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The worldwide 2.33-2.06 Ga positive 8'3C,, excursion has been correlated with the Great Oxidation
Event (GOE) and termed as the Lomagundi Event. The 2.3—1.85 Ga Guanmenshan Formation in the Liaohe
Group of the northeastern Sino-Korean Craton is characterized by positive 8'3Cc,, excursion and is a
potential candidate to evaluate the Lomagundi Event using REY (rare earth element and yttrium, REE+Y)
chemical fingerprints. Here we present major and trace element analysis of 42 samples from the Guan-
menshan Formation which are pure marine chemical sediments and use the data to trace the seawater
composition during 2.3-1.85 Ga. 15 least altered dolomicrite samples (>600 m strata) have ZREE values
Chemical sediment 0f0.739-4.175 ppm (2.414 + 1.184 ppm) and the Y/Ho ratios of 34.5-56.6 (44.1 £+ 5.7). They show uniform
Geochemistry positive Lasn/Lasy™ (1.04+0.27) and Gdsn/Gdsn™ (1.64 +0.40) anomalies, and notable LREE depletions
REY indicated by Ndsn/Ybsy values of 0.24-0.92 (average 0.56 +0.19). These features are consistent with the
Seawater composition geochemistry of well-oxygenated, shallow ambient seawater, and suggest that these samples provide a
Liaohe Group robust record of the primary REY signature of seawater during the Lomagundi Event. The REY patterns
Sino-Korean Craton of 15 silicified dolomites/marbles (locally with veinlets) from the Pb-Zn mining camps in the region,
with average Eucn/Eucn®=1.56 £0.95, are identical to those of high-temperature hydrothermal fluids
(>250°C), characterized by a flat pattern and marked positive Eu anomalies, indicating that these rocks
were subjected to metasomatism by hydrothermal fluids. The Guanmenshan Formation shows aver-
age Cegn/Cesn™ 0f 0.93 £ 0.09 and Smen/Yben of >1 which are higher than those of the Archean (>2.33 Ga)
chemical sediments (generally <1), suggesting that the REY geochemical characteristics of the carbonates
from our study area were dominantly controlled by the nature of atmosphere-hydrosphere system, such
as fO, and pCO;. The REY in the dolomicrite were mainly sourced from fluxes of solutes from terrestrial
weathering, and also from seafloor hydrothermal processes on a subordinate scale. The Guanmenshan
dolomicrites have Eusy/Eusy™ values of 1.34-2.55, i.e. around 1.53, indicating that they were deposited
during 2.33-2.06 Ga, as the Eusy/Eusy ™~ 1.53 can be used as a proxy for the 2.33-2.06 Ga marine chemi-
cal sediments. Our study shows that the Guanmenshan Formation was formed at a critical turning point
in Earth history when the global atmosphere-hydrosphere system witnessed a dramatic change from
reducing to oxidizing conditions.
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Great Oxidation Event

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The Archean/Proterozoic (Ar/Pt) transition in Earth history wit-
nessed dramatic changes which include the formation of numerous
cratonic basins in the Proterozoic as against the widespread
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greenstone belts in the Archean. From the start of Proterozoic,
voluminous red beds, evaporites, stromatolite-bearing carbonates,
Superior-type banded iron formation (BIF), phosphate, magne-
site and rare earth element deposits were formed (Tu et al.,
1985; Chen, 1990; Chen et al., 1991; Chen and Cai, 2000; Huston
and Logan, 2004; Jiang et al., 2004; Tang et al., 2009, 2011;
Zhai and Santosh, 2011; Zhao, 2010; and references therein). The
tectonic processes and global environmental change during the
Paleoproterozoic world from 2.5 to 1.6 Ga has been the focus of
numerous studies in the past. Schidlowski et al. (1975, 1976) first
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discovered the positive 8!3C.,y, anomaly in the ~2.0Ga carbon-
ates from Karelia (Russia) and the Fennoscandian Shields, as well
as in the dolomites with ages of 2.65—1.95 Ga from the Lomagundi
Province (Zimbabwe). They also related this phenomenon to the
oxidation of the atmosphere. However, this important discovery
had been largely neglected prior to 1990.

Taylor and McLenna (1985) documented the discrepancy in ele-
ment geochemistry (particularly in rare earth elements) between
Archean and post-Archean shales, and related it to the change
in crustal compositions resulting from extensive development of
granitoids with ages of 3.0—2.5 Ga. Chen and co-authors (Chen and
Fu, 1991, 1992; Chen et al, 1992, 1996; Chen and Zhao, 1997;
Chen and Su, 1998) discovered that the pre- and post-2.3 Ga sed-
iments (both chemical and clastic) from the Sino-Korean Craton
show contrasting REE patterns (normalized to chondrite), and cor-
related this difference to a Great Oxidation Event (GOE) at ca.
2.3 Gain terms of SHAB (soft and hard acids and bases) theoretical
synthesis, and proposed that an environmental catastrophe might
have occurred at ca. 2.3 Ga (Chen, 1988, 1990; Chen et al., 1991,
1994, 1996, 1998, 2000). In 1989, the International Commission
on Stratigraphy recommended 2.3 Ga as the boundary between the
Siderian and the Rhyacian in the Precambrian Stratigraphy chart.
Thereafter, more and more geologists focused their attention to
the nature of the 2.3 Ga stratigraphic boundary and recognized the
worldwide positive 813C.,, excursions in the 2.33—-2.06 Ga carbon-
ate strata (Schidlowski, 1988; Bekker et al., 2003a,b, 2006; Tang
et al., 2004, 2011; and references therein). The positive 813C.,y,
excursion was variously termed as the Lomagundi Event (Karhu
and Holland, 1996), the Jatulian Event (Melezhik and Fallick, 1996;
Melezhik et al., 1999) or the Great Oxidation Event (Anbar et al.,
2007; Konhauser et al., 2009; Zhao, 2010) and was genetically cor-
related to global environmental changes (Karhu and Holland, 1996;
Melezhik et al., 1999; Chen et al., 2000), or to the breakup of the
Kenorland/Superia supercontinent (Bekker and Eriksson, 2003).

