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Abstract: The compositions of metalliferous sediments associated with hydrothermal vents can
provide key geochemical data for locating seafloor sulfides. In this study, we present the geochemistry
of seabed sediments from the Xunmei hydrothermal field (HF) in the South Mid-Atlantic Ridge
(SMAR). The results indicate that the sediments are mainly composed of pelagic material (biogenic
calcium components), basaltic debris, iron-manganese oxides, and hydrothermal components. The
sediments are significantly enriched in Cu, Zn, Fe, and Co deriving from hydrothermal fluids, as well
as Mn, V, Mo, U, and P, which are primarily scavenged from seawater. The northeastern Xunmei
has the highest concentrations of Cu and Zn, while the northeastern, northern, and southern regions
are characterized by great inputs of Fe. Manganese and Mo are mainly enriched in the western and
southern parts and show a strong positive correlation, indicating that Mo is mainly scavenged by Mn
oxides. Uranium, P, and Fe exhibit strong positive correlations, suggesting that they coprecipitate
with Fe from hydrothermal plumes. Vanadium and Co are introduced into sediments in different
ways: V is scavenged and coprecipitated by hydrothermal plumes, and Co is derived from sulfide
debris. Based on the contents of Cu and Zn and Cu/Fe (0.159), Zn/Fe (0.158), and Fe/Mn (1440)
ratios, it can be inferred that a high-temperature hydrothermal vent existed in northeastern Xunmei.
In combination with the distribution patterns of the above elements, the hydrothermal vents in the
southern part ceased erupting after a short period of activity. In addition, the high Mn anomaly and
the high U/Fe ratios at the boundaries of the investigated area indicate the presence of a relatively
oxidized environment in southwestern Xunmei.

Keywords: South Mid-Atlantic Ridge; metalliferous sediments; Xunmei hydrothermal field;
geochemical characteristics; hydrothermal activity

1. Introduction

Seafloor massive sulfide (SMS) deposits are products of submarine hydrothermal
convection and are rich in metal elements such as Fe, Cu, Pb, Zn, Au, and Ag. Due to
their high ore grade, shallow depth, and rapid mineralization process, SMS deposits are
deep-sea mineral resources with great economic potential [1,2]. Currently, the identification
of SMS deposits mainly relies on detecting plumes, which are characterized by anomalies
in water turbidity, temperature, and redox potential around hydrothermal fields (HFs), and
then determining the hydrothermal vents [3,4]. However, for inactive sulfide deposits, elec-
tromagnetic and magnetic methods are considered effective approaches [5]. Nevertheless,
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the exploration methods of sediment geochemistry for SMS deposits offer potential but
still need to be improved and supplemented [6].

Metalliferous sediments are unconsolidated deep-sea deposits associated with sub-
marine hydrothermal activity containing hydrothermal matter, terrigenous and volcanic
materials, and biogenic components [7]. Compared to pelagic sediments, they are enriched
in Fe, Mn, Cu, Pb, Zn, and As but depleted in Al and Ti [7-12]. The submarine sediments
near HFs are frequently influenced by hydrothermal vent circulation [13]. Previous stud-
ies have identified two types of hydrothermal metalliferous sediments. The first type
forms through the rapid deposition of sulfides (near a vent), which can be considered
cogenetic with massive sulfides and provides a record of hydrothermal ore-forming en-
vironments [14]. The second type forms through particle settling from neutral-buoyancy
hydrothermal plumes diluted by background sediments (far from a vent); this type is
influenced by hydrothermal plume dispersion patterns and processes [9,13,15] and is the
proxy for the presence, intensity, and location of hydrothermal vents.

Significant progress has been made in the identification of metalliferous and nonmetal-
liferous sediments [16,17], the geochemical characteristics of hydrothermal metalliferous
sediments [12,18-20], the ore-forming environment and genesis [21,22], and the history
of hydrothermal sedimentation and evolution of hydrothermal activity [23-25]. How-
ever, there is still relatively limited research on the application of sediment geochemistry
in hydrothermal exploration. Previous studies have characterized the distribution of
hydrothermal-derived elements in surface sediments of the TAG HF in the Mid-Atlantic
Ridge [26], the Dragon Horn HF in the Southwest Indian Ocean [6], and the Duangiao-1 HF
in the Southwest Indian Ocean [27] and have discussed the relationship between element
distribution and distance from the vent. The published literature indicates that relevant
work in various hydrothermal fields along the South Mid-Atlantic Ridge (SMAR) has not
yet been conducted.

Since 2009, investigations and studies on hydrothermal activities in the SMAR have iden-
tified several hydrothermal fields, including Xunmei, Deyin, Tongguan, and Zouyu [28-33].
Recent research indicates that non-biogenic sediments in the SMAR are primarily derived
from hydrothermal sources, the second source was lithogenic components, and the third
source was a number of elements scavenged from seawater [34]. However, there has been
no relevant study on spatial distributions of hydrothermal components in seabed sediments.
In this study, seabed sediments from 16 stations in the Xunmei HF were analyzed. We aim
to explore the correlation between hydrothermal activity and element geochemistry, thereby
providing a geochemical basis for the identification of unknown hydrothermal vents.

2. Geological Setting

The SMAR is divided into four segments from north to south: the Equatorial seg-
ment, the Central segment, the Austral segment, and the Falkland segment. The Moore
discontinuity belongs to the Austral segment located within the 25°~27°30’ S area. The
Moore and Rio Grande fault zones subdivide the Moore discontinuity into three ridge
segments labelled 1 N to 3 N [35]. The development of fault structures and volcanic activity
provides conditions for hydrothermal circulation [36]. The Xunmei HF is located in the 2 N
ridge segment between 25°40" and 26°35'. It is approximately 100 km long and represents
an asymmetric slow-spreading ridge, with a westward spreading rate of approximately
19.3 mm/yr and an eastward spreading rate of approximately 16.3 mm/yr [35,37]. The
Xunmei HF was discovered during cruise DY115-22 in 2011 and reinvestigated during
cruise DY135-46 in 2017.

