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Abstract On-land records of subaqueous explosive volcanic eruptions are rarely reported. To understand this phenomenon and
discuss its global significance, we studied the geochronology and geochemistry of basaltic tuff and pillow basalt in the Raohe
Complex, NE China. The basaltic tuff consists of well-sorted vitreous, crystal (mostly clinopyroxene), and minor lithic frag-
ments. It is characterized by a high MgO (15.7-15.9%) content and zero Eu anomalies (Eu/Eu’=99-102). The tuff erupted at 172
+1 Ma based on SHRIMP zircon U-Pb dating, coeval with the previously reported age of the pillow basalt. The pillow basalt has
intermediate MgO content and weakly negative Eu anomalies (Eu/Eu’=90-99). Based on immobile trace element discrimination,
the basaltic tuff and pillow basalt belong to alkali basalt displaying an OIB-type trace element pattern, and consistent Nd isotope
signatures of eyy(f) =4.4-6.2, indicating an identical mantle source. The pillow basalt has coupled Sr-Nd isotopic values, whereas
the basaltic tuff has significantly higher initial ¥’Sr/**Sr values that are similar to synchronous seawater. This indicates that the
elemental exchange between the mantle-derived material and seawater most likely occurred in a subaqueous explosive volcanic
eruption, rather than in an effusive eruption. Detailed calculations suggest that the high efficiency of the Sr-isotope exchange
between seawater and the mantle-derived material triggered by a subaqueous explosive volcanic eruption is likely one of the
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main reasons for the rapid decrease of the global seawater *'Sr/*Sr value.
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1. Introduction

Subaqueous volcanism, which makes up 85% of global
volcanism (White et al., 2003; Arculus, 2011), is important
to understand the paleo-environment and tectonic evolution.
However, because of subduction processes and the destruc-
tion of oceanic plates, only some of the subaqueous volcanic
remains in the paleo-oceans are accreted onto continental
margins and preserved within accretionary complexes. The
eruption style, including effusive and explosive, is controlled
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by the interior and exterior conditions of the volcano. The
interior conditions, including magma (basic or acidic, alka-
line or sub-alkaline) viscosity and volatile component (CO,
and H,0) content, are similar to subaerial volcanos. How-
ever, the exterior conditions vary and are controlled by water
property and depth. Compared with air, water has higher
density, greater viscosity, higher heat capacity, and thermal
conductivity, which result in different conditions during the
subaqueous eruption (McBirney, 1963; Cas, 1992). Sub-
aqueous effusive eruptions favor the formation of pillow
lavas and hyaloclastic rocks (Pallister et al., 1989; Wright,
2001; Garcia et al., 2007; Porreca et al., 2014). Modern ef-
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fusive eruptions can be observed and recorded, although this
is expensive, because of the deep dive technology that has
been developed in recent years and because the effusive
eruption is smooth and constant (Resing et al., 2011). An-
cient effusive eruptions can be preserved in accretionary
complexes on land and are therefore ideally suited to identify
oceanic closure and suture zones. Subaqueous explosive
eruptions (Cas, 2006) preferentially produce pyroclastic
rocks (Sheridan and Wohletz, 1981; Wohletz and Sheridan,
1983; Schneider, 2000; Head and Wilson, 2003; Allen et al.,
2007; Helo et al., 2013; Kutterolf et al., 2014). Modern
submarine explosive eruptions are more expensive to ob-
serve directly (Embley et al., 2006; Sohn et al., 2008;
Chadwick et al., 2008), and are poorly understood because
they occur abruptly and intermittently. Ancient subaqueous
explosive eruptions are also rarely reported.

Previous studies suggest that a subaqueous explosive
eruption is unlikely to form at depths greater than 500 meters
because of the high exterior pressure (McBirney, 1963; Cas,
1992). However, this hypothesis has been challenged by new
observations. Clague et al. (2000) studied the Lo'ihi sea-
mount and concluded that explosive eruptions can occur at a
depth of 1200 m. Embley et al. (2006) and Chadwick et al.
(2008) presented a video record of a subaqueous explosive
eruption at a depth of 700 m in the Mariana arc. Resing et al.
(2011) and Arculus (2011) reported a subaqueous explosive
eruption at 1200 m depth in the Tonga arc. Sohn et al. (2008)
investigated pyroclastic rocks at 4000 m depth on the Gakkel
Ridge in the Arctic Ocean. Clague et al. (2009) collected
glassy lava fragments from over 450 sites along the Juan de
Fuca Ridge in the Pacific Ocean. lezzi et al. (2014) reported
submarine explosive eruptions in the Mediterranean Sea. The
above observations show that subaqueous explosive erup-
tions potentially occur in volatile-rich island arc volcanism
and in volatile-poor ridge volcanism, and in shallow and
deep water. Furthermore, the observations of modern sub-
aqueous explosive eruptions are mostly from ridges and arcs,
but rarely from seamounts. This may be because of the re-
lative inactivity of the current plumes compared with the
Permian, Jurassic, and Cretaceous.

In this paper, we report SHRIMP U-Pb zircon geochro-
nological and geochemical results for pillow basalt and ba-
saltic tuff in the Raohe Complex, NE China. We present an
ancient intra-oceanic coeval effusive-explosive eruption to
better understand subaqueous volcanism within the Paleo-
Pacific Ocean, its tectonic evolution history, ocean-litho-
sphere interactions, and global change.

2. Geological background, sample location and
petrography

2.1 Geological background
The study area is located in the Wandashan Orogen, NE
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China (Figure 1la). It is also named Nadanhada Terrane
(Mizutani and Kojima, 1992), and consists of the Yuejinshan
and Raohe complexes, and Early Cretaceous continental arc
igneous rocks (Zhou et al., 2014; Sun et al., 2015). The
Yuejinshan Complex contains Yuejinshan metamorphic belt
greenschist and marble, and Dongfanghong SSZ-type
ophiolite. The Raohe Complex contains Triassic to Jurassic
intra-oceanic sedimentary and volcanic rocks as the accre-
tionary prism, and a Late Jurassic to Early Cretaceous mar-
ine-facies fore-arc basin from terrestrial sources. This study
focuses on the Mid-Jurassic Dalinggiao Formation volcanic
rocks in the Raohe Complex, including basaltic tuff and
pillow basalt.