The recognition of the GOE or environmental catastrophe was
one of the most important progresses in the research on the Pre-
cambrian, and provided insights into our understanding of the
Precambrian evolution and mineralization during the early Earth
history. The stratochemical studies of the event mainly relied on
carbon and oxygen isotopes, and partly on sulfur isotopes (Karhu
and Holland, 1996; Buick et al., 1998; Bekker et al., 2001, 2003a,b,
2006; Melezhik et al., 1997, 1999; Melezhik and Fallick, 1996; Tang
et al,, 2011). The composition of the marine chemical sediments
is comprehensively controlled by various environmental factors.
Trace element and isotope inventories of the marine chemical sed-
iments, such as BIFs, reflect both the input of mantle-sourced and
terrestrial components and earth’s surficial environment changes,
including the compositional evolution of seawater through geo-
logic time (Huston and Logan, 2004; Frei et al., 2008).

The usefulness of rare earth elements and yttrium (REY) as sea-
water proxies has been studied by many scientists (e.g., Bau and
Dulski, 1996; Webb and Kamber, 2000; Shields and Stille, 2001;
Kamber and Webb, 2001; Nothdurft et al., 2004; Shields and Webb,
2004; Bolhar et al., 2004; Bolhar and Van Kranendonk, 2007; Frei
etal., 2008; Alexander et al., 2008). The REY signatures can provide
information on secular changes in input source flux and oxygena-
tion (e.g., Chen and Zhao, 1997; Kamber and Webb, 2001; Nothdurft
et al., 2004; Alexander et al., 2008), thereby providing insights on
the characters and secular changes in the composition of the con-
tinental crust, tectonic setting and surficial environment (Chen,
1996; Nothdurft et al., 2004). Information concerning water depth,
oceanic circulation and stratification, paleogeography and deposi-
tional models have also been derived from such studies (Bau and
Dulski, 1996; Kamber and Webb, 2001; Alexander et al., 2008).

The Sino-Korean Craton (Fig. 1) preserves widespread Paleopro-
terozoic strata, such as those of the Liaohe Group in the eastern

Liaoning Province. However, it is unclear whether these strata
record the GOE or Lomagundi Event. We have recently reported
the discovery of Paleoproterozoic positive 813C.,,, excursion in the
Guanmenshan Formation of the Liaohe Group, northeastern Sino-
Korean Craton (Tang et al., 2011). In this contribution we attempt
to use the REY fingerprint to study the 2.3—1.85 Ga carbonate strata
from the Guanmenshan Formation, and evaluate the related issues
on the Lomagundi Event or GOE in the Sino-Korean Craton.

2. Geology and stratigraphy

Recent models propose that the Precambrian crustal evolution
history of the Sino-Korean Craton involved three main phases: (1) a
major phase of continental growth at ca. 2.7 Ga; (2) the amalgama-
tion of micro-blocks and cratonization at ca. 2.5Ga; and (3) Pale-
oproterozoic rifting-subduction-accretion-collision tectonics and
subsequent high-grade granulite facies metamorphism-granitoid
magmatism during ca. 2.0-1.82 (Zhai and Santosh, 2011; and ref-
erences therein; Wan et al., 2011). The Precambrian basement of
the Sino-Korean Craton can be divided into the Eastern and West-
ern Blocks dissected by three major Paleoproterozoic accretionary
belts, namely, the Khondalite Belt or the Inner Mongolia Suture
Zone, the Trans-North China Orogen or the Central Orogenic Belt
and the Jiao-Liao-Ji Belt (Fig. 1; Zhao et al., 2005; Santosh, 2010;
Liu et al.,, 2011; Zhai and Santosh, 2011; Kusky, 2011; Santosh
etal., 2011). The roughly EW-trending Khondalite Belt or the Inner
Mongolia Suture Zone is interpreted as a Paleoproterozoic colli-
sional belt along which the Yinshan and Ordos Blocks amalgamated
to form the Western Block (Zhao et al., 2005; Santosh et al., 2006,
2007a,b, 2008, 2009, 2011; Wan et al., 2006; Xia et al., 2006a,b; Yin
et al,, 2009; Santosh, 2010; Tsunogae et al., 2011), which then col-
lided with the Eastern Block along the Trans-North China Orogen
to form the basement of the Sino-Korean Craton (Fig. 1; Guo et al.,
2002, 2005; Kroner et al., 2005, 2006; Zhao et al., 2005, 2006; Liu
et al., 2006; Zhang et al., 2006, 2007, 2009; Kusky, 2011; Zhai and
Santosh, 2011).

The northeast part of the Sino-Korean Craton includes the
Liaobei, Longgang and Helong terrains in the north, the Liao-
nan and Langlin terrains in the south, and the Jiao-Liao-Ji Belt
in the middle (Fig. 2). These terrains (or belts) comprise Archean
granite-greenstone associations and Paleoproterozoic lithostrati-
graphic successions (Jiang, 1984; Zhang et al., 1988; Sun et al,,
1993, 1996; Jiang et al., 1997, 2004; Li et al., 2004, 2005, 2006;
Zhao et al., 2004, 2005; Wan et al., 2006; Li and Zhao, 2007; Tam
etal., 2011; Zhai and Santosh, 2011). The Jiao-Liao-Ji Belt, however,
is mainly composed of Paleoproterozoic sedimentary and volcanic
successions that are metamorphosed in the greenschist to lower
amphibolite facies and tectonically associated with granitic and
mafic intrusions (Li et al., 2004, 2005, 2006). Terrains in the north-
ern or southern domains of the Jiao-Liao-Ji belt mainly consist
of Archean granite-greenstone associations and locally developed
Paleoproterozoic strata. All of the Paleoproterozoic successions are
comparable with respect to lithology and ages, but are variably
called the Macheonayeong Group in North Korea, the Ji'an and
Laoling Groups in southern Jilin, the Liaohe Groups in the east-
ern Liaoning Peninsula (Zhao et al., 2005) and the northern Liaohe
Group in the Liaobei terrain (Wang et al., 1989), or are simply
termed the Liaohe Group (Tang et al., 2004). In this paper, we use
the term Liaohe Group and focus on the Paleoproterozoic strata of
the Liaobei terrain.

