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A new type of REE tetrad effect, a composite M- and W-type, was recognized in the K-feldsparthized and silicificated Shuiquan-
gou alkaline syenites, Dongping, Hebei Province. Different analytical methods such as ICP-MS and isotopic dilution thermal ion
mass spectrometer were exploited to verify the REE concentrations of the samples in three laboratories in China, France and Ko-
rea. The results are reliable and consistent within errors. In situ quantitative analysis of REE concentrations of individual zircons
and apatites extracted from the very same sample has shown that fractional crystallization of magma and the superimposed
hydrothermal alteration might have taken place in at least two-stage hydrothermal activities to generate the composite M- and
W-type REE tetrad effect. The coexisting melt and aqueous phases, the superimposed alteration by volatile (Cl, CO,)™ and Si, K,
Al-enriched high temperature hydrothermal fluids might be the important facts for this new MW-type of REE tetrad effect. In

addition, the peculiar MW-type tetrad effect might be an indicator for Au mineralization of reworked plutons.
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The plot of chondrite-normalized REE abundances vs. atomic
numbers exhibiting smooth linear or curvilinear trend,
which is known as Masuda-Coryell diagram [1-3] has been
applied broadly in geochemical researches for decades. The
slop of the pattern ((La/Yb)y), the relative enrichment or
depletion of Ce and Eu (Ce/*Ce; Eu/"Eu), and the REE par-
tition coefficients have become the basic parameters of REE
geochemistry. However, ever since 1979, tetrad effects have
been recognized in seawater, algae, sponges shells, lime-
stones, etc. [4], hydrothermal uranium mineral-uraninite [5],
REE mineral-kimuraite [6] and groundwater from peculiar
geological occurrences [7]. Zhao and Masuda [8-10] first
recognized M-type REE tetrad effect in rare-metal granites
from South China in 1988.

The REE tetrad effect means that the chondrite-normal-
ized REE patterns show four convex or concave sectors
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(La-Ce-Pr-Nd, Pm-Sm-Eu-Gd, Gd-Tb-Dy-Ho, Er-Tm-Yb-
Lu) separated at Nd/Pm, Gd and Ho/Er (Figure 1) due to
physical and chemical properties of REE changes coherently
with the changes of electronic configuration of the atoms,
which were named M-and W-type, respectively [11].
Shifting from the normal linear trend of chondrite-
normalized REE patterns, REE tetrad effect must be an in-
dication of peculiar geochemical processes involved. The
phenomenon was first discovered in an experiment of REE
partitioning in a pure chemical liquid-liquid extraction sys-
tem [12,13]. The rare-metal mineralized granites showing
REE tetrad effect are commonly highly evolved leu-
cogranites. Highly fractional crystallization lead to the en-
richment of volatiles (F, H,O, CI) in residual melts which
may result in a transition system consists of co-existing
magmatic melt and hydrothermal fluid. The Fluid/melt in-
teraction in the system results in the M-type tetrad effect
[8-10,14,15]. Some accessory REE minerals such as mona-
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Figure 1

zite and xenotime were reported to show and/or control the
REE tetrad effect [16—-19]. Bau [19] argued that in principle
the behavior of REEs should be controlled by their charge
and radius (CHARRAC), for systems bearing lanthanide
tetrad effect which show non-chondritic Y/Ho (>28) and
Zr/Hf (<25) ratios there must have been some other special
causes. These systems are commonly magmas of highly
evolved and enriched in H,O, Li, B, F, P and/or Cl. The
REE tetrad effects in peraluminous granites of mid-eastern
Germany suggest the increasing importance of an aqueous-
like fluid system during the final stages of granite crystalliza-
tion and REE fluorine complexation may play an impor-
tant role. The complexation with fluorine is interpreted as
major cause for Y/Ho>28, while the complexation with bi-
carbonate is assumed to generate Y/Ho values <28. Because
REE accessory minerals commonly inherit the REE signa-
ture of the magma system, they are not the cause of REE
tetrad effect [20].

Systematic investigations were carried out on the biotite
granite from Qianlishan, Hunan Province and riebeckite
granite from Baerzhe, Inner Mongolia, both of them display
typical M-type REE tetrad effect [21,22]. Similar M-type
REE tetrad effects were observed in whole-rock samples
and their constituent minerals as well in the Qianlishan and
Baerzhe granites. Consequently, the tetrad effect represents
the integrated behavior of the whole system (including all
the individual phase) of the rocks. It is evident that the tet-
rad effect becomes more obvious and pronounced with the
increase in degree of magma fractionation.

The REE tetrad effect observed in the late Hercynian
granite from the Erzgebirge Sn province, Germany may be
inherited from an external fluid that might have influenced
the system during and/or after the emplacement of the
magma and it is unlikely that the convex tetrad effect in the
samples can be explained by removal of a complementary
REE pattern by a coexisting hydrothermal fluid [23].

Weak REE tetrad effect in the Altay No. 3 granite peg-
matite in Xinjiang, China and it is weakly altered wall rock
(amphibolite) as well reveals that the water/rock (fluid/melt)
interaction would be favorable for producing the REE tetrad
effect [24]. Clear convex tetrad effect of apatite and associ-
ated minerals, such as beryl, spodumene, tourmaline, alkali
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M-type REE tetrad effect in rare-metal granites [8—10] (a) and W-type REE tetrad effect in kimuraite [6] (b).

feldspar and spessartine in the pegmatite is observed, which
represents intrinsic features of initial pegmatite magma and
an external fluid bearing tetrad effect were produced during
magma crystallization before fluid exsolution from the
magma [25].

Minerals like stibnite and scheelite from low temperature
strata-bound stibnite deposits and low-middle temperature
strata-bound Au-Sb-W deposits in west Hunan Province,
commonly show M-type of REE tetrad effect [25,26]. These
deposits have no spatially or temporally relation with granites.
The mineralization agent, fluorine, may be the cause for the
tetrad effect [26]. Conjugate M- and W-type of tetrad effect
were all observed in the uranium mineralized granites, sedi-
mentary rocks and groundwater in the Tono area, central Ja-
pan, the granitic rocks show M-type tetrad effect while the
groundwater and the sedimentary rocks exhibit W-type tetrad
effect [7]. By contrast, some monazites from hydrothermal
deposits possess W-type tetrad effect [27] while river sedi-
ments in north China show M-type tetrad effect that might
have resulted from interactions between water and sedimen-
tary grains during the weathering and transportation [28].