The Xunmei HF is located in a depression between two volcanoes (Figure 1b). At
a water depth of approximately 2600 m, a flat plateau has formed along a 7-9 km wide
axial valley [37]. The bedrock mainly consists of N-MORB and lesser microcrystalline
basalt, vesicular basalt, porous basalt, and basaltic glass [38,39]. The high-elevation fields
are completely composed of pillow basalt, with a flat top and limited sedimentation. In
the low-elevation fields, fresh basalt is partially covered by loose sediments, whereas
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no ultramafic rocks are exposed [28]. Abundant metallic sulfide fragments, vent biota,
chimney fragments, and inactive chimneys on slopes and low-lying fields were observed by
camera tow surveys [40]. The detected temperature anomalies, presence of methane (CHy),
and widespread turbidity anomalies highlight the existence of hydrothermal vents in the
Xunmei HE. A recent underwater video survey conducted in the Xunmei HF revealed the
presence of three different types of sulfide chimneys. The iron-rich sulfide chimneys were
predominantly composed of pyrite and marcasite; the iron-copper-rich sulfide chimneys
were mainly composed of pyrite and chalcopyrite; the copper-rich sulfide chimneys were
primarily composed of chalcopyrite and pyrite [41].
depth(m)
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Figure 1. Location and topography of the Xunmei HF. The topographic data in (a,b) are from
www.GEBCO.net (accessed on 8 June 2023), while the data in (c) are derived from AUV multibeam
bathymetric surveys.

3. Materials and Methods

Since 2009, the China Ocean Association has organized ocean cruises to collect seabed
sediment samples at over 70 stations in the SMAR [34]. The seabed sediments used in
Xunmei HF (Figure 2) were obtained from segment III of cruise DY115-22 and segments 11
and III of cruise DY135-46 using a TV grab sampler. A total of 16 seabed sediment samples
were collected within the depth range of 2445 to 2595 m (Figure 1c and Table S1). X-ray
diffraction (XRD) analysis revealed the presence of sulfides, including pyrite, sphalerite,
marcasite, chalcopyrite, and minor goethite and barite [34].

In addition, ten samples were collected at stations relatively far from the HF in the
SMAR to represent the mineral compositions and elemental compositions of the back-
ground sediments (BGS). Among these samples, the closest distance to a known hydrother-
mal field is approximately 35 km, other samples were located far from the known vents
with a distance between 80 and 500 km. Sediments are light yellow to yellow calcareous
containing foraminiferal shells mixed with rock fragments. X-ray diffraction (XRD) analysis
indicates that the sediments are mainly composed of calcite, with small amounts of goethite,
hematite, and feldspar present in some samples [34].


www.GEBCO.net

Minerals 2024, 14, 107

40f18

Figure 2. Typical photographs and optical microscope photos of seabed sediments from the study
area. 461II-TVGO2 (a), 461II-TVGO6 (b), 461I-TVG14 (c), and 46II-TVG30 (d) hydrothermal sediments
with small amounts of sulfide chimney debris; (e) 461I-TVG24 and (f) 4611I-TVGO05 hydrothermal
sediments enriched in Mn oxides debris. Bgc-Biogenic compositions.

Geochemical analysis was conducted at the Key Laboratory of Marine Geology and
Metallogeny, Ministry of Natural Resources, Qingdao, China. The test method follows the
methodology of Ref. [34]. The pretreatment method for sediment samples was as follows:
first, the powdered sample was dried in an 80 °C oven. Then, 50.00 mg of the sample was
placed in a digestion vessel, followed by the addition of 1.50 mL high-purity HNO3 and
1.50 mL high-purity HE. The mixture was heated to 190 °C for 48 h to decompose. After
cooling, it was evaporated to dryness. Then, 1.50 mL HNO3; was added and evaporated
to remove residual HE. For complete digestion, a total of 3.0 mL HNO3 was added to the
solution, which was again heated for 8 h. The clear solution was removed and diluted
for analysis. Finally, the sample was heated to 150 °C for 12 h to dissolve. After cooling,
the sample was diluted for analysis. The major elements analysis was determined by
ICP-OES, and trace and rare earth elements were measured by ICP-MS. The accuracy was
controlled for both major and trace elements by measuring the standard reference solutions,
Multielement Solution2 (CLMS-2), and the sulfide standard material (CRM) GBW07267,
as well as blank and duplicate samples. The relative error was kept below 10%, and the
relative standard deviation (RSD) was below 5%.

4. Results

The major and trace element contents are listed in Table 1. The complete geochemical
analysis results can be found in Table S1.
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Table 1. Major and trace elements of the sediments from Xunmei. Major elements in wt.%, trace
elements in pg/g.

Elements Xunmei BGS Basalts Serpentinite
(n=16) (n=10) (n=16) (n=16)
Min Max Average Median SD Average Average  Average
Al,O5 018  11.70 4.60 3.73 414 427 14.94 1.14
5i0, 594  41.80 24.22 24.90 11.50 13.49 50.81 39.34
CaO 033 37.10 10.31 4.61 12.22 38.95 12.00 0.51
Fe;O3 6.55  55.50 30.39 29.30 17.68 297 9.77 8.64
KO 0.12 0.90 0.27 0.17 0.23 0.34 0.11 -
MgO 0.27 6.71 3.02 2.61 2.05 2.32 8.02 37.18
MnO 0.05 3140 3.76 0.44 9.09 0.15 0.16 0.12
Na,O 0.62 2.85 1.82 1.86 0.56 1.70 2.54 0.11
P,0s5 0.20 1.50 0.66 0.70 0.36 0.08 0.09 -—
TiO, 0.01 1.10 0.37 0.31 0.36 0.29 1.28 0.04
Ba 31 1828 297 110 530 225 2.8 -
Sr 11 1268 404 216 406 1251 113
\% 74 806 331 317 190 63 266 39
Zn 184 57,936 6922 3350 14,263 41 72 36
Zr 2.5 57 25 25 20 28 82
Co 17 305 115 92 73 23 41 90
Cu 806 58,286 16,431 11,514 16,817 56 72 12
Ni 2.9 335 52 36 79 53 71 1947
Cr 16.4 232 101 88 68 65 324 1238
Sc 0.5 34 12 11 11 9 40
U 0.3 11 42 3.7 3.4 0.4 0.1
Y 0.9 29 14 15 9 14.6 27
Mo 3 394 122 86 128 1.1 0.5
Zr 2.5 62 25 25 20 31 82
Metalliferous
Sediment 032  42.08 14.26 10.30 14.33 44.09
Index (MSI)
Y REE 1.6 52 28 33 17 50
LREE 1 38 20 23 13 42
HREE 0.6 15 8 9 5 8
L/H 15 43 3 2.5 0.9 5
dEu 0.9 4.5 1.6 1 1.1 0.8
5Ce 0.3 0.8 0.6 0.6 0.2 0.7