The Paleo-Mesoproterozoic sedimentary assemblage in the
Liaobei terrain was deposited mainly in the Fanhe Basin (Fig. 3)
and is composed of weakly metamorphosed intermediate-felsic
volcanic rocks, feldspathic quartzarenite and carbonates that
unconformably overlie the Archean Anshan Group (Liaoning
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Fig. 1. Archean-Paleoproterozoic terranes of the Sino-Korean Craton (Zhao et al., 2005).

Bureau of Geology and Mineral Resources, 1989). The Fanhe Basin
is considered to be a Proterozoic epicratonic embayment with
incipient rift affinities (Rui et al., 1991), and is a NE-trending tri-
angular area of about 1800 km? bounded by the Tan-Lu Fault to
the west, the Hunhe Fault to the south, and the Shahe Fault to
the north. The Shahe Fault marks the boundary between the Sino-
Korean Craton and the Central Asia Orogenic Belt. In the Fanhe
Basin, basaltic dykes, stocks and sills intrude the Liaohe Group and
locally the overlying Erdaogou Formation (Wang et al., 1989; Rui
et al.,, 1991). The stratigraphy and lithology of the Liaohe Group
in the Fanhe Basin have been reported in detail in previous stud-
ies (Wang et al., 1989; Rui et al., 1991; Song and Qiao, 2008) with
particular reference to the large Guanmenshan MVT Pb-Zn deposit
hosted by this group (Rui et al., 1991; and references therein). In
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Fig. 2. Tectonic framework of the northeast part of the Sino-Korean Craton (modi-
fied after Tang et al., 2011). See Fig. 1 for location.

this area, the Liaohe Group, including the lower Daposhan Forma-
tion, through the middle Kangzhuangzi Formation, to the upper
Guanmenshan Formation, shows a total thickness of 2959 m and
consists of, from bottom to top, clastic sediments, shales, and
limestones and dolomites (For details see Tang et al., 2011). The
Guanmenshan Formation is ~1.5 km thick (Tang et al., 2011) and
subdivided into three members. Member 1 is the lowest por-
tion composed of white-gray, silt-bearing, massive, fine-grained
dolostones and minor intercalated slates; member 2 is mostly com-
posed of siliceous, pisolitic dolostone, spotted siliceous dolostone,
banded algal dolostone, debris-bearing argillaceous dolostone, and
stromatolitic micritic dolostone; and member 3 includes bright
gray algal dolomite, sand-bearing micritic dolostone, and stroma-
tolitic fine-grained dolostone.

In spite of the paucity of isotope ages, the Liaohe Group in Liaobei
terrain is generally considered to have developed in the interval of
2.3-1.85Ga (Tang et al., 2011; and references therein). The Guan-
menshan Formation of the Liaohe Group shows remarkable positive
813C.,y anomaly similar to the worldwide positive §13C,,, excur-
sion in 2.33—2.06 Ga carbonate strata, suggesting that it developed
during 2.33-2.06 Ga (Tang et al., 2011).

3. Sampling and analytical methods

The Guanmenshan Formation of the Liaohe Group is dominated
by carbonate strata, particularly dolostones, the sequence of which
is well exposed along a N—S-trending stratigraphic profile across
the Guanmenshan mining area. The formation is named after the
Guanmenshan Pb-Zn deposit and is typically exposed in the mining
area (Rui et al., 1991) where the stratigraphic profile was measured
and systematic sampling carried out for the present study (Fig. 4).
Our geological traverse starts at the Lidigou village (124°14.147’E,

doi:10.1016/j.precamres.2012.02.005

Please cite this article in press as: Tang, H.-S., et al., REE geochemistry of carbonates from the Guanmenshan Formation, Liaohe Group,
NE Sino-Korean Craton: Implications for seawater compositional change during the Great Oxidation Event. Precambrian Res. (2012),



dx.doi.org/10.1016/j.precamres.2012.02.005

GModel
PRECAM-3518; No.of Pages21

4 H.-S. Tang et al. / Precambrian Research xxx (2012) XxxX—-xXx
124°00°E 125°00°E
I
i Central Asia Orogen o 10 20
Central Asia 9
z ~
&l Orogen km 13
& Shahe Fault b}
< =
e * 3
: A_w’ Guan
D Y
i aganzw N\ |
[ 3% -
s r
— 2
o > Baiaizhiai -,
2z [Xinchengzi i HOﬂ%uushan F‘a\)\,‘ s
3r ane qe
& Nanzamu (2 a
= o =
Longgang Terrain
Fushun
L —l_
124°00°E 125°00°E
[:l Cenozoic sediment |:| Archean metamorphic strata Meso- to Neoproterozoic granite
[ cretaceous clastic-volcanic rock Archean migmatite Il Mesozoic granite
[ Jurassic clasitic-velcanic rock Archean migmatitic granite —a
I:l Paleo- to Mesoproterozoic strata Archean granite

Fig. 3. Simplified geological map of the Fanhe Basin (modified after Liaoning Bureau of Geology and Mineral Resources, 1989). See Fig. 2 for location.

42°13.935'N), continues through the Guanmenshan Pb-Zn Mine
(124°14’13"E, 42°12’53"N) (Rui et al,, 1991), and culminates at
the boundary between the Guanmenshan Formation and Creta-
ceous volcanic rocks (124°14.458’E, 42°12.790'N), where, close to
the Xiaoxigou Pb-Zn Mine (Fig. 4), the strata of the Guanmenshan
Formation are fractured and altered. A total of 43 samples were col-
lected from the stratigraphic profile (for samples description details
see Table 1 in Tang et al., 2011). Of these, 42 samples are carbon-
ates (mainly dolostones) from the Guanmenshan Formation, only
Sample LGO06 from a diabase dyke intruding the formation.