2.2 Sample locations

The basaltic tuff samples were collected 12 km southwest of
the Dumuhe Village (46°17'52.6"N, 133°25'44.1"E) (Figure
1b, c). The outcrop is about 10 m long along the northern
side of a small muddy road. Six tuff samples (13RH03-1 to
13RH03-6) were randomly collected.

The pillow basalt samples were collected from a quarry
17 km southwest of Raohe Town (46°46'58.1"N; 133°46’
24.2"E) (Figure 1b) on the eastern side of the road. The
diameter of the pillows is about 30—50 cm. Seven basalt
samples (09RHO08-1 to 09RHO08-7) were randomly collected.

2.3 Petrography

Figure 2 shows the photomicrograph of the basaltic tuff and
pillow basalt samples.

The basaltic tuff consists of ~55% crystal fragments, ~40%
vitreous fragments, and ~5% lithic fragments (<5%), and
tuffaceous matrix (<5%) (Figure 2a, b). The fragments are
well sorted, clast-supported, angular, and have a major axis
diameter of ~100 um. The fragments are mostly clinopyr-
oxene (~70%). There are also some chlorite (15-20%),
hornblende, serpentine, talc, epidote, actinolite, chromite,
plagioclase, calcite, and quartz. The vitreous fragments are
brown in color and angular in shape. They have similar size
as the crystal fragments, and have experienced various de-
grees of devitrification and chloritization. The vitreous
fragments are also characterized by locally directional dis-
tribution features (Figure 2c). The lithic fragments are
rounded basaltic tuff 0.5-2 mm in size (Figure 2d). They
may have erupted earlier from the same host rock. The ma-
trix mainly consists of chloritic fine-grained volcanic ash.
These petrography signatures indicate that the tuff was
formed in a subaqueous explosive volcanic eruption and
subaqueous deposition, instead of in sedimentation from a
terrestrial source, “yellow-green muddy feldspar siltstone”,
as previously reported (HBGMR, 1987a, b; Filippov and
Kemkin, 2003).
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Figure 1 Regional geological map of the Raohe Complex. (a) Geological map of the Raohe Complex with sample locations. (b) Geological map of the
exposed area of the basaltic tuff after HBGMR (1987a, b).

The basalt samples consist of about 20% clinopyroxene 3. Methods
and 80% plagioclase, with intergranular-intersertal texture.
The lateral alteration occurred in various degrees, mainly
through chloritization and carbonization (Figure 2e, f). The in-situ electron microprobe analysis was conducted at

3.1 In-situ mineral analysis
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Figure 2 Photomicrographs of the basaltic tuff ((a)—(d)) and basalt ((e), (f)). (a) and (¢) were photographed using cross-polarized light; (b), (c), (d) and (f)

were photographed using plane-polarized light.

the State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences (SKLIG-GIGCAS) using JEOL JXA-8230 and
standard analytical procedures. The quantitative detection
limit is ~100 ppm. The laser Raman Spectrum analysis was
conducted at the Earth Science College, Zhejiang University,
using LabRAM HR evolution 800 combined with the
Olympus BX41 microscope. The analytical procedure fol-
lows Frezzotti et al. (2012).

3.2 Whole rock geochemical analysis

Six tuff and seven basalt samples were collected and crushed
to 200-mesh size in an agate mill for whole-rock geochem-
ical analysis. Major elements were analyzed using X-ray
fluorescence spectrometry (XRF) at SKLIG-GIGCAS
(samples 13RHO03-x) and at the Center of Modern Analysis,
Nanjing University (samples 09RHO08-x). Trace element
analyses were carried out at SKLIG-GIGCAS, using a Fin-
nigan Element Inductively-Coupled Plasma Mass Spectro-
meter (samples 13RH03-x); and at the State Key Laboratory
for Mineral Deposits Research, Nanjing University
(SKLMDR-NU) using a PerkinElmer Elan 6000 ICP-MS
(samples 09RHO08-x). The Sr-Nd isotopes were analyzed at
SKLIG-GIGCAS using a Thermo Finnigan Neptune MC-
ICP-MS (samples 13RH03-x); and at the SKLMDR-NU
using a Thermal Ionization Mass Spectrometer (TIMS)
Finnigan Triton TI (samples 09RHO08-x). Sr isotopic ratios
were normalized to a “Sr/**Sr ratio of 0.1194, and the Nd-
isotopic ratios to a "**Nd/"**Nd ratio of 0.7219. The chemical
laboratory procedures and the calculations of the initial Sr
and Nd isotope ratios were according to Jiang et al. (1999)

and Guo et al. (2010).

3.3 Zircon U-Pb dating

An approximately 10 kg of rock was collected from tuff
sample 13RHO03-1 for zircon separation. About 1000 grains
of zircon crystals were extracted by crushing, and heavy
liquid and magnetic separation at the Langfang Geological
Services Corporation, Hebei Province, China, and then
mounted along with the TEMORA standard (Black et al.,
2003). Cathodoluminescence (CL) images were taken using
a Philips XL30 Scanning Electron Microscope at Curtin
University. SHRIMP U-Pb dating was performed using a
SHRIMP 1I ion microprobe at Curtin University following
standard procedures (Nelson et al., 1995). Six scans were
used through the mass stations for data collection. Standard
BR266 (559 Ma, U = 909 ppm) (Stern et al., 2001) was used
for the U concentration and age calibration, and TEMORA
(417 Ma) (Black et al., 2003) was used to monitor analytical
conditions. Ages and concordia diagrams were calculated
using the SQUID 1.03 (Ludwig, 2001) and ISOPLOT 3.0
(Ludwig, 2003) programs.

