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Geochemistry and spatial distribution of OIB and MORB
In A’nyemagen ophiolite zone: Evidence of Majixue-
shan ancient ridge-centered hotspot
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The mafic volcanic association is made up of OIB, E-MORB and N-MORB in the A'nyemagen Paleozoic
ophiolites. Compared with the same type rocks in the world, the mafic rocks generally display lower
Nb/U and Ce/Pb ratios and some have Nb depletion and Pb enrichment. The OIB are LREE-enriched
with (La/Yb)y =5—20, N-MORB are LREE-depleted with (La/Yb)y = 0.41—0.5. The OIB are featured by
incompatible element enrichment and the N-MORB are obviously depleted with some metasomatic ef-
fect, and E-MORB are geochemically intermediated. These rocks are distributed around the Majixue-
shan OIB and gabbros in a thickness greater than a thousand meters and transitionally change along
the ophiolite extension in a west-east direction, showing a symmetric distribution pattern as centered
by the Majixueshan OIB, that is, from N-MORB, OIB and E-MORB association in the Dur’ngoi area to
OIB in the Majixueshan area and then to N-MORB, OIB and E-MORB assemblage again in the Buging-
shan area. By consideration of the rock association, the rock spatial distribution and the thickness of
the mafic rocks in the Majixueshan, coupled with the metasomatic relationship between the OIB and
MORB sources, it can be argued that the Majixueshan probably corresponds to an ancient hotspot or
an ocean island formed by mantle plume on the A'nyemageh ocean ridge, that is the ridge-centered
hotspot, tectonically similar to the present-day Iceland hotspot.

A'nyemagen ophiolite zone, OIB, N-MORB and E-MORB association, spatial distribution, Majixueshan ridge-centered hotspot, me-
tasomatism, mantle plume

Coexistence of normal mid-ocean-ridge basalts
(N-MORB), enriched mid-ocean-ridge basalts (E-MORB)
and ocean island basalts (OIB) in the certain tectonic
setting has drawn extensive attention and strong interest.
Iceland in the North Atlantic Ocean has become a
well-known example for the phenomenon. The phe-
nomenon has been thought to be a result of superposi-
tion of a hotspot on a ridge (ridge-centered hotspot)™! or
an oceanic island on a ridge (ridge-centered island)g1 or
a mantle plume on a ridge (plume on-ridge)®, and hot-
spot-ridge interaction or plume-ridge interaction™®!, The
spatial superposition and materials interaction between a
ridge and a hotspot or an ocean island or a plume cause
anomalies of geochemistry, topography, crustal structure,
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gravity, seismic velocity and bathymetry in the area sur-
rounding a ridge-hotspot!t.

Recent studies have indicated that the coexistence not
only occurs in a modern environment like Iceland, but
also can be traced into ophiolite zones representing pre-
served oceanic crust in continental orogenic belts. Hou
et al. %7 according to the coexistence of OIB, N-MORB
and T-MORB and their specific configuration in space,
proposed a paleo-Tethyan mantle plume model to inter-
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pret the formation and evolution of the paleo-Tethys
Oceanic crust in the Sanjiang region. In study of mag-
matic activities in the Qinling orogenic belt, Zhang™
found that E-MORB (or T- and P-MORB) and OIB in
the ophiolite zones of different ages are developed in the
northern Qinling, the Southern Qinling and on the
northern margin of the Yangtze plate since Proterozoic,
and suggested that they are related to mantle plume
activities. The association of these rocks and N-MORB
together represent typical oceanic crust and also implies
existence of the Iceland-like tectonic setting.

OIB and E-MORB have been identified in mafic
rocks of different portions in the A'nyemagen ophiolite
zone during the 2003-2004 research work of the key
project “Formation, evolution and continental dynamics
of the western Qinling-Songpan tectonic node” funded
by the National Natural Scientific Foundation. These
rocks and N-MORB together are remnants of paleo-
oceanic crust and also reveals the peculiar tectonic en-
vironment for the occurrence of the paleo-oceanic crust.
On the basis of the previous studies, this work attempts
to explore their tectonic significance and mantle dy-
namics at depth by means of lithological geochemistry,
rock spatial distribution and the genetic link between the
OIB and the coexisting N-MORB. Since the modern
Indian Ocean and the paleo-Tethyan Ocean share the
same mantle®!, the comparison between rocks in the
study area and the Indian Oceanic basalts and the rele-
vant rocks in the Sanjiang region in China will be car-
ried out.

1 Regional geology

The A’nyemagen ophiolite mélange zone is the eastern
extension of the ophiolite belt on the southern margin of
the eastern Kunlun Mountains. The mélange zone
stretches more than 400 km from east to west in a width
of near 100 km, the ophiolites inside the mélange zone
are about 3 km wide. To the north, the zone is separated
by the east Kunlun fault from the east Kunlun massif
and to the south, it borders with the Bayankala-
Songpan-Garzé massif along the Changshitoushan fault.
Tectonically, the A’nyemagen ophiolite mélange zone is
situated in between the western Qinling-eastern Kunlun
orogen and the Yangtze plate, and represents the
west-extended constitution of the Mianlue suture zone™”
(Figure 1).