4.1. Major Elements

The CaO content of the sediments in Xunmei ranges from 0.33 to 37.10 wt.%
(average = 10.31 wt.%), which is significantly lower than the CaO content of the back-
ground sediments (BGS: 38.95 wt.%, see Table 1). The contents of Al,O3, Fe;O3, and
MgO range from 0.18 to 11.70 wt.%, 6.55 to 55.50 wt.%, and 0.27 to 6.71 wt.%, respec-
tively, with average values of 4.60 wt.%, 30.39 wt.%, and 3.02 wt.%. The Fe;O3; content
is significantly higher than that of the BGS, while the Al,O3 and MgO contents are rel-
atively similar to those of the BGS. The SiO, and TiO, contents are also relatively high,
ranging from 5.94 to 41.80 wt.% and 0.01 to 1.10 wt.%, respectively. The average contents
of KyO (0.27 wt.%), MgO (3.02 wt.%), and NayO (1.82 wt.%) are similar to those of the
BGS (0.34 wt.%, 2.32 wt.%, and 1.70 wt.%, respectively). The average contents of MnO
(3.76 wt.%) and P,Os (0.66 wt.%) are one order of magnitude higher than those of the BGS
(0.15 wt.% and 0.08 wt.%, respectively).

4.2. Trace Elements

The concentrations of Cu and Zn ranged from 806 to 58,286 ng/g and 184 to 57,936 nug/g,
with average values of 16,431 ug/g and 6922 ug/g, respectively. These concentrations
were significantly higher than those of the BGS, but there were large differences in element
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concentrations among different samples. The Co concentration was relatively high (17 to
305 ug/g, with an average value of 115 ug/g), which distinguishes those from other
hydrothermal fields [6,10,27,42]. Heavy metals such as Cu, Zn, Fe, Mn, and Co in the
Xunmei sediments were much higher than those in the BGS (Table 1). In addition, the
average Cu/Al, Zn/Al, and Co/Al ratios in the Xunmei sediments (6734, 2837, and 47,
respectively) were higher than the average values in the BGS (22, 16, and 9, respectively).
The average concentrations of Ni and Cr were 52 ng/g and 101 pg/g, respectively; the
Cr contents were slightly higher than those of the BGS (average of 65 ug/g), while the Ni
contents were similar to those of the BGS (average of 53 g/g). Notably, the sediments in
Xunmei were significantly enriched in Mo (average of 122 ug/g), V (average of 331 ng/g),
and U (average of 4.2 ug/g) compared to the BGS (average of 1.1 pug/g for Mo, 63 pg/g for
Vand 0.4 ug/g for U).

4.3. Rare Earth Elements

The total contents of rare earth elements () _REE) range from 1.6 to 52 pg/g. The ratios
of light rare earth elements to heavy rare earth elements (LREE/HREE) range from 1.5 to
4.3, indicating enrichment in LREEs (Figure 3a). All sediment samples show negative
Ce anomalies (5Ce ranges from 0.3 to 0.8, with an average of 0.6). Two types of Eu
anomalies are observed in the sediment samples (Figure 3). Among them, samples 22I1I-
TVG02, 461I-TVGIO, 4611-TVG11, 46I1-TVG12, and 461I-TVG28 exhibit slight negative Eu
anomalies, while samples 46II-TVG14 and 4611-TVG24 show strong positive Eu anomalies
(Table S1). The BGS-normalized REE patterns (Figure 3b) exhibit more pronounced positive
Eu anomalies.

(a) XunMei seidements (b)
= XunMei seidements(Average)
= BGS(Average)
R Basalt(Average)
1
— "
\ A~ Q
. &
A
2
=%
g
5]
20
0.01
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 3. REE pattern normalization of sediments from Xunmei: (a) chondrite [43] and (b) background
sediment (BGS). BGS: see Table S1; basalt: unpublished data (Guan Y).

5. Discussion
5.1. Sediment Compositions

The mid-ocean ridge sediments can be considered a mixture of background pelagic
materials (with constant Al/Mg ratios), basaltic or ultramafic debris (with low Al/Mg ratios),
iron-manganese oxides, and hydrothermal components (very low Al and Mg content) [6].

Partial principal component analysis (PCA) of the major and trace elements in the
Xunmei samples was performed by version IBM SPSS Statistics 23 software (Table S2).
Based on the criterion of eigenvalues greater than 1 and after a varimax orthogonal rotation,
a total of 4 principal factors were obtained (Table 2). The cumulative variance contribution
rate of the 4 principal factors in the Xunmei sediments was close to 96%, therefore effectively
representing the characteristics of all analyzed samples. The specific analysis results are
as follows: (1) The elements closely related to F1 are Al, Ti, Mg, Sc, and Y, representing
the lithogenic components. (2) The elements closely associated with the F2 factor include
Mn, Mo, K, and Ba, representing elements scavenged from seawater during the migration
process of neutral-buoyancy hydrothermal plumes. (3) In the F3 factor, Fe, Cu, and U are
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positive loadings, representing Fe oxyhydroxides, hydrothermal Cu, and other nonbuoyant
hydrothermal plume particles, while Ca is a negative loading, representing calcium biogenic
components [34]. (4) The F4 factor is closely related to Zn and Cu and is primarily associated
with sulfides, representing the contribution of sulfide chimney fragments.

Table 2. Results of factor analysis of surface sediments.

