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Abstract

Hydrothermal plumes released from the eruption of sea floor hydrothermal fluids contain large amounts of ore-
forming materials. They precipitate within certain distances from the hydrothermal vent. Six surficial sediment
samples from the Southwest Indian Ridge (SWIR) were analyzed by a portable X-ray fluorescence (PXRF) analyzer
on  board  to  find  a  favorable  method  fast  and  efficient  enough  for  sea  floor  sulfide  sediment  geochemical
exploration. These sediments were sampled near, at a moderate distance from, or far away from hydrothermal
vents. The results demonstrate that the PXRF is effective in determining the enrichment characteristics of the ore-
forming elements in the calcareous sediments from the mid-ocean ridge. Sediment samples (>40 mesh) have high
levels of elemental copper, zinc, iron, and manganese, and levels of these elements in sediments finer than 40
mesh are lower and relatively stable. This may be due to relatively high levels of basalt debris/glass in the coarse
sediments, which are consistent with the results obtained by microscopic observation. The results also show clear
zoning of elements copper, zinc, arsenic, iron, and manganese in the surficial sediments around the hydrothermal
vent. Sediments near the vent show relatively high content of the ore-forming elements and either high ratios of
copper to iron content and zinc to iron content or high ratios of  copper to manganese content and zinc to
manganese content. These findings show that the content of the ore-forming elements in the sediments around
hydrothermal vents are mainly influenced by the distance of sediments to the vent, rather than grain size. In this
way, the PXRF analysis of surface sediment geochemistry is found to satisfy the requirements of recognition
geochemical anomaly in mid-ocean ridge sediments. Sediments with diameters finer than 40 mesh should be
used as analytical samples in the geochemical exploration for hydrothermal vents on mid-oceanic ridges. The
results concerning copper, zinc, arsenic, iron, and manganese and their ratio features can be used as indicators in
sediment geochemical exploration of seafloor sulfides.
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1  Introduction
Sea floor polymetallic sulfides have high levels of the ele-

ments Cu, Zn, Au, and Ag, and, under certain geological condi-
tions, massive ore deposits with a size of million tons can be
formed (Hannington et al., 2011; Herzig and Hannington, 1995).
As a result, these potential resources have become highly valued
by countries all over the world. However, because it is a very new
field, prospecting for the seafloor polymetallic sulfides lacks well-
developed theoretical bases and standard methods of investiga-
tion and prospecting. As shown in earlier work, the hydrotherm-
al plumes formed by the eruption of the seafloor hydrothermal
fluids are rich in ore-forming elements (German and Sparks,
1993). Although some of the larger particles dispersed within sev-
eral hundred meters of the vent, more than 90% of these materi-

als were found to precipitate far away from the vent during the
plume drifting and dispersing (Feely et al., 1992; Rona, 1984).
After hydrothermal activity ceased, even though the sediments
were oxidized, the recorded ore-forming information in the sedi-
ments were reserved (Feely et al., 1987). Therefore, the geochem-
ical features of the deep-sea sediments might be suitable indicat-
ors of geochemical exploration (Marchig et al., 1982). However,
though there have been many studies of deep-sea sediments,
most of them were focused on mineral composition, sources, and
the sediment environment (Graham et al., 1997; Meinhardt et al.,
2014; Palma et al., 2013). Studies of hydrothermal sediments have
usually concentrated on the geochemical and mineralogical
characteristics of metalliferous sediments such as pollymetallic
ooze and collapsed chimneys (German et al., 1993; Rusakov et  
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al., 2013). Only a few studies of the geochemical exploration of
sediments have been reported (German, 2003; Yang et al., 2011).
Marchig et al. (1982) established geochemical indicators that dif-
ferentiate hydrothermal sediments and non-hydrothermal sedi-
ments. Cronan (1983) distinguished two sediment types formed
on different settings in the western Pacific using sedimentary
geochemistry and identified various potential prospecting areas
of polymetallic sulfides. Shearme et al. (1983) compared sedi-
ment geochemical anomaly features near two hydrothermal
vents in the trans-Atlantic-geotraverse (TAG) hydrothermal field.
Lisitzin et al. (1997) analyzed geochemical halo characteristics of
sediments at mid-oceanic ridges of different spreading rates and
pointed out that geochemical halo of the hydrothermal vent loc-
ated on slow-spreading mid-oceanic ridge was normally restric-
ted in the rift valleys and rarely spread out of the rift valley. Wang
et al. (2014) preliminarily estimated the influence range of hydro-
thermal activities in the 49.6°E hydrothermal field on the Southw-
est Indian Ridge (SWIR) using the ratio of sum of the content of
aluminum, iron and manganese to the content of aluminum.
Russian researchers have also used sedimentary geochemistry to
evaluate massive seafloor sulfides in their contract zone on the
North Mid-Atlantic Ridge. However, no related papers have been
published.