4. Results

4.1 Mineral composition of the basaltic tuff

The crystal fragments in the tuff were analyzed using an
electron probe. The data are presented in Table 1. The results
suggest that the crystal fragments are mainly clinopyroxene
grains, most of which plot in the diopside and augite area
(Figure 3a). These grains have Raman spectrum peaks at
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Table 1 Electron microprobe analysis results of the crystal fragments in the tuff (%)

No. K,O Na,O SiO, TiO, Al O, FeO MgO MnO CaO Cr,04 Total Mineral

1 0.0 0.4 45.7 3.4 7.9 9.5 113 0.2 21.4 0.1 99.9 Cpx

2 0.0 0.5 454 2.9 7.6 8.5 11.7 0.1 22.7 0.1 99.5 Cpx

3 0.0 0.4 46.3 3.0 6.9 7.5 11.9 0.1 232 0.2 99.6 Cpx

4 0.0 0.5 46.0 2.6 7.2 8.1 12.1 0.1 222 0.6 99.6 Cpx

5 0.0 0.4 46.7 3.4 6.4 7.7 12.2 0.2 227 0.3 99.8 Cpx

6 0.0 0.4 47.2 2.4 6.0 8.5 12.5 0.1 225 0.1 99.7 Cpx

7 0.0 0.4 48.1 2.0 5.4 7.8 12.8 0.1 22.5 0.5 99.5 Cpx

8 0.0 0.4 47.7 22 5.7 7.7 12.9 0.1 22.6 0.2 99.7 Cpx

9 0.0 0.4 47.5 2.1 5.5 7.6 13.0 0.1 229 0.6 99.7 Cpx

10 0.0 0.3 47.1 2.3 6.0 8.4 13.1 0.1 22.0 0.1 99.5 Cpx

11 0.0 0.3 49.7 1.6 42 6.7 13.6 0.1 23.1 0.2 99.6 Cpx

12 0.0 0.4 50.0 1.6 4.0 5.9 14.0 0.1 22.4 1.2 99.7 Cpx

13 0.0 0.4 50.1 1.7 4.0 6.0 14.3 0.1 22.3 1.0 99.9 Cpx

14 0.0 0.3 50.7 1.0 35 49 14.4 0.1 232 1.4 99.6 Cpx

15 0.0 0.3 50.9 1.2 33 5.2 14.5 0.1 23.8 0.8 100.0 Cpx

16 0.0 0.3 51.0 1.2 3.1 6.6 14.6 0.2 222 0.2 99.6 Cpx

17 0.0 0.3 51.4 1.3 2.8 7.4 14.7 0.1 21.7 0.1 99.7 Cpx

18 0.0 0.3 50.3 1.1 3.6 5.0 15.1 0.1 23.1 1.2 99.9 Cpx

19 0.0 0.3 50.9 1.1 3.1 5.9 152 0.1 21.9 0.9 99.5 Cpx

20 0.0 0.3 51.7 1.0 2.6 5.8 15.4 0.1 21.9 0.9 99.8 Cpx

21 0.0 0.3 51.6 0.9 2.7 5.1 15.5 0.1 22.3 1.0 99.5 Cpx

22 0.0 0.2 52.6 0.9 2.1 6.0 15.9 0.1 21.1 0.5 99.5 Cpx

23 0.0 0.2 51.9 1.0 2.1 6.3 16.0 0.2 21.3 0.4 99.5 Cpx

24 0.0 0.0 0.3 1.4 12.8 19.2 12.4 0.2 0.2 49.0 95.9 chromite
25 0.0 0.0 0.1 4.0 16.1 31.8 10.9 0.3 0.0 35.7 99.2 chromite
26 0.0 1.3 44.8 3.5 6.9 14.3 8.7 0.5 18.6 0.0 98.9 hornblende
27 0.0 1.3 46.0 3.2 5.8 13.6 9.2 0.7 18.9 0.0 98.7 hornblende
28 0.0 1.4 45.8 2.7 6.7 14.3 9.4 0.6 18.6 0.0 99.6 hornblende
29 0.0 0.0 76.0 0.1 7.7 4.0 1.3 0.0 9.0 0.0 98.3 epidote
30 0.0 0.0 36.9 0.1 12.4 17.4 17.7 0.1 0.9 0.1 85.8 epidote
31 0.0 0.0 99.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 99.5 quartz
32 0.0 0.0 0.1 459 0.1 50.2 0.1 3.6 0.1 0.0 100.1 ilmenite
33 0.1 0.0 30.4 28.0 3.6 8.0 4.1 0.8 20.0 0.1 95.0 sphene

a) Oxide content is given as percent, Cpx: clinopyroxene.

325/390/668/1008 indicating typical clinopyroxene (Figure
3b). As shown in the scatter plots of Mg#, Al O,, TiO, vs.
SiO, of the clinopyroxene grains, with the increase in SiO,
content from ~44% to ~53%, the Mg" value increases from
63 to 85 (Figure 3c¢), the Al,0O; value increases from 63 to 85
(Figure 3d), and the TiO2 content decreases from ~3.5 % to
~0.5% (Figure 3e). The large range of variability may be
related to quenching crystallization under subaqueous vol-
canism (Guilbaud et al., 2007). In addition to clinopyroxene,
minerals including amphibole, serpentine, talc, epidote, ti-
tanite, actinolite, chromite, plagioclase, calcite, and quartz
are also observed using micro- and electron scopes (Table 1).

These are common minerals in basalts and their hydro-
thermally-altered products.

4.2 Major and trace elements

The major, trace, and rare earth element analysis results of
the six tuff and seven basalt samples are presented in Table 2.

The tuff samples measured 47.4-48.2% SiO,, 0.15-0.67%
Na,O, and 0.09-0.11% K,O. The low alkali content is po-
tentially caused by hydrothermal alteration (Figure 4a), ra-
ther than indicating a sub-alkaline series. The Figure 4b
suggests that the tuff belongs to alkali basalt. The high MgO
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Figure 3 In-situ analysis results of the clinopyroxene fragments in the tuff using an electron microprobe and laser Raman spectroscopy. (d) is after Kushiro

(1960) and Le Bas (1962).

(15.72-15.92%), Mg" (70-71) and Ni (549.2-582.5 ppm)
content indicates that the magma is relatively primary
without significant fractionation (Figure 4c, d).

