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Abstract

The carbonate-free fraction of 20 surface sediments collected from the ultraslow-spreading Southwest Indian
Ridge (SWIR) was studied by grain size analysis and mineralogical analysis with X-ray powder diffraction (XRD),
stereo microscopy and scanning electron microscopy (SEM). The characteristics of the carbonate-free fraction of
the sediments were obtained, and related influential factors were discussed. The results show that the mean grain
size of this fraction is in 1.96Φ–8.19Φ, with poorly sorting and unimodal, bimodal or irregular bimodal distribution
patterns. Four grain size end members of the fraction are derived with the End Member Model method. The finest
end member EM1 shows a significant contribution of terrigenous materials of the aeolian input and sediment
carried by the bottom current. End member EM2 with medium size mainly reflects sediment of a siliceous bio-
clast origin. EM3 and EM4 are interpreted as representing the coarser volcanic materials related to bedrock
weathering or volcanic activities. Multi-provenance is the dominant factor controlling the grain size pattern of the
carbonate-free fraction of the sediments in that area. In addition, sediment transport processes such as the
bottom current and wind are the minor factors that influence the grain size distribution of the carbonate-free
fraction sediments.
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1  Introduction
The carbonate-free fraction of sediments is the portion of sed-

iments that contains no carbonate component and is also re-
ferred to as the “lithic fraction” (Revel et al., 1996). Compared to
the carbonate fraction that usually contributes to the reconstruc-
tion of paleoclimatic evolution, although the noncarbonate frac-
tion makes up only a small part of the deep sea sediment com-
posed mainly of calcareous oozes, it is more efficient to record
and provides diverse “lithic” information. This sediment fraction
has different origins, such as terrestrial, volcanic and ice-rafted
sources (McCave et al., 1995), and the lithic particles may be
transported into the open ocean through various processes: (1)
atmospheric circulation (Rea, 1994); (2) surface circulation (Rud-
diman, 1977); (3) hemipelagic processes (turbidity currents) and
(4) bottom circulation (Biscaye and Eittreim, 1977). Many stud-
ies have confirmed that the carbonate-free fraction in marine
sediments can be a good indicator to extract the source message
and reconstruct sedimentary processes (Stein et al., 1994; Povea
et al., 2015). Likewise, grain-size, as the most fundamental prop-
erty of sediments, contains useful information about sediment

provenance and transport mechanisms (McLaren and Bowles,
1985). In the 1960s, Hails (1967) and Doeglas (1968) discussed
the relationship between grain size composition and sediment-
ary environment. The grain size might also serve as a key index in
research on monsoon evolution (An et al., 2001), ocean current
changes (McCave and Hall, 2006) and tectonic movement.

The seafloor surface of the Southwest Indian Ridge (SWIR) is
predominantly composed of calcareous ooze with a thinner
thickness and discontinuous distribution due to its younger age
(Bernard et al., 2005) and deeper carbonate compensation depth
(CCD) of approximately 4 800 m (Kolla et al., 1976a). With the de-
velopment of seabed in situ testing technology and sampling
techniques in the last two decades, an upsurge in exploration for
hydrothermal sulfide deposits has appeared in different coun-
tries around the world (German et al., 2016). The SWIR is repres-
entative of an ultraslow-spreading ridge with high attention, and
researches on this area have involved the composition and evol-
ution of hydrothermal plumes and fluids, the mineralogical and
geochemical characteristics of both hydrothermal products and
surrounding basement rocks, hydrothermal biological processes,  
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the mechanism of the hydrothermal system cycle and the flux of
heat and mass (Zeng, 2011). Studies of the surface sediments
covering oceanic bedrock or mineralized layers, however, are of
relatively recent origin and serve largely to give the general read-
er an initial understanding of sediment material composition,
geochemical characteristics and sources (Chen et al., 2013;
Huang et al., 2016; Li et al., 2016). In a sedimentary environment
as complicated as that of the SWIR, what grain size response will
be found in surface sediments of the surrounding area and what
geological information is hidden? To the author’s knowledge,
little research into relevant aspects of similar geomorphic units
has been carried, and those studies that exist involve only sedi-
ment particle-size partition, the estimation of sedimentation rate
(Cronan and Hodkinson, 1997) and the content variation of met-
al elements such as iron and manganese in different particle sizes
(Skornyakova, 1965; Gurvich, 2006). To date, there has been no
systematic research report on the geological significance of grain
size.