Owing to the huge cost of the off-shore exploration, in the
studies cited above, all samples were collected from the ocean
and brought back to labs for analysis, which is time consuming,
expensive, and exposes the samples to danger of pollution dur-
ing the storage and transportation processes, thus affecting the
reliability of the measured results. Some way of collecting as
much ore-prospecting information as possible, identifying an-
omalies quickly and effectively, and evaluating and verifying an-
omalies on board the ship would reduce the randomness of the
investigation and sampling processes and the costs of explora-
tion considerably. This is one of the challenges currently facing
polymetallic sulfide exploration. Portable X-ray fluorescence
(PXRF) analyzers can assess multi-element content rapidly in
situ, in a semi-quantitative manner. Because PXRF equipment is
convenient to carry, and it does not require complex acid diges-
tion before analysis, direct and quick analysis of vast powders or

solid samples can be realized in field. For these reasons, the
PXRF is already widely used in the artworks, archaeology, alloy
analysis, and environmental studies (Melquiades and Appoloni,
2004; Piorek, 1997). Recently, with the development of science
and technology, both the detection limit and precision of the
PXRF have been improved considerably (Hou et al., 2004; Kenna
et al., 2011). Some researchers have started using the PXRF in ore
exploration (Fisher et al., 2014) and made great progress, such as
identifying regional elements distribution characteristics, differ-
entiation in volcanic facies, and evaluation mineralogical and
elemental distribution features of drill cores (Arne et al., 2014;
Yuan et al., 2014; Xia et al., 2011). To date, the PXRF has attracted
attention both home and abroad in using in ore exploration. The
international journal Geochemistry: Exploration, Environment,
Analysis published a special issue concerning the PXRF in the
2014. The most recent findings, such as the evaluation of factors
that influence PXRF tests (Hall et al., 2014), correction methods
(Piercey and Devine, 2014), and applications of the PXRF in ex-
ploration for gold, copper, zinc, and nickel ores (Arne et al., 2014;
Gazley et al., 2014; Ross et al., 2014) have been reported. In this
paper, the PXRF analyzer was used to evaluate surficial sedi-
ments collected from the middle portion of a polymetallic sulfide
contract zone allocated to China, and the contents of specific ele-
ments in sediments of different grain sizes were compared. These
results could be useful on sampling methods and prospecting ef-
fects of using sedimentary geochemical exploration for hydro-
thermal vents.

2  Geological setting
The SWIR is the main border between the African and Antarc-

tic plates. It extends around 8 000 km from the Bouvet triple junc-
tion (BTJ) in the west to the Rodrigues triple junction (RTJ) in the
east. The SWIR is classified as an ultra-slow spreading mid-
oceanic ridge with a semi-spreading rate around 0.7–0.9 cm/a
(Dick et al., 2003). This ridge is characterized by very rugged to-
pography and an axial rift valley with water depths deeper than
5 000 m, and it is cut by a series of north-south transform faults
(Fig. 1). Influenced by the Marion hotspot on the southwest, this
region shows strong negative residual mantle Bouguer gravity
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Fig. 1.   Location and topography of the study area. The white points show the sampling position.
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anomalies, indicating relatively active crust-mantle exchange
and deep magmatism in this region, as well as sufficient supply of
lava and heat (Georgen et al., 2001; Sauter et al., 2001, 2009;
Wang et al., 2013). These conditions are sufficient for the occur-
rence of sea floor hydrothermal activity and the formation of sulf-
ide deposits.

The study area is located in the middle of the polymetallic
sulfide exploration contract zone of China (at the SWIR), between
the Indomed and Gallieni transform faults. The axis of this seg-
ment strikes NEE with rugged terrain, and the water depth varies
from 1 500 to 4 000 m. The central rift valley of this segment is
well developed, where the water is relatively deep on the north-
ern side of its axis and relatively shallow on the southern side
(Fig. 1). The results of the investigation showed that the lowest
layer of water mainly flow to the west with intensive mixture fea-
tures and a maximum velocity of 20–30 cm/s (Liao et al., 2016).
Previous surveys indicated that basalt is widely exposed in this
region, but gabbro, diabase, and serpentinized peridotite were
also found in some areas (Zhou and Dick, 2013; Han et al., 2012).
In this region, modern sediment precipitation is rare, mainly dis-
tributed in the rift valley of the mid-oceanic ridge. They consist
mainly of calcareous nannofossil and foraminifera, with minor
clay minerals, indicating that they are typical pelagic sediments
(Li et al., 2016; Chen et al., 2013). To date, three hydrothermal
areas have been discovered in this region: Longqi-1, Yuhuang-1,
and Longqi-3, among which, the Longqi-1 hydrothermal field is
the first active field found on the ultra-slow spreading mid-
oceanic ridge in 2007 (Tao et al., 2012, 2014). It mainly consists of
chalcopyrite, pyrite, and sphalerite, similar to that of the sulfide
chimneys found in the East Pacific Rise and the Mid-Atlantic
Ridge (Tao et al., 2011). The survey of Jiaolong showed there to be
various types of hydrothermal vents with different temperatures.
The Yuhuang-1 hydrothermal field is located on the south rift
wall of the rift valley with water depth between 1 400 and 1 600 m.
It is the shallowest hydrothermal field yet to be discovered at the
Southwest Indian Ocean Ridge (Han et al., 2010). The topograph-
ic features, mineral composition, trace elements, and sulfur iso-
topic characteristics indicate that the formation of the Yuhuang-1
hydrothermal field probably contributed to volcanic activity.