Carbonate samples (~0.5-2kg) were reduced in size using a
steel press and a percussion mortar. Small dolostone chips (~1 mm
in size, without secondary veins/minerals) were handpicked and
ultrasonically cleaned in deionized water and subsequently milled
in an agate mortar. Major elements were analyzed by X-ray flu-
orescence spectrometry (XRF) at the Key Laboratory of Crustal
and Orogenic Evolution, Peking University, China, using an ARL
ADVANTXP+ X-ray spectrometer. The detection limit for element is
around 0.001%, and the precision (10) is typically <1% for the major
oxide. Acid-soluble trace-element concentrations were analyzed by
HR-ICP-MS at State Key Laboratory for Mineral Deposits, Nanjing
University, using a Finnigan MAT Element Il mass spectrometry.
Instrument operating conditions and analytical procedures follow
closely those described by Liu et al. (1996). The precision (10) is
typically <5% for trace elements.

4. Results

The analytical data on major and trace elements are shown
in Table 1 and the stratochemical variations are presented in
Figs. 5 and 6. Microlithological features of representative sam-
ples from the Guanmenshan Formation are shown in Fig. 7.
REY (REE+Y) data for all the carbonate rocks are normalized by
Post-Archaean Australian Shale (PAAS, subscript SN, McLennan,
1989) and Chondrite (subscript CN, Taylor and McLennan, 1985),
respectively. Several element anomalies are defined as follows:
Eun/Eun™ =Euyn/(0.67Sm +0.33Tb)y (Bau and Dulski, 1996; mod-
ified by Webb and Kamber, 2000); Lay/Lay*=Layn/(3Pr—2Nd)y;
Cen/Cen*=Cen/(2Pr — Nd)n; Gdn/Gdn*=Gdn/(2Tb —Dy)y (Bolhar
et al., 2004). Depletion of LREE was indicated by Ndy/Yby
(Nothdurft et al., 2004) owing to the presence of positive La anoma-
lies and highly variable, negative Ce anomalies in shallow seawater.
Prn/Smy and Smy/Yby represent the differentiation degree of the
LREE/MREE and MREE/HREE, respectively.

The REY patterns are presented in Fig. 8, in which the carbonates
are grouped according to their position in the stratigraphic column
and lithological features. Group I consists of samples LGO01-LG008
collected from the Lidigou area and is located at the bottom of the
stratigraphic column (Figs. 4-6). These dolomites (silicified) have
constant REE abundances and show flat to slightly MREE-enriched
REY patterns, with Ndgy/Ybsy =0.94 +0.28, Prgy/Smgy = 1.02 £0.15

ﬂ,{& Guanmenshan Xiaoxigou
Pb-zn Mine 100m Pb-Zn Mine :
Rlver ENONON O

Lidigou

<<

ERERERD
Ush=Usi=N=0=h

IHRIRR
THH

AVARIRIRIEA
LU E AR
AR )
R TR

T
<

e
U=l=Us

<
¢
£ ¢

PLE IR RTEE LR

e

=

O REEFE R ‘ ‘ e EE R R 42 /43
1-4 1 675 \7-8g42 [13.20 21-25 26-27/" 5g.35 ' \36-37/ '3839-4
145°,75° [55°260° 146°,75°  /141°275° A78°280° 90°279° 03°277°

Micritic dolomite

> ‘: Silty/siliceous dolomite

1 Recrystallized dolomite Cretaceous volcanics Sample Nos.

Diabase dyke 55° ,60° Strata attitude

Fig. 4. Stratigraphic profile of the Guanmenshan Formation showing sample locations.

NE Sino-Korean Craton: Implications for seawater compositional
doi:10.1016/j.precamres.2012.02.005

Please cite this article in press as: Tang, H.-S., et al., REE geochemistry of carbonates from the Guanmenshan Formation, Liaoche Group,

change during the Great Oxidation Event. Precambrian Res. (2012),



dx.doi.org/10.1016/j.precamres.2012.02.005

G Model
PRECAM-3518; No.of Pages21

H.-S. Tang et al. / Precambrian Research xxx (2012) Xxx—-xXx

Table 1
Major (wt.%) and trace (ppm) element contents in carbonates from the Guanmenshan Formation, Liaohe Group.