Here, we selected 20 surface sediment samples in the SWIR
area, conducted a grain size analysis of the carbonate-free frac-
tion and systematically analyzed the characteristics of grain size
distribution patterns and end member constitution. Based on the
grain size data combined with the corresponding mineralogical
compositions, the lithic provenance of the surface sediments in
the SWIR area is presented, and the related sedimentary process

signals are revealed. The results are helpful for the exploration of
hydrothermal sulfide deposits.

2  Geological background
The SWIR (Fig. 1a), extends 8 000 km from the Rodriguez

Triple Junction (RTJ) in the northeast to the Bouvet Triple Junc-
tion (BTJ) in the southwest, separating the African and Antarctic
plates, and is a typical ultraslow-spreading ridge with a full
spreading rate of 14–16 mm/a in a NE-SW direction (Dick et al.,
2003). The axis of the SWIR is marked by an oblique spreading
and is offset by sets of N-S running transform faults such as the
Atlantis II and the Melville FZs. Its surrounding topography var-
ies greatly and has deep axial valleys with water depths deeper
than 5 000 m; moreover, it generally lacks magmatic activity
(Muller et al., 1999). Basalts are the main outcropping rocks in
the SWIR, and mantle materials such as serpentinized peridotites
and gabbros are occasionally exposed in the fault regions (Bach
et al., 2002; Zhou and Dick, 2013). As seafloor hydrothermal
activity survey has continued, seven hydrothermal fields have
been discovered and reported in the SWIR, which including the
first discovered active field, the 49.6°E hydrothermal field, at
37°47′S, 49°39′E. Furthermore, hydrothermal products were also
observed at the 49.26°E, 49.6°E, 51.73°E and 50.5°E hydrothermal
fields (Tao et al., 2014).

Our study area is located on the high mound between the In-
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Fig. 1.   Map of the study area (a) and sampling location (b). The white arrows point in the direction of the Antarctic bottom current
(current data based on Mantyla and Reid (1995)).
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domed and the Gallieni FZs. According to Cannat et al. (1999),
the ridge segments of this region are divided into Segment 27
(50.5°–49.91°E) and Segments 28–29 (49.91°–48.80°E) from right
to left. The volcanic ridge and non-transform discontinuity are
often in an opposite arrangement in the axial valley region of Seg-
ments 28–29, where the northern flank is characterized by obvi-
ous volcanic activities and the southern flank is controlled by tec-
tonic activities. Additionally, the 49.6°E hydrothermal field sits
right in the center of this segment. Segment 27 has an abundant
magma supply and intense volcanic activities with the lack of axi-
al valley (Liang et al., 2014). The water depths on the south side of
ridge axis are generally shallower, with an average of 3 180 m.

The sediments of this area are mainly biogenic components
that consist of foraminifera and calcareous nannofossils, with
subordinate seafloor volcanic debris and terrigenous material
carried by atmospheric circulation and the ocean current. The
deep-water bottom current in the study area is represented by
the Antarctic Bottom Water (AABW) originating in the Weddell
Sea (Mantyla and Reid, 1995). The northward flow of the AABW,
heavily controlled by submarine topography, has two main path-
ways into the Southwest Indian Ocean. (1) On the west, via a gap
in the SWIR (50°S, 30°E), the AABW flows into the Agulhas, Natal
and Mozambique Basins, and (2) through the Crozet-Kerguelen
gap Plateaus (50°S, 60°E), the AABW fills into the Crozet, Mada-
gascar, Mascarene, Somali, and Arabian Basins as a deep west-
ern boundary current of the Indian Ocean (Haine et al., 1998).
Previous deep-towed and moored investigations near the Longqi
vent have found that the bottom water here mainly flows from
southeast to northwest with a maximum velocity of 20–30 cm/s
(Liao et al., 2016).

3  Materials and methods
During the 34th and 39th Chinese cruises of the R/V Dayang

Yihao, surface sediment samples were collected using a TV-
guided grab sampler from 20 stations in the region of 48.7°–
50.5°E of the SWIR. These stations were located at the northern
and southern flanks in the vicinity of the SWIR axial zone within a
depth range of 1 500–3 200 m. Detailed information about sam-
pling sites is shown in Fig. 1b.