3  Sample collection and analytic methods

3.1  Sample collection
The sediment samples were collected by the 34th cruise of

R/V Dayang Yihao near the Longqi-1 hydrothermal field on the
Southwest Indian Ocean Ridge in 2015. Samples were collected
by television grab (TVG) with water depth between 1 494 and
3 090 m, which is lower than the calcite compensation depth
(CCD) in this area. In order to compare geochemical character-
istics of the sediments from different distances to the hydro-
thermal activity field, six samples were collected from close to the
hydrothermal field, a moderate distance from the hydrothermal

field, and far from the hydrothermal field. The samples obtained
far from the hydrothermal field were representative of the back-
ground sediments. The majority of the samples far from the hy-
drothermal field consisted of foraminifera sand with minor vol-
canic glass or clastic basalt. However, a few other samples mainly
consisted of calcareous ooze. Sampling locations and descrip-
tions are shown in Table 1.

3.2  Analytical instruments and methods

3.2.1  Mineral analysis
Sediments were observed using a Dino-lite AM4113T hand-

held USB microscope that has two magnification ratios: 20X–50X
and 200X.

3.2.2  PXRF analysis
The sediments were analyzed on board the ship using a XL3t-

950 portable XRF (PXRF) manufactured by the Thermo Fisher
Scientific Inc. Because the sediments in the mid-oceanic ridges
mainly consist of calcareous foraminifera sand or calcareous
ooze, and the objects investigated in this study were polymetallic
sulfides, a test-all mode was used to analyze the contents of ele-
ments of Cu, Zn, As, Fe, Mn, S, Ca, Si and Sr. The analyzing res-
ults of these elements are given in 10–6 (μg/g) level. Before ana-
lysis, the samples were dried to reduce the influence of humidity
on the test results (Arne et al., 2014). Because the 4.0 μm prolene
thin films showed the most pronounced light transmittance,
stain-resistance, and strength (Hall et al., 2014), the 4 μm-
polypropylene thin films provided by Premier were used in this
study. During analysis, the test time was set to 60 s in order to de-
termine contents of most elements accurately (Piercey and Dev-
ine, 2014). An average forward mode (the average of N times of
recent results would be calculated automatically) was used, in
which the average test number was set to 3 in order to reduce the
influence of the heterogeneity of the particles in sediment
samples. Before testing, the accuracy and stability of the instru-
ment were assessed, and during testing, a standard sample
RM180-646 was used to do calibration every time two samples
finished their tests.

During analysis, samples with nine different grain size ranges
(>20, 20–40, 40–60, 60–80, 80–100, 100–120, 120–160, 160–200,
<200 mesh) were tested separately in order to determine the best
grain size for use in sediment geochemical exploration for sea-
floor sulfides. Owing to the fact that contents of elements of Cu
and Zn are relatively high in the clay minerals, samples with a grain
size coarser than 200 mesh were first elutriated in the distilled
water to eliminate the influence of clay minerals attached to the
surface of the rock debris or sand. Then these samples were dried
and sieved using a nest of standard sieves consisting of 20, 40, 60,
80, 100, 120, 160, and 200 mesh. Samples with a grain size finer
than 200 mesh were obtained by dried unelutriated sediments to
prevent loss of clay minerals during the elutriation process.

Table 1.   Sample positions and descriptions

Sample
South

latitude/(°)
East

longitude/(°)
Depth/m Description

Distance to closest
hydrothermal field/km

Hydrotherma
l field

S024TVG24 37.937 58 49.266 24 1 494 grey foraminifera sand 0.18 Yuhuang-1

S015TVG03 37.786 32 49.731 43 2 230 pale yellow foraminifera sand 0.20 Longqi-3

S016TVG04 37.768 65 49.702 65 3 090 pale yellow foraminifera sand 3.20 Longqi-3

4.90 Longqi-1

S019TVG19 37.776 63 49.764 34 3 051 grey foraminifera sand 3.06 Longqi-3

S005TVG05 37.976 73 48.824 11 2 306 grey foraminifera sand 38.94 Yuhuang-1

S018TVG06 37.874 76 49.579 23 2 601 pale yellow foraminifera sand 11.94 Longqi-1

68 LIAO Shili et al. Acta Oceanol. Sin., 2017, Vol. 36, No. 7, P. 66–76  



4  Analysis of results

4.1  Mineral characteristics
Because the constituents of sediments from the mid-ocean

ridges were similar to each other, sediment samples collected
near the Longqi-1 hydrothermal field were chosen for observa-
tion by microscope and considered representative of mid-ocean
ridge sediment features (Fig. 2). The results show that sediments
coarser than 20 mesh consist mainly of rock debris and basaltic
glass (>90%) with minor foraminifera sand and corallum, which
indicated that their source was mainly volcanic rocks. Serpent-
ine, mica, asbestos, and chlorite are common in these debris,
which may indicate a hydrothermal process. Sulfides that were
oxidized to azurite by the sea water were also observed on the
surface of some basaltic glass samples, indicating the possibility

of hydrothermal activity nearby. Sediment samples of 20–40
mesh also mainly consisted of rock debris and basaltic glass
(80%–90%). However, there was more foraminifera sand than in
coarser sediments and the grain size of foraminifera sand was
large, and there were some dark colored sediments inside the fo-
raminifera sand. For sediments of 40–60 mesh, the content of the
foraminifera sand was over 80%, and the rock debris and basaltic
glass were no longer major constituents. The mineral composi-
tion of the sediments finer than 60 mesh were similar to those of
40–60 mesh size. Sediment samples finer than 200 mesh were
also principally made up of foraminifera sand, but there were
also a few clay minerals. Overall, the components of the sedi-
ments were similar to those of other ridges, which were repres-
entative of typical pelagic sediments.