F1 F2 F3 F4

Eigenvalue 7.306 3.615 1.427 1.008
Cumulative% 52.183 78.003 88.196 95.397
Al 0.925 —0.320 —0.160 —-0.113

Fe —0.427 —-0.182 0.757 0.354
Mn —0.110 0.977 —0.062 —0.055

Zn —0.301 —0.067 0.064 0.935

Cu -0.119 —0.262 0.566 0.698

Mo —0.356 0.794 0.420 0.088
U —0.375 —0.047 0.884 —-0.129
Ti 0.925 —0.303 —-0.194 —0.091
Mg 0.958 0.002 —0.203 —0.162
K —0.249 0.926 0.084 —0.148
Sc 0.919 —0.284 —0.236 —0.116
Y 0.794 —0.216 —0.397 —0.309
Ba —-0.176 0.943 —0.146 —0.082
Ca 0.144 —0.331 —0.841 —0.301

Early studies have shown that Al and Ti may represent the detrital components of
sediments [44], and they have high concentrations in the Xunmei samples (the average
content of Al,O3 is 4.60% and that of TiO; is 0.37%). On the Al,O3-TiO; and Al,O3-MgO
diagrams, both the BGS and the Xunmei sediments are mainly located within the linear
range of basalt, indicating that their detrital components mainly originate from basalt.
Compared with the other stations, 4611-TVG14, 4611-TV(G24, 4611-TVG30, and 4611I-TVG05
contain more MgO, but the content is lower than that of serpentinite (Figure 4b). Regardless
of the tectonic setting, the content of Mg in hydrothermal fluids is below the detection
limit, except for Karei HF (2.5 mM) [45]. The higher MgO contents in the sediments of the
Dragon Horn, Saladaha, and Rainbow HFs are due to the presence of a large amount of
ultramafic debris [6,24,42], but the basement rocks in the Xunmei field are N-MORB [38],
and no ultramafic rocks are exposed. Therefore, the enrichment of MgO cannot originate
from the input of ultrabasic rock fragments.

(a) o)
BGS * Dragon Horn

4 Basalts * Duangiao-1
1} ® Serpentinite * Saladaha

Endeavour % Rainbow
e XunMei

10 -

MgO(wt.%)

1 ! 10 100 0.1 i 0 100
ALOy(Wt.%) Al O5(Wt.%)

Figure 4. Al;O3-TiO; (a) and Al,O3-MgO (b) diagrams. Data sources: Endeavour [10]; Dragon Horn [6];

Duangiao-1 [27]; Saldanha and Rainbow [42]; Serpentinite [46]; Basalt: unpublished data (Guan Y).

Yang et al. [34] utilized geochemical quantification criteria: a Fe content (carbonate-free
basis) >10% (without carbonate substrate) and an Al/(| Al + Fe + Mn |) value of <0.4, to dis-
tinguish metalliferous and nonmetalliferous sediments. 15 samples were classified as metal-
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liferous sediments. The metalliferous sediment index (MSI = 100 x Al/(| Al + Fe + Mn 1))
was used to indicate the degree of metal enrichment in sediments [17]. The MSI of the
sediments ranged from a maximum of 42.08% to a minimum of 0.32%, indicating significant
metal enrichment in the sediments (see Table S1).

On the Fe-Al-Mg diagram, the BGSs show similarities to the basaltic rocks (Figure 5a).
However, the BGSs exhibit higher manganese contents and similar iron contents com-
pared with the basalts (Figure 5b). The BGS locations are far from known hydrothermal
fields, therefore it is unlikely that the iron and manganese are associated with hydrother-
mal sulfides, indicating the presence of iron oxyhydroxides and manganese oxides. The
Xunmei sediments are enriched in Cu, Zn, and Fe (Figure 5a—c), suggesting the input
of hydrothermal-derived components. Copper, Zn, and Fe are significantly enriched in
Xunmei HF compared with other HFs, and their high concentrations are believed to be
associated with sulfides [26]. The Xunmei sediments exhibit a Cu-Zn enrichment pattern,
which is different from the Fe-Cu enrichment pattern observed in the Duangiao-1, Dragon
Horn, and Endeavour HFs (Figure 5c), suggesting the Xunmei sediments may be closer to
the vents. Additionally, the Xunmei sediments have low MSI values. These characteristics
indicate a high abundance of hydrothermal components in the sediments.

(a) A XunMei
BGS

0.00 025 0.50 0.75 100
o

(b) (©

75

N
- LR T % L 25
AN * g . -
LA & AW o
s Tumamtyl,
1.00 T - - A
0.00 0
000 0.25 0.50 0.75 1.00 0 25 50 75 100

Si Fe Cu 0.01Fe

Figure 5. Fe-Al-Mg (a), Si-Fe-10Mn (b), and Cu-0.01Fe-Zn (c) diagrams of sediment compositions.
Data source: Same as Figure 4.

On the Si-Fe-10Mn diagram, the majority of the Xunmei sediments plot closer to the Fe
apex than basalt, the BGS, and other hydrothermal sediments (Duangiao-1, Dragon Horn,
Saldanha, Rainbow, and Endeavour HFs). Only samples 4611-TV(G24 and 46I1I-TVGO05 plot
closer to manganese, indicating that the majority of the samples are Fe-rich phase, while
the samples 4611-TVG24 and 461II-TVGO5 are Mn-rich phase.

Previous studies have shown that hydrothermal fluids in mid-ocean ridges are typically
enriched in LREEs, exhibit significant positive Eu anomalies, and lack Ce anomalies [47].
However, sediment samples from the Xunmei HF display two distinct REE patterns
(Figure 3): one with a clear positive Eu anomaly, similar to the hydrothermal fluid REE
pattern, and another with no Eu anomaly and no negative Ce anomaly. This is interpreted
as the occurrence of phase separation in the hydrothermal fluids, resulting in two dis-
tinct patterns of REEs (positive Eu anomalies and no Eu anomalies), and the sulfides and
sediments also develop REEs patterns similar to hydrothermal fluids [34].
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The Fe/Tivs. Al/(1 Al + Fe + Mn ) diagram (Figure 6) illustrates the relative contri-
butions of hydrothermal and detrital components in the seabed sediments. The decrease
in Fe/Ti ratios and the increase in Al/(| Al + Fe + Mn|) ratios indicate the dilution of
metalliferous sediments by pelagic sediments [42]. The sediment compositions in Xunmei
HEF fall between the BGS and the metalliferous sediments. In conclusion, the Xunmei
sediments can be interpreted as a mixture of BGS, basaltic debris, iron-manganese oxides,
and hydrothermal components.