3.1  Sample pretreatment
Samples used for grain size and mineral analyses were treated

to remove the organic matter and carbonate, separating the
coarse and fine fractions. The procedure was carried out as fol-
lows: suitable amounts of sediment sample were placed in a
beaker, oxidized and disaggregated by 30% H2O2. The above
steps were repeated every 12 h until no air bubbles remained to
completely remove the organic matter. Then, the solution was
desalinated with deionized water and centrifuged a total of 6
times. Afterward, the sample was placed in a water bath box at a
constant temperature of 35°C after adding twice sufficient 30%
acetic acid, continuously shaking the sample, and repeating the
centrifuge procedure. Finally, the carbonate-free fraction was
wet-sieved through a 63 μm (240 meshes) sieve. Oversize and un-
dersize subsamples were collected separately to dry them for
later use.

3.2  Grain size analysis
The grain size distribution of the carbonate-free coarse frac-

tion (>63 μm) was analyzed by a standard sieve shaker test, with a
size interval of 1Φ. The relative content of each grain size after
weighing was calculated. For the carbonate-free fine fraction
(<63 μm), prior to the grain size measurements, subsamples were

disaggregated with 3 mL of 0.05 mol/L (NaPO3)6 and sonicated
for 30 min. Grain size distributions were determined using a laser
particle size analyzer (Mastersizer 2000, Malvern Company) with
a measurement range from 0.02 to 2 000 μm. The grain size de-
tection resolution was 0.01Φ with a relative error of less than 3%
during repeated tests. Grain size data were exported based on the
detection interval of (1/4)Φ. Finally, the relative proportion for
each grain size fraction was computed by normalization. The
grading standard was the Udden-Wentworth grade (Udden, 1914;
Wentworth, 1922), using the formulas of McManus to calculate
grain size parameters (McManus, 1988).

3.3  Mineralogical analysis of different size fractions
From the coarse-grained fractions, the microscopic observa-

tion and identification were carried out using an OLYMPUS SZ61
stereo microscope. In addition, the morphology of the biogenic
component was examined by scanning electron microscopy
(SEM, Quanta 200, FEI Company) and energy dispersive spectro-
scopy (EDS, GENESIS 2000, EDAX Company). The beam spot
and work distance of SEM are 5.0 and 10 mm (25 kV, high vacu-
um mode), respectively, and the magnification varies from 150 to
600. From the fine-grained fractions, the mineral composition
was found using the X-ray powder diffraction method with a
Bruker D8 ADVANCE diffraction meter produced by Bruker (Ger-
many). Diffraction patterns in the 3°–65° range were obtained us-
ing a 0.02° (2θ) step scan and 4°/min scanning speed. Operating
conditions were 40 kV and 100 mA using Cu-target radiation.
Peak areas were calculated after manual baseline correction us-
ing Jade 6.5 software, following the semiquantitative k-value
method (Chung, 1974).

4  Results

4.1  Grain size characteristics of sediments
Among the carbonate-free fraction of each sample, distinct

differences in terms of grain size characteristics are apparent. For
the grain size parameters of this fraction, see Table 1. The mean
grain size ranges between 1.96Φ and 8.19Φ with a mean of 5.53Φ.
The sorting coefficient is 2.07–4.04 with an average of 2.64, indic-
ating its poor sorting generally or even particularly poor sorting
for very few samples. The skewness shifts from very positive to
very negative, with the value of –2.34 to 3.65. Forty percent of all
samples show a majority of fine-grained particles due to the neg-
atively skewed distribution, while others have the opposite grain
size composition. The kurtosis is over 2 and the range is 2.47–
4.48, which is leptokurtic. Figure 2 illustrates the variation trend
in the mean grain size distribution. The finest grain size occurs at
SW12 from the north margin of this area, whereas SW10 from the
southeast of the ridge axial region shows the coarsest grain size.
Generally, the particle sizes in the carbonate-free fraction be-
come slightly smaller from southeast to northwest.