Experiments by Veksler et al. [29] demonstrated that
REE partitioning between immiscible silicate melt and alu-
minoufluoride (cryolite Na3AlFs) melt may result in REE
tetrad effect. Experiments on the structure and stability of
aqueous rare-earth elements in hydrothermal fluids under
condition up to 500 and 520 MPa reveal that the mobility
and fractionation of REEs are controlled by the availability
of and the degree of complexation with ligands such as CI,
F, PO3, CO3 and SO7T, the pH and redox conditions of the
fluids [30]. The stability of complex (Nd(HZO)&NCIf"”)
formed by Nd aqua ion with CI is higher than theoretical
prospect. The reduction of water molecules in the first co-
ordination shell of the Nd** aqua ion is intermediate be-
tween the rate of Gd, Eu and Yb (Yb>Eu>Nd>Gd) indicat-
ing intermediate stability of Nd*> aqua ion which is consis-
tent with the tetrad effect [30].

In summary, our knowledge about REE tetrad effect can
be concluded as follows: (1) the tetrad effects do exist in
some peculiar rocks, water and sea shells, which are neither
analytical artifacts nor crystallization of REE accessory min-
erals; (2) the REE tetrad effect can be found in the highly
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evolved magmatic system and related mineralized granites,
pegmatite, skarn, hydrothermally reworked strata-bound de-
posits and water system as well; (3) the tetrad effect can be
divided into M- and W-type; and (4) highly evolved mag-
matic system, interactions between magma and volatile-rich
(CLF,CO,) fluids, and fluids (including hydrothermal fluid)
may contribute to the generation of tetrad effect.

It is important to notice that the reported cases are M- or
W-type tetrad effects occurring separately in natural systems,
however, the composite M- and W-type REE tetrad effect
reported in this paper is a brand new type of coexistence of M-
and W-type tetrad effect in the very system. Thus, our study is
surely an important step towards thorough understanding the
REE tetrad effect [31].

1 Discovery of a peculiar composite M- and
W-type REE tetrad effect

1.1 Composite M- and W-type REE tetrad effect

The author first recognized [31] that the peculiar chondrite-
normalized REE patterns of K-feldsparthized and silicificated
alkaline syenites in Shuiquangou, Dongping gold deposit,
Hebei Province, which display nearly horizontal sine-form
curves (Figure 2(b), (c)) that are obviously different from
the smooth right declined (LREE enriched) patterns of the
amphibole alkaline syenite in the same pluton (Figure 2(a);
Table 1). What is more, the patterns are different from those
of the M-type tetrad effect in rare-metal granites and the
W-type tetrad effect in kimuraite (Figure 1). This peculiar
REE pattern bears features of M- and W-type tetrad effects
in the very same sample, in which the first four elements
La-Ce-Pr-Nd show the firs subgroup of a typical M-type
tetrad effect (1/2 M), the second four elements Pm-Sm-Eu-
Gd show a transition of M- and W-type tetrad effects, in-
deed, some samples show obviously either the second sub-
group of M-type tetrad effect or W-type tetrad effect (1/2M
or 1/2W); the third group Gd-Tb-Dy-Ho and the fourth
group Er-Tm-Yb-Lu exhibit the features of the third sub-
group and the fourth subgroup of W-type tetrad effect (2/2
W). These features constitute a brand new type tetrad effect,
i.e., the coexistence of M- and W-type tetrad effects in the
very same sample (1/2M-+transition+2/2W; 1/2M+3/2W,;
2/2M+2/2W). Using the quantification methods of the tetrad
effect performed by Irber [20] and Moneck et al. [23], we
calculated the ratios of chondrite-normalized values of con-
centrations of the two central elements B,C, such as Ce and
Pr; Tb and Dy (Cey, Pry, Tby, Dyn) with the strait line in-
terpolation values (Ce*, Pr’, Tb', Dy*) of the first and the
last elements in every subgroup of tetrad effects (Cen/ Ce’,
Pry / Pr’, Tby/ Tb, Dy / Dy*). The samples with ratios
larger than 1 are considered to show M-type tetrad effect
while samples with ratios less than 1 show W-type tetrad
effect. The size of the tetrad effect (T, Tz and ¢, ;) were
calculated using the methods suggested by Moneck and
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Irber, respectively (Table 2). Unsurprisingly, the parameters
of central element of the first subgroup such as Cen/Ce’,
Pry/Pr” are both high than unit which indicate M-type tetrad
effect, and the parameters of central elements of the third
subgroup Tby/ Tb", Dyy / Dy’ are obviously low than unit
which signify W-type tetrad effect. Accordingly, T and T;
values (T>1, 0<T3<1; t; >1, 1;<1) also signify M- type tet-
rad effect in the first subgroup, W-type tetrad effect in the
third subgroup, and weak W-type tetrad effect in the fourth
subgroup.

1.2 Analytical method

Different analytical methods such as ICP-MS and isotopic
dilution thermal ion mass spectrometer (ID-TIMS)were
carried out at three laboratories in China, France (CRPG,
Nancy) and Korea (Environmental Geology Division, Kigan,
Daejeon) to confirm the REE concentrations of these sam-
ples. Considering the possible influence of some accessory
minerals on the tetrad effect, different dissolving reagents

1000

—DP92-70-3-8-DP92-70-5 -+ DP92-70-8 (@
+90-25-6-1 —»—00-ZS-8 —0—90-2S-5
+"90-756

100 | §

10 ¢

Samples/chondrite

Samples/chondrite

——D-2 =-D-3 - D-4—+—D-12—+D-13 —=—D-14

La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu

100 ©

10 | >

Samples/chondrite

01k

——B1—8—B3—4—B4--X - B5

—%—B6—@—B7—-+-—B8
e La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu

Figure 2 Comparison of the composite M- with W-type tetrad effect in
K-feldsparthized and silicificatized alkaline syenites with the LREE enriched
right declined patterns of amphibole alkaline syenites. (a) Shuiquangou am-
phybole alkaline syenites; (b) and (c) potassic-silicificated alkaline syenites.



Table 1 Major and REE concentrations of the Shuiquangou alkaline syenite (major element in %, REE in pg/g)”

ZHAO ZhenHua, et al.

