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Abstract

During the Integrated Ocean Drilling Program (IODP) Expedition 331, five sites were
drilled into the Iheya North Knoll hydrothermal system in the Okinawa Trough (OT) — a
back-arc basin characterized by thick terrigenous sediment. Following up on the previous
study by Shao et al. (2015), we present new mineralogical, geochemical, and Sr-Nd
isotope data to investigate the origin of the hydrothermal sediments and characterize the
hydrothermal system. The substrate at the Iheya North Knoll is dominated by pumiceous
sediment and other volcanoclastic materials interbedded with hemipelagic (terrigenous
and biogenous) sediments. Impermeable layers separate the hydrothermal sediments into
distinct units with depth that are characterized by various assemblages of alteration
materials, including polymetallic sulfides, sulfates, chlorite- and kaolinite-rich sediments.
The rare earth elements (REEs) and Nd isotope data suggest that the chlorite-rich and
kaolinite-rich layers primarily resulted from the alteration of pumiceous materials in
different chemical and physical conditions. Kaolinite-rich sediment likely reflects low pH
and low Mg concentration fluids, while chlorite-rich sediment formed from fluids with
high pH and increased Mg contents, likely at higher temperatures. The Sr isotopic
compositions of subsurface anhydrite reflect high seawater/hydrothermal fluid ratios in
the mid-OT hydrothermal area. Compared with chlorite-rich sediments from other
sediment-covered or felsic-hosted hydrothermal systems, the chlorite-rich sediments in
the mid-OT are characterized by lower concentrations of Al and Fe but much higher Y, Zr,
Hf, Th and REEs, indicative of the distinct nature of the precursor rocks in this region.
Key words: Hydrothermal alteration, chlorite-rich sediments, Okinawa Trough,

terrigenous, pumice, Sr-Nd isotopes, Integrated Ocean Drilling Program



1. Introduction

Hydrothermal systems primarily occur in three different spreading environments:
mid-ocean ridges, intraoceanic back-arc rifts in ocean crust (such as the Manus Basin, N.
Fiji Basin and Lau Basin), and intracontinental rifts in continental crust (such as the
Okinawa Trough, East China Sea) (Herzig and Hannington, 1995; Herzig and
Hannington, 2000; Glasby and Notsu, 2003). The hydrothermal fields in the Okinawa
Trough (OT) are characterized by a thick covering of terrigenous sediments that play an
important role in determining the nature of hydrothermal deposits (Lee et al., 1980;
Letouzey and Kimura, 1986; Kawagucci et al., 2011). In addition, volcanic materials like
pumice are widely distributed in the OT and also affect the geochemistry of hydrothermal
alteration reactions (Shinjo, 1999; Shinjo et al., 1999; Shinjo and Kato, 2000; Expedition
331 Scientists, 2011).

Hydrothermal alteration of rocks and sediments results in the formation of
secondary mineral assemblages of kaolinite, illite, smectite, montmorillonite, chlorite and
other mixed layer clays (Alt, 1999; Marumo and Hattori, 1999; Lackschewitz et al.,
2000b; Lackschewitz et al., 2004; Dekov et al., 2005; Miyoshi et al., 2013; Beaufort et al.,
2015). The Iheya North Knoll hydrothermal field in the mid-OT is characterized by high
concentrations of chlorite, reaching up to 70% at Integrated Ocean Drilling Program
(1ODP) Site C0013 (Expedition 331 Scientists, 2011). Shao et al. (2015) compared the
mineralogy and geochemistry of the clay-size sediments in the mid-OT recovered during
the IODP Expedition 331, and discriminated the clay origins between hydrothermal and
terrigenous sources. However, whether the chlorite-rich sediments result from

hydrothermal alteration of terrigenous sediments and/or volcanic materials remains to be



clarified.

Anhydrite, which exhibits retrograde solubility, is the most important sulfate phase at
the mid-OT hydrothermal area (Expedition 331 Scientists, 2011). The precipitation of
anhydrite provides the opportunity to investigate the extent of seawater entrainment into
the subsurface (Mills and Elderfield, 1995; Humphris, 1998; Teagle et al., 1998a; Teagle
et al., 1998b). However, little is known about subsurface circulation within the mid-OT
hydrothermal area, where substantial amounts of anhydrite were found during IODP 331
Expedition

To better understand the hydrothermal environment and deposits in the mid-OT area,
we have analyzed the bulk mineralogical, elemental and Sr-Nd isotopic compositions of
selected samples from several sediment cores collected during IODP Expedition 331. The
main objectives of this study are to: 1) determine the nature of the material
hydrothermally altered to produce the chlorite-rich sediment in the mid-OT; 2) use the
behavior of Sr and the REEs in anhydrite to establish the role of seawater entrainment
and subsurface mixing in the hydrothermal system; 3) develop a schematic model of the
hydrothermal system at lheya North Knoll based on the stratigraphy, mineralogy, and
geochemistry.

2. Geological setting and sample selection

The OT is a back arc basin (BAB) extending for about 1200 km between Kyushu
Island and Taiwan. The north OT (NOT) is about 230 km wide with a maximum water
depth of 200 m, and the south OT (SOT) is about 60-100 km wide with a maximum
water depth of 2300 m (Letouzey and Kimura, 1986). The OT has been undergoing

rifting since ~2 Ma, and was preceded by an earlier rifting episode during the Miocene



(Lee et al., 1980). Seismic reflection data suggest that the mantle (at ~ 6000 mbsf (meter
below seafloor)) is overlain by potentially young basalt (~3000-6000 mbsf), igneous
rocks (~ 1000-3000 mbsf), and sediments up to 1000 m thick (Expedition 331 Scientists,
2011). In 1988, Halbach et al. (1989) reported the occurrence of hydrothermal activity in
the mid-OT. Thus far, at least six active hydrothermal fields have been identified: Minani-
Ensei Knoll, Iheya North, Iheya Ridge, Izena Hole, Hatma Knoll, and Yonaguni Knoll 1V
(Takai et al., 2012).

The Theya North Knoll (27°47'50"N, 126°53'80"E) is located approximately 150 km
NNW of Okinawa Island (Fig. 1). Previous seismic and gravity core studies in the central
valley of this hydrothermal field (apparent seafloor area as 2000 mx2000 m), suggested
the presence of thick pumice layers with coarse to fine grain sizes, which often contain
abundant gas-filled voids accompanied by elemental sulfur and sulfide minerals,
probably deposited by gas-rich hydrothermal fluids (Oiwane, 2008; Expedition 331
Scientists, 2011; Masaki et al., 2011).

The samples selected for this study include sediments recovered from IODP 331 Sites
C0013, C0014, C0015 C0016, C0017, as well as surface sediments and rocks collected in
the north OT (NOT) during East China Sea (ECS) Investigation Expedition 2012 (Table
1). More detailed information about the cores is included in the IODP 331 report
(Expedition 331 Scientists, 2011). A substantial amount of hydrothermally-formed
secondary clay minerals, including chlorite, kaolinite-muscovite (intergrowth) and
illite/smectite were recovered during IODP 331 Expedition (Expedition 331 Scientists,
2011; Miyoshi et al., 2015; Shao et al., 2015).