4.2  Results of PXRF analysis and data evaluation

4.2.1  Ability of PXRF to detect deep-sea sediment
Six sediments of varying grain sizes from different stations

were analyzed using the PXRF (Table 2). The results show the
contents of calcium, silicon, aluminum, copper, zinc, iron, man-
ganese, strontium, zirconium, titanium, sulfur, molybdenum,
and arsenic are relatively high and that they can be determined
effectively. Among these elements, copper and zinc contents
were as high as 823×10–6 and 191×10–6, respectively, similar to the
features of sediments near hydrothermal vents in other regions.
Contents of nickel, arsenic, molybdenum, and niobium varied
considerably, with the lowest content below the detection limit.
Contents of wolfram, tin, bismuth, lead, mercury, gold, silver, co-
balt, chromium, and vanadium were usually below the detection

limit. This result was similar to the results reported by Hall et al.
(2014) and Mäkinen et al. (2006). Among the major constituents,
the contents of aluminum and silicon are usually below 3%, while
the highest content of calcium was found to exceed 40%, similar
to the results reported by of Huang et al. (2016). Generally, the
content of aluminum in the abyssal sediments was attributable to
debris component of the sediments. Thus, the results indicated
that these samples mainly contained calcium with a few debris
derived from base rocks, which shows typical pelagic sediment
features. For element content above the detection limit, the res-
ults of analysis of strontium, calcium, silicon, iron, manganese,
and sulfur contents were very good with relative errors less than
10%. Besides, the analytical errors of the elements copper, zinc,
titanium and potassium were between 10%–20%. For elements of
molybdenum, arsenic, aluminum, vanadium, titanium, chromi-
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Fig. 2.   Photos of different grain size sediment samples. a. Sediment (>20 mesh); b and c. basaltic glass containing metallic sulfides in
the sediment (>20 mesh), in particular, c is a locally magnifying image indicating that the sulfides were oxidized to covellite; d.
sediments of 20–40 mesh, containing a large amount of basaltic debris and glass but also a large amount of foraminifera sand; e.
sediments of 40–60 mesh, mainly containing foraminifera sand, but also few basaltic debris; f. the image of the sediments (60–80
mesh), these sediments show similar composition, mainly a large amount of foraminifera sand and small amount of basaltic debris
and glass; and g. sediments of 120–160 mesh, these sediments have similar mineral composition to sediments of 60–80 mesh. Cv
represents covellite and Slf sulfide.
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um, and lead, the analytical errors were larger, mostly above 20%.
Overall, the analytical error of an element is related to its concen-
tration in the sample. The higher the concentration, the more
easily it can be detected and the smaller the test errors. This is
similar to test results reported by Wu et al. (2012).

4.2.2  Data accuracy
In order to assess the accuracy of the results of the PXRF ana-

lysis of abyssal calcareous sediments, the results were compared
to the data of the same samples analyzed by an ICP-MS at ALS
Laboratory Group in Guangzhou, China. During the ICP-MS
measurement, a standard sample was used and 10% repeat
samples were inserted to monitor the quality of the data. The test
error of the data was found within 5%. During the comparison,
the PXRF data for a certain element was plotted on the x-axis, the
corresponding result obtained by the ICP-MS was plotted on the
y-axis, and a linear fit of data to the line y=ax+b was determined.
The slope a of the linear line represented the degree of deviation
of the data. When the slope exceeded 1, the PXRF data were be-
low the true value, and vice versa. R2 represented the fitting de-
gree of the data. The closer it was to 1, the better the fit. The res-
ults show that the slopes for elements Cu, Zn, Ni, Al, and Ti are all
above 1 (Fig. 3), indicating that the analytical results of the PXRF
were smaller than those measured by the ICP-MS, in particular,
the slope for the element Al was close to 3, which indicated that
the analytical PXRF value of Al was far below the value indicated
by the ICP-MS measurement. The slopes for elements Fe, Mn,
and Ca were all smaller than 1, which meant their analytical
PXRF values were larger than the values given by the ICP-MS.

The fitting degree of the data of elements Zn, Fe, Ni, Al, Ti, and
Ca were all above 0.9, and elements of Cu and Mn were above
0.8, which meant the PXRF results for these elements were simil-
ar to the results produced in the laboratory. The fitting degree of
the data of the element S was below 0.5, which meant the results
of XRF measurement were unrelated to the experimental value
produced in the laboratory (using the ICP-MS) and was there-
fore unreliable. Generally speaking, during geochemical explora-
tion, instead of the absolute contents of the elements, geologists
care much more about the anomaly area than the background
area (Arne et al., 2014). In this way, though PXRF test results were
either larger or smaller than the values measured using the ICP-
MS. The identification of anomalies is not influenced by these er-
rors as long as all the tests are performed under the same condi-
tions. As a result, the data obtained from the PXRF test for sedi-
ments can be applied to the geochemical exploration of hydro-
thermal vents.