Chinese Sci Bull

August (2010) Vol.55 No.24

2687

Sam - - - - - - - - - -
No‘fle Bl B3 B4 B5 B6 B7 B8 D2 D-3 D4 D-12 D-13 D-14 9OZIG 9OI;IG BZP 92?15 908ZS 90§S 90? ]37%% D%?g D%?é
Si0; 71.27 66.18 63.96 64.93 64.56 73.48 72.9 64.9677.06 65.6 70.69 64.92 65.5 65.86 72.99 70.45 60.79 63.12 59.92 64.58
TiO, 0.07 0.08 0.08 0.08 0.07 0.05 0.07 0.07 0.04 0.06 006 0.06 007 001 001 <D 046 029 048 0.11
ALO; 1533 17.42 19.06 17.84 18.7 142 14.1 19.1312.4819.0215.34 18.83 19.68 18.48 12.98 16.69 18.41 1851 1895 19.18
Fe,05 0.85 071 1.07 125 138 1.09 125 0.63 034 048 093 099 067 039 067 079 214 186 222 113
FeO 031 029 028 037 032 032 035 093 123 112 1.56 1.23 112 032 042 177 130 219 044
MnO 0.02 0.01 0.04 0.05 0.04 0.02 0.3 0.1 005 <D 0.7 014 017 006
MgO 0.53 059 041 042 037 039 034 008 001 <D 070 080 110 0.01
CaO 07 035 113 1.17 136 059 094 1.12 0.87 0.21 036 0.89 1.12 2.00 030 015 3.07 350 440 030
Na,O 531 538 627 649 6.88 4.64 4.80 6.03 4.53 577 523 596 607 6.13 400 593 500 550 540 4.5
K:O 501 889 6.95 6.63 544 451 454 529 3.80 6.15 529 594 512 570 9.70 561 560 350 405 875
H,0+ 030 041 020 023 037 020 022 029 055 063 041 077 026 078
P,0s 0.02 0.01 0.02 0.02 0.03 0.03 0.02 0.01 0001 005 009 012 020 001
Total 99.52 100.3 99.47 99.48 99.52 99.52 99.56 99.37 101.68 100.5 99.24 99.41 99.34 99.5
La 080 052 1.10 1.04 2.00 1.57 3.30 2.53 1.02 1.50 0.86 0.88 0.95 1.18 0.88 147 44.38 3135 3825 10.63 26.95 14.03 23.71
Ce 291 232 580 4.73 557 498 654 653 27 3.75 238 421 419 325 263 440 9212 52.61 7049 2257 44.14 2447 41.06
Pr 034 020 0.60 0.75 0.88 0.53 0.74 0.75 0.29 0.51 032 039 0.54 056 041 050 9.78 498 697 243 587 328 561
Nd 1.35 071 2.64 345 337 173 240 3.00 1.11 206 143 1.50 1.87 212 153 200 4056 19.92 2859 9.76 19.93 11.29 19.62
Sm 029 012 0.6 074 071 032 045 049 022 037 027 036 04 037 033 043 818 375 584 179 339 199 3.39
Eu 0.092 0.02 021 024 023 0.15 0.15 0.18 0.09 0.12 0.091 0.15 0.13 0.09 0.097 0.037 2.18 114 172 049 092 055 091
Gd 024 0.08 050 0.60 0.55 026 038 0.64 030 046 028 045 044 025 035 037 594 277 445 132 208 128 205
Tb  0.04 0.01 0.08 0.1 0.09 0.05 0.07 0.0530.0280.044 0.03 0.05 0.04 0.04 0.064 0.057 077 036 058 019 031 0.19 029
Dy 023 004 042 058 052 029 043 022 0.15 0.16 0.16 033 021 021 042 032 385 198 319 106 147 084 122
Ho 0.056 0.007 0.091 0.14 0.12 0.071 0.11 0.052 0.04 0.0440.034 0.072 0.049 0.045 0.091 0.07 07 039 06 021 029 0.16 022
Er 02 003 03 047 042 025 042 0.11 0.1 0. 008 019 012 015 028 021 174 108 1.6 061 084 046 059
Tm  0.04 0.01 0.05 0.08 0.08 0.05 0.09 0.0180.0180.0210.015 0.038 0.022 0.03 0.043 0.039 026 0.17 024 0.1 0.2 0.064 0.075
Yb 032 0.028 035 0.62 0.63 04 076 0.13 0.15 0.17 0.11 028 0.16 021 027 029 139 1.09 145 059 082 044 046
Lu 006 0.01 0.06 0.11 0.12 0.08 0.16 0.02 0.0260.0260.019 0.05 0.027 0.039 0.044 0.055 021 0.18 022 0.092 0.14 0.074 0.072
Y  1.82 0.19 3.02 462 413 239 405 1.33 099 127 074 171 112 162 291 231 1748 1059 1563 529 851 4.17 650
YREE 6.98 4.09 12.79 13.65 15.28 10.69 15.9914.72 6.22 9.31 6.08 895 9.15 10.17 10.34 10.25 229.53 132.38 179.82 57.12 107.26 59.12 99.27
Ew/Eu* 1.08 0.63 1.16 111 110 1.12 1.07 099 1.08 09 102 1.15 096 0.88 087 034 096 1.08 103 098 106 105 106
(La/Yb)y 1.68 12.44 2.11 1.12 214 263 292 130 53 6.7 52 21 40 379 218 340 2153 1939 17.85 12.11 22.10 21.69 34.98
Y/Ho 325 27. 332 33.0 344 337 368 256 24.8 289 21.8 238 229 360 320 330 250 272 261 252 293 261 295
a) B|-BDP-4, Potassic silicicated alkaline syenite; 90ZS-6-1-Dp92-70-8, alkaline syenite.
Table 2 Parameters of MW-type tetrad effect for Shuiquangou altered alkaline syenite®
Sample No. Cen/Ce’ Pry/Pr’ Thy/Tb” Dyx/Dy” Tmy/Tm" Yby/Yb' T, T; 1 f
BI° 1.17 1.08 0.84 0.91 0.99 0.98 0.16 0.13 112 0.87
B3 1.93 1.23 0.86 0.73 0.92 0.80 0.68 0.68 1.52 0.79
B4 1.43 1.25 0.97 1.14 0.86 0.99 0.25 0.067 1.34 1.05
B5 1.15 1.18 0.92 0.88 0.96 0.99 0.17 0.10 1.16 0.90
B6 1.12 1.09 0.85 0.75 0.98 1.02 0.11 0.21 1.10 0.80
B7" 1.42 1.26 0.93 0.97 0.94 0.91 0.35 0.05 1.34 0.95
B8” 1.04 1.01 0.98 0.91 0.98 1.00 0.063 0.32 1.02 0.94
D2 1.17 1.04 0.68 0.62 1.02 1.08 0.12 0.35 1.10 0.65
D3 1.00 1.06 0.65 0.66 0.69 0.46 0.04 0.34 1.03 0.65
D4 1.08 1.09 0.74 0.57 1.32 1.09 0.08 0.35 1.08 0.79
DI2 1.12 1.05 0.77 0.81 1.07 1.06 0.09 0.21 1.08 0.75
D13 1.91 1.45 0.67 0.85 1.09 1.06 0.66 0.26 1.66
DI14'" 1.69 1.43 0.85 0.71 1.06 1.07 0.57 0.23 1.55 0.78
D15 1.61 1.05 0.67 0.80 1.19 1.13 0.45 0.27 1.69 0.73
BDP4 1.29 1.09 0.95 0.90 1.01 0.93 0.22 0.10 1.19 0.92

a) Ce"=Lan?*xNdy"?; Pr'= Lay'*xNdy?*; Tb”"=Gbx**xHon'"; Dy =Gby*xHox??; Ti= \/1 /2([Ce / Ce' —17" +[Pr, / Pr—1]);

T= \/1 /2([Tb,_ / Tb' -17 +[Dy / Dy —1]°) (after Moneck et al. [23]) #,=[(Cex/Ce xPry/Pr)]°; t;=[(Tbx/Tb xDyn/Dy )1’ (after Irber [20]).
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such as HF+HNO; and Li,B,0,+H;BO; were used in the
analytical processes [32]. The results obtained via different
methods of different laboratories are rather consistent
within errors (Table 3), which confirm unanimously the
existence of composite M- with W-type tetrad effect in the
altered syenites (Figure 3).