The tuff sample REE content ranged from 99 to 105 ppm,
with high LREE/HREE ratios ((La/Yb)y of 8.1-8.3) and no
Eu anomalies (Euw/Eu'=98-102). This again indicates rela-
tively primary magma without significant fractionation
(Figure 4e). In the spider diagram (element Rb, Ba, K, Sr,
and Pb are mobile and not shown), the basalt is also char-
acterized by the enrichment of High Field Strength Elements
(HFSE) Nb and Ta (Figure 7b), displaying an OIB-type
signature. The significant depletion of Sr (4.4-5.6 ppm), Ba
(8.9-9.8 ppm), and K,O (~0.1%) is likely caused by hydro-
thermal alteration (Figure 4g, h).

The basalt samples containd from 43.3-52.8% SiO,, 0.48—
4.99% Na,0, and 0.12-3.54% K,O. The large range of K,O
and Na,O values is caused by hydrothermal alteration, in-
stead of igneous processes. Because of lateral alteration and
mobile K,O and Na,O, application of the TAS diagram
(Figure 4a) is not possible to show the magma series of the
tuff. The immobile elements Zr/Ti vs. Nb/Y diagram (Figure
4b) suggest that the samples fall into the alkali basalt field.
The relatively low MgO (5.79-14.41%), Mg (49-63), and
Ni (78.2-135.0 ppm) content indicates that the magma ex-
perienced moderate crystallization fractionation (Figure 4c,
d).

The REE content of the basalt samples ranges from 110 to
144 ppm, with high LREE/HREE ratios ((La/Yb)y of 5.5—
8.0) and no to slightly negative Eu anomalies (Eu/Eu=90—

99) (Figure 4e). In the spider diagram (elements Rb, Ba, K,
Sr, and Pb are mobile and not shown), the basalt is char-
acterized by the enrichment of HFSE Nb and Ta, displaying
an OIB-type pattern. Caused by the different extent of al-
teration, there is significant variability in the Rb (2.9-
33.0 ppm), Ba (43-552 ppm), Sr (134-678 ppm), and K,O
(0.12-3.44%) content.

In summary, the pillow basalt and basaltic tuff are both
alkali. The magma of the pillow basalt experienced moderate
fractionation, whereas the magma of the tuff is more primary.
The tuff and basalt have similar REE and spider diagram
patterns demonstrating OIB signatures. The mobile elements
RbD, Ba, Sr, and K (Table 2) are not used in the lateral tectonic
discrimination and mantle source analyses.

4.3 Sr-Nd isotopes

The whole rock Sr and Nd isotopic data are listed in Table 3.

The initial Sr-Nd isotopic compositions are all back-cal-
culated to 170 Ma. The basalt has initial *’Sr/**Sr ratios
ranging from 0.703553 to 0.703776, and ey4(?) values ran-
ging from 4.4 to 6.1, indicating an OIB-type mantle source
(Figure 5). The tuff has significantly higher initial ¥'Sr/*Sr
ratios ranging from 0.706491 to 0.706706, but similar &yy(?)
values ranging from 5.8 to 6.2. This indicates that the tuff
was derived from a similar source with the pillow basalt,
producing their comparable Nd isotope values, whereas the
Sr element is mobile during alteration and the original Sr
isotope of the tuff is not preserved.
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Pillow basalt