The A’nyemagen ophiolite zone in NWW-strike con-

sists mainly of Dur’ngoi, Majixueshan and Bugingshan
ophiolite occurrences from east to west. The Bugingshan
ophiolites in the west is distributed between the Lake
Tuosuo and the Dongdatan area. The ophiolites contain
the Ordovician and the early Carboniferous-early Per-
mian ophiolitic components®™. The late-Paleozoic
ophiolites are outcropped to southwest of the early-Pa-
leozoic one. Characterized by discontinuous distribution
in the general strike, the ophiolites occur in the form of
tectonic slices with a diameter of a few tens to about one
hundred meters and sandwich in the tectonic blocks
comprising the Carboniferous Maerzen clastic limestone
and clastic sedimentary rocks. The tectonic blocks are
exposed at interval of a few hundred meters. The ophio-
lites are made up of mafic pillow lava and massive lava
with thin-layered radiolarian silicalites. Compared with
the Dur’ngoi ophiolites in east, there are less ultramafic
rocks exposed in the area. Most pillows are in size of a
few tens centimeters, accompanying with carbonate and
episode veins as well as greenschist facies metamor-
phism. Bian et al.2¥ reported N-MOREB and minor
T-MORB in the Bugingshan late-Paleozoic ophiolites
and suggested that they represent an environment of the
paleo-Tethyan oceanic basin.

The Dur’ngoi ophiolites belong to the eastern portion
of the A’'nyemagen ophiolite zone and are exposed be-
tween the lower Permian clastic sedimentary rocks and a
suite of supercrust rocks (marbles, amphibolites and
schists) of the Proterozoic Dakendaban Formation. A
few-tens-meter-wide mylonite zone with intrusions of
gabbro and granite veins is developed between the
ophiolites down south and the Dakendaban Formation to
the north. The tectonic slices of Dur’ngoi ophiolites
mainly comprise serpentinized and carbonatized ul-
tramafic rocks with minor metamafic rocks in green-
schist facies metamorphism. Relative to the Buginshan
ophiolites, the Dur’ngoi ophilites are structurally re-
worked. Geochemically, the metamafic rocks of the
Dur’ngoi ophiolites are of N-MORB and thought to be
the remnants of the paleo-Tethyan oceanic crust:223,

The middle portion of the A’nyemagen ophiolite zone
is represented by the Majixueshan ophiolites. In the
early 1990s, Jiang et al.*¥! discovered about 1000-m-
thick mafic lava in the area. The thick-layered lava is
characterized by pillow, amygdaloidal and vesicular
structures. The pillows are mostly in size of a few tens
centimeters to one meter. The lava contains blocks of
ultramafic rocks and gabbros as well as silicalite layers
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Figure 1 A’nyemagen ophiolite mélange zone and sketch geological map. 1, Precambrian basement; 2, late Late-Paleozoic volcanic arc system; 3, late
Late-Paleozoic collisional granite; 4, Carboniferous-Permian carbonate; 5, flysch deposition on Permian passive continental margin; 6, late-Paleozoic
ophiolites; 7, strike-slip fault; 8, subduction zone; 9. ductile fault; 10, thrust faults; 11, nappes; 12, volcano-sedimentary system on early-Paleozoic conti-
nental margin; 13, flysch deposition in Triassic foreland basin; 14, Quaternary; 15, anglar unconformity boundary; 2\, sampling site.

(as thick as 5 cm) and tectonic slabs of Carboniferous
and Permian limestone. Affinity to OIB has been indi-
cated for the mafic lava by lithological geochemistry™*.
In addition, about 1000-m-thick basaltic lava and strati-
form gabbros are exposed in the Qianliwalima area to
southwest of the Majixueshan area. The lava is mainly
distributed in the western part of the occurrence and
changes into gabbros eastwards. The rocks are com-
monly subjected to greenschist facies metamorphism in
which the dark minerals are substituted by chlorites and
episodes, amphiboles can be seen locally.

The previous geochronological studies of the
A’nyemagen ophiolites indicate that the major portion of
the ophiolites is the oceanic crust formed in the late Pa-
leozoic. Bian et al.* identified early-late Carboniferous
siliceous radiolarian from silicalites in the Bugingshan
ophiolites. Chen et al.2% determined a whole-rock
OAr/PAr plateau age of 345.3 + 7.9 Ma from basalts in
the Dur’ngoi ophiolites. Later, Zhang et al.®! reported
the discovery of early Permian siliceous radiolarian in
the Bugingshan ophiolite mélange. Yang et al. obtained a
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zircon SHRIMP age of 308.2 + 4.9 Ma from basaltic
lava in the Dur’ngoi ophiolites®. From regional geol-
ogy and age data of the A’nyemagen ophiolites, and
combined with the stratigrphical relationship of Ma-
jixueshan mafic rocks and Carboniferous and Permian
strata as well as the contained Carboniferous and Per-
mian limestone blocks inside the mafic rocks®, it can
be inferred that the age of the Majixueshan ophiolites
probably is identical to the ages of both the Dur’ngoi
and Bugingshan ophiolites.

2 Samples and analysis methods

Twenty one samples in this study were taken from Bu-
gingshan, Dur’ngoi and Majixueshan ophiolites, respec-
tively. 9 Bugingshan samples are all pillow lava and
from the area to west of the Delisitan valley, located on
the outcrop of the late-Paleozoic ophiolites (OM2) de-
termined by Bian et al.*t. Of 7 Dur’ngoi samples, 3
were collected from the Dur’ngoi valley and the others
from the tectonic blocks of ultramafic-mafic rocks
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mixed with Carboniferous carbonaceous slates in an
about 60-m-long outcrop in adjacent Magin-Gande
highway. 5 Majixueshan basaltic samples were taken
from the Qianliwalima area to southwest of the Ma-
jixueshan Mountain.

To ensure no metasomatic effect on the samples, be-
fore crushing, all the samples were carefully selected by
eliminating episode and carbonate veins and weathered
parts. The major and trace element analyses were per-
formed in National Key Lab of Continental Dynamics,
Northwest University. In the major element assay, wet
chemistry method was used in analysis of LOI, the other
major elements were measured by XRF (R1X2100X
X-ray fluorescence). A within 5% error was achieved by
multiple measurements of standards BCR-2 and
GBWO07105. Trace elements, including REE were ana-
lyzed by ICP-MS (Elan 6100DRC) and the analysis
procedure following the technique described by Runick
et al.2”. Analysis errors for Rb, Y, Zr, Nb, Hf, Ta and
LREE were smaller than 5% and 5% —15% for the oth-
ers.