2 Discussion on the generation of MW-type
tetrad effect

LA-ICPMS in situ quantitative analysis of REE concentr-
ations for individual zircons and apatites collected from the
same K-feldsparthized and silicificated syenite (No.70 Au-
bearing veins, 1200 m above sea level) were carried out (Ta-
bles 4 and 5). The analytical and data treatment methods fol-
low the procedures reported by Yuan et al. [33]. Apatite is
commonly present in igneous rocks as an main accessory
mineral and a major REE carrier because of their high con-
tents in whole rock (0.n%) and high apatite/melt REE parti-
tion coefficients (n—nx10). Generally speaking, there are no
obvious preferential partition of REE into apatite lattice for
various systems such as the apatite/aqueous fluid and apa-
tite/silicate melt. Thus, the apatite is considered as entire REE
partitioning mineral without obvious preferential cooperation
of REESs except the slightly higher partition coefficient for the

100 g
E ——HF+HNO; a —#—HF+HNO; b B5

——1iBO —— 1D TIMS
Li,B,0, IDTIMS

10 g

Samples/chondrite

1 1 1 1 1 1 1 1 1 1 1 1 1 1
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middle REEs Sm-Ho [34-38]. As a result, the apatite crystal-
lization would not change dramatically the REE patterns of
the melts or fluids, and consequently, the apatite can be con-
sidered as a potential indicator for magma or hydrothermal
evolution. Zircon is very stable accessory mineral which may
preserve its REE composition under magma conditions,
however, hydrothermal alteration may significantly change
the REE compositions of the zircons. It is reasonable to as-
sume that the studies on the REE compositions of apatites
and zircons collected from the K-feldsparthized and silicifi-
cated samples will contribute to our understanding of the
generation of MW-type tetrad effect.

2.1 REE compositions of the apatites

The high contents of REE in the apatites are attributed to
the substituting of Ca** with REE (2REE*—3Ca*) in apa-
tite lattice (Caz(PO,)3(OH, F, Cl) for their similar ionic ra-
dius. The RE,O; contents of apatite are usually 0.n%, the
highest contents are found in apatites from alkaline pegmatite
and syenite. The belovite (Sr,Ce,Na,Ca); (PO4);(OH) is an
extreme of apatite bearing REE content up12%.

LA-ICPMS in situ quantitative analysis of REE concen-
trations in individual apatite from the altered syenite bearing
MW-type tetrad effect are listed in Table 4 and their impor-
tant features are summarized as follows:

BDP4

——HF+HNO, a —+—HF+HNO, b — Li,B,0,
——ID TIMS

1
La Ce Pr Nd SmEu Gd Tb Dy Ho Er TmYb Lu

Samples/chondrite

Figure 3 Comparison of REE patterns of the Shuiquangou alkaline syenites given by different analytical methods.

Table 3 Comparison of different analysis methods for the REE contents (pg/g) in Shuiquangou altered alkaline syenite

Sample No. Potassic silicificated alkaline syenite B-5 Potassic silicificated alkaline syenite BDP-4
Method HF+HNO; HF+HNO; (France) ID-TIMS(Korea) Li,B,O.+ H,BO; HF+HNO; HF+HNO; (France) ID-TIMS(Korea) Li;B,O0;+ H,BO;
La 2.14 2.05 2.57 2.02 1.47 1.94 1.08 2.11
Ce 7.27 6.95 8.61 7.11 4.4 4.64 4.67 4.18
Pr 1.26 1.14 1.32 0.50 0.58 0.53
Nd 5.95 5.19 5.29 6.30 2.00 2.32 2.36 1.96
Sm 1.06 0.98 0.96 1.1 0.43 0.46 0.46 0.42
Eu 0.29 0.25 0.30 0.24 0.037 0.063 0.16 0.05
Gd 0.77 0.67 0.73 091 0.37 0.43 0.49 0.35
Tb 0.12 0.10 0.16 0.057 0.058 0.05
Dy 0.72 0.60 0.65 0.89 0.32 0.34 0.37 0.36
Ho 0.17 0.14 0.18 0.07 0.07 0.08
Er 0.52 0.46 0.47 0.55 0.21 0.23 0.22 0.23
Tm 0.088 0.085 0.11 0.04 0.04 0.04
Yb 0.66 0.63 0.64 0.80 0.29 0.31 0.27 0.29
Lu 0.12 0.14 0.11 0.15 0.06 0.06 0.05 0.05
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The REE contents of the apatites are high (Y REE+Y
1370-7100 pg/g) and can be divided into two groups: the
first group is obviously LREE enriched and characterized
by high (La/Yb)y ratios (70.5-256), high contents of
Y REE+Y (2495-7100 pg/g), without Eu anomalies (Eu/
Eu’0.98-1.23), which is similar to that of unaltered alkaline
syenite ((La/Yb)nx16.2-35.0; Eu/ Eu*1.01—1.07) and shows
the features of magmatic apatites (Figure 4(a), (b)). The
second group is clearly enriched in the middle REE (Sm-Ho)
and obviously depleted the LREE with (Sm/La)y1.7-10.88,
(Gd/Yb)x7.20-8.13 and low contents of ¥ REE+Y (1370—
1674 ng/g), which display convex upward REE patterns that
reflect a hydrothermal origin of the apatites (Figure 4(c)).
The second group can again be divided into two subgroups,
the first subgroup depleted evidently in LREE forming a
typical W-type tetrad effect with Lay<Cen<Pry<Ndy<Smy<
Euy > Gdy; the second subgroup is depleted in LREE to a
less degree than that of the first subgroup, and exhibits REE
patterns of composite M- and W-type tetrad effect. It pos-
sesses Lan>Cen<Pry<Ndy, Cen/Ce” <1, Pry/Pr <1 forming
W-type tetrad effect and Smy<Eun>Gdy, Eu/Eu">1 forming
M-type tetrad effect.