IODP Site C0016 is located at the base of the active (>310°C) hydrothermal vent



site and sulfide—sulfate mound at the North Big Chimney (NBC). Three cores were
collected in Hole C0016B (no recovery in CO016A) over an interval of 0 to 45 mbsf, with
a recovery of only 2.1 m (4.7%) of core. Core recovered from the 0—9 mbsf interval
consists of massive and semi-massive sulfide underlain by silicified volcanic rock. The
second core consists of only three rocks: two pieces of silicified volcaniclastic breccia
and one piece of coarse anhydrite. The third core (27—45 mbsf) recovered ~1 m of quartz-
chlorite-rich altered volcanic rock with abundant stock-work veining (Expedition 331
Scientists, 2011; Takai et al., 2012). For this study, we selected two samples from the first
interval and one sample of white, coarsely crystalline anhydrite from the second interval
(Table 1).

At IODP Site C0013, ~100 m east of NBC, four lithologic units were identified (Fig.
2). Unit | (04 mbsf): hydrothermally-altered mud containing crystalline pipes of
elemental sulfur and sulfide grit; Unit Il (4-14 mbsf): hydrothermally-altered mud with
some heavily veined intervals and clastic units containing anhydrite breccia and
fragments of metalliferous massive sulfide; Unit 1l (14-26 mbsf): hydrothermally-
altered mud with abundant nodular anhydrite occurring in some layers; and Unit IV (26—
55 mbsf): volcanic breccia with clasts of various volcanic rocks (Expedition 331
Scientists, 2011) (Fig. 2). Based on XRD data, the hydrothermally-altered mud is chlorite
rich, up to 70% by volume (Miyoshi et al., 2015; Shao et al., 2015). For this study,
twenty-four samples of the hydrothermally altered mud were selected between 0-26 mbsf.

IODP Site C0014 is located ~450 m east of NBC and is a region of relatively low
surficial heat flow compared with Site C0013 (Fig. 2). The drilled sequence at this site

represents deposition of hemipelagic and volcanoclastic materials that have been



subjected to hydrothermal alteration to different extents. The upper part (Unit I: O to <18
mbsf) shows little evidence of hydrothermal alteration and consists of a succession of
hemipelagic oozes and coarse pumice gravel. The degree of hydrothermal alteration
increases downward, showing partially consolidated hydrothermally-altered mud and
coarse angular pumice gravel in Unit Il (~12 to ~30 mbsf), and consolidated and often
well-cemented volcanic sediments interbedded with hydrothermally-altered mud from
~30 to ~128 mbsf (Unit 111). This site has much lower abundance of anhydrite than Site
C0013, implying less direct seawater input into the system at this site or lower
temperature (<150°C) (Humphris, 1998). The lower part of Unit Il exhibits lower
contents of chlorite but higher amounts of quartz and muscovite. In this study, we
consider this part as Unit IV — a separate unit from Unit 11, although they are classified
as one unit in the IODP report (Expedition 331 Scientists, 2011). We analyzed 8 samples
from Unit I, 8 from Unit 11, 8 from Unit 111, and 7 from Unit IV.

IODP Site C0017, located ~1550 m east of NBC, is inferred to be the recharge zone
because of its low heat flow and low surficial thermal gradient (Fig.1; Expedition 331
Scientists, 2011). It mainly contains units of homogeneous hemipelagic mud,
volcanoclastic—-pumiceous breccia and mixed sand. No significant hydrothermal
alteration was observed at this site, with the exception of weak alteration to clay within
the deepest part (~150 mbsf) (Shao et al., 2015). The upper Unit I (0-28 mbsf) contains
abundant foraminifera and coccoliths, suggesting a normal hemipelagic depositional
environment (Expedition 331 Scientists, 2011; Shao et al., 2015). Pumiceous gravels
dominate CO0017-Unit Il with interbedded detrital sediments, which has similar

mineralogical characteristics to pumiceous sediments encountered at Site C0015. Because



of the similarity in sediment types, we combined Unit Il and Unit Il as described in the
IODP report (Expedition 331 Scientists, 2011; Shao et al., 2015) into C0017-Unit I1. The
C0017-Unit 111 is dominated by hemipelagic mud, which corresponds to the Unit IV of
IODP report (Expedition 331 Scientists, 2011; Shao et al., 2015).

IODP Site C0015 is located on a hill ~600 m northwest of NBC. Drilling reached
only 9.4 mbsf and only two cores were recovered. They contain coarse pumiceous gravel
and grit, siliciclastic sand, hemipelagic mud, bioclastic gravel, and foraminifera
sediments. Pelagic sedimentation dominates at this site, but redeposited volcanic clasts
comprise the bulk of the sediment (Expedition 331 Scientists, 2011). The C0015-Unit |
mainly consists of hemipelagic mud, bioclastic and pumiceous sediment, while pumice

gravels predominate C0015-Unit Il. Overall, this site lacks obvious hydrothermal

alteration.

The northern Okinawa Trough (NOT) has very thick sediments (up to 8 km thick)
due to the supply of terrigenous material from the continent of China (Sibuet et al., 1987;
Zhao et al., 1995; Wang et al., 2011; Yang et al., 2014). Hydrothermal activity in this
region has been rarely reported. We selected 10 surficial sediment samples from the
northern OT as representative of the terrigenous component input to the OT. In addition,
one volcanic rock sample was selected as the fresh precursor rock prior to hydrothermal
alteration.
3. Methods

X-ray diffraction (XRD) analyses were completed to determine the bulk mineralogy
of the samples. They were performed on a Rigaku D/maxrB X-ray diffractometer (Cu-Ka

radiation, 40 kV voltages; a 100 mA intensity and 2°/min (20) speed), with scanning



angles (20) varying from 3° to about 35°, following the method of Holtzapffel (1985).
Identification of specific clay minerals was based on the basal layer plus the interlayer
revealed by the XRD patterns (Brown and Brindley, 1980). The mineral contents (vol. %)
were calculated using the software Siroquant V3. Similarly, the peak areas were
calculated after manual baseline correction using MacDiff software version 4.2.2,
following the semiquantitative method of Biscaye (1965). The error of this method is
estimated to be about 5% of the relative abundance of each mineral (Biscaye, 1965). In
this study, we did not process the samples with ethylene-glycol solvation and the
“chlorite-rich” sediment should contain chlorite, smectite and/mixed-layer minerals.

The main purpose of this study is to investigate the origin of chlorite-rich sediments
in mid-OT hydrothermal area. To separate the silicate fraction from the bulk samples and
to minimize the dilution effect of biogenic components such as carbonates, we followed
the 1 N HCl-leaching method in previous study (Shao et al., 2015) to process the bulk
samples before the chemical digestion. The leaching process by 1 N HCI may greatly
minimize the dilution effects of biogenic carbonates and some authigenic components
(Choi et al., 2007; Dou et al., 2016), so the residues of hydrothermal sediments can better
indicate the origins of chlorite-rich sediments relative to bulk samples. By doing so, we
separated the leachable and residual phases, which may better discriminate the
provenance and environmental signals registered in the bulk sediments. This leaching
method was also applied for provenance studies of fluvial and marine sediments in East
Asian continental margin (Yang et al., 2004; Choi et al., 2007; Song and Choi, 2009; Dou
et al., 2016). About 0.5 g sample was leached with 25 ml 1N HCI for 24 hours at 50°C to

separate the leachates and residues. The residues were rinsed with deionized water, and



then heated to dryness at 50°C. Because of the limited reaction time and low
concentration of HCI, some sulfates and sulfides were likely retained in the residues. But
most residues are mainly composed of silicate minerals, while leachates are mainly
carbonates, sulfates, sulfides and minor silicate if any (Wang et al., 2015; Dou et al.,
2016).