100,000
(] Study area sediments
Background seidements
10,000 F o
[
(]
[
1000 %
e o
o
F
100 - ® Y
([ ]
[ ]
%%
10 - °
1 1 1 1 1
0.0 0.2 0.4 0.6
Al/(Al+Fe+Mn)

Figure 6. Al/(Al + Fe + Mn) vs. Fe/Ti diagram of Xunmei sediments and background sediments.
The dashed line represents the boundary between metalliferous and nonmetalliferous sediments.

5.2. Distribution Characteristics of Hydrothermal-Derived Elements in Sediments

According to the methods proposed by Refs. [6,24], the contribution of each endmem-
ber to the sediment composition can be calculated using the following procedure:

The element contents of seabed sediments can be directly obtained through geochem-
istry. The exposed basement rock in Xunmei is predominantly basalt [38], with significantly
higher Al,O3 content than ultramafic rocks (Table 1). Therefore, Alin the Xunmei sediments
mainly originates from basaltic debris. Therefore, the contents of basaltic debris can be
calculated from the formula:

Elementp,saliic = (Element/ Al)background X Aliotal.

Elementg,saitic: the content of element inbasaltic debris; (Element/ Al)packground: ele-
ments/Al in the background sediments; Al : the total content of Al in Xunmei sediments.

The iron-manganese oxides in mid-ocean ridge sediments are typically the precipitates
of neutral-buoyancy hydrothermal plumes [27]. Therefore, it can be assumed that the
residual element abundance, after subtracting the contribution from debris, represents the
hydrothermal contribution. The calculation formula is as follows:

ElerrlentHyclrothermal = Elementr,t,) — Elementpasatic-

Elementyydrothermal: the contents of elements derived from hydrothermal processes
and their related elements. Elementr,: the total contents of specific elements in the
Xunmei sediments. Elementg,s,1iic: the contents of elements derived from basaltic debris.

The calculation results are shown in Table 3. “---” represents the absence of hydrother
mal-derived elements.
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Table 3. Calculation results of hydrothermal-derived elements in sediments.

Element (Hydrothermal) Cu Fe Zn Co Mn P A\ Mo U
wt.% wt.% wt.% ug/g wt.% wt. % uglg uglg uglg
22I1-TVG02 0.17 4.30 0.03 28.28 0.19 0.10 119.81 4.29 0.39
22I1-TVG05 2.78 19.63 0.51 126.76 0.13 0.21 251.52 54.03 477
461I-TVG10 0.51 7.36 0.08 80.21 0.26 0.15 234.08 7.34 0.40
4611-TVG11 0.12 2.83 0.02 -— -— -— 139.38 0.40 -
46I1-TVG12 0.08 2.67 0.01 37.77 0.35 0.05 90.54 3.93 0.25
461I-TVG14 1.89 38.51 1.80 303.09 0.09 0.34 139.80 76.65 3.41
4611-TVG17 1.62 26.93 0.30 177.33 0.42 0.43 448.82 248.07 11.36
46I1-TVG18 0.60 6.71 0.07 94.25 0.12 0.12 216.37 6.30 0.24
461I-TVG19 0.67 7.34 0.06 97.39 0.02 0.10 228.55 18.46 0.07
4611-TVG24 0.13 11.67 0.37 94.81 16.85 0.09 71.64 356.18 3.77
4611-TVG26 2.67 27.22 0.48 171.15 1.18 0.61 570.81 106.03 6.18
4611-TVG28 2.54 35.34 0.17 66.33 0.68 0.35 389.60 210.41 7.51
46I1-TVG30 1.71 38.52 0.51 82.10 0.29 0.33 212.41 96.02 8.26
46I1I-TVG02 5.83 36.69 5.79 13.47 0.03 0.36 203.01 183.67 4.02
46111-TVGO5 0.46 17.43 0.44 61.75 24.28 0.38 802.37 395.39 3.52
4611I-TVGO6 4.43 22.71 0.39 53.47 - 0.37 204.08 162.62 6.62

5.2.1. Cu, Zn, Fe, Co

Previous studies have shown that elements in hydrothermal plumes exhibit three
main behaviors compared to the dominant element Fe: (1) Chalcophile elements with
preferential removal from the hydrothermal plume due to settling and/or oxidative dis-
solution of sulfides, (2) elements primarily present in seawater as oxyanions appear to
coprecipitate with iron oxyhydroxides in the early stages of hydrothermal plume formation,
exhibiting constant ratios with iron, and (3) particle-reactive elements such as Be, Y, Th,
and REEs showing increasing elemental ratios with Fe, indicating continuous scavenging
from seawater onto precipitated oxyhydroxide particles [48-50].