Basaltic tuff

RHO08-1 RHO08-2 RHO08-3 RHO08-4 RH08-5 RHO08-6 RHO08-7 RHO03-1 RHO03-2 RHO03-3 RH03-4 RHO03-5 RHO03-6
Sio, 47.51 46.22 45.14 46.63  41.66 51.41 43.90 45.37 44.94 44.96 44.52 44.69 44.61
TiO, 3.07 2.70 2.75 2.79 2.69 2.42 2.97 2.43 2.26 241 233 2.39 233
ALO; 12.46 10.85 10.94 1049 941 10.41 11.63 8.94 8.77 8.53 8.74 8.57 8.63
Fe,0;" 11.70 13.32 14.25 13.04 16.46 10.55 14.91 12.25 12.32 12.27 12.49 12.41 12.40
MnO 0.16 0.17 0.17 0.18 0.20 0.13 0.18 0.17 0.16 0.17 0.17 0.17 0.17
MgO 5.58 10.78 11.20 10.72  13.86 6.58 11.40 14.80 14.95 14.98 14.93 14.91 14.87
CaO 10.44 8.68 8.51 10.71  10.52 11.56 7.84 9.22 9.86 10.25 10.29 10.36 10.16
Na,O 4.81 0.50 0.50 1.66 0.47 3.84 0.51 0.63 0.35 0.19 0.14 0.17 0.18
K,0 0.27 3.44 2.97 1.12 0.62 0.12 2.77 0.10 0.10 0.09 0.09 0.09 0.09
P,04 0.34 0.29 0.28 0.29 0.29 0.28 0.26 0.26 0.26 0.26 0.27 0.26 0.26
LOI 4.01 3.38 3.69 2.60 4.04 3.09 4.18 5.72 5.97 5.80 5.89 5.74 6.06
Total 100.36  100.32  100.41 100.25 100.23  100.40 100.56 99.89 99.96 99.90 99.86 99.77 99.76
Na,0+K,0 527 4.06 3.59 2.85 1.13 4.06 3.40 0.77 0.48 0.29 0.25 0.28 0.28
Mg 48.6 61.6 60.9 62.0 62.5 553 60.2 70.5 70.6 70.7 70.3 70.4 70.4
v 265 275 288 263 301 239 279 275 280 269 268 271 269
Cr 108 417 422 616 549 630 638 1221 1245 1243 1206 1215 1244
Mn 1234 1359 1394 1552 1753 1100 1552 1318 1300 1313 1316 1339 1315
Co 33.0 46.0 51.4 51.0 54.9 45.1 53.3 61.6 61.2 62.7 65.4 65.2 63.3
Ni 87.6 87.6 94.8 1055  135.0 78.2 1332 549.2 568.8 582.5 571.0 581.9 572.2
Cu 120.0 82.7 90.3 114.1 95.9 99.9 121.1 114.0 113.1 106.4 106.0 106.6 105.6
Zn 72.1 101.8 111.8 87.1 214.6 48.3 107.9 105.2 105.4 100.7 102.1 104.6 101.1
Ga 19.8 15.4 15.8 17.0 19.8 16.7 19.2 15.4 16.1 16.0 16.2 16.3 16.1
Rb 11.3 319 33.0 10.3 12.1 29 23.9 6.8 7.3 79 7.9 8.0 7.9
Sr 434 678 654 515 134 252 535 118 107 95 93 95 95
Y 28.0 229 21.5 22.7 25.6 235 25.1 18.2 18.5 17.9 17.9 18.2 17.9
Zr 198.8 178.1 184.4 1593 174.1 154.4 173.2 148.6 152.3 148.5 146.5 147.7 146.1
Nb 23.8 23.7 29.6 21.9 22.5 19.9 23.5 23.6 23.7 23.1 232 233 23.0
Cs 2.64 3.41 4.29 1.66 3.34 1.01 3.37 3.85 4.10 4.26 4.27 4.29 4.25
Ba 71 552 482 195 142 43 462 69 67 62 62 63 63
La 22.6 17.5 16.2 239 20.9 18.8 21.9 17.2 17.2 16.5 16.3 16.5 16.3
Ce 515 41.5 37.8 47.1 44.1 40.9 46.2 39.0 38.5 36.4 36.2 36.7 36.0
Pr 7.58 6.11 5.95 6.51 6.37 6.18 6.88 5.35 5.27 5.08 5.06 5.12 5.07
Nd 33.0 26.7 25.6 29.1 27.7 26.0 28.8 22.1 22.0 21.1 21.0 213 21.1
Sm 7.14 6.25 5.98 6.34 6.42 5.72 6.81 5.28 5.29 5.05 5.02 5.07 5.02
Eu 2.03 2.02 1.84 1.89 1.95 1.68 2.06 1.63 1.66 1.63 1.63 1.64 1.62
Gd 6.51 6.16 5.65 6.11 6.07 5.65 6.23 4.93 5.00 4.79 4.72 4.84 4.77
Tb 1.02 0.90 0.90 0.92 1.01 0.91 1.05 0.76 0.76 0.73 0.73 0.74 0.73
Dy 5.51 5.19 4.74 4.75 5.50 4.85 5.44 4.15 4.16 3.99 4.04 4.04 4.02
Ho 0.98 0.93 0.85 0.89 0.97 0.86 0.97 0.78 0.79 0.74 0.75 0.76 0.75
Er 2.51 231 2.23 2.27 2.60 2.19 2.68 1.91 1.91 1.81 1.81 1.84 1.83
Tm 0.41 0.38 0.35 0.36 0.39 0.36 0.41 0.25 0.25 0.24 0.25 0.25 0.24
Yb 2.47 2.29 2.08 2.15 2.32 2.05 233 1.49 1.49 1.44 1.43 1.43 1.43
Lu 0.34 0.34 0.31 0.31 0.34 0.28 0.35 0.22 0.21 0.21 0.20 0.21 0.20
Hf 5.37 4.86 5.45 4.72 4.75 4.26 4.81 3.87 3.90 3.76 3.74 3.76 3.72
Ta 1.71 1.64 2.06 1.49 1.57 1.37 1.98 1.51 1.52 1.46 1.48 1.48 1.48
Pb 3.24 3.92 6.78 4.54 2.03 2.71 3.54 3.36 3.03 2.69 2.50 2.69 2.64
Th 3.05 2.48 2.27 242 2.73 2.64 2.77 1.98 1.97 1.88 1.89 1.89 1.89
U 0.71 0.52 0.56 0.55 0.54 0.44 0.61 0.49 0.50 0.47 0.47 0.48 0.48
Ew/Eu’ 0.91 0.99 0.97 0.93 0.95 0.90 0.96 0.98 0.99 1.01 1.02 1.01 1.01
Th/Yb 1.24 1.08 1.09 1.12 1.18 1.29 1.19 1.33 1.32 1.31 1.32 1.33 1.32
Nb/Yb 9.64 10.35 14.28 10.18 9.70 9.69 10.07 15.89 15.90 16.05 16.22 16.30 16.08
TiO,/Yb 1.24 1.18 1.33 1.30 1.16 1.18 1.27 1.64 1.52 1.68 1.63 1.68 1.62
Zr/Y 7.10 7.79 8.59 7.01 6.79 6.57 6.90 8.16 8.21 8.31 8.18 8.11 8.16
Zr/Ti 0.012 0.011 0.010 0.010 0.011 0.011 0.011 0.010 0.010 0.010 0.010 0.010 0.010

a) Major element is in %, trace element is in ppm.
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Figure 4 Bulk major and trace element geochemical signatures of the basaltic tuff and basalt. (a) TAS diagram; (b) Zr/Ti vs. Nb/Y discrimination diagram;
(c) Ni vs. Mg" scatter diagram; (d) Cr vs. MgO scatter diagram; (e) chondrite-normalized rare earth element pattern diagram; (f) primitive mantle normalized
spider diagram; (g) Rb vs. Sr scatter diagram; (h) Ba vs. K,O scatter diagram. The chondrite and primitive mantle values are based on Sun and McDonough
(1989).
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Sample (pRpfn) (pi:n) TRbAST  YSr/%sr 2 (Msr/sr), (psprﬁl) (;;fn) 13%5?{ BNAUND 220 en(l)
09RHO08-1 11 434 0.08 0.703932 5 0.703750 7 33 01309 0512872 2 599
09RHO08-2 32 678 0.14 0.704006 3 0.703677 6 27 01417 0512802 5 440
09RHO8-3 33 654 0.15 0.703984 4 0703631 6 26 0.1414 0512804 14 444
09RHO08-4 10 515 0.06 0.703900 10 0.703761 6 29 01316 0512866 4  5.86
09RHO08-5 12 134 0.26 0.704185 2 0703553 6 28 0.1401 0512887 7 6.09
09RHO08-6 3 252 0.03 0.703856 3 0.703776 6 26 0331 0512835 3 522
09RHO08-7 24 535 0.13 0.703986 3 0.703674 7 29 0.1429 0512828 3 4588
13RHO03-1 7 118 0.17 0.707110 7 0706706 5 22 01446 0512892 4 6.09
13RH03-2 7 107 02 0.707145 6 0706672 5 22 01453 0512896 4 6.5
13RH03-3 8 95 0.24 0.707177 8 0.706600 5 21 0.1445 0512895 4  6.15
13RH03-4 8 93 0.24 0.707238 6 0706649 5 21 0.1446 0512893 4  6.11
13RH03-5 8 95 0.24 0.707079 6 0706491 5 21 0.1440 0512878 4 583