3 Geochemistry

From the regional geology described above, it is known
that the ophiolites in the A’nyemagen ophiolite zone are
commonly subjected to greenschist facies metamor-
phism. Metamorphic effects on reliability of trace ele-
ments used to discuss compositions of primary rocks
have been debating all the time. Based on Granch’s
study[l—gl, the REE patterns of various metamorphic rocks
under different physico-chemical conditions are consis-
tent with the patterns of those unmetamorphic rocks,
basically ruling out metamorphic influence on REE
geochemistry. For HFSE such as Zr, Hf, Nb, Ta and P,
their immobility during metamorphic processes has been
recognized by geological studies. As to mobility of U,
Th and Pb, Moorbath et al. argued that they show strong
mobility only in high-grade metamorphism™. Hence,
using them to discuss geochemistry of the primary rocks
undergoing greenschist metamorphism in this area can
be safe and reliable. In fact, the previous studies on
geochemistry, tectonic discrimination and geochronol-
ogy (Ar/Ar method) of the ophiolites have proved that
the metamorphic effects are limited™:2315]

3.1 Major elements geochemistry
Major element analyses are presented in Table 1. As

shown in Table 1, the Mg” values (Mg/(Mg+Fe) x 100)
of all the mafic samples (no matter identified as OIB or
MORB-see below) range from 57 to 67, of which, the
Majixueshan samples are 60—65, Bugingshan samples
54—67 and Dur’ngoi samples 57—67. The Mg" values
of the mafic rocks from the different ophiolites overlap
one another and exhibit little difference. These values
indicate that the primary magma of the mafic rocks
experienced differentiation to some degree. SiO, for
the samples is 43.58% —51.75%, Na,O+K,0 is 2.2%—
5.46%. Most samples are discriminated as subalkaline
series basalts using the TAS (Na,0O+K,0-SiO,) dia-
gram.

3.2 REE and race element geochemistry

Trace elements and REE analyses and relevant ratios are
listed in Table 1.

All basaltic samples are plotted on 2Nb-Zr4-Y dia-
gram (Figure 2), 4 Dur’ngoi samples (AM-1, AM-2,
AM-3 and AM-4) fall in Al+All area, 1 Bugingshan and
5 Majixueshan samples also fall in the same area, re-
flecting that they are within-plate originated basalts. 3
Dur’ngoi samples and 8 Bugingshan samples belong to
N-MORB as plotted in the D area.

Nb*2

O Dur’ngoi
O Majixueshan
@ Bugingshan

7/ ' Y

Figure 2 2Nb-Zr4-Y diagram of mafic rocks from different ophiolites
in the A’nyemagen ophiolite zone (from Meschede™). A, WPA, WPT; B,
P-type MORB; C, VAB; D, N-type MORB.

For clearness, the Majixueshan within-plate basaltic
samples will be separated from the other samples of both
the Dur’ngoi and Bugingshan ophiolites in the following
description.

The Dur’ngoi and Bugingshan samples plotted in the
within-plate area in Figure 2 show enrichment in LREE
and depletion in HREE and right-dip REE patterns on the
chondrite-normalized REE distribution diagram (Figure
3). They have (Sm/La)y = 0.3, (La/Yb)y = 5—10,
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Table 1 Major and trace element analyses of mafic rocks (major elements: %; trace elements: pg-g™)