Sample Height (m) Al,03 Ca0 Fe, 05T K,0 MgO MnO Na,0 P,0s5 Si0, TiO, LOI TOL
LGO0O01 8 0.42 23.02 0.05 <0.01 14.93 0.015 0.26 0.03 32.21 <0.001 29.04 99.98
LG002 28 0.49 27.07 0.12 <0.01 19.49 0.023 0.29 0.043 13.14 <0.001 39.31 99.98
LG003 46 0.44 26.74 0.11 <0.01 19.47 0.034 0.29 0.037 14.88 <0.001 37.99 99.98
LG004 203.2 0.49 28.42 0.1 <0.01 20.88 0.028 0.28 0.033 5.42 <0.001 44.32 99.98
LG005 266.3 0.63 28.57 1.32 <0.01 19.51 0.136 0.28 0.06 4.84 0.005 44.62 99.96
LG007 273.1 0.64 27.99 0.67 <0.01 20.39 0.023 0.28 0.065 8.32 <0.001 41.61 99.98
LG008 279.9 0.55 28.27 0.05 <0.01 21.28 0.02 0.3 0.052 5.75 <0.001 43.7 99.98
LG009 300.4 0.42 28.72 0.07 <0.01 21.52 0.018 0.28 0.047 2.46 <0.001 46.44 99.99
LGO10 303.8 0.7 28.66 0.14 <0.01 21.65 0.015 0.31 0.077 2.31 0.001 45.92 99.78
LGO011 320.9 0.63 28.81 0.11 <0.01 21.16 0.015 0.3 0.075 2.84 <0.001 45.98 99.92
LG012 396.2 0.43 28.45 0.22 <0.01 21.35 0.027 0.31 0.062 4.61 <0.001 44.52 99.98
LGO013 409.9 0.47 19.32 0.1 <0.01 12.35 0.031 0.24 0.018 45 <0.001 2247 99.98
LG014 4241 0.39 25.33 0.08 <0.01 17.09 0.017 0.27 0.025 23.13 <0.001 33.66 99.98
LGO15 431.2 0.36 19.2 0.06 <0.01 10.32 0.016 0.21 0.016 47.61 <0.001 22.19 99.99
LG016 454 0.4 27.8 0.13 <0.01 19.95 0.023 0.28 0.017 10.97 <0.001 40.41 99.98
LG017 488 0.41 26.28 0.1 <0.01 18.71 0.023 0.28 0.038 17.93 <0.001 36.22 99.98
LG018 516.4 0.39 19.74 0.13 <0.01 10.57 0.019 0.22 0.036 46.64 <0.001 22.25 99.99
LG019 530.6 0.44 29.18 0.22 <0.01 21.28 0.027 0.29 0.016 1.95 <0.001 46.58 99.98
LG020 551.9 0.42 28.85 0.22 <0.01 21.71 0.032 0.28 0.039 1.89 <0.001 46.54 99.98
LG021 559 0.42 29 0.33 <0.01 2091 0.034 0.29 0.072 3.21 <0.001 45.71 99.98
LG022 630 0.39 28.97 0.32 <0.01 21.49 0.034 0.29 0.05 2.04 <0.001 46.4 99.98
LG023 637.1 0.93 28.19 0.73 0.05 19.94 0.048 0.29 0478 6.1 0.125 43.06 99.96
LG024 658.4 0.4 27.28 0.31 <0.01 20.04 0.037 0.27 0.054 11.73 <0.001 39.85 99.98
LG025 672.6 0.45 27.93 0.46 <0.01 19.91 0.128 0.28 0.172 8.91 <0.001 41.74 99.98
LG026 693.9 0.41 28.65 0.45 <0.01 20.54 0.069 0.29 0.196 4.14 <0.001 45.23 99.98
LG027 833 0.52 28.85 0.27 <0.01 21.23 0.044 0.28 0.303 2.38 <0.001 46.09 99.98
LG028 848.5 0.48 28.85 0.26 <0.01 21.76 0.04 0.31 0.036 2.51 <0.001 45.73 99.98
LG029 864 0.52 28.54 0.14 <0.01 21.33 0.024 0.29 0.167 4.01 0.002 44.94 99.98
LG030 887.2 0.44 28.84 0.08 <0.01 21.94 0.028 0.3 0.013 2.71 <0.001 45.64 99.98
LG031 918.1 0.62 27.68 0.33 <0.01 20.45 0.052 0.29 0.119 8.89 <0.001 41.54 99.97
LG032 933.6 0.38 28.05 0.05 <0.01 20.99 0.021 0.3 0.045 7.32 <0.001 42.84 99.99
LG033 956.8 0.39 27.01 0.11 <0.01 19.34 0.025 0.28 0.041 14.71 <0.001 38.08 99.98
LG034 968.5 0.45 28.17 0.15 <0.01 21.3 0.034 0.31 0.021 4.92 <0.001 44.62 99.98
LG035 986.1 0.4 27.78 0.09 <0.01 21.22 0.023 0.3 0.046 8.23 <0.001 41.89 99.98
LG036 1062.4 0.57 27.35 0.27 <0.01 20.09 0.025 0.28 0.043 11.24 <0.001 40.11 99.98
LG037 1138.7 1.18 27.76 0.33 0.18 20.63 0.012 0.29 0.039 5.29 0.026 44.23 99.96
LG038 1150.4 0.84 26.68 0.6 0.02 18.12 0.023 0.27 0.031 14.57 0.024 38.81 99.98
LG039 1162.1 0.4 28.82 0.4 <0.01 21.25 0.028 0.28 0.018 213 <0.001 46.64 99.96
LG040 1173.8 0.39 28.68 0.55 <0.01 21.34 0.038 0.29 0.025 222 <0.001 46.42 99.96
LG041 1185.5 0.48 29 0.23 <0.01 21.65 0.017 0.29 0.031 1.68 <0.001 46.59 99.97
LG042 1414.4 0.39 29.05 0.96 <0.01 20.31 0.054 0.29 0.053 3.27 <0.001 45.59 99.96
LG043 1469.5 0.47 28.59 0.42 <0.01 20.39 0.04 0.29 0.058 4.83 <0.001 44.88 99.97
Sample  Li Be Sc Ti \% Cr Mn Co Ni Cu Zn Ga Rb Sr