Q© Pillow basalt

@ Basaltic tuff | J

L 1 . 1 L

0.706 0.708 0.710
(*"sr/%°sr),

_25 " 1 N

0.702 0.704 0.712

Figure 5 Plot of ey(f) vs. initial ’Sr/*Sr of the pillow basalt and basaltic
tuff.

4.4 Zircon U-Pb geochronology

The results of the zircon SHRIMP U-Pb dating is presented
in Table 4.

The zircons from the basaltic tuff sample 13RHO03-1 are
mostly 50 um in diameter. The zircon grains are transparent
and pale yellow. Their CL images show unclear oscillatory
zonation, possibly because of their basaltic origin (Figure
6a). Fifteen zircon grains were analyzed. The measured U
and Th concentrations vary from 259 to 1547 ppm and from
138 to 984 ppm, respectively. The Th/U ratios ranged from
0.39 to 1.26, and therefore all the grains are magmatic. Fif-
teen analyses gave a concordance age of 172 + 1 Ma (MSWD
= 2.7) (Figure 6b), representing the eruption age of the tuff.

The age of the pillow basalt has been well dated. Zhou et
al. (2014) reported that the zircon LA ICP-MS U-Pb age of
the pillow basalt is 167+1 Ma. Therefore, the eruption of the
pillow lavas may have been slightly later than that of the tuff.
Wang et al. (2015) reported a zircon LA ICP-MS U-Pb age of

the anorthosite and plagiogranite of 169+2 and 167+4 Ma,
respectively. This further confirms that the Raohe Complex
preserves abundant records of Mid-Jurassic magmatism.

5. Discussion

5.1 Mantle source and tectonic implication

The basaltic tuff and pillow basalt have similar REE and
spider diagram patterns (Figure 4e, f), indicating enrichment
of Nb and Ta, and OIB-type signatures. In Figure 4b, they
both plot in the alkali basalt field. In Figure 7a and b, dis-
crimination diagrams, the basalt and tuff again plot in the
OIB field. In Figure 7c, they plot in the Within Plate Basalts
field. They also have similar gyy(f) values ranging from 4.4 to
6.2, further indicating an OIB-type mantle source (Figure 5).

Wang et al. (2015) suggested that the regional pillow basalt
derived from the low degree partial melting (<5%) of the
garnet peridotite mantle. However, their reported trace ele-
ment Zr (244—410 ppm) and Hf of the basalt are significantly
higher than the results of this study (Zr = 146—-199 ppm) or
Zhou et al. (2014). Thus, their Lu/Hf vs. La/Sm diagram is
not applicable to determine the partial melting degree and
mantle source. If the Raohe basalts were derived from the
partial melting of the mantle peridotite, based on the Sm/Yb
vs. La/Yb diagram (after Xu et al., 2005), they potentially
originated from the high degree partial melting of garnet
peridotite (10-15%).

In summary, the basaltic rocks in the Raohe Complex
belong to OIB-type alkali basalt, with a consistent mantle
source. They were formed within the oceanic plate and ac-
creted to the continental margin as part of the accretionary
prism. The accretion occurred at or before ~140 Ma because
the basalts are covered by Late Jurassic to Early Cretaceous
fore arc basins and are intruded by Early Cretaceous granites
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Table 4 Zircon SHRIMP U-Pb dating results of the basaltic tuff sample RH03-1 %

207p1*

2061, *

2(]7Pb"/235U 2[]6Pb*/238U

Th 206P 206P 204P * 0, D1 -
smple o oo T om0 ey B gy % gy % emor O AgeMa) 1o AgeMa) g
RHO3-1-01 532 522 098 16 14 00007 27 0.17321 8§ 002601 2 02 5 163 11 171 3
RHO3-1-02 532 404 076 15 1.6 0.0009 25 0.15940 10 0.02684 2 02 12 151 14 171 3
RHO3-1-03 289 285 099 & 44 00024 20 0.14230 20 0.02596 2 0.1 18 136 25 165 3
RHO3-1-04 259 234 090 & 0.6 00003 58 0.18278 6 002673 2 03 1 171 10 170 3
RHO3-1-05 545 408 0.75 15 0.8 0.0004 33 0.17314 5 0026092 2 03 5 163 8 171 3
RHO3-1-06 459 579 126 15 04 00002 50 0.17541 5 002660 2 03 3 165 7 169 3
RHO3-1-07 571 481 084 17 12 0.0006 27 0.16860 7 002735 2 02 9 159 10 174 3
RHO3-1-08 390 235 060 11 05 00003 50 0.18539 5 002669 2 03 2 174 8 170 3
RHO3-1-09 318 198 062 9 03 00002 71 0.18149 5 002719 2 03 2 170 7 173 3
RHO3-1-10 358 138 039 9 07 00004 45 0.18379 6 002678 2 03 1 1729 170 3
RHO3-1-11 887 478 054 25 0.0 0.0000 100 0.19292 2 002749 1 07 3 180 4 175 3
RHO3-1-12 1005 718 071 28 0.6 0.0003 29 0.17327 4 002695 2 04 5 163 5 172 2
RHO3-1-13 1063 753 071 31 02 0.0001 45 0.17942 3 002752 1 05 4 168 5 175 2
RHO3-1-14 1547 984 0.64 46 02 0.0001 41 020111 2 00280 1 07 2 187 4 184 3
RHO3-1-15 457 482 105 14 09 00005 35 0.17567 6 002705 2 03 4 165 9 172 3
a) Error is 1-sigma; Pb, and Pb" indicate common and radioactive lead, respectively.
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169:';3'3Ma/‘; / o
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] 0.028
5 175
:50.027 1’
0.026 165
7243 Ma Sample RHO3-1 Concordia age
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Ty 8

Figure 6 Zircon CL images of the tuff sample RHO03-1 (a) and zircon SHRIMP U-Pb concordia diagram (b).