The grain size distribution of the carbonate-free fraction can
be summarized in three basic types: unimodal, bimodal and ir-
regular bimodal patterns. Four samples are unimodal with a
mode of approximately 1.95–3.91 μm (Fig. 3a). They barely con-
tain the fraction coarser than 500 μm, suggesting an obvious neg-
ative skewed distribution. Most samples show a bimodal distri-
bution pattern in which the coarse and fine modal sizes are at
125–250 μm and 1.95–3.91 μm, respectively (Fig. 3b). Some of
these samples have a significant positive skewed tendency. Fur-
ther, the size of the two modes in a very few samples is reversed.
In the irregular bimodal pattern, there is little difference in the
content of two modes, with a modal size of approximately 500 μm
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and 125 μm, respectively (Fig. 3c). In particular, gravel-grained
particles, which have different contents from 11.68% to 68.34%,
occur in the >2 000 μm fraction.

4.2  Mineral phase of different grain size fractions
Based on the grain size distribution of the noncarbonate frac-

tion, we selected three major coarse-grained fractions for micro-
scopic identification, including >2 000 μm, 500–1 000 μm and
125–250 μm. In the fraction of >2 000 μm, only SW1 approxim-
ately 1 km from the 49.6°E hydrothermal field are dominated by
massive or fibrous serpentine (Fig. 4a), whereas the remaining
gravel-bearing samples, such as SW10, SW13, SW15 and SW18,
mainly consist of volcanic breccia and volcanic glass (Figs 4b, c).
The volcanic debris grains have an angular shape and develop a

vesicular structure, with red-brown partial surface coloration due
to iron oxidation.

In the 500–1 000 μm fraction, SW1 still mainly contains ser-
pentine, while individual samples are rich in volcanic glass and
volcanic ash, as well as plagioclase and little volcanic matter in
certain other samples (Fig. 4d). Of these, plagioclase grains are in
angular or subangular shapes and have shallow pits and dark im-
purities on parts of the surface, with the red-brown color that
may be related to oxidation of iron.

In the fraction of 125–250 μm, plagioclase and siliceous bio-
clasts are generally predominant, with the exception of SW1 and
individual samples that are full of volcanic matter. These biogen-
ic components are mainly radiolarian skeletons, followed by sili-
ceous sponge spicules, with intact morphology (Fig. 4e). Through

Table 1.   Grain size parameters of the carbonate-free fraction in surface sediments from the SWIR
Sample No. Mz (Φ) δi Ski Kg Sample No. Mz (Φ) δi Ski Kg

SW1 2.06 2.59 2.95 3.74 SW11 6.41 2.84 –1.41   3.26

SW2 5.27 2.74 2.13 3.24 SW12 8.19 2.36 –2.34   3.24

SW3 5.19 2.85 1.88 3.39 SW13 5.45 4.04 –1.79   4.43

SW4 5.66 2.82 –0.93   3.43 SW14 7.13 2.32 –1.36   2.76

SW5 5.61 2.43 1.62 2.98 SW15 2.58 3.16 3.40 4.30

SW6 6.63 2.37 1.02 2.84 SW16 5.70 3.16 1.73 3.53

SW7 7.05 2.33 –0.90   2.82 SW17 7.11 2.07 0.67 2.47

SW8 3.68 2.44 2.60 3.40 SW18 2.53 2.34 2.68 3.54

SW9 6.94 2.53 –1.43   3.02 SW19 7.24 2.23 –1.10   2.71

SW10 1.96 2.91 3.65 4.48 SW20 8.13 2.33 –2.05   2.99

Average 5.53 2.64 0.55 3.33

          Note: The parameters Mz, σi, Ski and Kg indicate the mean grain size, sorting coefficient, skewness and kurtosis, respectively.
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Fig. 2.   The mean grain size distribution of the carbonate-free fraction in surface sediments from the SWIR.
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Fig. 3.   Grain size distribution patterns of the carbonate-free fraction in surface sediments from the SWIR. Unimodal pattern (a),
bimodal pattern (b) and irregular bimodal pattern (c).
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comparison of different size fractions, we discover that siliceous
bio-clasts are obviously enriched in this fraction such that five
samples comprise it almost exclusively: SW4, SW9, SW11, SW12
and SW14.