4.2.3  Assessment of data precision
The control reference material (CRM) 180-646, which was

provided by Thermo Fisher Scientific Inc., was analyzed to assess
the stability and precision of the results of the PXRF. We ana-
lyzed the same position of CRM 180-646 68 times for this assess-
ment (Table 3). The parameter Cv was used to assess the preci-
sion of the analysis of the PXRF. This parameter was calculated
using the following formula:

Cv = (1¡ S= ¹X )£ 100%;

¹Xwhere Cv, S, and  are precision, standard deviation, and aver-

Table 2.   Seafloor sediment analysis results by PXRF
Results of analysis Error /%

N <LOD Min Max Average SD Min Max Average SD Detection

Cu 52 1 11 823 189 17.5 0 65.1 16.8 17.5 detected perfectly, error
under 20%Zn 53 0 18 191 59 5.8 5.2 24.4 12.5 5.8

Fe 53 0 0.13 10.98 2.65 0.6 0.5 2.6 1.1 0.6

Mn 53 0 158 23 057 1 398 3.7 1 18.6 7.5 3.7

Ti 50 3 102 5 669 898 12.5 1.6 49.2 16.1 12.5

S 53 0 403 3 262 1 097 1.5 2.9 11 7.1 1.5

Zr 51 2 5 97 16 0.1 0 0.5 0.3 0.1

Sr 53 0 51 1 328 873 0.5 0.5 3.2 0.9 0.5

Ca 53 0 37.11 48.44 36.73 0.3 0.3 1.7 0.5 0.3

K 53 0 331 5 079 1 153 1 018.2 3.1 28.4 13.5 6

Si 53 0 0.42 17.91 4.77 5.02 0.6 7.9 2.9 1.9

Ni 46 7 27 622 119 130.7 3.7 57.7 25.6 15.8 most samples detected,
average error 20%–50%As 45 8 3 55 7 8.1 11.6 64.9 38.9 14.3

Mo 48 5 2 13 5 1.9 12.3 66.4 35.8 13.3

Nb 50 3 2 11 3 1.3 10.4 63.3 35.1 9.7

Al 53 0 0.11 2.83 0.68 0.66 2.7 63.5 22.4 16.3

Rb 50 3 2 13 5 2.9 10.3 54.7 29 10.9

P 3 50 347 814 607 238.2 16.9 30.5 21.6 20.9 most samples cannot be
detected, with average error

more than 50%
Au 9 44 4 5 5 0.3 0.5 0.7 0.6 0.1

Hg 9 44 5 10 8 1.4 0.5 0.7 0.6 0.1

Co 13 40 40 183 80 38.7 1.5 2.5 1.8 0.3

Mg 22 31 0.49 3.22 1.31 0.78 6.7 66.4 30.6 1730.2

Cr 31 22 22 813 225 190.3 2.4 61.9 17.2 16.2

V 34 19 41 313 105 67.1 10.7 65.3 30.8 14.8

Pb 35 18 3 132 10 21.7 5.1 62.2 42.5 12.7

Ba 42 11 53 421 156 74.2 7.4 51.7 22.1 10.1

          Note: Ca, Si, Al, Mg and Fe contents are given in percent, and other elements are in 10–6; N represents sample numbers; <LOD means
lower than detective limits.
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age, respectively. The results show that the precision of analysis
of most of the elements is above 95% and that of W, V, Ni, Ca, and
Sn is above 80%, indicating that the results of these elements are
quite stable and precise. However, the results of Rb were below
60%, indicating that these data should be considered with care.

4.2.4  Elements combination
Cluster analysis was used to illustrate the combined features

of the elements in these sediments. Before analyzing, the
centered log ratio (clr) transformation is applied to process the
sediment data (Aitchison, 1986). The cluster analysis was carried
out on STATISTICS using 1-Pearson distance measurement and
complete linkage. The results show that elements of abyssal cal-
careous sediments can be divided into two groups (Fig. 4). (1) Fe-
Al-Si-Ti-Ni-Mn-Zr can be further divided into two subgroups, Fe-
Al-Si-Ti-Ni and Mn-Zr. These elements are the main diagenetic
elements, and they may represent the presence of basalt debris in
the sediments; and (2) Cu-Zn-As-Ca-Sr can also be further di-
vided into two subgroups, Cu-Zn-As and Ca-Sr. The first sub-
group elements are the main ore-forming elements of mid-
oceanic ridge seabed massive sulfide. Their close correlation
demonstrated that the composition of the sediments had been
changed by hydrothermal activity, indicating that these elements

could be used in sediment geochemical exploration for hydro-
thermal activities. The latter subgroup elements probably repres-
ent the main calcareous composition of the sediments. These
results indicate that the analytical results produced by the PXRF
represent the composition of the sediments closely.

5  Discussion

5.1  Geochemical properties of sediments with different grain sizes
The chemical composition of the sediments of different grain