(Sun et al., 2015).

Mid-Jurassic oceanic island basalt accretion occurred
widely in the circum-Pacific orogenic belts (Xenophontos
and Osozawa, S., 2004; Ichiyama and Ishiwatari, 2005;
Wakita, 2012; Buchs et al., 2013), and Paleo-Pacific Ocean
volcanism in the Mid-Jurassic was active potentially because
of the super-plume (Kimura et al., 1994; Safonova et al.,
2009; Ballmer et al., 2010; Safonova and Santosh, 2014;
Ichiyama et al., 2014).

5.2 Subaqueous explosive eruption and seawater-vol-
canic interaction

The interaction between seawater and volcanic materials is
mainly reflected in the alteration characteristics of rocks. The
basaltic tuff and pillow basalt experienced alteration. The
tuff has secondary minerals, such as, serpentine and chlorite
and an ignition loss of 5.7-6.1%. The pillow basalt has

chlorite and calcite with an ignition loss of 2.64.2%.

The geochemical signature indicates that the pillow basalt
experienced various degrees of alteration, including (1) low
alkali content, (2) modified Ba and K,O content, and (3)
partial activity of the Rb and Sr elements. In the immobile
element Zr/Ti vs. Nb/Y discrimination diagram (Figure 4b),
the basalts all plot in the alkali basalt section. However, some
samples did not plot in this field in the TAS diagram because
of their very low total alkali. In Figure 4h, the Ba and K,O
display a positive linear relationship. Furthermore, the pillow
basalt from different locations has different slopes of the
linear trend line. The Rb content of the basalt is significantly
lower than the average OIB, and cannot be interpreted based
on the fractionation of olivine, pyroxene, or plagioclase, but
was most likely caused by alteration. Although the Rb and Sr
elements are active, the measured ¥'St/**Sr value varied
slightly and was coupled with the '*Nd/'**Nd values (Table
3). This suggests that the Sr isotopic system of the basalt is
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Figure 7 Tectonic and mantle source discrimination diagrams of the basal

not destroyed. The low Rb/Sr ratio and the relatively young
age of the basalt guaranteed negligible change in the initial
¥’Sr/*Sr value because of the variability of the Rb and Sr
content. Thus the initial *’Sr/**Sr and ey,(¢) values are cou-
pled and plot in the OIB area (Figure 5).

The alteration signature of the basaltic tuff is not consistent
with the pillow basalt. The tuff has higher ignition loss, and
potentially experienced greater hydrothermal alteration. It
has an extremely low alkali content (0.25-0.77%; Figure 4a)
that is significantly less than that of common alkali basalt
determined using trace element discrimination (>3%). In
Figure 4h and g, the tuff has no linear relationships similar to
those of the lava. The Rb and Sr content of the tuff is clearly
different from the range of oceanic island basalt. The
¥7Sr/*°Sr ratio of the tuff is about 0.7071. The initial *’Sr/**Sr
ranges between approximately 0.7065-0.7067, higher than
the value of the pillow lava of ~0.7040. These signatures
suggest that the tuff experienced a higher degree of alteration
than the basalt, and a different alteration type. The Sr iso-
topic system of the tuff was destroyed potentially because of
the effect of seawater.

Previous studies provide abundant data on the Sr isotopic
ratio of global seawater from the late Paleozoic to the Cen-
ozoic, providing an illustration of the variability of global
seawater Sr isotopes (Figure 8). The basaltic tuff has a

tic tuff and pillow basalt. After Shervais (1982) and Xu et al. (2005).

¥7Sr/*Sr ratio similar to ~172 Ma old seawater (Figure 8).
The tuff and pillow basalt experienced accretion and on-land
alteration, but display different alteration results. Thus, we
propose that the tuff may have been altered during the ex-
plosive eruption, whereas the lava was not. This view is
consistent with observations of modern volcanic activity. For
example, Mielke et al. (2015) found that the alteration degree
is highly related to the physical properties of rocks, and the
increase in the porosity and permeability from lava and
volcanic breccia to volcanic tuff indicates that the tuff is
more likely being altered. Seawater alteration occurred after
the deposition of the erupted tuffaceous materials, and also
during the explosive eruption. Significant alteration occurs
when the erupted material and seawater mix in the ‘con-
vective region’ and at the ‘mixing surface’ (Figure 9) as a
result of the power released by the subaqueous explosive
eruption (Censi et al., 2010). Therefore, the Sr element ex-
change between seawater and the subaqueous volcanic ma-
terials most likely occurred during explosive, rather than
effusive, eruptions.

5.3 Chemical exchange model between volcanic mate-
rial and seawater

The *’Sr/*’Sr ratio increase of global seawater is thought to
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Figure 9 Synthetic model of subaqueous explosive volcanic eruptions. After Kokelaar and Busby (1992), Kano et al. (1996) and Schneider et al. (2000).

be caused by the increased input of continental material,
whereas its decrease has various causes, including decrease
in river water flux, decrease in riverine ¥’ Sr/*°Sr ratios, and/or
the increase in the hydrothermal alteration of oceanic basalts
(Richter et al., 1992; Jones and Jenkyns, 2001). For example,
the seawater *’Sr/*Sr ratio decrease during the Mid-Jurassic
was thought to be related to the increase in oceanic volcan-
ism (Wierzbowski et al., 2012).