Area Dur’ngoi Majixueshan
Sample & WSA-47  WSA-47-1 WSA-48 AM-1 AM-2  AM-3 AM-4 MJX-5 MJX-8 MJX-11 MJX-18
rock type NMORB NMORB EMORB (0]]3] OoIB (e]]3] OIB OIB OoIB OIB (0]]3]
SiO, 50.10 51.07 49.07 43.99 4465  45.25 45.15 49.45 43.58 458 48.53
TiO, 1.28 1.26 1.46 1.99 2.08 2.33 212 0.83 2.38 1.65 1.02
Al,O3 14.07 15.04 13.06 16.68 1531  16.94 16.96 13.85 12.88 12.94 13.55
TFe;0; 9.87 9.85 16.20 11.92 1263  10.17 11.63 10.75 12.91 13.26 12.27
MnO 0.16 0.18 0.21 0.30 0.18 0.35 0.36 0.17 0.2 0.22 0.18
MgO 7.75 7.79 6.32 6.98 9.37 6.53 6.09 8.19 11.93 11.08 9.97
CaO 11.07 10.04 9.33 7.83 7.11 8.96 8.20 11.23 11.25 9.76 8.7
Na,O 2.66 2.64 2.89 3.25 2.30 2.60 3.48 2.63 1.82 2.34 271
K0 0.03 0.02 0.35 0.99 1.23 2.13 1.03 0.11 0.38 0.24 0.24
P,0Os 0.11 0.23 0.12 0.45 0.36 0.55 0.51 0.08 0.53 0.51 0.08
LOI 2.52 241 0.83 5.13 4.40 3.72 4.01 2.21 1.79 1.98 2.92
Total 99.62 100.53 99.81 99.51 99.60 99.53 99.54 99.5 99.65 99.76 100..2
Mg* 66 67 53 60 66 62 57 60 64 63 62
Rb 0.152 0.146 14.41 25.99 26.87 55.5 24.44 5.34 4.26 351 6.5
Sr 105.3 105.1 133 357 201 212 340 234 327.15 174.32 324
Y 34.6 345 39.0 29.0 25.9 30.6 333 28.8 26.92 33.09 312
Zr 80.5 79.5 73.9 189 155 180 235 174 24253 149.70 239
Nb 0.92 0.92 4.02 58.1 36.6 42.1 68.0 35.3 77.23 37.77 35.6
Cs 0.013 0.014 0.403 1.85 0.606 131 0.843 0.440 0.30 0.28 0.76
Ba 7.60 7.51 100.3 827 5558  610.1 438.9 484.3 393.16 261.16 267.8
La 2.23 2.26 3.90 38.0 25.7 34.0 42.0 30.6 54.86 119.06 318
Ce 8.00 8.11 9.64 70.3 51.8 67.9 81.4 78.7 110.68 208.57 64.3
Pr 141 1.43 1.42 7.61 5.97 7.87 9.11 10.03 12.64 20.93 8.71
Nd 8.96 8.94 8.03 317 26.4 343 37.7 38.9 46.58 66.67 44.4
Sm 3.40 3.38 2.96 6.24 5.70 7.09 7.52 6.47 8.64 10.71 7.35
Eu 1.25 1.24 1.07 2.02 1.84 2.29 2.38 2.14 2.70 3.25 1.98
Gd 4.10 4.09 3.87 6.13 5.51 6.86 7.18 5.88 6.77 8.39 7.64
Th 0.83 0.83 0.84 0.89 0.85 1.01 1.05 121 1.04 1.30 0.97
Dy 5.42 5.40 5.85 4.92 4.68 5.51 5.78 4.78 5.21 6.63 5.09
Ho 1.23 1.24 141 1.01 0.93 1.09 1.16 1.08 0.94 1.25 111
Er 3.22 3.22 391 2.61 2.36 2.73 3.04 2.43 2.34 3.24 2.74
m 0.51 0.51 0.65 0.39 0.35 0.40 0.46 0.47 0.30 0.45 0.44
Yb 3.36 3.36 4.52 2.54 2.24 2.51 2.99 2.28 1.88 2.89 2.65
Lu 0.53 0.53 0.74 0.41 0.35 0.39 0.47 0.36 0.27 0.44 0.45
Hf 2.36 2.33 221 4.07 3.79 4.28 5.26 381 4.76 3.40 5.24
Ta 0.11 0.11 0.31 3.51 2.22 2.55 4.06 2.23 4.28 2.02 2.88
Pb 0.758 0.612 0.593 5.16 1.81 3.21 3.70 2.87 4.69 3.02 5.79
Th 0.087 0.086 0.54 6.53 3.19 4.05 6.32 3.77 6.30 17.42 1.39
u 0.043 0.042 0.134 1.44 0.73 1.43 1.27 1.73 1.72 4.64 1.68
Nb/U 21.40 21.76 29.97 40.21 50.01 29.38 53.54 20.40 44.90 8.10 21.20
Ce/Pb 10.55 13.25 16.26 13.61 2854 2113 22,01 27.40 23.60 69.10 11.12
Zr/Nb 87.43 86.70 18.39 3.26 4.23 4.27 3.45 4.93 3.14 3.96 6.70
Ba/La 3.40 29.05 25.72 21.79 2161 17.96 10.45 15.80 7.17 2.19 8.42
La/Nb 243 2.46 0.97 0.65 0.70 0.81 0.62 0.87 0.71 3.15 0.89
Ba/Nb 8.26 8.19 24.96 14.25 15.18  14.50 6.45 13.70 5.09 6.91 7.52
(Sm/La)n 2.24 2.38 1.20 0.26 0.35 0.33 0.28 0.33 0.24 0.14 0.37
(Sm/YDb)x 1.09 1.08 0.70 2.64 2.73 3.03 2.70 3.04 494 3.98 2.98
(La/Yb)n 0.45 0.45 0.58 10.11 7.75 9.15 9.49 9.07 19.71 27.83 8.11
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(Continued)