In the Xunmei sediments, Fe exhibits higher concentrations in the southern and northern
areas, while lower concentrations are observed in the central depression. Copper and iron
show similar distribution patterns (Figure 7a,b). The higher concentrations in the southern
and northern areas indicate that the surface sediments in this field have received more
hydrothermal Cu. Additionally, the maturity of chimneys in the southern area and altered
secondary minerals in the sediments may also contribute to the enrichment of Cu and Fe. In
contrast, Zn shows a different distribution pattern, with the highest concentrations in the
northeast and much lower concentrations in other areas (Figure 7c). The highest concentra-
tions of Cu and Zn are both found in the northeast at sample 4611I-TVGO02. In comparison, Fe
exhibits four high concentration centers (4611-TVG14, 4611-TVG28, 4611-TVG30, 46111-TVG02),
with the highest values occurring in the northern area (4611-TVG14 and 461I-TVG30). XRD
analysis revealed that sample 4611I-TVGO02 is composed of marcasite, pyrite, sphalerite, and
chalcopyrite; samples 4611-TVG28 and 4611-TVG30 contain predominantly pyrite; sample
461I-TVG14 is composed of pyrite, sphalerite, barite and traces of chalcopyrite [34]. Previous
studies have shown that Cu, Zn, and Fe are significantly enriched at the source, but compared
to Fe, the concentrations of Cu and Zn decrease more rapidly with increasing distance from
the vent and are predominantly deposited as sulfides [10,24,27]. In contrast to Cu and Fe,
the distribution of Co is relatively uniform, with the highest value occurring in the northern
region at sample 4611-TVG14 (Figure 7d). In the Duangiao-1 HF, Co exhibits two peaks in its
lateral distribution, which are interpreted as the early incorporation of Co into the structure
of sulfides during the formation of hydrothermal plumes, and the second enrichment is due
to the continuous mixing of hydrothermal plumes with seawater, resulting in the scavenging
of Co from seawater onto oxides [27]. In the Xunmei HF, Co does not show any significant
correlation with other elements (Table 4), suggesting that Co may be enriched from two
sources: precipitate from hydrothermal plumes and input of chimney debris.
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Figure 7. The distributions of hydrothermal-derived elements. (a) hydrothermal Cu; (b) hydrother-
mal Fe; (c) hydrothermal Zn; (d) hydrothermal Co. A represent the station of the sample. X axis-
longitude, Y axis-latitude.

Table 4. Correlation analysis of hydrothermal-derived elements of the sediments in the Xunmei HE.

Xunmei Fe Mn Zn Co Cu A% Mo P U
Fe Pearson correlation 1 —0.103 0.523 * 0.308 0.697 ** 0.259 0.370 0.782**  0.760 **
Significant(bilateral) 0.704 0.038 0.246 0.003 0.332 0.158 0.000 0.001
N 16 16 16 16 16 16 16 16 16
Mn Pearson correlation —0.103 1 —0.083 —0.182 —0.297 0.483 0.781 ** 0.055 0.003
Significant(bilateral) 0.704 0.760 0.501 0.263 0.058 0.000 0.839 0.990
N 16 16 16 16 16 16 16 16 16
Zn Pearson correlation 0.523 * —0.083 1 —0.120 0.713 ** —0.078 0.176 0.301 0.104
Significant(bilateral) 0.038 0.760 0.659 0.002 0.773 0.515 0.257 0.701
N 16 16 16 16 16 16 16 16 16
Co Pearson correlation 0.308 —0.182 —0.120 1 0.003 0.101 —0.105 0.339 0.223
Significant(bilateral) 0.246 0.501 0.659 0.991 0.711 0.698 0.200 0.407
N 16 16 16 16 16 16 16 16 16
Cu Pearson correlation 0.697 ** —0.297 0.713 ** 0.003 1 0.082 0.174 0.615* 0.500 *
Significant(bilateral) 0.003 0.263 0.002 0.991 0.763 0.520 0.011 0.048
N 16 16 16 16 16 16 16 16 16
V  Pearson correlation 0.259 0.483 —0.078 0.101 0.082 1 0.532 * 0.665 ** 0.401
Significant(bilateral) 0.332 0.058 0.773 0.711 0.763 0.034 0.005 0.124
N 16 16 16 16 16 16 16 16 16
Mo Pearson correlation 0.370 0.781 ** 0.176 —0.105 0.174 0.532 * 1 0.449 0.540 *
Significant(bilateral) 0.158 0.000 0.515 0.698 0.520 0.034 0.081 0.031
N 16 16 16 16 16 16 16 16 16
P Pearson correlation 0.782 ** 0.055 0.301 0.339 0.615* 0.665 ** 0.449 1 0.764 **
Significant(bilateral) 0.000 0.839 0.257 0.200 0.011 0.005 0.081 0.001
N 16 16 16 16 16 16 16 16 16
U Pearson correlation 0.760 ** 0.003 0.104 0.223 0.500 * 0.401 0.540 * 0.764 ** 1
Significant(bilateral) 0.001 0.990 0.701 0.407 0.048 0.124 0.031 0.001
N 16 16 16 16 16 16 16 16 16

Note: ** Significant correlation at 0.01 level (bilateral); * Significant correlation at 0.05 level (bilateral).
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522.Mn,V, Mo, U, P

The distribution characteristic of Mn is unique. The highest value of Mn is found
in the western area at sample 46I1I-TVGO05, while the second highest value is found in
the southern area at sample 4611-TVG24 (Figure 8a). The central area has the lowest
content, samples 46III-TVGO06 and 46II-TVGL11 indicating no Mn input associated with
hydrothermal activity. There is no clear correlation between Fe and Mn, suggesting that
these two metals and their associated elements (E.g., U, P, and Mo) exist in different
stages of sedimentation [26]. Compared to Fe, Mn precipitates relatively at a slower
rate, therefore, Min tends to be slowly removed from hydrothermal plumes in dissolved
form and precipitated into sediments throughout the buoyancy and neutral-buoyancy
plumes [51,52]. Under reducing conditions, the migration distance of Mn increases. For
example, in the Dragon Horn field, Mn precipitates at distances greater than 60 km [6].
The high anomalous values of Mn in sediments from western samples 46III-TVG05 and
southern sample 461I-TVG24 suggest the presence of relatively oxidized environments near

the Xunmei HE.
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Figure 8. The distributions of hydrothermal-derived elements. (a) hydrothermal Mn; (b) hydrother-
mal P; (c) hydrothermal V; (d) hydrothermal Mo; (e) hydrothermal U. A represent the station of
sample. X axis-longitude, Y axis-latitude.

