Costa et al., 2018). In
addition, Mn oxides are not recycled in the bottom water, where the

content of O, is < 5 uM, whereas Fe oxyhydroxides still behave actively
under this condition (Shaw et al., 1990; Emerson and Hedges, 2003;
Sun et al., 2018). This process could also lead to desorption and release
of scavenged Zn from Fe oxyhydroxides to pore waters in the Dragon
Horn area while still stable in the DHF, which is consistent with slightly
higher Zn content of the DHF sediments compared with the Dragon
Horn area sediments (Fig. 5b).

6. Conclusion

(1) Surface sediments in the DHF are mainly composed of pelagic se-
diments (carbonate oozes with clay components) with minor con-
tents of basaltic debris, Fe—Mn oxyhydroxides, and hydrothermal
components. The hydrothermal content is characterized by an en-
richment in Cu, Pb, Zn, and Co in proximal sediments and by a
higher Mn and Fe content in the distal ones. Part of the ferro-
manganese phases from distal areas of the site are of hydrogenetic
origin.

Elements/Fe ratios used to characterize the dispersal distances of
the hydrothermal derived elements show that Cu precipitates
slightly faster than Zn, Fe, and Pb in the proximal sediments,
whereas Ni, As, and REY are mainly precipitated in more distal

(2

—
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sediments, probably by being scavenged from the seawater by
Mn—Fe oxyhydroxides. Concordantly, Mn-rich oxyhydroxides are
mostly precipitated in the distal sediments.

(3) In comparison with the Dragon Horn area (an ultramafic-hosted
hydrothermal system), the DHF (a basaltic-hosted hydrothermal
system) has a lower dispersion of mineral precipitates around the
discharge zone, particularly in relation to the Cu-Zn-rich mineral
phases. This may be related to the end-member hydrothermal fluid
from DHF being less reduced than in the Dragon Horn area, as a
result of rapid oxidation by contact with bottom seawater.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.margeo.2019.105975.
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