Area Majixueshan Bugingshan
Sample & MJIX-20 | AMH-1 BQ5 BQ6 BQ7 BQS8 BQ9 BQ10 BQ11 BQ12
rock type (6]]=] olB NMORB NMORB NMORB NMORB NMORB NMORB NMORB NMORB
SiO, 50.55 51.24 46.65 45.27 46.67 50.28 47.59 49.30 48.48 47.59
TiO, 0.77 3.23 1.43 1.34 1.58 1.44 1.38 1.42 1.44 1.32
Al,O3 13.75 13.18 15.86 15.15 17.18 15.70 16.00 15.76 15.75 15.60
TFe,03 11.06 12.36 10.88 10.32 11.94 10.80 10.62 11.08 10.57 10.57
MnO 0.18 0.16 0.16 0.17 0.15 0.15 0.12 0.17 0.16 0.15
MgO 8.8 6.78 8.21 7.19 9.19 6.49 6.42 6.93 8.67 6.89
CaO 8.81 6.05 7.92 12.29 3.85 6.88 6.97 7.39 7.48 7.85
Na,O 35 3.25 4.06 3.23 5.01 5.42 4.94 4.92 4.28 5.13
K0 0.16 0.71 0.05 0.03 0.07 0.06 0.04 0.31 0.06 0.05
P,0s 0.07 0.52 0.11 0.11 0.10 0.11 0.11 0.12 0.11 0.11
LOI 2.39 2,94 4,79 4.46 4.65 3.04 6.23 291 3.45 4.45
Total 100.04 100.42 100.12 99.56 100.39 100.37 100.42 100.31 100.45 99.71
Mg# 61 60 65 57 61 60 54 56 67 56
Rb 3.19 10.41 1.13 0.67 1.80 1.62 111 9.68 1.42 121
Sr 284.62 148 176 184 103.9 225 240 160 261 242
Y 27.80 53.7 37.3 37.3 36.1 37.1 35.6 38.1 37.2 35.8
Zr 178.00 365 89.5 87.6 94.3 90.1 85.7 89.2 89.6 84.4
Nb 45.25 321 1.24 1.29 1.31 1.24 1.16 1.72 1.23 1.14
Cs 0.53 0.535 0.656 0.216 0.420 0.856 0.201 0.91 0.134 0.199
Ba 545.78 194.2 31.94 34.11 25.61 72.52 30.62 59.70 35.79 30.33
La 44.90 26.3 2.35 2.38 2.28 211 2.29 251 231 2.29
Ce 78.46 59.6 8.30 8.33 8.71 7.56 8.02 8.33 8.26 7.98
Pr 10.34 7.97 1.49 1.49 1.50 1.38 143 1.45 1.47 1.42
Nd 35.67 38.5 9.04 8.98 9.09 8.57 8.67 8.76 9.03 8.67
Sm 8.39 10.2 3.38 3.31 3.47 3.27 3.19 3.29 3.33 3.21
Eu 2.39 3.02 1.14 1.15 1.01 1.07 1.12 1.15 1.07 1.10
Gd 6.69 10.12 4.05 4.00 4.15 3.89 3.90 3.97 4.02 3.78
Th 1.08 1.68 0.84 0.82 0.85 0.82 0.79 0.83 0.82 0.77
Dy 5.54 9.1 543 5.35 5.61 5.39 5.24 5.38 5.34 5.02
Ho 1.10 1.74 121 1.18 1.24 1.19 1.16 121 1.20 111
Er 2.14 414 3.19 3.18 3.28 3.21 3.02 3.18 3.14 291
Tm 0.34 0.59 0.52 0.52 0.53 0.51 0.49 0.52 0.50 0.46
Yb 2.29 374 3.50 3.39 3.52 3.46 3.26 3.48 331 312
Lu 0.37 0.56 0.57 0.54 0.55 0.55 0.52 0.54 0.53 0.48
Hf 4.35 7.88 247 2.32 2.59 2.46 2.30 241 2.39 2.19
Ta 2.34 1.98 0.10 0.11 0.10 0.11 0.10 0.13 0.10 0.09
Pb 3.15 1.15 0.700 0.89 0.550 0.758 0.95 0.824 0.601 0.91
Th 6.18 2.86 0.102 0.125 0.092 0.110 0.075 0.213 0.092 0.075
U 1.45 0.88 0.074 0.061 0.150 0.205 0.058 0.098 0.045 0.059
Nb/U 29.30 36.51 16.75 21.17 8.73 6.07 20.11 17.47 27.32 19.48
Ce/Pb 2491 51.90 11.86 9.40 15.84 9.97 8.41 10.11 13.75 8.82
ZrINb 3.93 11.37 72.41 67.70 71.76 72.38 73.89 51.92 72.90 73.86
Ba/La 12.16 7.37 13.61 14.34 11.25 34.43 13.35 23.79 15.51 13.25
La/Nb 0.99 0.82 1.90 1.84 1.73 1.69 1.98 1.46 1.88 2.00
Ba/Nb 12.06 6.04 25.84 26.37 19.50 58.27 26.41 34.73 29.13 26.53
(Sm/La)n 0.30 0.62 2.29 2.21 242 2.46 2.21 2.08 2.29 2.23
(Sm/Yb) 3.93 2.93 1.04 1.05 1.06 1.01 1.05 1.01 1.08 1.10
(La/Yb)y 13.25 4,75 0.45 1.05 0.44 0.41 0.47 0.49 0.47 0.50
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Figure 3 (a) Chondrite-normalized REE concentration patterns of the Dur’ngoi and Bugingshan within-plate basaltic rocks; (b) primitive-mantle-normal-
ized concentration patterns of incompatible elements in the Dur’ngoi and Bugingshan within-plate basaltic rocks (the normalizing value and data of the
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Figure 4 (a) Chondrite-normalized REE concentration patterns of the Majixueshan within-plate basaltic rocks (b) primitive-mantle-normalized concen-
tration patterns of incompatible elements in the Majixueshan within-plate basaltic rocks (the normalizing value and data of the typical OIB from Sun et

al.’21, sanjiang OIB from Hou et al.).

and high ZREE, identical to the OIB REE pattern of Sun
et al. and thus, possess OIB property. Compared with the
contemporaneous OIB in the Sanjiang region, they have
the similar pattern.

The primitive-mantle-normalized concentration pat-
terns of incompatible elements for the above samples
exhibit enrichment in incompatible elements (Figure
3(a)), identical to the typical OIB. But, the samples
commonly have Sr depletion, 2 samples (AMH-1 and
AM-2) from Dur’ngoi and Bugingshan possess strong
Pb depletion. The Sr depletion of the rocks probably
reflects fractional crystallization of plagioclase from the
primary magma.

The REE patterns of 5 Majixueshan samples (Figure
4(a)) display the similarity to the OIB in Dur’ngoi and
Bugingshan (Figure 3(a)), their (La/Yb)y>5 and sample
MJX-11 shows a strong LREE-HREE fractionation. In

comparison with the typical OIB of Sun et al. and the
OIB from the Sanjiang region, most samples have the
similar REE patterns, with exception of MJX-11 that has
a steeper LREE pattern, and obviously exhibit OIB
characteristics. The primitive-mantle-normalized con-
centration patterns of the samples (Figure 4(b)) resemble
the typical OIB, featured enrichment in incompatible
elements. Similar to the samples from Dur’ngoi and Bu-
gingshan, the Majisueshan samples also show the mod-
erate Sr depletion.