The XRD results show that 16 mineral phases are detected in
the carbonate-free fine fraction (Table 2). The major mineral
phases are clay minerals (18%–78%), including chlorite, illite,
smectite, and kaolinite, quartz (12%–70%) and plagioclase
(3%–32%), which are found at all of the stations, followed by
pyroxene. Nontronite, pyrite, serpentine, talc, magnetite and
hornblende are discovered at several stations near the hydro-
thermal field. Sphalerite and epidote are also distributed in areas
distant from the field. Barite only appears at SW20, the farthest
from the hydrothermal field.

5  The grain size end member model and its genesis

r 2
mean

The application of the end member model (Chen and Guil-
laume, 2012; Paterson and Heslop, 2015) is a powerful approach
for interpreting the grain size data in the carbonate-free fraction
that is marked by polymodal grain size distribution. According to
the numerical-statistical theory of the end member model, we
calculated the mean coefficient of determination ( ) of all

r 2
mean

size classes by assuming two to ten end members. The results
show that with four end members, the mean coefficient of de-
termination is 0.94, which indicates that four end members can
effectively satisfy the fitting requirement (Fig. 5a). When five end
members are used, however, the mean coefficient of determina-
tion increases slightly ( =0.99) and tends to be generally

stable. Therefore, we used four end members to conduct the end
member retrieval based on the grain size data. Grain size distri-
butions for four end members (Fig. 5b) reveal that there is a bet-
ter corresponding relationship in the peak range between each
end member and all the samples. The grain size parameters of
four end members are provided in Table 3.

EM1 has a unimodal pattern of negative skewed and wider
distribution. The particle sizes range from 0.24 to 62.5 μm, with a
modal size of 1.95 μm and a mean grain size of 7.65Φ (4.98 μm).
Together, this indicates that EM1 basically consists of fine-
grained particles. EM2 is characterized by the main peak of high-
er, sharper and positive skewed distribution. The mode size and
mean grain size are 125 μm and 3.77Φ (73.30 μm), respectively.
These data show that EM2 is dominated by coarse-grained sedi-
ments with small amounts of fine-grained particles. EM3
presents a bimodal pattern of a positively skewed distribution in
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Fig. 4.   Microscope images of the carbonate-free coarse fraction. a. Serpentine; b. volcanic breccia; c. volcanic breccia and volcanic
glass; d. volcanic ash, volcanic glass and plagioclase; and e. radiolarians and silica sponge spicules.
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which the mode size of the main peak and the secondary peak is

500 μm and 125 μm, respectively. With a mean grain size of 2.80Φ
(143.59 μm), overall EM3 is composed of coarser-grained sedi-

ments. An irregular bimodal pattern is observed in EM4. The per-

centage of coarse grains in the secondary peak is less than 8%;

however, the percentage of the main peak in which the gravel

fraction (>2 000 μm) is dominant in the grain size composition of
EM4 is up to 68.97%.

Based on the characteristic of poor sorting in the end mem-
bers, and considering the fact that sedimentation is influenced by
several factors such as provenance, sedimentary environment,
hydrodynamic process and biologic activity, to further under-
stand the origin of grain size pattern of the carbonate-free frac-
tion, we focus on the analysis from two aspects: the provenance
and transport mechanisms.

5.1  End member EM1
The probability distribution of the cumulative grain size can

directly and clearly reflect the characteristics of sediment trans-
port and hydrodynamic environment. EM1 is the typical suspen-

Table 2.   The contents of minerals in the carbonate-free fine fraction

Sample
No.

Clay mineral/% Sulfide/% Else/%
Chlorite, illite

smectite,
kaolinite

Nontronite Pyrite Sphalerite Quartz Plagioclase Serpentine Talc Magnetite Hornblende Pyroxene Epidote Barite

SW1 48 16   12 3 +++ 21

SW2 23 6 6 33 8 + 7 17  

SW3 39 4 6 7 16 7 + 9 13  

SW4 33 4 5 45 14  

SW5 31 8 3 32 17   3 5

SW6 20 55 13   9 2

SW7 22 59 16   3

SW8 39 13   10 32   3 3

SW9 29 58 13  

SW10 45 45 8 2

SW11 76 15 10  

SW12 36 56 8

SW13 40 51 10  

SW14 18 70 11  

SW15 36 4 29 22   3 5

SW16 52 41 7

SW17 42 48 8 2

SW18 32 6 50 11  

SW19 78 15 5 1

SW20 63 24 3 4 7

          Note: +++ means abundant and + minor. Due to the lack of the RIR (reference intensity ratio) (Hubbard et al., 1976) of serpentine it failed
to calculate its content.