The variability of the *’Sr/*Sr value of the basaltic tuff of
the Raohe Complex suggests strontium exchange with sea-
water. However, the effusive product pillow basalt retains the
Sr isotopic characteristics of its mantle source, and seawater
can change the chemical composition of the basaltic tuff.
Therefore, can large submarine volcanic eruptions affect the
chemical composition of global seawater?

Given that global seawater of age ¢ has a Sr content of

Styeawarer « With an isotopic ratio of
a; =" Sr ,/*Sr )

and given that the elemental addition of Sr by subaqueous
volcanism is Sr ;. ; With an isotopic ratio:

IB"' =¥ Sriinputiti / 5 Sriinputifi’

_ /88 86 84 86 _
set constant p=("Sr , + ~Sr , + 'Sr ,)/"Sr ,=9.431757,

Srseawateriti

=*8r ,+78r ,+Sr S,
=8.375209 x** Sr , +a, x* Sr ,+#°Sr ,
+0.056548 x* Sr ,

=(a,;tn) x5 SI‘_”..

_ti

2

(3)
The variability of the seawater Sr isotopic ratio caused by
volcanic material follows the function:
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Table 5 Theoretical calculation results of the additional subaqueous volcanic eruption volume required to reduce the global seawater *’Sr/*’Sr value

Age (Ma) Ay Qi

Eruption rate

ST jpu i (10°) Eruption mass (10"t)

(m/Max10° km®)
175-160 0.7073 0.7068 0.18 275 61.2
210-190 0.7081 0.7071 0.33 5.05 84.1
280260 0.7075 0.7069 0.21 3.21 53.5
300-290 0.7081 0.7075 0.18 2.73 90.3

(87sr7ri+87 Sriinputiti) _ 87sr7n'+l (4)
(Sésrj 486 Srimputﬂ_) Sﬁsrjiﬂ .

Substituting a,;, B, and p into eq. (4), we have
(B, + 1)/ (it )
Sriinputiti =
[((lﬁ‘*’li/;ﬁ)/((lli 7(lti+l)]
x Srseawaterﬁti . ( 5)
Assume that the additional volcanic material has OIB-type

elemental and isotopic signatures (between the depleted and
enriched mantle) with a Sr content of ~660 ppm and a *’Sr/

*Sr value S, of 0.7035 (Sun and McDonough, 1989). The
historical global seawater volume and Sr content are similar
to the present, with a volume of 1.5x10" t (Charette and
Smith, 2010) and a Sr content of 8 ppm. Thus, the Sro,yater 4
is constant at 1.2x10"t, and a, and a,,, in eq. (5) are in-
dependent variables, the Sr ;. ,is a dependent variable, and
the remainder are constants.

Based on the global seawater Sr isotopic variation curve
(Figure 8) (Bruckschen et al., 1995; Jones and Jenkyns,
2001; Korte et al., 2003; Wierzbowski et al., 2012), the input
of additional Sr element can be calculated based on different
t,and t,,, values and using eq. (5). The eruption mass (10" t)
required can be calculated based on the average Sr content of
the erupted material of 660 ppm. The eruption rate (m/Ma
x10° km®) can be calculated using a tuff density of 3 t/m’.
The order of magnitude ‘10° km™ is common for large ig-
neous provinces (LIP). For example, the area of Ontong Java
LIP is ~4.9x10° km’.

As shown in Table 5, four typical stages of rapid seawater
*’Sr/*°Sr decrease (300-290, 280-260, 210190 and 175-160
Ma) require an average eruption rate of 90.3, 53.5, 84.1, and
61.2 m /Max10° km’, respectively. Therefore, a 90 m/Ma x
10° km® eruption rate of additional subaqueous explosive
eruptions is sufficient for a rapid *’Sr/**Sr decrease in sea-
water.

Assuming that the area of the ancient and present oceanic
surfaces are equal at about 3.6x 10° km”, the eruption rate of
90 m/Ma x 10° km® indicates a 5 m thick tuff layer covering a
5% area of the global ocean floor in one million years. This
order of magnitude is consistent with geological observa-
tions of interlayered tuff in chert, turbidite, and limestones
present in the accretionary complex (HBGMR, 1987a, b;
Filippov and Kemkin, 2003; Kamata et al., 2012; Stanton

and Alderson, 2013; Ikeda and Tada, 2014; Sun et al., 2015).
Therefore, the subaqueous explosive volcanic eruption,
which caused efficient chemical exchange between the
mantle-derived material and seawater, is one of the main
reasons for the rapid decrease in the *’St/**Sr ratio of global
seawater.

In conclusion, the global seawater Sr isotopic variability
can be controlled by major oceanic events of subaqueous
volcanism, such as, plume and super oceanic plate spreading
(Figure 8). Specifically, the rapid *’St/**Sr ratio decrease
during events in the Permian, Early to Mid-Jurassic, and
Cretaceous were likely related to the plume and large ig-
neous provinces in the Paleo-Pacific Ocean and the opening
of the modern Pacific and Atlantic (Timm et al., 2011; Sa-
fonova and Santosh, 2014).

6. Conclusions

We applied petrological, zircon SHRIMP U-Pb, major and
trace elemental, and Sr-Nd isotopic analyses of pillow basalt
and basaltic tuff to evaluate their mantle source and tectonic
settings. Combining the results with previous studies and
calculations from a model of the chemical exchange between
volcanic material and seawater, we reach the following
conlusions.

(1) The basaltic tuff in the Raohe Complex has a zircon U-
Pb age of 17241 Ma, coeval with the pillow basalt with both
forming in the Middle Jurassic. They are the product of
subaqueous explosive and effusive eruptions, respectively.

(2) The pillow basalt and basaltic tuff belong to OIB-type
alkali basalt and were potentially derived from the high-
degree partial melting of a garnet peridotite mantle. The
magma of the tuff is relatively primary, whereas the magma
of the pillow basalt is more fractionated.

(3) The Sr-isotope exchange is more efficient between the
volcanic material and seawater in an explosive eruption than
in an effusive eruption. The efficient chemical exchange
between the mantle-derived material and seawater, caused by
a subaqueous explosive eruption, is one of the main reasons
for the rapid decrease of the *’Sr/*’Sr ratio of global seawater.
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