The samples (from the Dur’ngoi and Bugingshan
ophiolites) discriminated as N-MORB on the 2Nb-Zr4-Y
diagram have the typical REE patterns of the rock type.
They show left-dip REE patterns with flat HREE and
strong depletion in LREE (Figure 5(a)), most samples
have (Sm/La)y>2 and (La/Yb)y = 0.41—0.5. Compared
with the same type of rocks from Sanjiang region and

GUO AnLin et al. Sci China Ser D-Earth Sci | February 2007 | vol. 50 | no. 2 | 197-208 203



20

Bugingshan
Dur’ngoi

O

e}

K WSA-48 b
Sanjiang

|

a

Chondrite normalized
=
T

N-MORB from Sun 4
E-MORB from Sun

L
La Ce Pr Nd SmEuGd Tb Dy Ho Er TmYb Lu

O Bugingshan
@ Dur’ngoi
WSA-48 ]
Sanjiang p
BN-MORB from Sun
OE-MORB from Sun
1 1 1 | | 1 1 1 |

Pb Nd Hf Eu Yb

Primitive mantle normalized

Nb La

0.2

Rb Th
Ba U la Ce Sr Zr Sm Y

Figure 5 (a) Chondrite-normalized REE concentration patterns of the MORB from Dur’ngoi and Bugingshan; (b) primitive-mantle-normalized concen-
tration patterns of incompatible elements in the MORB from Dur’ngoi and Bugingshan (the normalizing value of primitive mantle and data of the typical
N-MORB and E-MORB from Sun et al 22, Sanjiang N-MORB from Xu et al 1%).

Sun et al. the rocks in the study area show higher REE.
As noted in Figure 5(a), the sample WSA-48 is different
from most samples and characterized by a gentle left-dip
curve and higher ZREE.

On the diagram of Primitive-mantle-normalized
concentration patterns of incompatible elements (Figure
5(b)), the N-MORB samples from the study area ex-
hibit depletion in incompatible elements, identical to
the patterns of the typical N-MORB, with exception of
Sr depletion. It is noted that sample WSA-48 display-
ing a N-MORB pattern in Figure 5(a), shows the simi-
larity of E-MORB in Figure 5(b). Hence, WSA-48
probably belongs to E-MORB rather than N-MORB.
This judgment seems against the discrimination on the
2Nb-Zr4-Y diagram (Figure 2) where WSA-48 falls in
the D area (N-MORB area). However, it can be seen that
on the 2Nb-Zr4-Y diagram, the plot of WSA-48 is close
to the B area (enriched), showing an affinity of
E-MORB.

It has been thought that Nb/U and Ce/Pb ratios are
effective and sensitive tracers in study of oceanic
basalts (including both MORB and OIB) and compo-
sitions of their source region®-2! The Nb/U ratios
of OIB in the study area have a range of 8—50, most
samples have smaller ratios relative to Hafmann’s ratio
(47) for OIB and to the ratio (43) of the Kerguelen OIB
of a ridge-centered hotspot from the southern Indian
Ocean®22l For the Ce/Pb ratio, except the sample
AMH-1 having 52, the ratios of most samples range
from 11 to 28 that are higher than the ratio of 15 from
Kerguelen OIB™, but still lower than the ratio of 25

given by Hafmann!24.

The Nb/U and Ce/Pb ratios of 10 N-MORB samples
are 6—30 (most are around 20) and 11— 16, respectively.
These ratios are lower than the ratios (Nb/U=50 and
Ce/Pb=25) given by Sun et al. and those (Nb/U=40—50
and Ce/Pb=19—23) of N-MORB from Central Indian
and Carlsburg Ridge in the Indian Ocean®:2, Only one
E-MORB sample WSA-48 has Nb/U=30 and Ce/Pb =16,
lower than the typical E-MORB (46, 25)124.

In general, the basaltic rocks of the study area are
featured by lower NB/U and Ce/Pb ratios, compared
with the same type of oceanic basalts in the world.

The Nb/U and Ce/Pb ratios of N-MORB in the
Shuanggou area in the Sanjiang region reported by Xu
et al.®! are used to carry out the comparison with the
local rocks. The results indicate that the N-MORB from
the study area are similar to the Shuanggou N-MORB
(17 on average) in Nb/U and lower than the Shuanggou
(20 on average) in Ce/Pb. Due to lack of OIB ratios in
the Sanjiang region, the comparison for OIB cannot be
implemented.

4 Discussion: Majixueshan ridge-centered
hotspot

The above lithological geochemistry demonstrates that
the association of N-MORB, E-MORB and OIB is a
major part of the A’nyemagen ophiolite zone. The asso-
ciation, at first, represents the remains of the A'nyemagen
oceanic basin as a branch of the paleo-Tethyan Ocean
basin, and more important, their spatial configuration in
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the study area reveals a tectonic environment of the Ice-
land-like ridge-centered hotspot.

4.1 Significance of lithological association and spa-
tial distribution

As the eastern portion of the A’nyemagen ophiolite zone,
the Dur’ngoi ophiolites hava the association of
N-MORB, OIB and E-MORB, while in the middle por-

tion, the Majixueshan mafic rocks consist mainly of OIB.

In the western portion, the Bugingshan ophiolites, only
one sample of OIB was found in the study. However,
according to Bian et al., some T-MORB have been iden-
tified in the Bugingshan area™. Also, Hou et al. re-
ported finding of P-MORB in the same area?®l. More-
over, we have noticed that besides the recognized
T-MORB in the late Paleozoic basalts, a few samples
(e.g., DL99-51) with enrichment in Pb and depletion in
Nb probably are of E-MORB. So, similar to the
Dur’ngoi ophiolites, the Bugingshan also exhibits the
association of N-MORB, OIB and E-MORB.