Table 3.   Grain size parameters of four end members
No. Mz (Φ) δi Ski Kg

EM1 7.65 2.13 –1.17   2.55

EM2 3.77 2.03 2.07 2.75

EM3 2.80 3.42 3.61 4.53

EM4 1.77 2.69 3.52 4.37
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Fig. 5.   Grain size end member analysis results of the carbonate-free fraction in surface sediments from the SWIR. Mean coefficient of
determination ( ) of all size classes for each end member model (a) and grain size distributions for the end members of the four
end member solution (b).
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ded load transport of one segment pattern (Fig. 6a). The total
amount of suspended load section is approximately 95%, which
corresponds to its relatively wider unimodal distribution. There-

fore, it is shown that a large amount of suspended materials fall-
ing out from the seawater form the carbonate-free fine fraction in
the SWIR surface sediments.

This finer end member consists mainly of clay minerals and
quartz, with a small amount of silicates, sulfides and sulfate. Clay
minerals other than nontronite in the seafloor have three main
sources of terrigenous, submarine weathering and hydrothermal
origin, which can be transported by wind, bottom current, ice-
rafting, and so on (Weaver, 1989). Recent comparative analyses
of clay minerals assemblages among different regions have indic-
ated that the major source of clay minerals in the area is aeolian
dust from the Namib and Kalahari deserts of southern Africa, as
well as some from sediments of Antarctica offshore carried by the
Antarctic bottom current①. In addition, clay minerals in sedi-
ments near the vent may have hydrothermal origins. Nontronite
is found here and it is an indicator mineral (Herzig and Plüger,
1988; Severmann et al., 2004; Dias and Barriga, 2006) related to
hydrothermal activity. Quartz is stable at ocean-bottom condi-
tions and does not form authigenically in recent sediments. Most
grains in pelagic sediments are in the 5–10 μm range, although
the grain size varies with grain origin and transport mechanism
(Rex and Goldberg, 1958). The high quartz abundance in the
Southwest Indian Ocean is in partially derived from continental
material of South Africa and Madagascar and partially derived
from the Antarctic continent, as discussed in detail by Kolla et al.
(1976b). Thus, the fine-grained quartz distribution within the re-
gion is mainly affected by aeolian transport and bottom current
processes (Leinen et al., 1986). Closely associated with quartz,
plagioclase can exist as terrigenous debris or the weathering
debris of basement basalts (Peterson and Goldberg, 1962;
Humphris and Thompson, 1978). Pyroxene is one of the major
rock-forming minerals of both basalt (Eggleton et al., 1987) and
peridotite (Snow and Dick, 1995), and its widespread distribu-
tion indicates that it is produced by the bedrock weathering pro-
cess. Many scholars have noted that the formation of serpentine,
magnetite, talc and hornblende near-vent is associated with the
alteration (Kelley et al., 2001; Allen and Seyfried, 2003; D’Orazio
et al., 2004) and metamorphism (Bonatti et al., 1975) of bedrocks
in hydrothermal circulation. Epidote and sphalerite occur at the
same time as two stations in this area, which is similar to the res-
ults of previous studies on hydrothermal sulfides (Alt et al., 1996;
Bowman et al., 1987). Therefore, we suggest that the epidote is

likely to be formed at the same time as sphalerite after surround-
ing rocks suffer from hydrothermal replacement and finally fal-
lout into the sediments. The sulfides distributed around the hy-
drothermal vent undoubtedly belong to hydrothermal deposits of
the 49.6°E hydrothermal field. Tao et al. (2011), Ye et al. (2011),
Sun et al. (2014) and Jia et al. (2017) conducted detailed miner-
alogy studies on chimneys, massive sulfides, upper suspended
water, and surrounding sediments, respectively, in this region,
and all found pyrite and sphalerite. Barite may be the authigenic
deposit most closely associated with primary productivity in the
marine sedimentary environment (Sun, 2011).