The distribution of P is similar to that of Cu and Fe, with higher concentrations in the
northern and southern areas and the lowest concentration in the central area. The highest
value of P is found in the southern area at sample 461I-TVG26 (Figure 8b). The highest
value of V coincides with that of Mn (Figure 8c), but at sample 46II-TVG24, V has the
lowest value, while Mn has the second highest value. According to traditional views, V is
usually derived from seawater and coprecipitates with oxyhydroxides [50]. It is believed
that the P/Fe ratios and V/Fe ratios do not change after the formation of neutral-buoyancy
plumes [48,53]. In the Rainbow HF, the P/Fe ratios reported by Edmonds and German [50]
remain consistent throughout the hydrothermal plume. The ratios match that of the seabed
sediments. On the other hand, the V/Fe ratios gradually increase from the early plume
to the sediment. This is consistent with the strong positive correlation observed between
P and Fe in Xunmei (R = 0.782, P = 0.000, N = 16), indicating that seawater-derived P
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coprecipitates with Fe from the hydrothermal plume. The V/Fe ratios in the sediment show
significant variability, and V is not significantly correlated with Fe. The anomalous portion
of V is mainly derived from sulfides, which have low V/Fe ratios and dilute the primary
signal derived from the hydrothermal plume [54].

The high-value fields of Mo are mainly found in western and southern Xunmei
(Figure 8d), overlapping with those of Mn, with Mo showing a strong positive correlation
with Mn (R = 0.781, P = 0.000, N = 16). Previous studies have suggested that Mo coprecipi-
tates with iron sulfides when reduced to Mo(IV), while Mo(V) and V(IV) are scavenged by
oxidized phases in sediments [55]. Therefore, Mo in the Xunmei field is primarily scavenged
and coprecipitated with manganese oxides in the form of Mo(V). The distribution pattern
of U is similar to that of P, and U showed a strong positive correlation with both P and Fe
(Uand P, R =0.764, P = 0.001, N = 16; U and Fe, R = 0.760, P = 0.001, N = 16). It is generally
believed that the main source of U in marine metalliferous sediments is seawater and
the second source is detrital components (with possible mantle contributions) [10,56,57].
Mills et al. [56] showed that the enrichment of U in iron-capped sediments in the TAG
field of the Mid-Atlantic Ridge can be attributed to seawater diffusion into sulfide-derived
sediments. In addition to seawater, U in metalliferous sediments has a detrital origin and
is associated with clay fractions, phosphates, and organic matter in sediments [57,58]. As
shown in Table 1, the U contents in basalt (average of 0.1 ug/g) and the BGS (average
of 0.4 pug/g) are low, which does not support a detrital source. Furthermore, the high
concentrations of U, Th, Au, Hg, and 3He provide evidence for a mantle source [57]. Apart
from U, the remaining elements are not significantly enriched in Xunmei HE, and some are
even below the detection limit, thus ruling out a mantle source. Considering the strong
positive correlations between U, P, and Fe, the most reasonable source of U is seawater and
coprecipitation with hydrothermal Fe.

5.3. Geochemical Characteristics of Hydrothermal Activities in Different Area in Xunmei HF

In Xunmei, the majority of the seabed sediment samples are metalliferous sediments
(see Table S1). Although the measured MSI can serve as a useful tracer to indicate the
presence of hydrothermal input in deep-sea sediments, it may not provide any effective
indication of the distance of that sediment from the source of the hydrothermal input [19].
To discern more “directional” information, different chemical indicators must be utilized.
Numerous studies have shown that Cu and Zn are significantly enriched at the vent,
primarily distributed in the form of sulfides within a limited distance from the hydrothermal
field, and their concentrations decrease significantly with increasing distance from the
vent [6,10,24]. However, there is no consensus on the precipitation sequence of different
elements, with the focus mainly on the precipitation sequence of Cu and Zn. Mottl and
McConachy [51] determined that the enrichment of elements in hydrothermal plumes
follows the sequence of Cu, Co, Cd, Zn, Pb, and Ni, while Cave et al. [24] found that,
compared to Cu and Fe in the Rainbow HF, Zn preferentially precipitated in the form of
sulfides near the vent. Edmonds and German [50] found that chalcophile elements are
preferentially removed from hydrothermal fluids in the order of Cd, Zn, Co, and Cu. In
the Dragon Horn field, the spatial distribution of hydrothermal Zn is significantly limited
compared to that of Cu, occurring only within a range of <3 km from the hydrothermal
vent, indicating that Zn precipitated earlier than Cu from the hydrothermal plume [6]. The
Cu/Fe ratios in the Duangiao-1 HF decrease slightly faster than the Zn/Fe ratios relative to
the background value, suggesting that Cu precipitates earlier than Zn [6,27]. The Cu/Fe
ratios of the sediments in the Xunmei HF range from 0.012 to 0.195 (Figure 9a), while the
Zn/Fe ratios range between 0.005 and 0.158 (Figure 9b). Compared to those of the BGS,
the Cu/Fe ratios in the Xunmei sediments are higher by one to two orders of magnitude.
The values at samples 22III-TVGO05, 461II-TVGO06, and 46I1I-TVGO02 are significantly higher
than those at the other samples. XRD analysis indicated the presence of sulfides in these
samples, including pyrite, sphalerite, chalcopyrite, marcasite, and minor goethite [34].
These findings suggest that as the distance from the vent increases, the Cu/Fe ratios in
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the sediments decrease significantly. This fractionation is attributed to the preferential
settling of sulfide material over low-density oxide material in dispersed neutral-buoyancy
plumes [59]. Prior to the discovery of the TAG HE, active vents were believed to be near the
eastern wall of the MAR rift at 26° N. Shearme et al. [26] analyzed the core-top geochemical
samples that exhibited the highest Cu/Fe ratios and clearly delineated the location of the
subsequently discovered TAG hydrothermal mound [60]. Cave et al. [24] confirmed a
systematic decrease in Cu/Fe ratios in core-top samples at locations far from the Rainbow
HF. Apart from the significantly elevated ratios at sample 461II-TVG02, the differences in
the Zn/Fe ratios relative to the BGS were smaller than those in the Cu/Fe ratios. This is
attributed to the widespread occurrence of Fe sulfides and Cu-Fe sulfides in the Xunmei
HF, where the contents of Zn are low both in sulfides and hydrothermal fluids.
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Figure 9. Ratios of Cu/Fe (a), Zn/Fe (b), Fe/Mn (c), and U/Fe (d) in sediment derived from
hydrothermal activity at different sampling sites. Note: Background values were used for sites
without hydrothermal input. N—North, S—South, E—East, W—West. X-axis—sampling location,
Y-axis—the numerical value of the ratio.