From the rock types in the above three ophiolite
occurrences, it can be obviously seen that the mafic
rocks of the A’'nyemaqgen ophiolite zone make up a tran-
sitional change pattern in east-west direction around the
Majixueshan. To the west from the Majixueshan OIB,
the rocks become N-MORB plus OIB and E-MORB in
the Bugingshan ophiolites, while to the east they change
into the N-MORB, OIB and E-MORB association in the
Dur’ngoi area (Figure 6). This spatial distribution pat-
tern of mafic rock types is comparable with the Iceland
hotspot. It appears that the Majisueshan OIB occupies

the central location of the hotspot, that is the site of the
ocean island. The distribution of volcanic rocks in Ice-
land is featured by the central OIB in island itself and the
N-MORB in the surrounding areas especially along the
axis of the mid-ocean ridge®2. The hotspot in Iceland
reflects the mantle plume activities under the island?—%
and as a result of the superposition of the rising plume on
the mid-ocean ridge, the on-ridge island was formed22.
In addition, the chemical interaction and mixture be-
tween the materials from the distinctive sources resulted
in generation of different types of basalts2"2!! that are
distributed around the hotspot in space.

In the Iceland hotspot, not only the compositional
anomalies and the characteristic distribution of the mafic
rock types along the ridge, but also the thickened crust
and corresponding changes of geophysical field in the
expression of topographic rise can be observed™.
Compared with the modern Iceland hotspot, the corre-
sponding geomorphological and geophysical features
cannot be seen in the paleo-Majixueshan hotspot situ-
ated in the ophiolite zone. However, the basaltic lava
and gabbros in thickness greater than a few thousand
meters, probably are the remains of the Majixueshan
ocean island formed above the mid-ocean ridge. Due to
its great crustal thickness, it is relatively hard for the
Majixueshan ocean island to subduct and is finally pre-
served in the ophiolites.

4.2 Relationship of MORB and OIB

If given rock association and spatial distribution are
taken into account, then these phenomena in the

Majixueshan

3km f—
Da-Da Bugingshan
2km |— Highway OB A
—_ T
d oIB [ T 1
NP ) N-, -MORB
I km j— Dur'ngoi . ) STV S I T I oB A
Oceanic  : i S
crust ] R e il . H
lJppcr kr % 50 km 95 km
mantle
B X B B2 = A
Peridotite Gabbro Clastic  Limestone  Silicalite ~ Sampling
rocks location

Figure 6 Distribution of different mafic rocks surrounding the Majixueshan in the A'nyemagen ophiolite zone (For thickness of the strata refer to refs.

[11,13,14]).
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A’nyemagen ophiolites could also be observed in an
ocean island and its surrounding MORB crust. However,
it should be emphasized that the transitional change of
rock types around the Majixueshan reflects a me-
tasomatic link existing between the plume materials and
the upper mantle MORB source, and it is because of this
geochemical genesis relationship that the characteristic
rock association and distribution have occurred.

The geochemical results indicate that relative to the
same type rocks in the world, the Nb/U and Ce/Pb ratios
of OIB in the study area vary in a wide range and are
low as a whole. The low Nb/U and Ce/Pb ratios in the
EM-type OIB are sensitive indicators of crustal con-
tamination!?l. Combined with the great range of trace
element contents in the OIB, of which some are depleted
in Nb and Sr, it can be inferred that the OIB source
could contain input derived from the continental crust in
the subducted oceanic sediments and belong to the
EM-typel>243 Moreover, the N-MORB of the study
area have low and scattered Nb/U and Ce/Pb ratios and
the similar ratios (Nb/U = 22, Ce/Pb = 15) have been
recently obtained from the Zongwulong tectonic belt
between the Qilian orogen and the northern Qaidam
tectonic belt (will be discussed elsewhere), and these
ratios are identical to those in the OIB. Thus, the low
Nb/U and Ce/Pb ratios seem to be the common charac-
teristics in the Paleozoic oceanic basalts in this region.
In study of Nb/U and Ce/Pb ratios of MORB and OIB,
Hafmann pointed out that they are excellent tracers of
continental components in OIB and the similar values
present in MORB and OIB indicate their genetic link33.
Rehkamper et al. suggested that low Nb/U and Ce/Pb
ratios and high ®'Sr/*®Sr ratios in the Central Indian and
Carlsburg Ridge in the Indian Ocean characterize the
enriched end member that results in crustal contamina-
tion in the upper mantle MORB source region228,
Based on the similar Nb/U and Ce/Pb ratios in the local
OIB and MORB and their field relationship (see below),
the enriched end member could be the OIB, while the
MORB source region was more or less metasomatized
by OIB composition from the EM-type source region
and generated the E-MORB and N-MORB with the
above-mentioned geochemistry. The Nb/U and Ce/Pb
ratios lower than the typical OIB and MORB possibly
imply more continental input contained in the OIB
source in this region.

On the basis of Sr and Pb isotopic composition, Bian

et al. interpreted that the magamtic source of the basalts
in this region could be a mixed one between the DMM
and EMI2Y From their data, the ®'Sr/%Sr ratios
(0.7054—0.7081) of the Paleozoic MORB in the Bu-
gingshan ophilites are far greater than those from the
MORB in the Indian Ocean (0.7025—0.7031)%, and
the 2°Pb/?™Pb ratios are similar to those from the in-
ferred Indian Ocean plume (*®°Pb/**Pb=18). The iso-
tope data with the Nb/U and Ce/Pb ratios from this study
identically offer the information of the contaminated
mantle source by the continental components in the form
of the EMII. It also demonstrates that in addition to the
Sr and Pb isotopes, the Nb/U and Ce/Pb ratios can be
quite useful in determining contamination of a magmatic
source region. Although Bian et al. did not find the OIB
and discuss the relationship with EMII component, by
the consideration of the similarity of the Nb/U and
Ce/Pb ratios in both OIB and MORB and their relation-
ship in the field, we infer that the OIB in the study area
probably is the EMII end member equivalent (has to be
further proved by isotope study). The previously re-
ported P-MORB and T-MORB, and the E-MORB found
in this study could all be products of mixed DMM and
EMII, whereas the Sr and Pb isotopic geochemistry and
the Nb/U and Ce/Pb ratios in the N-MORB indicate the
presence of the mixture and metasomatism.