2.2 REE compositions of zircons

Zircon is a physically and chemically stable and ubiqui-
tously mineral which may be formed in high temperature
situation like upper mantle to low temperature occurrences
like hydrothermal fluids in crust. Recently, many studies re-
ported that zircon may be crystallized from or altered by
hydrothermal fluids [39—44]. Hydrothermal or hydrothermal
altered zircons are potentially important for investigating

Table 4 REE contents of apatites from altered alkaline syenite (ng/g)
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the nature and timing of fluid flow and fluids/rock interac-
tion. Thus, trace element particularly the REE compositions
of the hydrothermal and altered zircons can be important
tracer for the petrogenesis and mineralization processes.
The hydrothermal zircon is texturally (base scatter emis-
sion-BSE and cathodoluminescence image—CL) and com-
positionally distinct from magmatic zircon [45-47]. Se-
milunar- or allotromorphic form, not clear prism, spongy
inner texture and weak (and dark?) cathodoluminescence
image are observed in hydrothermal zircons. Pronounced
positive Ce anomaly existent in magmatic zircons. The rea-
son for Ce anomaly is that under oxidizing conditions Ce
mainly presents in +4 valence state Ce™. In general, +4
cations are preferentially incorporated into the lattice of
zircon because the same valance and the Ce™ is closer in
size (0.097 nm) to Zr** (0.084 nm) than the neighbouring
La™ (0.116 nm) and Pr™ (0.113 nm). In contrast, unlike
their magmatic counterparts [43,48], hydrothermal or
hydrothermal-altered zircons are characterized by higher
REE contents, particularly LREEs, low oxygen fugacity and
diminishing Ce anomaly. The chondrite-normalized REE
patterns of the hydrothermal zircons exhibit flatter LREE
patterns [(Sm/La)y 1.5-4.4 vs 22—-110 for magmatic zircons]
and diminishing Ce anomalies (Ce/ Ce"1.8-3.5 vs 32-49 for
magmatic zircon)[42].

Zircons from altered alkaline syenite are irregular grains
or aggregate and show sponge or patch textures without
oscillation or zoning on the cathodoluminescence images
(Figure 5). Only few grains kept the texture of magmatic
zircon. The altered zircons are significant enriched in
Y. REE (509.7-9933 pg/g except one grain with 112.6 ug/g)
and show chondrite-normalized REE patterns quite different
to the magmatic zircons (Table 5; Figure 6). Positive Ce

No. of analysis point APR21Q34 APR21Q35  APR21Q36  APR21Q37 APR21Q38 APR21Q39 APR21Q40 APR21Q41
La'¥ 1675.03 1544.4 371.17 616.41 1954.15 122.28 20.36 1053.29
Ce'® 2948.36 2639.83 793.66 1082.35 3440.22 279.63 121.95 2050.07
pr'# 292.64 264.25 96.32 115.18 321.61 45.64 30.56 212.57
Nd'# 977.15 923.05 406.88 411.53 1050.14 271.8 225.12 704.35
Sm'’ 89.66 95.58 103.91 55.66 98.14 131.2 139.43 77.08
Eu'! 21.97 23.16 41.94 17.03 24.89 58.88 69.61 20.39
Gd'’ 49.11 54.77 103.86 40.44 52.08 155.14 174.18 48.8
Tb"? 5.36 6.17 14.16 4.7 5.03 22.34 24.63 5.88
Dy'® 22.28 27.67 61.9 21.71 21.22 96.98 102.47 26.48
Ho'® 3.58 4.64 9.24 3.76 3.49 14.23 14.39 4.34
Er'% 8.1 9.86 18.78 8.63 7.57 28.65 28 9.02
Tm'® 1.03 12 225 1.04 0.9 33 3.25 0.99
Yb'” 6.73 7.08 12.94 5.91 5.15 17.47 17.54 5.89
Lu'™ 0.95 0.92 1.6 0.75 0.75 1.96 1.96 0.75
Ti¥ <0.63 <0.74 8.48 0.79 1.67 <0.49 <0.83 <0.92

Y¥ 116.61 151.63 266.94 110 115.04 425.19 396.99 132.41
7 3.16 2.54 0.351 0.83 2.84 0.126 <0.028 1.77
Th>? 28.58 162.45 50.48 9.39 75.72 3.33 0.073 37.9
U 15.18 32.67 7.17 3.24 19.54 1.04 0.0223 10.78
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Figure 5 Cathodoluminescence images of zircons from altered alkaline syenite.
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anomaly similar to those of typical magmatic zircons exists
only in three zircon grains (Ce/Ce” 19.6-91.9) and dimin-
ishes to Ce/ Ce” 1.83-5.05 in the other grains. These Ce/Ce”
values are evidently lower than that of magmatic zircons
(Ce/Ce" 32-49) [42]. Weak positive Eu anomalies (Eu/Eu’
0.96-1.27) are observed in these zircons contrasting to the
common negative Eu anomalies (Ew/Eu’ <1) in the mag-
matic zircons. The LREE are relatively enriched with
(Sm/La)N7.62-29.46 (except two zircon grains with 79.36
and 48.67, respectively). These (Sm/La)y values are evi-
dently lower than that of magmatic zircon (22-110). In
summary, the REE compositions of zircons in the altered
alkaline syenites bearing MW-type tetrad effect as demon-
strated by the smoother patterns without pronounced Ce
anomalies and weaker HREE enrichment and M-type-like
tetrad effect as well. These patterns are obviously different
from those of magmatic zircons bearing evident positive Ce
anomolies and steep left declined (HREE strongly enriched)
REE patterns (Figure 6(a)). These features are clearly shown
in the plot of (Sm/La)y—La and Ce/ Ce"-(Sm/La)y (Figure 7).
The altered alkaline syenites bearing MW-type tetrad effect
are plotted in the transition area between magmatic and
hydrothermal zircons and close to the hydrothermal zircon
indicating the characters of hydrothermal reworked zircons.

2.3 The generation of MW-type of tetrad effect

(1) A multi-episodic superimposed magma-fluid system.