Measurements of major and trace elements were conducted on both leachates and
residues. About 50 mg of the residues were digested with Iml HNO3z and 1ml HF for
more than 48 hours in a tightly closed Teflon bomb in an oven at 190°C. After cooling,
the bomb was evaporated at 120 °C to incipient dryness, then 1 ml HNOz was added, and
evaporated again to dryness. The resultant solid was re-dissolved by adding 1 ml Milli Q-
H20, 1 ml HNOg, resealed and heated in the bomb at 190 °C for 12 hours. The final
solution was transferred to a polyethylene bottle and diluted to ~100 g with 2% HNOs3,
for elemental analyses by ICP-AES (IRIS Advantage) and ICP-MS (Agilent 7700e). The
major elements were measured in the State Key Laboratory of Marine Geology at Tongji
University, and the trace elements were analyzed in the Geochemical Laboratory of
Wuhan Sample Solution Analysis Technology Co., LTD. The precision and accuracy
were monitored by national geostandards GSR-5, GSR-6, and GSR-9 provided by the
National Research Center. Based on the repetitive measurements of GSR-9, the analytic
precision for most major and trace elements are 5-10%.

Fifty residue samples were analyzed for Sr-Nd isotopic ratios using a MC-ICP-MS
(Neptune Plus, Thermo, Co.) in the Supergene Key Laboratory of the Ministry of
Education, Nanjing University. Sr and Nd were separated and then collected using

standard ion exchange techniques (Yang et al., 1997; Yang et al., 2007; Dou et al., 2016).
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87Sr/%8Sr is normalized to Sr/%8Sr=0.1194 and **Nd/***Nd to 4®Nd/**Nd=0.7219. The
analytical blank was < 1 ng for Sr and < 60 pg for Nd, respectively. Reproducibility and
accuracy of the Sr and Nd isotopic analyses were periodically checked by running the Sr
standard NBS 987 and Nd standard AlphaNd, with a mean 87Sr/%®Sr value of 0.710310 +
0.00003 (20 external standard deviation, n = 15) and mean **Nd/***Nd value of 0.512270
+ 0.00002 (20 external standard deviation, n = 6), respectively (Dou et al., 2016).
4. Results
The sediments in the mid-OT area are composed of terrigenous, biogenic, volcanic

and hydrothermal sediments in variable proportions (Marumo and Hattori, 1999; Shinjo
and Kato, 2000; Expedition 331 Scientists, 2011; Ishibashi et al., 2015). Samples selected
from different components are shown in Table 2 and Appendix 1. In this section, we use
the mineralogical and geochemical data of bulk samples to characterize each component.
4.1 Mineralogical compositions of bulk samples.

Figure 2 shows the mineralogical compositions of the cores determined from the
XRD analysis.
4.1.1 Volcanic sediments/rocks, terrigenous sediments and biogenic components.

The upper parts (Unit 1) of Sites C0014, C0015 and C0017 show little or no evidence
for hydrothermal alteration and have mineralogy similar to the background sediments in
the northern OT. Hemiplegic muds, pumiceous sediments, and volcanoclastic breccia
comprise these sediments, and consist predominantly of detrital quartz, mica, feldspar
and clay minerals with different proportions of calcium carbonate (Fig. 2). The carbonate
(calcite) is mostly biogenic component in these units (Fig. 2), particularly in C0017-Unit

11



The pumiceous sediments in C0015-Unit Il and the volcanic rock from north OT
(NOT-\Wolcanic, Fig. 2) show feldspar-dominated mineral compositions (bulk sediment
contains ~80% albite). Some layers in the C0017-Unit Il contain abundant feldspar (e.g.
anorthite), although this unit is mainly terrigenous minerals as in C0017-Unit I.

4.1.2 Hydrothermally altered sediments.

The hydrothermal sediments in this study have been grouped into four types based on
the mineralogy and geochemistry (following section): mixed hydrothermal sediments,
chlorite-rich sediments, anhydrite-rich sediments, and quartz-chlorite sediment/rock
(Table 1; Fig. 2).

The mixed hydrothermal sediments (C0013-Unit I, C0014-Unit Il and C0016-Unit 1)
show considerable heterogeneity in their mineralogy, consisting mainly of sulfides,
sulfates, clay minerals, mica, and quartz in varying proportions (Fig. 2). Massive sulfides
were recovered only in Unit | of Site C0016 located proximal to the active vent. However,
veins and clastic units containing sulfides were observed at a depth of <9 mbsf in Site
C0016 and also in Units I and Il of C0013. Low-temperature secondary mineral
assemblages (Expedition 331 Scientists, 2011) that include muscovite + illite +
montmorillonite are present at all three locations (C0016-Unit 1; C0013-Unit I; and 14-
Unit I1). Some layers in C0013-Unit | and C0014-Unit Il are dominated by kaolinite,
which is observed at shallow depths or in close association with terrigenous sediment
layers (Fig. 2).

In Unit 111 at Sites C0013 and C0014, chlorite is abundant and comprises up to 70%
of the samples, accompanying sulfide (e.g. pyrite) and anhydrite (Fig. 2). Anhydrite-rich

sediments are most abundant in C0013-Unit Il and at a depth of ~12 mbsf in C0016 (Fig.
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2). The quartz-chlorite sediment/rock occurs in both C0013-Unit IV and C0014-Unit 1V,
although C0014-Unit IV contains significant mica (muscovite), pyrite and anhydrite,
which are either in trace amounts or absent C0013-Unit IV (Fig. 2).

4.2 Major, minor and rare earth element compositions of bulk samples

Figures 3 and 4 show the major and trace element compositions after normalization to
upper continental crust (UCC) (Taylor and McLennan, 1985), and chondrite-normalized
(Boynton, 1984) REE patterns in the residue and leachates of the bulk samples. The
original data of all samples are shown in Appendix 2.

4.2.1 Volcanic sediments/rocks, terrigenous sediments and biogenic components.

The residues of Unit I in Sites C0014, C0015 and C0017 exhibit major and minor
elemental compositions similar to the UCC and also to the NOT background samples.
Except for the high Ca concentration in the leachate of Unit | in C0017, the background
sediment samples show similar concentrations of major (e.g., Ca, Fe, Mg) and minor (e.g.,
Sr, Mn) elements with C0017-Unit I and C0014-Unit | (Figs. 3, 4). The residues of the
samples studied, as well as the background sediment samples, have total concentrations
of REE (XREE) mostly ranging from 59.7 to 157.6 ppm, and (La/Yb)n ratios of 5.4-10.4
(Table 2). In comparison, the leachates have considerably lower ZREE, ranging from 24
to ~50 ppm (Table 2). The values of europium anomaly (8Eu) are very similar in the
residues and leachates, varying from 0.54 to 0.67.

The pumiceous sediments (C0015-Unit Il) and the NOT-Volcanic sample exhibit
similar geochemical patterns to that of UCC, but the pumice has higher contents of Zr, Hf,
Y than the NOT-Volcanic sample (Fig. 3). The REE compositions of pumiceous sediment

(C0015-Unit 1) are significantly different from the NOT-Volcanic sample, yielding much
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higher XREE and positive Eu anomalies in the residues (Fig. 4 and Table 2). C0017-Unit
Il is characterized by enriched light REE (LREEs) and flat patterns of heavy REEs
(HREES), but has higher XHREEs than terrigenous sediments in C0017-Unit | and Unit
II.