The above analyses of mineral sources show that EM1 re-
flects a significant contribution of terrigenous materials of the
aeolian and bottom current inputs, although it also contains a
few suspended materials related to seafloor weathering and hy-
drothermal circulation. According to previous research on simu-
lating dust deposition flux using global models, the desert dust
aerosol from southern Africa that is dominated by particles of
diameter 0.1 to 10 μm, with the mean size being approximately 2
μm could reach the study region in the Southwest Indian Ridge
(Jickells et al., 2005).

5.2  End member EM2
EM2 has a bi-segment pattern (Fig. 6b) that consists of the

bed and suspended load, with a cut-off of 4Φ (62.5 μm). The bed
load section, which corresponds to the major mode of EM2, has a
higher proportion of up to 70% and slope of approximately 60°,
suggesting a slightly better sorting. This end member also has
some suspended particles whose the size is the same as that of
EM1.

As mentioned above, siliceous bio-clasts are enriched in the
fraction of 125–250 μm. This size range is consistent with previ-
ous research on the size of radiolarian skeletons in the subtropic-
al region by Schmidt et al. (2006). Through SEM examination,
several common species, including Lamprocyclas maritalis, Rho-
palastrum hexaceros, Stylacontarium octatignum, Spongocore
polyacantha, Octopyle stenozona, Acrosphaera spinosa, Theopili-
um tricostatum, and Hexalonche philosophica, were identified in
this area. Radiolarians are planktonic protozoa widely distrib-
uted throughout the water column in oceans, which are adapted
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Fig. 6.   Probability cumulative grain size distributions for four end members.
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to a drifting existence. Conversely, sponges are important con-
tributors to benthic biomass in predominantly deep-sea environ-
ments and are frequently found on firm surfaces such as rocks or
soft sediments. When these creatures die, their skeletal remains
make up a part of the cover of the ocean floor as siliceous bio-
clasts. Thus, this biogenic component in the area belongs to loc-
al biogenic deposits. In addition, considering the intact morpho-
logy of the shells described previously, we suggest that the study
region is in a weak hydrodynamic environment.

5.3  End member EM3
Compared with EM2, EM3 has 10% gravel-grained particles

that have not experienced any transport process. The bed load
section has a wider size range and lower content (58%), whereas
the content of the suspended load is unchanged. The secondary
part can also be observed in the suspended load (Fig. 6c). This
may reflect that the hydrodynamic environment or provenance
of this end member has changed.

The 500–1 000 μm fraction sediments are mainly composed of
plagioclase, volcanic ash and volcanic glass. EDS analyses show
that the coarser plagioclase consists mostly of basic plagioclase
(An: 80.20%–85.57%, Ab: 14.57%–19.80% and Or: 0%). Thus, the
plagioclase mineral mainly originate from the submarine weath-
ering of basalt rocks. Previously mentioned volcanic activities of
ridge segments in this region are intense and of relatively quiet
overflow eruption to form seafloor basalts. Consequently, volcan-
ic glass and ash are also the result of volcanic activities or the

weathering of basalt rocks.

5.4  End member EM4
The remarkable characteristic of EM4 is that the gravel-

grained sediments without transport account for 70% of the total.
In contrast, the contents of the bed load and suspended load are
very low, 20% and 10% (Fig. 6d), respectively. This directly re-
flects that the water mass movement in this region has no ability
to reform gravel-grained or much coarser sediments. Therefore,
the distribution of these coarser particles should be closer to their
source area.

The gravel-grained fraction in this end member mainly con-
sists of volcanic matter, and with few hydrothermal alteration
products, serpentine. The source material between EM3 and
EM4 is very similar. It also shows indirectly that the input of vol-
canic materials makes a large contribution to the coarser-grained
sediments in this area. Therefore, EM4 could be interpreted as
representing the coarsest volcanic matter from the seafloor bed-
rocks of the SWIR.

5.5  The spatial distribution of four end members
The relative contributions of four end members show distinct

spatial variations. All the samples are divided into three types ac-
cording to their end member contents (Fig. 7). Type 1 includes
55% samples that are mainly composed of EM1. In Type 2, EM2 is
the dominant end member. Type 3 is marked by a high propor-
tion of EM3 and EM4.