%110  100pm WD1imm 15
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Analyses APR21 APR21 APR21 APR21 APR21 APR21 APR21 APR2I APR21 APR21 APR21 APR2I APR21 APR21 APR21
point Q43 Q44 Q45 Q46 Q47 Q48 Q49 Q50 Q52 Q53 Q54 Q55 Q56 Q57 Q58
La"’ 13 444 2206 445 1297 2173 1643 3651 1819  1.019 7.8 263 00172 1178 99.65
Ce™ 3458 48854 41003 103.65 1923  270.85 26774 47359 3733 34645 18834 106.84 1689 2469  1619.6
P’ 3655 8772 1086 1444 229  46.86 322 7612 3.64 644 2374 933 0108 3577  256.09
Nd'® 24752 558.69 98.95 101.14 15636  296.84 212.44 48243 26.58 57.52 166.01 69.99 1.073 24527  1702.7
Sm'’ 10428 2122 67.58 35.58 100.77  111.19  102.59  169.38 14.93 18.65 75.04 48.79 0.862 10242 733.96
Eu"®' 4924 9422 3609 1421 567 4658  49.62  T2.44 5.5 6.69 3378 2274 0526 436  339.6
Gd"™ 13775 2352 125.75 4391 183.82 12339  150.08 187.22 20.41 18.44 104.8 78.18 2.5 130.46  919.71
T 2623 45.5 23.75 8.26 34.28 22.5 31.47 33.79 4.71 2.443 21.77 15.94 0.754 26.39 176.91
Dy'® 180.82 3212 157.81 6474 23615 14748 23677 22458 4268 1515 16338 11644 748  200.76 1196.92
Ho'® 4427 7646 3652 1877  60.08 3491 6443 5421  14.39 332 4479 2937 296 5484 28216
Er'® 14943 24854 102.64 74.1 21479  110.85 24791 17553 64.42 10.22 168.31 99.73 14.61 210.27  893.58
™'®  32.02 51.9 16.67 17.13 45.07 21.29 55.29 32.74 15.75 1.817 35.65 19.55 4.01 46.24 161.75
Yb'? 32099 503.11 1245 18428 449.67 193.08 55628 29228 17076  17.88  340.6  177.11  49.08  461.05 134655
Lu'” 4607 73.03 18.43 37.2 87.65 33.55 102.44 51.88 35.46 3.62 61.09 30.7 11.74 82.84 203.85
Ti* 43545 26.2 36.27 9.68 5.78 14.33 18.93 27.19 24.7 434.68 3.84 5.43 18.14 3.43 22.74
Y¥ 154398 259722 120824 712.81 209257 125852 2317.72 197923 494.64 139.66 160446 964.81 14632 1986.64 10105.81
7 361276 364210 443784 428803 405834 419780 401409 411299 436557 442538 443377 424744 423398 377264 443150
Th*? 93195 1349.51 94128 224.62 1590.61 55321 431327 1014.55 187.58 1070.77 75899 321.61 38.46 75493  2458.69
U™ 382095 2277.66 1076.61 122652 2290.28 98632 3421.69 2088.47 688.86 772.88 2190.17 813.81 22296 2181.41 4869.88
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altered and silicificated alkaline synites.

an opened and superimposed hydrothermal system. The REE
patterns of apatites suggest the altered alkaline syenites bear-
ing the MW-type tetrad effect were superimposition of two
processes: the strong fractional crystallization of alkaline
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magma and the strong LREE (La-Nd) leaching by two dif-
ferent kinds of hydrothermal fluids as evidenced by the REE
patterns of the two subgroups of apatite.

Since the 1990s different isotopic dating methods were
carried out for the Shuiquangou alkaline syenites mainly be-
cause of the related Au mineralization. The reported iso-
topic ages vary in a wide range of 300-1718 Ma (Table 6).
Hence, more precise isotopic datings are needed to verify
the time frame for the syenits and the hydrothermal fluids
related Au mineralization. Miao et al. [48] reported the
SHRIMP zircon U-Pb age of 390+6 Ma which was believed
to be the crystallization age of the Shuiquangou alkaline
syenites. Systematic SHRIMP zircon U-Pb dating of the
igneous rocks in the area showed that there are three epochs
of magmatism [48,50,51]: 390+ Ma (middle Devonian) for
Shuiquangou alkaline syenites; 235+ Ma (middle Triassic)
for Honghualiang and Guzuizi biotite granites and 130+ Ma
(early Cretaceous) for Shangshuiquan alkaline granite,
Zhuanzhilian diorite and Zhangjiakou group volcanic rocks.

Table 6 shows a wide range of mineralization age spec-

trum (350-153 Ma) [47-58]. Li et al. [49] reported conven-
tional isotopic dilution U-Pb dating on individual zircon
grains from auriferous quartz vein which gave a result of
350.9+£0.9 Ma and was interpreted as the age of Au miner-
alization.] Our analysis of 61 single zircons from altered
alkaline syenites with MW-type tetrad effect dated using
LA-ICPMS method display a wide range of ages (394-189
Ma, Figure 8). Among them 19 zircon grains plotted on the
concordant line giving a weighted average “°Pb/***U age of
389.9+1.7 Ma representing the age of syenite crystallization;
while 9 zircon grains give nearly concordant weighted av-
erage “Pb/”®U age of 357.6+3.5 Ma consisting with the
isotopic dilution U-Pb age of zircon reported by Li et al. [49]
and may represent an important mineralization epoch.

The *Ar/*°Ar dating of K-feldspar, sericite and quartz
have yielded a age spectrum ranging from 153-289 Ma
[47,50,53-58]. These data suggest that the hydrothermal
fluid activity or Au mineralization lasted from the late Pa-
leozoic to late Mesozoic, i.e. about 250 Ma. The VAL Ar
age spectrum might be related with magmatic activities of

Table 6 Isotopic ages of alkaline syenites, Shuiquangou and adjacent igneous rocks and gold deposits

Location Sample Method Age (Ma) Reference
Shuiquangou alkaline syenite
Dongping alkaline syenite, zircon SHRIMP U-Pb 390+6 [48]
Hougou syenite, zircon SHRIMP U-Pb 386+7 [48]
Xiasandaohe quartz syenite, zircon Isotopic dilution U-Pb 410.2+1.1 [49]
Xialiangjianfang amphibole syenite, amphibole DA Ar 327.4+9 [52]
Shuiquangou syenite, K-feldspar OAr Ar 305.9+0.5 [56]
Hougou syenite, K-feldspa A Ar 304.5+0.5 [56]
Huangtuliang syenite, K-feldspar AP Ar 304.9+0.5 [56]
. . . 1718+ I inter in
Um ey
Dongping potassic and silicificated syenite, zircon LA-ICPMS,U-Pb 389.8+1.2 this study
Granites and volcanic rocks in adjacent area of Shuiquangou
Guzuizi porphyritic granite, zircon SHRIMP U-Pb 236+2 [48]
Honghualiang biotite granite, zircon SHRIMP U-Pb 235+2 [50]
Zhuanzhilian Diorite, zircon SHRIMP U-Pb 139.5£0.9 [50]
Shangshuiquan alkaline granite, zircon SHRIMP U-Pb 142.5+1.3 [48]
Zhangjiakou formation rhyolite, zircon LA-ICPMS 126+1 [51]
Houcheng formation dacite, zircon LA-ICPMS 130=x1 [51]
Gold deposit
Dongping Au lode, zircon U-Pb 350.9+0.9 [49]
Dongping altered wall rock of au lode, zircon LA-ICPMS U-Pb 357.6+£3.5 this study
Dongping Au lode, K-feldspar AP Ar 177.4+5 [52]
Dongping Au lode, K-feldspar A Ar 156.7+0.88 [53]
Dongping altered wall rock of AU lode, K-feldspar OAr Ar 289.1+0.3 [56]
Hougou Au lode, Quartz A Ar 177.6+1.9 [54]
Hougou altered wall rock of Au lode, K-feldspar OArPAr 172.9+5 [55]
Hougou altered wall rock of Au lode, K-feldspar A Ar 288.1+0.4 [56]
Dongping altered wall rock of Au lode, Sericite OAr Ar 186.8+0.3 [54]
Hougou altered wall rock of Au lode, Sericite A Ar 187.9+0.4 [56]
Huangtuliang altered wall rock of Au lode, Sericite AP Ar 187.4+0.3 [56]
40 39 202.6x1.0
Hougou Au lode, K-feldspar Laser “Ar/” Ar 1767416 [57]
Zhongshangou altered wall rock of Au lode, K-feldspar WA Ar %g(l)i(lnfll;l; X) [58]
No.70 Au lode, Dongping altered wall rock of Au lode, Muscovite A Ar 153+3 (excess argon) [58]
No.70 Au lode, Dongping  altered wall rock of Au lode, Muscovite AP Ar 153+2 (excess argon) [58]