The thoughts for existence of the OIB equivalent
EM-type source and the metasomatic MORB source in
this region are also supported by the following argu-
ments in a broad sense2%!: (i) the paleo-Tethyan Ocean
and the present-day Indian Ocean are spatially compara-
ble and they share the same oceanic basaltic source re-
gion having the Dupal anomaly™; (ii) the EM-type
source region only exists in the Indian Ocean-centered
southern hemisphere; and (iii) the MORB source region
of Indian Ocean contains some pelagic sediments. Up-
welling of the plume materials derived from the
EM-type source represented by OIB and interaction with
the MORB source in the depleted upper mantle by me-
tasomatism finally generated the Iceland-like rock as-
semblage in the certain spatial distribution.

The metasomatism is generally thought to occur in
the asthenosphere, that is the MORB source region. The
plume bringing the EM-type materials meatsomatizes
the upper mantle on the way up along the certain chan-
nels at the base of lithosphere and formed various in-
compatible elements enriched MORB source regions™22!,
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From the field occurrence, it is evident for the OIB ma-
terials metasomatizing the MORB materials. On an out-
crop scale, there is no clear-cut limit in terms of struc-
ture and lithology for the N-MORB, OIB and E-MORB,
different rock types can either be exposed on the differ-
ent outcrops or occur on the same outcrop (the latter
such as WSA-48 and WSA-47, AMH-1 and BQ-5). In
this case, the tectonic mixing cannot be ruled out as a
cause for different rock types on the different exposures
(even so, the tectonic mixing is still on a small scale for
the rock blocks having some genetic link, according to
their geochemical characteristics). On the other hand,
the different rock types on the same exposure demon-
strate that the source region could have experienced het-
erogeneous metasomatism. On the scale of the entire
ophiolite zone, the above-discussed rock assemblages in
the different ophiolite occurrences and the transitional
relationship with the Majixueshan OIB are hardly ob-
served in an ocean island and its surrounding oceanic
crust. Although the latter could have the same configu-
ration in space, it exhibits a non-transitional relationship
on outcrops on different scales without metasomatism in
their origin.

4.3 In comparison with Sanjiang region

In the above comparison, it can be seen that the OIB and
MORSB in the area have the similar geochemistry to the
same rocks in the Sanjiang region. The N-MORB can
be compared with the Shuanggou MORB in the Sanji-
ang region in the Nb/U and Ce/Pb ratios. The similari-
ties of the Paleozoic oceanic crust in both the Sanjiang
region and the study area could have had the same
magmatic origin, including the N-MORB source from
the depleted upper mantle and the plume represented
by the OIB as well as the latter metasomatizing the
former™™. The low Nb/U and Ce/Pb ratios in the two
areas commonly reflect the influence on the source
region of the paleo-Tethys Oceanic crust by the EM
components. The presence of E-MORB in the Jinsha-
jiang area and the Indian Ocean-affinity MORB can be
evidence for this.

After the A’nyemagen ophiolite zone was formed in

1 Ito G, Lin J, Gable C W. Dynamics of mantle flow and melting at a
ridge-centered hotspot: Iceland and the Mid-Atlantic Ridge. Earth
Planet Sci Lett, 1996, 144: 53—74[DOl]

2 Mattieli N, Weis D, Gregoire M, et al. Evidence for long-lived
Kerguelen hotspot activity. Lithos, 1996, 37: 261—280[DOI]

3 Galdcezenko T P, Coffin M F, Eldholm O. Crustal structure of the

the Indosinian period, it was subjected to deformational
reworking during the Mesozoic-Cenozoic intracontinen-
tal orogeny, which could result in the integration of dif-
ferent tectonic blocks in the zone. However, it is note-
worthy to mention that after the Indosinian amalgama-
tion of China’s continent, the later intracontinental
orogeny was mainly in the fashion of extensional col-
lapse, strike-slip of fault blocks and thrust and nappe!2.
From present studies, as the major suture between the
Yangtze plate and the east Kunlun-west Qinling orogen
during the Indosinian amalgamation of China’s conti-
nent, the A’nyemagen ophiolite mélange has been
mainly involved in the east-west oriented strike-slip
movement during the Mesozoic-Cenozoic intraconti-
nental orogeny, and no large-scale tectonic disturbances.
In addition, based on Xu et al., since the Indosinian the
strike-slip faults have been formed on both sides of the
ophiolite zone®!. In another word, the original struc-
tures and textures of the A’nyemagen ophiolite zone
formed in the final Indosinian collision have been kept.

Finding of the Majixueshan ridge-centered hotspot
and presence of the Sanjiang paleo-Tethyan mantle
plume®? as well as N-MORB, E-MORB and OIB re-
ported in the Qinling orogen®3-37 al| indicate that the
hotspot could be a main cause for the Paleozoic exten-
sional environment (e.g., continental rift and ocean-con-
tinent triple-junction). If the vertical mantle plume dy-
namically played a major role in the open-up of the pa-
leo-Tethyan ocean, and the horizontal plate tectonics
could have been the secondary driving force for the
formation of the numerous ocean basins. The combina-
tion of both vertical plume and the horizontal plate tec-
tonics and their interaction as well eventually forged
China’s continent characterized by multi-block tectonics
and the Indosinian amalgamation. Therefore, in order to
obtain a complete picture of continental dynamics in the
paleo-Tethyan study, exploring the combining mecha-
nism of the plume and plate tectonics would be a neces-
sary approach.
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