4.2.2 Hydrothermally altered sediments.

Ta, Nb, Zr and Hf yield distinctly low concentrations in the leachates of almost all
samples, but have slightly higher concentrations averaging UCC values in most residues
of hydrothermal sediments (Fig. 3). The REEs tend to concentrate in the residues. The
exception is the anhydrite sample from Site C0016 which has similar REE patterns in
both residue and leachate fractions. In general, the residues of most samples show
considerable LREE enrichment and flat patterns of HREEs with a negative Eu anomaly,
while most leachates show enriched LREEs and depleted HREEs.

The sulfide-rich units in Sites C0013 and C0016 are characterized by distinctly high
contents of Pb, Zn and Cu in both residues and leachates, as are the chlorite-rich
sediments in Sites C0013 and C0014, likely due to the occurrence of disseminated fine-
grained sulfides. However, the leachates and the residues of the coarsely crystalline
anhydrite from Site C0016 show depletion in most elements relative to UCC, except for
Sr and Ca. The ZREE and chondrite-normalized (Boynton, 1984) patterns of C0016-Unit
| (described as massive sulfide during IODP 331) are strikingly different from the other
REE patterns, and is notable for its lower XREE, a relatively flat REE pattern with a
weak Eu anomaly.

Unit | of C0013 and Unit Il of C0014, which are dominated by low-temperature clay

minerals, have XREE varying from 20.3 to 384 ppm in the residues, but all exhibit
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LREEs enrichment, with mean (La/Yb)n ratios of 4.22 and 4.91 respectively. In
comparison, the leachates of these samples have low ZREE ranging from 0.22 to 58.73
ppm (Table 2), and considerably higher (La/Yb)n in C0013-Unit | (129.2 on average)
than in C0014-Unit 1l (16.7 on average).

The chlorite-rich sediments (C0013-Unit 111 and C0014-Unit 111) are characterized by
high concentrations of Mg (8.2 wt% and 7.4 wt% in residues, respectively) and HREEs
(Figs. 3, 4; Table 2). Although their absolute REE concentrations are higher, the (La/Yb)n
ratios are similar to C0015-Unit Il (Table 2). It is noteworthy that the mean SEu in
C0013-Unit 111 (0.44 in the residues) is distinctly lower than in C0014-Unit I11 (0.53 on
average) (Table 2).

The anhydrite sample from C0016 and the leachate of C0013-Unit Il have similarly
low REEs contents and flat LREE patterns with only a weak, if any, Eu anomaly (Fig. 4
and Table 2). C0013-Unit Il contains anhydrite breccia and the similarity in REE patterns
is likely a consequence of dissolution of anhydrite into the leachate when the sample was
processed.

4.3 Sr and Nd isotopic compositions of bulk residual samples.

The Sr and Nd concentrations and isotopic compositions of the residues are shown in
Figure 5 and Table 2. In some of the hydrothermally altered samples, the Sr
concentrations were too low to permit Sr isotopic analyses. Please refer to Appendix 3 for
the original data of all samples investigated.

The samples fall into distinct fields based on their origins or dominant mineralogy. The
Sr isotopic ratios of all chlorite-rich sediments, apart from some samples of 14-Unit I,

range between 0.7075 and 0.7100, being similar to the mean value of seawater (3’Sr/%Sr
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=0.70916). They also exhibit high Nd concentrations and high values of eNd.

The unaltered samples of C0014-Unit I and from C0017 group together with the NOT
background samples, showing relatively low concentrations of Sr and Nd, but high Sr and
low Nd isotopic ratios.

Both Sr and Nd isotopic ratios in the anhydrite sample from C0016 are very close to
those of seawater as expected (Fig. 5 and Table 2).

5. Discussion
5.1 The origin of chlorite-rich sediment in the mid-OT hydrothermal field
5.1.1 Evidence from high-field-strength element (HFSESs) contents and ratios.

Within submarine hydrothermal systems, the reactions between hydrothermal fluids,
rocks and sediments exert important controls on the compositions of hydrothermal
alteration products (Edmond et al., 1979; Thompson, 1983; Dekov et al., 2008; Miyoshi
et al., 2013). During these processes, many elements are leached from the substrate, but
some high-field-strength elements (HFSESs), such as Zr, Ti, Hf, Nb, Y, Th, are immobile
and can become enriched in alteration mineral assemblages (MacLean and Kranidiotis,
1987; Karakaya et al., 2012). Furthermore, You et al. (1994; 1995; 1996) demonstrated
that the incompatible elements (As, Be, Cs, Li, Pb, Rb), as well as the LREEs, are

enriched in hydrothermal fluid at ~300°C. Hence, these elements may be important

tracers to investigate the precursor of the hydrothermally altered sediments.

Figure 6a illustrates the enrichment of HFSEs and REEs in the chlorite-rich
sediments (C0013-Unit Il and C0014-Unit II1) of the mid-OT, and shows that Zr and
HREEs concentrations are about five times higher than in terrigenous and volcanic

rocks/sediments. Note that CO015-Unit Il, consisting of unaltered pumiceous gravel and
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volcanic lithoclasts, has a distinctly higher content of Zr (up to 349 ppm) than other
unaltered materials. In addition, the chlorite-rich sediments have significantly different
geochemical compositions from the terrigenous sediments (Fig. 6b-d), indicating that the
chlorite-rich sediments could not result from hydrothermal alteration of terrigenous
sediments, and are likely derived from the alteration of volcanic materials. However, the
considerable scatter of the data for the representative volcanic rocks from the OT (Fig. 6)
does not allow us to clearly identify the type of volcanic material that was altered.
Although the Eu anomalies overlap, the greater negative Eu anomaly of C0013 Unit 111
implies it underwent higher temperature alteration than C0014-Unit 11, as Eu®* occurs
predominantly above ~250°C in natural hydrothermal systems (Alderton et al., 1980;
Sverjensky, 1984; Wood, 1990b).

The volcanoclastic sediments recovered during Expedition 331 included pumiceous
gravel and volcanoclastic breccia. Figure 7 shows the REE patterns for the two chlorite-
rich sediment units normalized to the average REE compositions of C0015-Unit Il that
consists of an unaltered mixture of volcanic lithoclasts and pumiceous gravel. Although
there is a slight depletion of LREEs relative to the unaltered volcanic materials (Fig. 7a),
the REE patterns are generally flat. Previous studies have shown that during alteration of
feldspar and other minerals, chlorite can accommodate HREES more readily than the
LREEs (MacLean and Kranidiotis, 1987).

Compared with chlorite-rich sediments from other sediment-covered or felsic-hosted
hydrothermal systems (Goodfellow and Franklin, 1993; Goodfellow and Peter, 1994;
Lackschewitz et al., 2000; Lackschewitz et al., 2004), the chlorite-rich sediments in the

mid-OT are characterized by lower concentrations of Al and Fe but much higher Y, Zr, Hf,
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Th and REEs, indicative of the distinct nature of the precursor rocks in this region.
5.1.2 Evidence from Nd isotopic compositions

At sites C0015 and C0017, the volcanoclastic materials are unaltered and hence
should be representative of volcanic components emplaced in the mid-OT. However, the
volcanoclastic materials recovered are mixed with terrigenous and biogenous sediments,
and cannot be separated to serve as representative of the volcanic end member. Hence,
other data for mid-OT rhyolite, andesite/basalt and pumice are included in Figures 5 and
6 for comparison (Shinjo, 1999; Shinjo et al., 1999; Shinjo and Kato, 2000).