ZHAO ZhenHua, et al.

(Ma)
440

400

|||||||
360 IIII'!

320 1

Y
280 Ill||

240

200

160

120

Zircon spots

80

Figure 8 U-Pb age spectrum of zircons from Shuiquangou altered alka-
line syenite.

390, 235 and 130 Ma in the Shuiquangou area. The
LA-ICPMS dating spectrum of hydrothermal zircons re-
flects these geothermal events and indicates that the long
and multi-episodic interaction between syenites and fluids
which result in redistribution of REE between melt (rock)
and fluids and, thus, should be responsible for the forming
of MW-type tetrad effect.

(2) Characteristics of the melt and fluid systems. As dis-
cussed above, the igneous rocks bearing REE tetrad effect
are commonly high evolved and closely associated with W,
Sn and rare-metal mineralization. The rocks are commonly
alkali-rich and underwent intensive potash and/or sodic al-
teration and silicification. The complexation of alkaline
metals and REE along with the halogens (F, Cl) and CO,, P
released from the highly evolved magma might play an im-
portant role in the generation of REE tetrad effect. Accord-
ing to the contents of mafic minerals the Shuiquangou alka-
line syenites can be divided into augite amphibole alkali
feldspar syenite, amphibole alkali feldspar syenite and mi-
nor quartz monzonite, they are distributed WE-trending and
no clear boundaries between them. As the rock type changes
from amphibole syenite to quartz syenite eastwards the
contents of major rock-forming elements change gradually,
for example, Si and felsic element contents increase and
mafic element contents decrease which shows the proceed-
ing of fractional crystallization. In addition, the REE con-
tents decrease while the chondrite-normalized REE patterns
of these rocks keep nearly same forms indicating no obvi-
ous REE fractionation except for the quartz monzonite [47].
Different types of inclusions including melt, fluid and
fluid-vapor inclusions in quartz of the altered alkaline
syenite were observed. The melt inclusions consist of glass+
vapor, glass+crystals and glass+vapor+crystals with homo-
geneous temperature of 900-925°C [55,59,60]. There are
two-phase fluid inclusions (fluids+vapor H,0), CO,-rich
two phase inclusions (fluids+vapor CO,) and CO,-bearing
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three-phase inclusions (liquid and vapor CO,, liquid H,O) in
auriferous quartz veins. Moderate-low salinity (5%—13%
NaCl) [58], homogeneous temperature 140-390°C of inclu-
sions in quartz and main mineralization temperature
(372-306°C)were reported. The contents of F, Cl and CO,in
inclusions of the hydrothermal quartz are 0.05x10°—
10.7x10°%, 0.22x10 °40.7x10° and 4.5x10 °~129x10°°, re-
spectively, and the CI/F rages from 1.24 to 54 (very few up to
202) [61-64]. Hydrogen and oxygen isotopic compositions of
the fluids show the transition between magmatic and meteoric
waters and closing to the magmatic water implying their
mixed resources.

In summary, the Shuiquangou altered alkaline syenites
bearing MW-type tetrad effect must have been the results of
two stage modifications: (1) interaction of magma with co-
existing fluids, and (2) metasomatism of syenites by
NaCl-CO,-H,0 type fluids with high temperature and mod-
erate-low salinity, i.e. hydrothermal solutions which are rich
in Cl, CO,and low in SO, [65].

(3) Alteration. The alkaline syenites bearing MW-type
tetrad effect can be divided into two kinds based on the al-
teration intensity: one is potassic alteration in the form of
K-feldspar showing the K-feldspar developed at the upper
and lower walls of the Au-bearing veins such as the No. |
Au lode and No. 2, No. 22 Au lode; the second is composite
alteration of silicification, K-feldsparization and pyritization
developed along mass fine cracks and cleavages such as the
No. 70 Au lode. The alteration consisted mainly of
K-feldspar distributed symmetricly along the two sides of
the Au lode (Figure 9). In addition, the sericitization and
carbonatization are also common in the ores.

Barth method is used to describe the mobilities of major
elements during alteration process from a section in No.70
Au lode which shows that the relative contents of SiO,, Al,Os
and K,O increased 4%, 23% and 13% respectively, on the
contrary, the relative contents of Fe,O;, FeO and CaO de-
creased 71%, 19% and 60%, respectively, during the potassic
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Figure 9 Sketch map of alteration in the Shuiquangou alkaline syenites.
No. 1 Au lode: @O Au-bearing lode; @ strong potassic alteration; @
moderate-strong potassic alteration; @) weak potassic alteration; &) alka-
line syenite. No. 70 Au lode: D strong potassic and silicification altera-
tion; @ weak potassic and silicification alteration; @ alkaline syenite.
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alteration. The relative contents of SiO,, increased up to 24%
during potassic and silicification alterations and the relative
contents increased 23%, 20%, 86%, 68%, 22% for K,0, Fe,0s,
FeO, Ca0O and KO, respectively, for intensive silicification
alteration. Similar features are shown in the No.1 Au lode.