The dispersion distance of Fe and Mn is much greater than that of Cu and Zn, as
previous studies have shown that Fe and Mn in hydrothermal plumes can migrate over long
distances and precipitate outside the hydrothermal field in the form of iron and manganese-
rich sediments [61], indicating that Fe and Mn can be transported to locations far from the
hydrothermal field. Liao et al. [27] found that Fe precipitates in the range of 60 km from
the hydrothermal field in the Duangiao-1 HF, while Mn can disperse to locations beyond
60 km from the field, suggesting that Fe precipitates earlier than Mn. The oxidation rate of
Mn in seawater is slower than that of Fe; therefore, it is expected that the Mn/Fe ratios of
particles precipitated by hydrothermal plumes will increase with increasing distance from
the source [62]. The Fe/Mn ratios in the Xunmei HF range from 0.69 to 1440 (Figure 8c).
The Fe/Mn ratios exhibit significant variations, with three samples below the background
value and six samples (22III-TVGO05, 4611-TVG14, 4611-TVG19, 4611-TVG30, 4611I-TVGO02,
4611I-TVGO6) significantly higher than the background value. The remaining samples show
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ratios similar to the background value. The highest ratio is observed at the northeastern
sample 46I1I-TVGO02, reaching a value of 1440. This sample is located within the vicinity
of metalliferous sediments near the vent in the Lucky Strike HF (1000-3000), TAG HF
(900-2000), OBS HF (900-2400), and Wocan-1 HF (1373-1475) [52,63-65]. Therefore, it can
be inferred that this sample is likely proximal to the vent.

Based on the variations in Cu and Zn contents, multiple indicators such as Cu/Fe,
Zn/Fe, and Fe/Mn ratios (Figures 7a,c and 9a—c) were used to determine the presence of
high-temperature hydrothermal vents near sample 46I1I-TVGO02 in northeastern Xunmei.
Previous studies have indicated secondary oxidation of sulfides in hydrothermal environ-
ments by the increase in U/Fe ratios in metalliferous sediments [7,56,63-65]. The high
concentration of U in hydrothermal sediments is consistent with scavenging from seawater
and sulfide oxidation [7,63,64]. The U/Fe ratios (Figure 9d) and the topography of Xunmei
indicate that samples located at depressions have higher U/Fe ratios than the background
values. Conversely, samples at higher elevations have lower ratios compared to the back-
ground values, suggesting higher oxidation rates of sulfides at lower elevations [7,56,63-65].
The U/Fe ratio at sample 4611I-TVGO02 is lower than the background value, indicating that
sulfides at this location have not undergone secondary oxidation and have a lower degree
of maturity. The distribution characteristics of metal elements such as Cu, Fe, and Co
(Figure 7a,b,d) and elements such as U and P (Figure 8b,e) that are highly correlated with
Fe reveal that in addition to the northern Xunmei, the southern part also shows high values
of the corresponding elements, indicating the possible presence of hydrothermal vents in
southern Xunmei. The distribution range of elements in the southern part is narrower than
that in the northern part, indicating that the eruption time of the vents in the southern
part was shorter than that in the northern part. Furthermore, investigations have revealed
that the chimneys in southern Xunmei show both higher maturity and degree of alteration
when compared to those in the northern part, suggesting that the vents in this area may
have been inactive for a long time. In the Xunmei HF, western sample 461II-TVGO05 and
southern sample 4611-TV(G24 exhibit significant Mn anomalies. The concentrations of Cu
and other metals in these two samples are relatively low, indicating that the high Mn con-
tents cannot be attributed to the collapse of hydrothermal sulfide chimneys. As mentioned
earlier, Mn can migrate outside the hydrothermal field, and under reducing conditions,
the migration distance can be greater. From the similar distribution patterns of Mn, V,
and Mo (Figure 8a,c,d) and the presence of jarosite in clay-sized seabed sediment samples
(unpublished data), it can be inferred that there is a relatively oxidizing environment at the
edge of the Xunmei field, which is consistent with the high U/Fe ratios in this area.

In summary, there are high-temperature hydrothermal vents located in the northeast-
ern part of the Xunmei HF, while in the southern area, there are inactive vents with shorter
eruptive durations. At the edges, a relatively oxidized environment is present.

6. Conclusions

(1) The seabed sediments in Xunmei hydrothermal field are predominantly composed
of metalliferous sediments, which are a mixture of background sediments, basalt debris,
iron-manganese oxides, and hydrothermal components. These sediments are significantly
enriched in Cu, Zn, Fe, and Co derived from hydrothermal vents, as well as elements
primarily scavenged from seawater such as Mn, V, Mo, U, and P.

(2) The spatial distribution of hydrothermal elements in sediments exhibits significant
variations. The highest concentrations of Cu and Zn are found in the northeastern part
of Xunmei, and Fe shows three high-concentration areas in the northeastern, northern,
and southern parts of Xunmei. Manganese exhibits abnormally high concentrations in
the western and southern parts of Xunmei. U and P primarily coprecipitate with Fe in
hydrothermal plumes, and Mo is mainly scavenged by manganese oxides. Vanadium is
primarily scavenged by hydrothermal plumes and precipitates to the sediments, and Co
primarily originates from the collapse of sulfide chimneys.
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(3) Based on the variations in Cu and Zn concentrations, as well as the Cu/Fe, Zn/Fe,
and Fe/Mn ratios, high-temperature hydrothermal vents were inferred to exist near sample
4611I-TVGO2. The distribution patterns of Cu, Fe, Co, and other elements suggest the
possible presence of hydrothermal vents in southern Xunmei. The anomalously high
values of Mn and the high U/Fe ratios suggest the possible existence of relatively oxidized
environments in southern Xunmei.

Future geochemical investigations on sediment core samples are essential to better
understand the evolution of the hydrothermal process in the Xunmei HFE.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min14010107/s1, Table S1: Major and trace element compositions of
the bulk sediment of the Xunmei hydrothermal field; Table S2: Partial principal component analysis
(PCA) of the major and trace elements in the sediment samples from Xunmei.
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