sizes collected from the same sampling station were compared
(Fig. 5). The results demonstrated that, as grain size decreased,
the content of Ca gradually increased, stabilizing around 40% for
samples finer than 40 mesh. However, the trends of changes in
content were just the opposite for Si, Al, and Ti. They showed
overall negative correlations between the element concentration
and grain size. As shown in earlier studies, Al and Ti mainly rep-
resent component of debris in sediments (Bloemsma et al.,
2012). Microscopic observation confirmed that coarse samples
consisted mainly of debris, but the samples with finer grain sizes
consisted primarily of foraminifera sand. In this way, the ele-
ment characteristics outlined above indicate the composition of
the sediments.
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Fig. 3.   Comparison of the analytical results produced by PXRF and ICP-MS.
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In the two sample stations close to the vent, contents of Cu
and Zn are above 400×10–6 and 150×10–6, respectively, for those
with grain size coarser than 20 and 20–40 mesh. For samples with
grain size of 40–60 mesh, contents of Cu and Zn decreased dra-
matically, to 200×10–6 and 50×10–6, respectively, and then stabil-
ized in samples of finer grain sizes. For sample stations located
moderate distances from and far from hydrothermal vents, con-
tents of Cu and Zn were relatively low, and the effect of grain size
on element content was less pronounced than that of sample sta-
tions close to the vent. The features of Fe and Mn were similar to
those of Cu and Zn, with high content in samples coarser than 40
mesh, and turn out to be quite stable for samples finer than 40
mesh. For samples with grain size coarser than 20 mesh and
within 20–40 mesh from the two samples stations far to the vent,

the contents of Fe and Mn were relatively high, similar to samples
close to the vent. Microscope observation indicated that basaltic
debris and glass were common in samples coarser than 40 mesh,
but samples finer than 40 mesh consisted primarily of calcareous
foraminifera sand. Previous works have shown the Cu contents to
be mainly about 80×10–6 in basalts from Mid-Atlantic Ridge
(Keays and Scott, 1976). In basalts from the Southwest Indian
Ridge, the Cu contents are mainly within 80×10–6–110×10–6, the
Fe contents are typically around 7%, and 1 000×10–6–2 000×10–6

for Mn (Nakamura et al., 2007; Han et al., 2012). Thus, the high
levels of ore-forming elements in coarse samples are probably at-
tributable to basaltic debris and glass. Further, the two coarse
samples close to the vent, which had significantly high contents
of Cu and Zn may be explained by the existence of disseminated
mineralization in the basalt debris and the glass (Fig. 2c). Among
element ratios, Cu/Fe and Zn/Fe showed an increasing trend
with decreases in grain sizes, which means Fe was more concen-
trated in coarser samples. However, the Fe/Mn ratios in the
samples were scattered, without any apparent trend.

Overall, except for somewhat high contents of Cu, Zn, and Fe,
element contents of sediments with different grain sizes from the
same sampling stations were basically distributed within certain
range, showing only trivial variation, which indicates that main
factor controlling element contents of the deep-sea sediments is
the distance to hydrothermal vent, not grain size. The results also
show that the chemical characteristics of the sediments coarser
than 40 mesh are significantly influenced by debris, so sedi-
ments finer than 40 mesh should be selected to represent geo-
chemical characteristics of sediment samples.

5.2  Use of indicators in sediment geochemical exploration
According to the microscopic observation and PXRF analysis

Table 3.   Analysis of CRM 180-646
Unit Number Min Max Average SD Cv/%

Fe % 68 4.06 4.23 4.16 0.04 99.10

Sr 10–6 68 108 115 112 1.37 98.78

K % 68 2.32 2.46 2.39 0.03 98.77

Zr 10–6 68 370 397 385 5.41 98.59

Si % 68 32.36 34.71 33.70 0.67 98.00

As 10–6 68 97 107 102 2.21 97.84

Th 10–6 68 45 50 47 1.25 97.34

Cu 10–6 68 210 238 225 6.17 97.26

S % 68 0.16 0.18 0.17 0.01 96.68

Bi 10–6 68 52 61 57 1.90 96.64

Nb 10–6 68 14 17 15 0.56 96.33

Pb 10–6 68 45 55 51 1.92 96.20

Mn 10–6 68 391 475 439 18.45 95.79

Al % 68 4.19 4.89 4.60 0.19 95.78

Zn 10–6 68 60 75 67 3.08 95.38

Ba 10–6 68 350 449 399 19.10 95.21

Mo 10–6 68 18 23 20 1.15 94.37

P % 68 0.15 0.20 0.17 0.01 94.28

Ti % 68 0.42 0.53 0.48 0.03 92.75

Cr 10–6 68 45 161 130 12.42 90.46

W 10–6 68 147 296 185 23.28 87.41

V 10–6 68 97 173 133 17.44 86.86

Ni 10–6 68 37 76 54 7.20 86.72

Ca % 68 0.75 1.30 0.97 0.14 85.75

Sn 10–6 66 11 23 16 3.09 80.59

Rb 10–6 68 63 151 81 33.16 59.14
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Fig. 4.   Cluster analysis of the results of sediments analyzed by
the PXRF.
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of samples of different grain sizes, Cu and Zn contents of samples
coarser than 40 mesh were significantly affected by debris (i.e.,
basalt glass). For this reason, the PXRF analysis results of samples
finer than 40 mesh of the six sample stations were chosen to cal-
culate the average values to represent the geochemical composi-
tions of the sediments (Table 3). Results show that the two
samples collected near the vent have relatively high contents of
Cu, Zn, and As, which are 413×10–6 and 289×10–6 for Cu, both
71×10–6 for Zn, and 11×10–6 and 6×10–6 for As. These values are
several times of the corresponding element contents of the sedi-
ments far from the vent, which indicates that the foraminifera
shells was strongly influenced by the hydrothermal activity. Sedi-

ments from moderate distance of the vent had significantly high
Fe, Mn, and Si contents, while the corresponding Cu and Zn con-
tents were slightly lower than samples near the vent but still
greater than samples far from the vent (Fig. 6a, Table 3). Element
contents in the two samples far from the vent were relatively low,
with Cu of 28×10–6 and 20×10–6, Zn of 15×10–6 and 28×10–6.
However, contents of As of these samples were similar to samples
collected a moderate distance from the hydrothermal vent. These
results showed characteristics similar to those of the sediments
from other mid-oceanic ridge hydrothermal fields (i.e., the En-
deavour hydrothermal field), which are rich in Cu and Zn, whose
levels decrease with increasing distance from the vent (Hrische-