LG001 0.581 0.039 0.275 9.073 3.432 72.761  247.528 1.014 29.966 4.618 12.614 0.146 0.241 53.511
LG002 1.109 0.045 0.435 33.482 4.040 18.265  186.997 0.619 6.725 2435 10.745 0.248 0.731 73.960
LG003 0.959 0.083  0.465 14.302 3.669 46.592  205.771  0.699 17.057 2.738 6.948 0.185 0.430 76.727
LG004 2.053 0.068  0.805 24.994 3.353 81.291 180.047 0.866 28.631 3.249 11507 0.213 0.776 127.181
LG005 0.8002 0.123  0.9227 722246  12.4644 33.174 900387  3.643 12.8279 5.4009 51.997 0.5939 1.1267 136.1943
LG007 1.388 0.097  0.631 56.636 11.601 45.083 155581 1.526 21.630 3.026 52.284 0.398 1.054 61.390
LG008 1.244 0.062 0.616 46.331 2.686 14.852 120.008 0.359 5.679 7.360 65.759  0.216 0.945 50.114
LG009 0.972 0.025 0.576 13.672 1.742 12.004 127.770  0.429 75.699 1.586 70.196  0.098 0.439 47.431
LGO10 1.328 0.048 0.754 53.088 3.248 18.126  102.751  0.605 8.115 6.077 130.138  0.274 1.446 99.036
LGO11 1.402 0.097  0.761 51.785 3.369 13.349  100.382  0.588 3.419 3.282 80.711  0.287 1.637 82.150
LGO12 1.242 0.054 0.539 18.938 3412 110.891 169.050 1.126 70.604 4.219 49346  0.152 0.499 66.279
LG013 0.605 0.022  0.203 7.492 2.837 32230 168.103  0.404 13.142 1.885 62414  0.155 0.444 46.071
LG014 0.610 0.047 0.253 7.293 2234 16.137  133.402  0.433 4.043 2.126 61.250  0.080 0.199 42.909
LGO015 0.356 0.019 0.119 3.978 2.767 14.773 99.492  0.225 3.301 1.451 7455  0.042 0.101 39.290
LG016 0.719 0.024  0.308 9.060 2.659 90.320 146.534  0.627 20.233 3.298 26219 0.104 0.193 48.299
LG017 0.552 0.026  0.265 6.575 2.033 15.133  132.788  0.432 6.179 1.799 13.596  0.064 0.090 49.481
LG018 0.386 0.029 0.115 6.899 2.689 19313 104458 0.262 7.397 1.357 12.449 0.048 0.063 36.006
LG019 0.725 0.032 0.383 9.336 4476 9.675 158470 0.515 6.991 1.738 17.113  0.067 0.217 65.565
LG020 0.879 0.042  0.560 12.971 1.628 8432 185526  0.454 2.768 1.798 55969 0.118 0.260 55.007
LG021 0.753 0.039  0.559 18.736 6.375 15174 223372  0.896 5.664 2.290 96.397 0.121 0311 77.313
LG022 0.904 0.039 0.553 12.628 5.409 12.957 208.856  0.875 5.511 2.004 135.034 0.122 0.283 61.231
LG023 1.458 0.121  1.643 785.566 26.867 19.387  283.599  2.137 9.304 7.026 33314 0.813 2.229 224.456
LG024 0.632 0.036  0.449 20.320 7.068 12.681  231.353  0.539 2.801 2283 26.646  0.169 0.241 51.500
LG025 0915 0.043  0.447 20.646 5.073 22286 823304 0.622 8.671 2.155 24283 0397 0.406 46.925
LG026 1.014 0.048  0.467 12.041 6.644 9.128  441.124  0.576 2.358 1.771 30.832  0.207 0.251 60.185
LG027 0.833 0.070  0.508 49.416 7.144 18.192  275.713  0.544 5.916 1.910 21.997 0.271 0.806 62.956
LG028 1.193 0.047 0.507 59.521 6.321 18320 250.825 0.691 4.559 2.173 23.265 0.225 0.671 72.753
LG029 1.230 0.104 0.631 71.372 8.408 10453  160.486  0.806 3.022 2.839 31.132  0.276 0.887 90.705
LG030 1.064 0.063  0.432 22.063 9.933 13.362  166.428  0.683 4.489 2114 8.596  0.182 0.459 85.088
LG031 1.628 0.074 0.625 47.391 11.273 12.112 310629 0.848 4471 3.162 59.145 0.363 1.104 69.820
LG032 0.560 0.021  0.409 5.636 2.957 60.117 131.009 0.592 12.248 1.771 40.481  0.082 0.116 42.922
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Table 1 (Continued)

Sample Li Be Sc Ti \% Cr Mn Co Ni Cu Zn Ga Rb Sr

LG033 0.584 0.036 0.354 5916 5233 11.144 140963 0.721 2.752 2.044 50.620 0.084 0.103 60.010
LG034 1.063 0.050 0.504 16.245 8.554 10356  199.723  0.793 3411 3.848 75229  0.236 0.634 92.422
LG035 0.588 0.028 0.421 10.782 6.907 12.622 149386 0.614 3.183 2.365 45309  0.092 0.287 60.979
LG036 1.288 0.106  0.406 55.780 16.852 352,551 193.739 2.878  129.900 5171 101.830  0.390 1.264 91.416
LG037 2.615 0.138  1.164 176.654 8.027 18.298 77.458  0.941 7.959 11.264 51.209 1.079 5.472 125.247

LG038 0.923 0.106  0.961 163.095 25.266 17.698  143.204 1.325 8.025 2.862 24904  0.646 2.492 84.429
LG039 0.771 0.044  0.584 17.228 3.675 31337 177437 1.062 13.858 2.565 51.619  0.219 0.309 156.743