The eNd values of chlorite-rich sediments are similar to those of pumice and
andesite/basalt, but much higher than terrigenous sediments (Fig. 5), indicating these
sediments likely resulted from alteration of volcanic rock rather than terrigenous
sediments. The eéNd in the residue of NOT-volcanic component is 1.2, which is similar to
volcanic glasses (~1.6) collected in the mid-OT but different from the rhyolite and
andesite/basalt collected in this area (Meng et al., 2001). This finding suggests that the
NOT-volcanic sample and the mid-OT volcanic glasses might be produced during a
similar volcanic eruption stage, although the NOT-volcanic rocks are not the precursors
of mid-OT hydrothermal chlorite-rich sediments.

Derivation of the chlorite-rich sediment through alteration of mid-OT volcanic
material is also supported by the similarity in éNd between the chlorite-rich sediments
and the OT pumice and andesite/basalt (Fig. 5¢) (Shinjo, 1999; Shinjo et al., 1999; Shinjo
and Kato, 2000), although the Nd concentrations are distinctly higher in the chlorite-rich
sediments. The lower and variable values of €Nd in the upper units of both C0013 and

CO0014 reflects the interbedded terrigenous sediments and sulfides and or sulfates present
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within the unit (Figs. 2, 5).
Very hard, highly altered volcanic breccia layers occurring at the bottom of C0016
and C0013 (Unit 1V) have been interpreted to be volcanic basement (Expedition 331
Scientists, 2011). The quartz-chlorite sediment/rock occurs as C0014-Unit IV and C0013-
Unit IV, but they show different REE patterns (lower XREEs and SEu, higher (La/Yb)n in
C0013-Unit IV) (Fig. 4, Table 2). While ¢Nd values show considerable scatter, C0014-
Unit IV exhibits eNd values similar to those in the pumice and andesite/basalt, while
C0013-Unit IV shows a higher &Nd, suggesting they may be altered from different
original materials (Fig. 5).
5.1.3 The transition from kaolinite-rich to chlorite-rich sediments with increasing depth
Kaolinite-rich layers in C0013-Unit | and C0014-Unit Il are observed at shallow
depths or in close association with terrigenous sediment layers (Fig. 2), and may be
terrigenous or hydrothermal in origin. The presence of sulfides (galenite, sphalerite,
etc.), sulfates, clays (kaolinite, illite, etc.) and other minerals in the mixed hydrothermal
sediments suggests that these units were altered at lower temperatures of ~150—-220°C
(IODP Expedition 331 Scientists, 2011). In addition, the values of éNd are very close to
the volcanic end members (pumice and andesite/basalt, etc.) (Fig. 5), suggesting that
these kaolinite-rich layers resulted from hydrothermal alteration of volcanic materials.
The kaolinite-rich sediment shows LREEs enrichment relative to chlorite-rich
sediments, indicating that LREEs may be leached during high temperature alteration or
added to the kaolinite sediments during lower temperature alteration (Figs. 4, 7).
However, the overall REE patterns of these altered sediments vary within a similar range

to pumiceous sediments (C0015-Unit I1) (Fig. 7b). Hence, the kaolinite-rich sediment
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may result from lower-grade alteration of pumiceous material, while chlorite-rich
sediment represents the product of higher-grade alteration (consistent with temperatures
of ~220—300°C (Expedition 331 Scientists, 2011).

Chemical conditions, in addition to temperature, control the types of clay mineral
formation. Hydrothermal kaolinite reflects fluids of low pH and low Mg (Huertas et al.,
1999; Haile et al., 2015), while chlorite and smectite are commonly formed in Mg-
bearing and high pH fluid conditions (Howard and Fisk, 1988; Haile et al., 2015). The
low concentration of Mg in kaolinite-rich sediment (Appendix 2), together with the
occurrence of native sulfur and sulfate (as well as high H2S in the pore-water and
sediments) near the kaolinite-rich layers (IODP Expedition 331 Scientists, 2011), suggest
that kaolinite precipitated from acidic fluids with a small quantity of seawater
entrainment. Note that the discharging hydrothermal fluid has a pH of ~5 (NBC)
(Ishibashi et al., 2015), reflecting the acidic condition at Iheya North Knoll.

The occurrence of Mg-chlorite at lower parts of sites C0013 and C0014 indicates
seawater was entrained into the subsurface (Fig. 2 and Appendix 2) (IODP Expedition
331 Scientists, 2011). The Sr isotopes of anhydrite overlying on the chlorite-rich
sediment also support seawater entrainment (detailed discussion in section 5.2).

Note that Unit | of C0014 is unaltered, which is likely due to the presence of an
impermeable hard layer between Unit | and Unit Il (Expedition 331 Scientists, 2011).
Indeed, at least three impermeable layers between different units of site C0013 and
C0014 have been identified (Expedition 331 Scientists, 2011; Miyoshi et al., 2015).

5.1.4 Alternative process of chlorite formation

The similarity in geochemical and isotopic data for the chlorite-rock sediments
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comprising C0013-Unit 111 and C0014-Unit Il (Figs. 4 and 5) indicate hydrothermal
alteration under similar conditions at both locations. Laboratory studies have shown that
there is very rapid nucleation and growth of a clay coating (smectite, chlorite) on the
surfaces of clean feldspar and quartz grains at hydrothermal (100-150°C) conditions with
high pH (>5.66) and Mg content (Haile et al., 2015), and that the thickness of the coating
increases with increasing temperature and reaction rate. In the mid-OT hydrothermal
system, where temperatures are >300°C and the pumiceous gravel and volcanic
lithoclasts are dominated by feldspar, the alteration conditions may favor the formation of
chlorite-rich sediments.

An alternative mechanism of chlorite formation, i.e. the dissolution of illite at
temperatures of 200°C, has been suggested by Miyoshi et al. (2015) based on studies in
the same area. Illite is a common component of terrigenous sediment in the mid-OT, so
formation of chlorite-rich sediments in some parts of the hydrothermal system by this
mechanism cannot be ruled out. The dissolution of illite produces both chlorite and quartz,
which has been observed in some samples (Fig. 2). However, the lack of a significant
component of quartz in C0013-Unit 1l and C0014-Unit Ill, together with the
geochemical and isotopic data discussed above, suggests that these layers resulted
predominantly from hydrothermal alteration of volcanic material, rather than from the
alteration of siliciclastic sediments.

5.2 The formation of anhydrite in the mid-OT sediments
Anhydrite, which exhibits retrograde solubility, is the most important sulfate phase at
the mid-OT hydrothermal area, although barite has been observed in some layers (Fig. 2).

Substantial amounts of anhydrite were identified in C0013-Unit Il and in the lower part
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of C0016. This is indicative of entrainment of seawater into the subsurface, followed by
precipitation of anhydrite from either conductive heating of seawater, or from mixing
with high-temperature hydrothermal fluid, to temperatures >150°C (Mills and Elderfield,
1995; Humphris, 1998; Humphris and Bach, 2005; Craddock et al., 2010).

5.2.1 Behavior of REEs in the formation of anhydrite

Previous studies of anhydrite from hydrothermal systems on sediment-starved mid-
ocean ridges have indicated that anhydrite precipitation causes measurable removal of
aqueous REEs during fluid mixing, and that there is little fractionation of REES except
for Eu (Mitra et al., 1994; Mills and Elderfield, 1995; Meng et al., 2001; Bach et al., 2003;
Craddock et al., 2010). Hence, the chondrite-normalized (Boynton, 1984) REE patterns
for anhydrite from sediment-starved mid-ocean ridges often reflect that of the fluid from
which anhydrite precipitated.