Table 4.   PXRF analytical data and the ratios of elements content in sediment samples
SAMPLE Ca Si Al Mo Cu Zn Pb As Fe Mn Ni Cr Ti Cu/Fe Zn/Fe Cu/Mn Zn/Mn

S24TVG24 44.62 1.42 0.27 5 413 71 6 11 1.48 361 37 33 351 0.027 9 0.004 8 1.14 0.20

S15TVG03 41.21 2.92 0.46 7 289 71 4 6 2.49 946 47 38 539 0.011 6 0.002 9 0.31 0.08

S16TVG04 27.31 5.66 0.73 3 98 41 4 3 3.02 619 178 298 515 0.003 2 0.001 4 0.16 0.07

S19TVG19 38.26 4.78 0.73 4 86 42 4 3 1.93 615 91 175 651 0.004 4 0.002 2 0.14 0.07

S18TVG06 46.39 1.07 0.19 5 28 20 5 3 0.29 295 30 25 146 0.009 5 0.007 0 0.09 0.07

S05T VG05 46.13 0.81 0.19 5 15 28 6 3 0.22 340 40 56 163 0.006 9 0.012 6 0.04 0.08

Deep sea
carbonates

31.24 3.2 2.0 50 35 1 0.9 6 700 35 770

          Note: Ca, Si, Al and Fe contents are given in percent, and other elements are in 10–6. Data concerning deep ocean sediments are from
Radke et al. (2011).

60

40

20

0

C
a/

%

1     2      3     4     5      6     7     8      9 

Grain size

a
20

15

10

5

0

S
i/

%

1     2      3     4     5      6     7     8      9 

Grain size

b
3

2

1

0

A
l/

%

1     2      3     4     5      6     7     8      9 

Grain size

c

800

400

0

C
u

/1
0

-
6

1     2      3     4     5      6     7     8      9 

Grain size

d
200

100

0

Z
n

/1
0

-
6

1     2      3     4     5      6     7     8      9 

Grain size

e
12

9

6

3

0

F
e/

%

1     2      3     4     5      6     7     8      9 

Grain size

f

10.00

1.00

0.10

0.01

M
n

/%

1     2      3     4     5      6     7     8      9 

Grain size

g
60

40

20

0

A
s/

1
0

-
6

1     2      3     4     5      6     7     8      9 

Grain size

h
0.8

0.4

0

A
l/

C
a

1     2      3     4     5      6     7     8      9 

Grain size

i

0.04

0.03

0.02

0.01

0

C
u

/F
e

1     2      3     4     5      6     7     8      9 

Grain size

j
0.03

0.02

0.01

0

Z
n

/F
e

1     2      3     4     5      6     7     8      9 

Grain size

k
80

60

40

20

0

F
e/

M
n

1     2      3     4     5      6     7     8      9 

Grain size

l

S24TVG24 S15TVG03 S16TVG04 S19TVG19 S05TVG05 S18TV06
 

Fig. 5.   Element line chart of sediments of different grain sizes, one-nine indicate size from coarser than 20 mesh to finer than 200 mesh.
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va and Scott, 2007; Shearme et al., 1983). Thus, it can be inferred
that the PXRF can indicate the ore-forming elements enrichment
features of the sediments from the mid-oceanic ridges effectively,
and the Cu, Zn, and As contents can be applied as indicators in
the exploration for polymetallic sulfides (Radke et al., 2011).

Fe and Mn distribution features are different from Cu, Zn,
and As. Samples collected moderate distances from the hydro-
thermal vents have higher Fe and Mn contents than sediments
close to or far from the hydrothermal vent. Previous studies have
indicated that Fe and Mn contents in the hydrothermal fluid of
the study area were significantly higher than those of sea water,
with soluble Fe consist of 50% of the whole content (Wang et al.,
2012). This indicated that Fe did not precipitate rapidly after the
hydrothermal fluid erupted out of the seafloor. Many previous in-
vestigations have shown that Fe and Mn can migrate far away
after the fluid erupted from the seafloor, and then they became
distributed around the hydrothermal vent in the form of Fe and
Mn sediments (Cronan, 1983). For example, more than 35% of
the Fe and almost all Mn still remain in the hydrothermal plumes
in solvable forms after mixture of the hydrothermal fluid and the
sea water (Mottl and Mcconachy, 1990); Edmonds and German
(2004) found that ferric oxide particles in the plumes of the Rain-
bow hydrothermal fluid field located on the Mid-Atlantic Ridge
could spread up to 10 km along the direction of the oceanic cur-
rent. Sulfide particles in the hydrothermal plumes are continu-
ously oxidized as the plumes spread, which further lowers the Cu
and Zn content in the plume (Feely et al., 1992; German and
Sparks, 1993). This produces relatively high Fe/Mn ratios and
high levels of Cu, Zn, and Fe in sediments near the vent (German
et al., 1999), and sediments far from the vent have relatively high
Mn content and Mn/Fe ratios (Rowe et al., 2004). As a result, the
concentrations of Fe and Mn and the ratios of Fe, Mn vs Cu, and
Zn can be used as trace indicators for hydrothermal vent. For in-
stance, the Cu/Fe ratio in the sediments near the TAG hydro-
thermal field and the OBS hydrothermal field were 0.090 and
0.71, respectively, and the corresponding Zn/Fe ratios were 0.006
and 0.037, respectively (German et al., 1993), which were pro-
foundly higher than in the pelagic background sediment (BRT).