From the wide distribution of samples in Type 1, it is ob-
served and accepted that the aeolian and Antarctic bottom cur-
rent play the key role in the carbonate-free fine sediments trans-
port in SWIR. In addition, the content of EM1 has an increasing
tendency with the distance from the hydrothermal activity field.
This trend is thought to be mainly controlled by sediment
provenance. On the one hand, the dilution of particles associ-
ated with hydrothermal circulation near-vent is relatively clear.
These particles contain not only fine suspended settling materi-
als but also coarse hydrothermal alteration products. Further, the
coarse particles of volcanic and biogenic sources in EM2 and
EM3 also have a dilution effect on EM1. For example, SW5 and
SW11 have higher EM2 content. Moreover, the flat areas of the
seafloor create beneficial conditions for the accumulation of sus-
pended materials, including hydrothermal components. Due to
the lack of actual observation data about topography, there is no
further discussion about this aspect.

By combining Type 1 with Type 2, the results show that there

was no significant regularity in the spatial distribution of the bio-
genic component. For how it was created, there are various
factors. The biogenic fraction content in marine sediments is re-
lated to the supply of biological skeletons in upper or bottom sea-
water and has a closed relationship with ocean biogenic produc-
tion controlled by temperature, salinity and hydrological proper-
ties of the upwelling current and ocean current. Additionally, sili-
ceous skeletons usually dissolve because of the unsaturated dis-
solution of silicon dioxide in modern oceanic water. Further-
more, other pelagic sediments can also have a dilution effect on
the relative content of biogenic sediment.

The samples in Type 3 have a high content of the coarser
(>500 μm) volcanic materials. According to the grain size com-
positions of four end members, there is nearly 20% basement
weathering debris of the coarsest grained materials without
transport or reform in the carbonate-free fraction. We believe
that such samples provide a better estimate of the sources and
average content of the gravel particles in the noncarbonated frac-
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Fig. 7.   Distribution of the relative contributions of four end members.
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tion sediments from the SWIR. Therefore, the concentrated in-
put of endogenous materials, which refers to the volcanic origin,
is the main cause of the different spatial distributions of EM3 and
EM4.

In summary, the distinct spatial variations of the end mem-
bers are mainly related to different provenances. Sediments from
terrigenous, submarine weathering process of bedrocks, biogen-
ic production and hydrothermal input come together to form a
mixed population, such as the carbonate-free fraction of surface
sediments in the SWIR. Each origination supplies characteristic
mineral suites that contain special grain size information. There-
fore, multi-provenance is a major factor influencing the grain size
pattern in this fraction. Second, since the entire region has weak
hydrodynamic action owing to its deep-sea environment, only
the Antarctic bottom current that flows to the northwest can
provide a velocity component (Mantyla and Reid, 1995) to trans-
port some of the surface sediments and control their deposition
in the seabed. Combined with other indirect transport processes
in this region, such as wind, the particle sizes ultimately present a
slightly decreasing tendency from southeast to northwest. In ad-
dition, other factors such as topography may influence the grain
size composition of SWIR surface sediments.

6  Conclusions
Data on grain sizes and mineral compositions of the carbon-

ate-free fraction in surface sediments from the Southwest Indian
Ridge provide important information about factors in grain size
pattern and can be summarized as follows:

(1) The mean grain size of the carbonate-free fraction ranges
in 1.96Φ–8.19Φ with poor sorting. The grain size seems to be-
come slightly finer from the southeast to the northwest in this
area. Three types of grain size distributions are distinguished,
namely, the unimodal, bimodal and irregular bimodal patterns.

(2) The end member model, EM1, represents the significant
contribution of terrigenous materials of inputs of aeolian origin
and sediment carried by bottom current inputs. EM2 reflects the
influence of sediments of siliceous bio-clasts. EM3 and EM4 are
interpreted as representing the coarser (>500 μm) volcanic ma-
terials relate to bedrock weathering or volcanic activities.

(3) The sediment sources are different and can be distin-
guished as terrigenous, volcanic, hydrothermal and biogenic. Ad-
ditionally, the multi-provenance origin of the sediments is the
dominant factor controlling the grain size pattern of the carbon-
ate-free fraction in that area. Sediment transport processes such
as the bottom current and wind also exert a minor influence on
the pattern.
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