The anhydrites analyzed in this study exhibit different REEs patterns from the OT
end-member hydrothermal fluids data of Hongo et al. (2007). They show enrichments in
LREEs relative to the HREEs (Fig. 8) but not such strong enrichments as observed in the
hydrothermal fluids (Hongo et al., 2007). The relative LREEs depletion likely results
from the presence of stable LREE chloro-complexes that limit the availability of the
LREEs from partitioning into the anhydrite (Wood, 1990b). This factor may also explain
the differences in LREE enrichments between the two sites. The relatively lower

temperature (~150 - ~220°C) (Expedition 331 Scientists, 2011) in C0013-Unit Il may

reduce the stability of LREE chloro-complexes in the fluids, allowing more partitioning
into the anhydrite. In contrast, the C0016-Anhydrite REE pattern exhibits less REEs

enrichment so it likely precipitated from higher temperature fluids in which the chloro-
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complexes were more stable.

In addition, the Eu anomaly is slightly negative in the OT anhydrites compared to
being strongly positive in the fluids (Fig. 8). These REE patterns are very similar to that
of anhydrite from a black smoker chimney from the TAG hydrothermal area, Mid-
Atlantic Ridge (Mills and Elderfield, 1995), and some anhydrite samples recovered from
the subsurface of the TAG active mound (Humphris, 1998). This is likely due to the
presence of only Eu?* at temperatures above 250°C and the mismatch in ionic radii
between Eu?* and Ca®*, as well as the strong chloro-complexation of Eu?* which inhibits
partitioning of Eu?* into anhydrite (Shannon, 1976; Wood, 1990b; Humphris and Bach,
2005).

The consistent depth of occurrence of coarse anhydrite at Sites C0013 and C0016
may reflect the presence of a wide anhydrite-rich zone that was sampled at both sites (Fig.
2) (Expedition 331 Scientists, 2011). Although Sr isotopic compositions have not been
analyzed in anhydrite-dominated leachates from C0013-Unit II, the similarities of
elemental concentrations and REE patterns observed in the units at C0013 and C0016
may reflect very similar seawater/fluid ratios during anhydrite formation (Figs. 3, 4, 8).
However, the difference in magnitude of the anhydrite Eu anomaly between the two sites
may indicate different temperatures of formation (Fig. 8).

5.2.2 Srisotopic composition of anhydrite

The Sr isotopic composition of anhydrite records the extent of mixing between
hydrothermal fluids and seawater (Albarede et al., 1981; James and Elderfield, 1996).
The anhydrite from Site C0016, which is 20 m from the active vent most likely within the

upflow zone, is coarsely crystalline and provides an opportunity to gain some insight into
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the amount of seawater entrainment into the upper part of the hydrothermal system.

We have used a simple mass balance to estimate the proportion of seawater-derived
Sr in the C0016 anhydrite. We assume that the only source for Sr in the hydrothermal
fluids are volcanic rock and seawater (it does not include the terrigenous sediment as a
potential source of Sr). We used the average 8'Sr/®Sr (0.70365) in Central Ryukyu
andesite/basalt and pumice (Shinjo, 1999; Shinjo and Kato, 2000) (Fig. 5) as
representative of the starting volcanic rock, and the 8'Sr/®Sr ratio in modern seawater
(0.70916) (Richter et al., 1992). The 8Sr/®Sr ratio (0.70882) of the anhydrite from
C0016 suggests that the contribution of seawater-derived Sr accounts for about 94% of
the Sr in the anhydrite. Hence, seawater entrainment is a significant process within the
upflow zone of the lheya hydrothermal system, and the entrained seawater must have
undergone conductive heating.
6. Aschematic model for the mid-Okinawa Trough hydrothermal system

Figure 9 presents a schematic diagram for the mid-OT hydrothermal system based

on interpretation of the mineralogy and geochemistry of the sediments and volcanoclastic
material. The OT receives a great amount of terrigenous sediments from continents, but
there is also an important input of volcanic materials (Fig. 9a). The substrate at Iheya
North Knoll was likely composed of pumiceous sediments and other volcanoclastic
materials interbedded with hemipelagic (terrigenous and biogenous) sediments.
Impermeable layers (red boundaries) separated some units (Expedition 331 Scientists,
2011; Miyoshi et al., 2015), thereby influencing hydrothermal fluid flow and resulting in
variable degrees and types of hydrothermal alteration within different units (Fig. 9b).

Based on the REEs and isotopes, the chlorite-rich and kaolinite-rich layers resulted from
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alteration of the pumiceous material at higher and lower temperatures respectively.
Seawater entrainment and subsurface mixing, and the precipitation of anhydrite, is an
important process at Sites C0016 and C0013.

In summary, it is clear that the substrate at lheya North Knoll has played a
significant role in determining the hydrothermal mineral assemblages produced in this
back-arc basin area. We conclude that the chlorite- and kaolinite-rich sediments were
formed from hydrothermal alteration of pumiceous (volcanic) materials. Based on the
new isotopic data, as well as the inclusion of pumiceous sediment in the samples
analyzed, this revises the conclusion of Shao et al. (2015) who inferred a detrital origin
for the hydrothermal clays found in the North Iheya Knoll hydrothermal field.
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Table 1 The inventory of samples in this study (see details in IODP Report by Expedition