LG040 1.132 0.121  0.583 22.688 5.356 15.889  253.130 1.381 23.462 2.896 82.645 0.147 0.178 123.620
LG041 0.944 0.126  0.648 24.868 9.403 12.518 348.063 0.978 7.093 5.851 106.695  0.250 0.276 103.899
LG042 1.248 0.085  0.605 28.439 4.116 11.071 112.871 0.833 5.128 1.345 35.195 0.242 0.595 126.432
LG043 1.366 0.090 0.554 32.835 7.652 14195 246.675 0.740 24.095 4.190 28.533  0.239 0.575 99.810
Sample  Zr Nb Mo Ccd Sn Cs Ba Hf Ta Y Pb Bi Th 8]
LGO001 0.610 0.104 4.827 0.147 0.737 0.018 11.290 0.012 0.035 0.560 2622 0019 0.025 0.226
LG002 1.931 0.225 2.390 0.284 0.217 0.101 14.007 0.039 0.030 0.233 11.773 0.035 0.113 0.222
LG003 0.925 0.098 4.844 0.156 0.364 0.047 22919 0.018 0.060 0.390 6.752  0.026  0.069 0.202
LG004 1.524 0.130 3.597 0.122 0.457 0.041 28.176 0.038 0.029 0.335 5212  0.023 0.143 0.256
LG005 2.0474 0.1364 24271 0.8041 0.5019 0.0599 40.1028 0.0487  0.0479 02794 51926 0.099 0.1058 0.1468
LG007 3.410 0.216 5.261 0.058 0.243 0.017 28.429 0.065 0.041 0.577 6.163 0.084 0.162 0316
LG008 3.996 0.188 1.567 0.085 0.548 0.025 96.331 0.092 0.037 0.169 3.145 0.018 0.150 0.233
LG009 0.653 0.047 1.849 0.144 0.156 0.013 19.152 0.017 0.027 0.122 4199 0.017 0.061 0.136
LGO10 2.259 0.146 2.370 0.209 0.279 0.051 2058.051 0.062 0.037 0.362 4197 0.018 0.207 0.248
LGO11 2.508 0.188 1.280 0.155 0.353 0.060 628.215 0.051 0.042 0.191 4309 0.035 0.226 0.273
LGO012 0.808 0.125 5.196 0.080 0.515 0.123 20.424 0.013 0.030 0.527 2770  0.023 0.072 0.235
LGO13 0.597 0.043 1.947 0.133 0.177 0.007 28.534 0.010 0.024 0.208 1.644 0.012  0.007 0.128
LG014 0.452 0.072 1.427 0.178 0.215 0.025 15.040 0.004 0.026 0.196 3.661 0.029 0.035 0.189
LGO15 0.278 0.028 2.227 0.059 0.175 0.006 10310 0.003 0.024 0.186 1384 0.015 0.017 0.212
LG016 0.602 0.090 6.937 0310 0.533 0.008 9.240 0.012 0.031 0.310 2.707  0.023 0.031 0.206
LGO17 0.394 0.047 1.774 0.118 0.210 0.006 6.307 0.008 0.028 0.177 2349 0.014 0.019 0.168
LG018 0.549 0.040 1.749 0.043 0.203 <0.01 3.876 0.007 0.027 0.178 1.212 0.012 0.019 0.185
LG019 0.665 0.071 1.402 0.105 0.180 0.015 4.397 0.012 0.031 0.121 6.852  0.028  0.042 0.200
LG020 0.673 0.045 0.794 0.112 0.181 0.006 9.431 0.015 0.032 0.145 4.563 0.031 0.049 0.216
LG021 0.965 0.065 2.875 0.194 0.262 0.016 6.992 0.025 0.039 0.238 11332 0.027 0.053 0.274
LG022 0.647 0.049 2.361 0.095 0.161 0.008 6.123 0.011 0.104 0.126 6.903 0.047  0.030 0.225
LG023 10.273 0.634 1.800 0.266 0.550 0.065 37.540 0.225 0.066 1.477 16.716  0.058  0.496 1.130
LG024 0.826 0.044 1.546 0.122 0.301 0.015 8.759 0.017 0.024 0.165 9.984  0.033 0.026 0.363
LG025 2.332 0.098 3.386 0.302 0.307 0.039 12.511 0.057 0.105 0.289 11.095 0.045 0.062 0.378
LG026 2.737 0.048 1.264 0.192 0.150 0.019 9.672 0.054 0.024 0.126 13.014 0.029 0.054 0.412
LG027 3.718 0.187 1.745 0.084 0.256 0.054 9.079 0.097 0.042 0.256 3.630 0.021 0.126 0.609
LG028 1.325 0.259 3.372 0.351 0.222 0.028 67.036 0.029 0.039 0.338 10.562  0.030  0.085 0.294
LG029 4.360 0.238 1.054 0.272 0314 0.033 73.585 0.103 0.040 0.182 10.441 0.034 0326 0.845
LG030 1.348 0.083 3.106 0.057 0.134 0.012 55.973 0.023 0.026 0.160 2.618 0.013 0.058 1.092
LG031 3.266 0.158 2.194 0.106 0.254 0.030 133.140 0.077 0.038 0.145 4548 0.032 0.142 0.676
LG032 1.064 0.067 9.065 0.106 0.211 0.011 11.373 0.022 0.025 0.326 4413 0.019  0.009 0.240
LG033 0.701 0.054 1.635 0.104 0.209 0.006 11.231 0.008 0.031 0.206 4602 0.016  0.009 0.442
LG034 2.249 0.062 1.953 0.273 0.324 0.048 41.782 0.032 0.032 0.159 11.981 0.109  0.087 0.510
LG035 0.747 0.091 4.724 0.163 0.237 0.015 9.817 0.012 0.036 0.224 10.590 0.030  0.051 0.432
LG036 3.372 0.328 24.947 0.218 0.673 0.035 25.410 0.083 0.039 0.711 7.621 0.029  0.206 0.559
LG037 9.282 0.503 3.493 0.109 0.259 0.108 121.273 0.248 0.070 0.306 5539 0.040 0.678 0.429
LG038 2.664 0.218 5.024 0.144 0.256 0.424 17.509 0.056 0.040 0.538 7.704  0.012  0.064 0.613
LG039 0.884 0.061 2.010 0.750 0.186 0.028 8.734 0.013 0.034 0.171 36.300 0.013 0.049 0.127
LG040 1.362 0.116 3.005 1.117 0.195 0.013 7.080 0.025 0.029 0.264 63.557  0.031 0.048 0.259
LG041 3.855 0.107 1.138 0.862 0.210 0.016 11.598 0.061 0.029 0.367 78.768  0.017  0.056 1.196
LG042 1.730 0.101 2.675 0.813 0.274 0.038 19.467 0.042 0.044 0.214 41208 0.009 0.134 0.282
LG043 2.366 0.130 1.004 0.280 0.215 0.031 14.200 0.050 0.042 0.128 20999 0.026 0.111 0.552
Sample Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