The REEs are usually stable during various magmatic
processes. Obvious mobilities of REEs were observed in
hydrothermal alteration and their mobilities increase with
the increase of fluids/melts or fluids/rock ratios [29,66-70].
From (augite) amphibole alkaline syenite to alkaline syenite,
the REE contents exhibit systematic decrease with not evi-
dent changes of LREE/HREE and Eu anomolies reflecting
the evolution of alkaline magma. More importantly, drasti-
cally decrease of ) REE particular the LREE contents are
observed in the altered alkaline syenite bearing MW-type
tetrad effect, the lowest ), REE contents exist in the silici-
fied Au ores with Y, REE<10 pg/g particular the LREE de-
creased evidently with (La/Yb)y<10. The changes of Eu
anomaly are not clear. The average ratios of Y/Ho range
from 25.6 to 31.7 with average 29.4 nearly the chondrite
value 28 in the unaltered alkaline syenite, the same features
exist in strong silicified alkaline syenites showing Y/Ho
range 21.8-25.6 and average 23.7. In contrast, the altered
alkaline syenites bearing MW-type tetrad effect have sig-
nificantly higher Y/Ho ratios, ranging from 28.3 to 39.0
with a mean value of 32.8. These characters reveal that the
non-CHARAC trace element behaviour (non-chondritic
Y/Ho ratio) is the features of the highly evolved magma
system rich in volatiles H,O, Li, B, F, P and/or CI. Hence,
the system with MW-type tetrad effect should be vola-
tile-rich and strong compolexing. This consideration is
supported by the facts mentioned above that the complexa-
tion with fluorine generates Y/Ho>28 while the complexa-
tion with bicarbonate is assumed to generate value s<28 [20].

The variation of REE composition of magmatic and
hydrothermal apatites bearing M- and MW-type tetrad ef-
fects show a “miniature” of the MW-type forming processes
during potassic and silicification alterations. The variation
suggests that the processes from forming LREE-rich alka-
line syenite to the HREE-rich altered alkaline syenite can be
divided into two stages: the LREEs were strongly leached in
the first stage resulting in the LREE contents decrease to
about 1/3, (La/Yb)y to 1/4—1/6 that of the original and the
HREE contents doubled. In the second stage the HREE
contents increase and LREE contents decrease with the
(La/Yb)n decrease to 2-3 orders of magnitude. In contrast-
ing, the Y REE contents, the LREE in particular, increase
evidently from the magmatic to hydrothermal altered zir-
cons. The (La/Yb)y ratios increase from 0.0002 to 0.084
(increase about more than 400 times). The LREE leached
from the apatites might have been incorporated into the
hydrothermal zircons which resulted in the typical M-type
tetrad effect different from those of the magmatic zircons
(Figure 6).

Another pronounced character of the hydrothermal al-
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tered zircons in the alkaline syenite bearing MW-type is that
they are rich in U and Th. The ***U contents range from 537.5
ug/g to 26844 pg/g, mostly nx1000 pg/g and **Th contents
range from132.6 pg/g to 12244 pg/g, mostly about 1000 pg/g,
only 4 zircon grains have rather low contents of U and Th
(93.83—459 pg/g and 13.05-71.55 pg/g, respectively). The U
and Th contents of hydrothermal zircons are obviously higher
than those of zircons in unaltered alkaline syenite with **U
contents 43-564 pg/g and **Th contents 6-308 pg/g. These
hydrothermal zircons have high and more variable Th/U ra-
tios (0.08-2.07, averaging 0.45) which are distinguishable
from that of magmatic zircons with lower and less variable
Th/U ratios (0.08-0.51, averaging 0.22) within the unaltered
alkaline syenite [48]. Only 3 out of the 61 zircon grains ana-
lysed show ratios lower than 0.10. In general, the lower Th/U
ratios (<0.10) of metamorphic or hydrothermal zircons are
different from that of magmatic zircons [71-74] because that
the bigger Th ionic radius (Th** 0.105 nm) than that of U
(Th** 0.100 nm) may cause unstable of zircon crystal lattice
and easily be brought out of zircon resulting in the decreasing
of Th/U. The unusually Th/U ratios suggest that the hydro-
thermal fluids forming the MW-type tetrad effect should be
rich in chloride and carbon which is supported by the inclu-
sion compositions. The solubility of Th is very low in this
kind of fluids and the fluid-zircon interaction results in high
Th/U ratios of zircons [75].

The radiogenic Pb in zircons may be lost during hydro-
thermal alteration resulting in lower U-Pb ages [75], a com-
plex unconcordant age spectrum, and more variable zircon
U-Pb ages (394-189 Ma) in the altered alkaline syenite
(Figure 8).

In recent years, experimental researches on REE behav-
iour in hydrothermal alteration systems gave the evidence
for the forming of tetrad effect. Using biotite granite with-
out tetrad effect as the starting materials react with NaCl
solution under 150 MPa and 850°C, the quenched glass of
experiment products exhibit M-type tetrad effect [21]. New
results on neodymium (III) aqua and chloroaqua complex in
aqueous solutions to 500°C and 520 MPa performed by
Mayanovic et al. [30] provide the data of structure and sta-
bility of aqueous REEs in hydrothermal fluids and reveal
that the mobility and fractionation of REEs are controlled
by the availability of and the degree of complexation with
ligands such as CI", F~, PO5~, CO5>~ and SO,>, the pH of the
fluids and redox conditions. The reduction of the first-shell
water molecules with temperature for Nd* is intermediate
between the rate for Gd*’, Eu*’and Yb** aqua ions indicat-
ing an intermediate stability of the Nd*aqua ion consistent
with the tetrad effect. According to these data we presume
that the forming of MW-type tetrad effect are controlled by
the multi-episodic alterations of high temperature hydro-
thermal fluids rich in Cl, CO,, Si, K and Al. This system is
obviously different from that of M-type tetrad effect form-
ing by interaction of F-rich fluids with melts and that of
W-type tetrad effect forming from low temperature fluids.
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3 Conclusions
8
(1) A new type of REE tetrad effect, a composite M- with
W-type, was recognized in the K-feldsparthized and silici- ?
ficated alkaline syenite complex, Dongping Shuiquangou,
Hebei Province, it possesses the characteristics of both
M-type and W-type tetrad effects;
(2) REE compositions of apatites and zircons in altered 10
alkaline syenite bearing MW-type tetrad effect reveal that
the hydrothermal alterations in at least two-stage hydro-
thermal activities were superimposed on the fractional crys- 11
tallization of magma which lead to the generation of the
composite M- with W-type REE tetrad effect; 12
(3) Coexisting of melts with fluids and the superimposed
alteration of volatiles (C1,CO,)” and Si, Al-enriched high 13
temperature, moderate-low salinity hydrothermal fluids
might be main controlling factors for the formation of MW- 14
type tetrad effect. In addition, the peculiar MW-type of tet-
rad effect provides available information for the reworked- 15
type of Au mineralization processes and can be as a poten- 16
tial indicator for Au mineralization;
(4) The U-Pb and “’Ar/*’Ar isotopic ages of the zircons
and hydrothermal altered minerals suggest that the alteration 17
and the forming of MW-type tetrad effect might be a pro-
longed process and multi-episodic reworking and record the 18
Au mineralization in alkaline complex magmatic system.
Importantly, regarding the complexity of the hydrothermal 19
alteration, in the future studies of the forming of MW-type
tetrad effect, more detailed investigation on isotopic dating 20
and oxygen isotopic and trace element composition of altered
minerals and individual inclusions should be carried out.
21
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