331 Scientists (2011)).
Top Depth
10DP 331 sample numbers Samples depth interval Comments Types
(mbsf) (cm)
C0013F-1H-1 W, 2.0--4.0 cm 13-Unit | 0.02 2
C0013B-1T-1 W, 3.5--5.5cm 13-Unit | 0.04 2
CO0013B-1T-1 W, 17.5--19.5 cm 13-Unit | 0.18 2 Hydrothermally altered mud,
sand, and grit with Hydrothermally
CO0013F-1H-3 W, 6.0--8.0 cm 13-Unit | 1.25 2 unconsolidated medium- to .
; altered sediments
coarse-grained hydrothermal
CO0013F-1H-3 W, 92.0--94.0 cm 13-Unit | 211 2 sulfide lithoclasts.
C0013F-1H-5W, 10.0--12.0 cm 13-Unit | 3.26 2
C0013C-1H-2 W, 70.0--72.0 cm 13-Unit | 4.15 2
CO0013E-1H-6 W, 33.0--35.0 cm 13-Unit Il 5.04 2
C0013D-1H-4 W, 104.0--106.0 cm 13-Unit 1l 7.25 2
. Hydrothermally altered mud
COO013F-1H-CC W, 34.0--36.0 cm 13-Unit II 8.52 2 with solme heavlilly veined N
L . e intervals, as well as coarser ydrothermally
C0013C-1H-13 W, 92.0--94.0 cm 13-Unit I} 10.05 2 lithologies containing anhydrite  altered sediments
C0013C-1H-14 W, 28.5--30.5 cm 13-Unit 11 10.87 2 and detrital metalliferous
massive sulfide lithoclasts
C0013C-1H-16 W, 40.0--42.0 cm 13-Unit 1l 12.20 2
C0013D-2H-1 W, 10.0--12.0 cm 13-Unit 1l 12.60 2
C0013D-2H-1 W, 51.0--53.0 cm 13-Unit 111 13.01 2
C0013D-2H-2 W, 42.0--44.0 cm 13-Unit 111 13.94 2 Hydrothermally altered mud
. with layers rich in nodular
C0013D-2H-3 W, 40.0--42.0 cm 13-Unit 11 14.92 2 anhydrite which is
CO013E-5H-1 W, 18.5-20.5 cm 13-Unit 11l 16.19 2 distinguished from Unit II by
the presence of large Hydrothermally
CO013E-5H-1 W, 54.0--56.0 cm 13-Unit Il 16.54 2 polycrystalline anhydrite ;
nodules and reduced altered sediments
CO0013E-5H-1 W, 73.5--75.5 cm 13-Unit I 16.74 2 abundances of clear vein
anhydrite. Major altered
C0013D-2H-5 W, 59.0--61.0 cm 13-Unit 111 17.02 2 minerals are anhydrite, illite,
. and Mg chlorite.
C0013D-2H-6 W, 55.0--57.0 cm 13-Unit 11 18.38 2
C0013D-3T-1 W, 30.0--32.0 cm 13-Unit 111 22.30 2
Silicified volcanic breccia. Hydrothermall
CO013E-7L-1 W, 21.0--23.0 cm 13-Unit IV 26.21 2 Major minerals are Quatz and Y nafly
. altered sediments
Mg-chlorite.
C0014G-1H-1 W, 2.0--4.0 cm 14-Unit | 0.02 2
C0014B-1H-1 W, 8.0--10.0 cm 14-Unit | 0.08 2
C0014G-1H-1 W, 15.0--17.0cm 14-Unit | 0.15 2 i .
Hemipelagic homogeneous
C0014G-1H-1 W, 120.0--122.0 cm 14-Unit | 1.20 2 mud—silty clay to clayey silt, Terrigenous and
and characterized by abundant biol g€ | sediment
C0014B-1H-2 W, 10.0--12.0 cm 14-Unit | 1.52 2 microfossils; and angular clasts P 10'0g1cal sediments
i of woody pumice
C0014G-1H-3 W, 25.0--27.0 cm 14-Unit | 3.08 2
C0014B-1H-5 W, 42.0--44.0 cm 14-Unit | 6.06 2
C0014B-2H-3 W, 70.0--72.0 cm 14-Unit | 9.27 2
C0014B-2H-6 W, 55.0--57.0 cm 14-Unit Il 12.32 2 Hygrothgrmally altered mud,
mud, an
C0014B-2H-12 W, 50.0-52.0 cm 14-Unit Il 16.63 2 sand with detrital hydrothermal ~ HYdrothermally
o altered sediments
component, and sulfidic
C0014G-2H-7 W, 90.0--92.0 cm 14-Unit 1l 18.56 2 sediment. Major minerals are
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C0014G-3H-1 W, 8.0--10.0 cm
C0014G-3H-7 W, 40.0--42.0 cm
C0014G-3H-9 W, 83.0--85.0 cm
C0014G-3H-CC W, 53.0--55.0 cm
C0014B-4H-5 W, 20.0--22.0 cm
C0014G-4H-6 W, 30.0--32.0 cm
C0014G-4H-7 W, 60.0--62.0 cm
C0014B-4H-7 W, 135.0--137.0 cm
C0014B-4H-9 W, 35.0--37.0 cm
C0014B-5H-3 W, 73.0--75.0 cm
C0014B-5H-4 W, 37.0--39.0 cm
C0014B-5H-5 W, 70.0--72.0 cm
C0014B-5H-12 W, 14.0--16.0 cm
C0014G-6H-6 W, 18.0--20.0 cm
C0014G-9X-CC W, 30.0--32.0 cm
C0014G-12H-2 W, 20.0--22.0 cm
C0014G-14T-2 W, 48.0--50.0 cm
C0014G-18T-CC W, 7.0--9.0 cm
C0014G-24T-3 W, 53.0--55.0 cm
C0014G-30X-1 W, 5.0--7.0 cm
C0017A-1H-1 W, 1.5--3.5cm
C0017A-1H-1 W, 40.0--42.0 cm
C0017A-1H-2 W, 110.0--112.0 cm
C0017A-1H-4 W, 15.0--17.0 cm
C0017A-1H-6 W, 30.0--32.0 cm
C0017B-1H-1 W, 80.0--82.0 cm
C0017B-1H-2 W, 110.0--112.0 cm
C0017B-1H-5 W, 30.0--32.0 cm
C0017B-1H-7 W, 30.0--32.0 cm
C0017C-1H-3 W, 100.0--102.0 cm
C0017C-1H-5 W, 30.0--32.0 cm
C0017C-2H-1 W, 24.0--26.0 cm
C0017C-2H-CC W, 10.0--12.0 cm

C0017D-1H-4 W, 79.0--81.0 cm

C0017D-2H-3 W, 45.0--47.0 cm
C0017D-2H-6 W, 55.0--57.0 cm

C0017D-7H-2 W, 40.0--42.0 cm
C0017D-7H-5 W, 40.0--42.0 cm
C0017D-9X-3 W, 40.0--42.0 cm
C0017D-9X-8 W, 27.0--29.0 cm
C0017D-10X-CC W, 24.0--26.0 cm

14-Unit Il
14-Unit Il
14-Unit Il
14-Unit Il
14-Unit Il
14-Unit 1N
14-Unit 1N
14-Unit 1N
14-Unit 1N
14-Unit 1N
14-Unit 1N
14-Unit 11
14-Unit 11
14-Unit IV
14-Unit IV
14-Unit IV
14-Unit IV
14-Unit IV
14-Unit IV
14-Unit IV
17-Unit |
17-Unit |
17-Unit |
17-Unit |
17-Unit |
17-Unit 1
17-Unit |
17-Unit |
17-Unit |
17-Unit |
17-Unit |
17-Unit Il

17-Unit 1

17-Unit 1

17-Unit I
17-Unit 1

17-Unit 111
17-Unit 11
17-Unit 111
17-Unit 111

17-Unit 11

18.78
24.87
27.49
28.74
30.31
31.72
33.03
33.28
35.10
36.26
36.86
38.59
40.73
51.55
57.19
64.53
72.16
88.10
111.23
127.25

0.40
2.50
4.37

7.34

11.31
14.74
17.57
22.12
24.24
28.04
35.96

65.02

72.48
76.80

105.51
109.74
123.53
130.38
136.96
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illite, quartz, and Mg chlorite.

Silicified volcanic sediments
(either matrix silicified or
clasts and matrix silicifed),
hydrothermally altered mud,
mud, and sand with detrital
hydrothermal component.

Silicified volcanic sediments,
hydrothermally altered mud as
well as other volcaniclastic
sedimentary rock

Hemipelagic mud is the
dominant sediment type which
is primarily composed of
hemipelagic homogeneous silty
clay or clayey silt, with widely
distributed foraminifers and
occasional lenticular
pumiceous sand patches,
gravels, and mud clasts.

Pumiceous gravel and
lithoclast-rich horizons
sediment type consists of
poorly sorted pumiceous
sediments dominated by
coarse-grained angular
woody pumiceous gravels.

Hemipelagic mud and
Pumiceous gravel. The
components in this unit is
likely the type between Unit |
and Unit 1.