The results of this paper further indicate that although Cu/Fe
and Zn/Fe ratios in the sediments near the vent were higher, sed-
iments collected moderate distances from the hydrothermal field
showed higher Fe and Mn contents than sediments near the hy-
drothermal field, leading to lower Cu/Fe and Zn/Fe ratios than
samples far from the vent. In this way, it is difficult to determine
the location or the direction of the hydrothermal vent in unin-
vestigated areas by Fe and Mn contents alone or by Cu/Fe and
Zn/Fe ratios alone, especially when there were only a few samp-

ling stations. Results here indicated that the Cu/Mn and Zn/Mn
ratios were significantly higher in samples collected near the vent
(TVG24 and TVG03) than in those collected a moderate distance
from the vent (TVG04 and TVG19) (Fig. 6b), indicating that
Cu/Mn and Zn/Mn ratios may also be indicators suitable for use
in sulfide exploration.

5.3  Zoning of elements
A huge number of investigations on the mitigation and zon-

ing of elements near hydrothermal vents have been performed. It
has been reported that the contents of the ore-forming elements
in the plumes are several times higher than sea water (Sands et
al., 2012). Copper and zinc sulfides usually precipitate rapidly
after the hydrothermal fluid eruption from the seafloor, and form
sulfide sediments around the vent in short distances (German et
al., 1991). Fe and Mn migrate long distance within the hydro-
thermal fluid, and then distributed in sediments around the hy-
drothermal vent (Cronan, 1983). In this study, analysis of the six
sediment samples from the Southwest Indian Ridge showed the
element contents of Cu, Zn, and As to be relatively high in the
sediments close to the vent, and sediments with a moderate dis-
tance from the hydrothermal area showed higher Fe and Mn
contents. Therefore, for sediments near the hydrothermal vent,
Cu, Zn, and As are the elements in the inner zone, while Fe and
Mn are the elements in the outer zone.

Further, analytical data of this study from six sediment
samples with various grain sizes from different sampling stations
indicated that the two samples near the vent had higher Cu/Fe
ratios than other samples (Fig. 7), which is consistent with the
findings that the ratio of element/Fe decreased as the overall Fe
content of the neutral plumes decreased (Edmonds and German,
2004). Relationships between Zn, As, and Fe are similar to those
between Zn, As, and Cu, indicating that the two samples rich in
Zn and As also have relatively high Zn/Fe and As/Fe ratios.
However, the degree of reduction of the Cu/Fe ratio was far more
pronounced than that of the Zn/Fe ratio, while the degree of re-
duction of the Zn/Fe ratio was significantly higher than that of
As/Fe, indicating that the precipitation speed of Cu was faster
than that of Zn and the precipitation speed of Zn was faster than
that of As, in accordance with the precipitation order of the ele-
ments near the hydrothermal vent reported by Mottl and Mccon-
achy (1990). Here, the order of precipitation and zoning of the
elements near the hydrothermal vent was found to be as follows:
Cu, Zn, As, Fe, and Mn.

6  Conclusions
(1) Sediments coarser than 20 mesh in the Southwest Indian
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Fig. 6.   Element contents of sediment samples collected different distances from hydrothermal vents.
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Ridge mainly contained rock debris and basaltic glass; sediments
of 20–40 mesh still consisted primarily of rock debris and basaltic
glass, but there was more coarse foraminifera sand; sediments
finer than 40 mesh consisted mainly of foraminifera sand, which
represents typical pelagic sediments.

(2) Contents of the elements Cu, Zn, Fe, and Mn were relat-
ively constant in sediments finer than 40 mesh, but higher in
coarser samples, probably from basaltic debris and glass com-
ponent in these sediments. Thus, sediments finer than 40 mesh
should be used as analytical samples during the geochemical ex-
ploration of hydrothermal vent at mid-oceanic ridges.

(3) Contents of the elements Cu, Zn, and As were relatively
high in sediments near the vent, and sediments collected a mod-
erate distance from the hydrothermal field had higher Fe and Mn
contents. For sediments near or far from the vent, the ratios of
Cu/Fe and Zn/Fe were higher than sediments collected a moder-
ate distance away. As distance increased, the ratios of Cu/Mn
and Zn/Mn decreased significantly. Sediments showed elements
zoning of Cu, Zn, As, Fe, and Mn around the hydrothermal vent.

(4) Ore-forming elements enrichment features in the cal-
careous sediments of the mid-ocean ridges can be determined
effectively using PXRF. Element contents of Cu, Zn, As, Fe, and
Mn and their ratios can be used as indicators in the geochemical
exploration for polymetallic sulfides. This method satisfies the re-
quirements of rapidly identifying geochemical anomalies in the
sediments from the mid-oceanic ridges.
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Fig. 7.   Scatter graph of elements contents in sediment samples.
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