Hydrothermally
altered sediments

Hydrothermally
altered sediments

Terrigenous and
biological sediments

Volcanic materials

Terrigenous and
biological sediments



C0017D-11X-1 W, 50.0--52.0 cm
C0017D-11X-3 W, 29.0--31.0 cm
C0017D-11X-CC W, 1.0--3.0 cm

C0017D-11X-CC W, 36.0--38.0 cm

C0015B-1H-1 W, 12.0--14.0 cm

C0015B-1H-2 W, 100.0--102.0 cm

C0015B-1H-4 W, 47.0--49.0 cm

C0015B-1H-4 W, 133.0--135.0 cm

C0015B-1H-5 W, 29.0--31.0 cm

C0016B01L0115-16

C0016B01Lcc4-6

C0016B02Lcc3-4

North Okinawa Trough Sufaces
sediments

North Okinawa Trough Sufaces
rock

17-Unit 111
17-Unit 111
17-Unit 111
17-Unit 111
15-Unit |
15-Unit |

15-Unit |

15-Unit I

15-Unit Il

16-Unit |

16-Unit 11

16-Anhydrite

Background

NOT-Volcanic

140.70
143.30
144.35
144.70

i

12

0

Coarse pumiceous gravel and
grit, siliciclastic sand,
hemipelagic mud, bioclastic
gravel, and foraminiferal
sediment.

Pumiceous grit grading to
gravel at base, Clast-supported
coarse-grained angular pumice
gravel.

Hard black clastic-textured
massive sulfide

Hard gray strongly silicified
volcanic rock, coarsely
disseminated Sulfide.

Snow white coarsely
crystalline anhydrite aggregate

Hemipelagic and biogenic
sediment.

Volcanic rock

Terrigenous and
biological sediments

Volcanic materials

Hydrothermally
altered sediments

Hydrothermally
altered sediments

Hydrothermally
altered sediments

Terrigenous and
biological sediments

Volcanic materials
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Table 2 Average of REEs parameters and Sr, Nd contents and isotopic compositions.

Sr

Sites TREE (ppm) SEu (La/Yb)y (ppm) 87Sr/%Sr  Nd (ppm) eNd
Residue Leachate Residue  Leachate Residue Leachate Residue  Residue Residue Residue
Background 75.8 36.3 0.7 36.3 8.7 9.6 69.2 0.71690 134 -10.5
C0013-Unit | 161.3 9.9 0.6 9.9 4.2 129.2 2170.6 0.70877 26.1 4.0
CO0013-Unit 11 112.0 2.7 0.7 2.7 34 6.0 727.4 0.70881 26.5 6.0
C0013-Unit Il 215.3 30.1 0.4 30.1 22 11.9 18.5 0.70897  39.0 5.9
C0013-Unit IV ~ 129.6 6.6 0.3 6.6 29 7.9 12 0.70896 25.3 7.3
C0014-Unit | 97.8 47.7 0.6 47.7 7.1 8.5 55.8 0.71870 145 -8.1
C0014-Unit 1 150.8 38.9 0.5 38.9 4.9 16.7 69.9 0.70913 25.1 0.1
C0014-Unit 111 210.2 415 0.5 415 2.1 83.1 1.0 n.a. 32.3 5.1
C0014-Unit IV 172.7 26.6 0.5 26.6 1.9 37.9 2.8 0.70954 31.3 6.0
C0017-Unit | 90.6 448 0.6 448 8.7 8.4 105.2 0.72093 21.9 -10.9
C0017-Unit 11 126.5 28.5 0.5 28.5 5.4 5.1 94.3 0.72277 21.0 -10.5
C0017-Unit 11 104.4 56.4 0.7 56.4 75 9.9 100.5 0.72366  20.0 -12.1
C0015-Unit | 119.2 24.0 0.5 24.0 6.4 7.3 67.2 n.a. 28.8 n.a.
C0015-Unit 11 140.8 28.0 0.5 28.0 2.3 2.0 7.9 n.a. 36.4 n.a.
C0016-Unit | 27 0.7 0.8 0.7 0.9 9.2 1.6 n.a. 0.6 3.8
C0016-Unit 11 44.2 4.0 0.5 4.0 2.6 32.8 1.6 n.a. 75 6.3
Ecl:r?k?;dﬁr-ite 2.1 2.1 0.7 2.1 9.2 9.6 1148.8 0.70881 0.6 -2.2
NOT-rock 16.1 58.0 23 58.0 16 3.8 132.0 0.70486 2.6 12

n.a.: not analyzed.

eNd= (**Nd/***Nd)sampie/ (***Nd/***Nd)stanara-1]% 10, where “Standard” is chondritic uniform reservoir value (Bouvier et al., 2008).

39



Figure captions:

Figure 1

Maps showing the (a) study area and (b) locations of IODP Expedition 331 drill sites in
the Okinawa Trough. (c) The inferred dispersal pattern of hydrothermal fluid in the study
area. (Modified from Expedition 331 Scientists Preliminary Report, 2011).

Figure 2

Mineralogical composition of hydrothermal sediments, volcanic rocks, and background
surface sediments.

Figure 3

Major and minor elements in the residue and leachate fractions normalized to the average
composition of upper continental crust (UCC). Elemental compatibility increases from
left to right.

Figure 4

Chondrite-normalized (Boynton, 1984) rare earth element (REE) patterns for
hydrothermal sediments, volcanic rocks, and background surface sediments.

Figure 5

Sr-Nd elemental and isotopic compositions in residue fraction. OT-pumice and
andesite/basalt data from Ryuichi Shinjo et al (1999, 2000); Seawater data from Piepgras
etal. (1979).

Figure 6

High-field-strength elements concentrations and ratios in hydrothermal sediments,
volcanic rocks, terrigenous sediments and reference data (Shinjo, 1999; Shinjo et al.,

1999; 2000).
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Figure 7

Chondrite-normalized (Boynton, 1984) REE patterns of volcanic rocks (Shinjo, 1999;
Shinjo et al., 1999; 2000) and C0015-Unit Il normalized REE patterns of chlorite-rich
sediment.

Figure 8

Chondrite-normalized (Boynton, 1984) REEs patterns of anhydrite-rich sediments at site
C0013 and C0016 and hydrothermal fluid from references. TAG-black and TAG- white
hydrothermal fluid data from Mitra et al. (1994); OT-fluid data from Hongo et al. (2007);
seawater data from Alibo and Nozaki (1999).

Figure 9

Schematic diagrams of hydrothermal system in the lheya North Knoll, Okinawa Trough.
(a) Geological settings of the OT. (b) Stratigraphy of IODP Expedition 331 drill cores and

inferred fluid flow (Modified from Expedition 331 Scientists, 2011; Miyoshi et al., 2015).
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Fig. 1 Shao et al., 2016
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Fig. 2 Shao et al., 2016
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Fig. 2 Continued
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Fig. 3 Shao et al., 2016
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Fig. 4 Shao et al., 2016
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Fig. 5 Shao et al., 2016
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Fig. 6 Shao et al., 2016
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Fig. 7 Shao et al., 2016
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Fig. 8 Shao et al., 2016

Samples/Chondrite

Samples/Chondrite

100

0.1

0.01

100

10

01

001

Q.001

Q0001

La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu
REE

50

E| 10 3
3 “‘H- 8.53 mbsf Anhydrite 3 Anhydrite
] “H \ inresidue ] in leachate
3 :\ = 12.6 mbsf
T 12.6 mbsf 3
E| D/D/D—EF -1
i 01 -
E .
3 . 8.53 mbsf
1 (a) (b)
LIS B B m m S s S m s m e s s s VL0 By e e S S S S N S B R E— E— —
La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu
REE REE
3 X1000
_ - TAG-black -& 13-Anhydrite
? Hydrothermal fluid
3 -0~ TAG-white -~ 13-Anhydrite
? —O—- OT-fluid -0 16-Anhydrite
i -O- NPDW -0~ 16-Anhydrite
3 Seawater
1 (¢)




Fig. 9 Shao et al., 2016
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