LG001 0.190 0.157 0.295 0.029 0.074 0.025 0.005 0.027 0.004 0.018 0.006 0.019  0.002 0.015 0.002
LG002 0.462 0.404 0.881 0.093 0.326 0.075 0.016 0.063 0.008 0.052 0.011 0.038  0.006 0.041 0.005
LG003 0.433 0.387 0.889 0.095 0.374 0.050 0.016 0.058 0.008 0.063 0.013 0.039  0.005 0.033 0.003
LG004 0.388 0.790 1.458 0.138 0.522 0.084 0.022 0.074 0.009 0.057 0.014 0.040  0.006 0.032 0.004
LG005 1.0713 1.1921 22543  0.2158 0.8496 0.1317  0.0621 0.1808  0.0232  0.1527 0.0328 0.107 0.0181 0.0891 0.015
LG007 0.598 0.535 1.152 0.112 0.424 0.066 0.025 0.095 0.012 0.084 0.016 0.039  0.008 0.034 0.007
LG008 0.596 0.442 0.987 0.100 0.412 0.061 0.018 0.087 0.013 0.065 0.015 0.047  0.007 0.049 0.006
LG009 0.270 0.323 0.719 0.062 0.249 0.031 0.013 0.043 0.006 0.029 0.010 0.023  0.003 0.019 0.004
LGO10 0.472 0.577 1.247 0.135 0.473 0.097 0.132 0.160 0.011 0.056 0.018 0.046  0.005 0.044 0.006
LGO11 0.589 0.651 1.380 0.145 0.509 0.098 0.054 0.125 0.013 0.083 0.018 0.059  0.008 0.051 0.007
LG012 0.295 0.400 0.827 0.079 0.326 0.069 0.021 0.061 0.008 0.040 0.008 0.028  0.004 0.023 0.002
LGO13 0.236 0.086 0.221 0.025 0.066 0.013 0.008 0.019 0.003 0.022 0.007 0.025  0.002 0.018 0.002
LG014 0.143 0.177 0.329 0.030 0.098 0.023 0.010 0.026 0.002 0.010 0.002 0.010  0.001 0.008 0.001
LGO15 0.066 0.071 0.178 0.014 0.057 0.014 0.004 0.018 0.001 0.005 0.001 0.003  0.001 0.008 0.001
LGO16 0.173 0.136 0.302 0.031 0.088 0.018 0.009 0.020 0.003 0.019 0.004 0.013  0.001 0.012 0.001
LG017 0.177 0.149 0.301 0.028 0.095 0.019 0.010 0.021 0.003 0.015 0.004 0.015  0.001 0.007 0.001
LGO018 0.270 0.156 0.331 0.035 0.113 0.012 0.014 0.026 0.003 0.028 0.007 0.019  0.003 0.015 0.002
LGO19 0.295 0.333 0.578 0.059 0.200 0.032 0.017 0.034 0.004 0.028 0.008 0.024  0.003 0.015 0.002
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Sample Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
LG020 0.324 0.318 0.599 0.061 0.220 0.031 0.021 0.041 0.005 0.033 0.008 0.019 0.003 0.013 0.003
LG021 0.532 0.370 0.757 0.082 0.311 0.048 0.025 0.078 0.009 0.055 0.013 0.042 0.005 0.034 0.004
LG022 0.466 0.341 0.698 0.078 0.252 0.037 0.022 0.064 0.008 0.041 0.011 0.036 0.004 0.029 0.008
LG023 3.142 0.982 2.642 0.372 1.921 0.539 0.089 0.525 0.073 0.460 0.101 0.294 0.035 0.222 0.029
LG024 0.624 0.251 0.470 0.055 0.215 0.043 0.023 0.054 0.008 0.057 0.013 0.043 0.006 0.035 0.004
LG025 0.981 0.610 1.059 0.146 0.561 0.119 0.035 0.122 0.014 0.109 0.028 0.082 0.010 0.059 0.008
LG026 0.730 0.572 1.068 0.107 0.387 0.072 0.034 0.090 0.010 0.075 0.017 0.052 0.008 0.035 0.007
LG027 1.108 0.576 1.076 0.107 0.385 0.082 0.040 0.103 0.013 0.092 0.028 0.086 0.008 0.068 0.008
LG028 1.970 0.431 1.115 0.155 0.616 0.133 0.038 0.156 0.024 0.161 0.050 0.147 0.022 0.120 0.017
LG029 3.147 0.715 1.256 0.172 0.821 0.146 0.043 0.227 0.028 0.229 0.068 0.236 0.029 0.181 0.023
LG030 1.278 0.302 0.514 0.068 0.272 0.049 0.017 0.060 0.008 0.073 0.026 0.085 0.012 0.075 0.009
LG031 2.521 0.766 1.621 0.209 0.875 0.184 0.058 0.210 0.028 0.223 0.064 0.177 0.028 0.132 0.020
LG032 0.336 0.175 0.288 0.030 0.102 0.025 0.009 0.036 0.004 0.024 0.007 0.020 0.003 0.015 0.002
LG033 0.821 0.199 0.365 0.041 0.124 0.024 0.013 0.039 0.006 0.044 0.015 0.042 0.007 0.042 0.005
LG034 0.722 0.449 0.798 0.097 0.333 0.057 0.024 0.066 0.011 0.076 0.017 0.057 0.006 0.044 0.006
LGO035 0.990 0.459 0.800 0.087 0.300 0.058 0.021 0.066 0.008 0.069 0.021 0.061 0.011 0.055 0.009
LG036 1.656 0.756 1.505 0.194 0.762 0.136 0.038 0.148 0.022 0.150 0.042 0.121 0.016 0.110 0.013
LG037 1.210 1.901 4.281 0.444 1.645 0.298 0.071 0.308 0.036 0.241 0.051 0.153 0.019 0.148 0.020
LG038 0.873 0.434 0.987 0.121 0.577 0.124 0.043 0.138 0.017 0.118 0.025 0.072 0.013 0.077 0.009
LG039 0.347 0.244 0.532 0.060 0.224 0.042 0.017 0.051 0.007 0.050 0.010 0.030 0.004 0.024 0.003
LG040 0.204 0.258 0.487 0.046 0.179 0.038 0.008 0.033 0.003 0.031 0.007 0.019 0.002 0.013 0.002
LG041 0.634 0.676 1.230 0.126 0.437 0.074 0.065 0.119 0.010 0.077 0.018 0.057 0.007 0.047 0.005
LG042 0.467 0.356 0.831 0.089 0.320 0.084 0.018 0.066 0.010 0.059 0.016 0.043 0.005 0.045 0.003
LG043 0.484 0.376 0.739 0.076 0.264 0.051 0.023 0.068 0.011 0.063 0.015 0.048 0.006 0.044 0.003
Sample ZREE Y/HO Mn/Sr Sm/Yb Eu/Sm NdCN/YbCN SmCN/YbCN EUCN/SmCN CE(:N/CECN’F EUCN/EUCN*
LGOO01 0.676 328 4.63 1.67 0.18 1.74 1.79 0.48 0.99 0.56
LG002 2.019 40.5 2.53 1.83 0.21 2.78 1.97 0.57 1.03 0.7

LG003 2.034 34.6 2.68 1.55 0.31 4.01 1.66 0.83 1.08 0.96
LG004 3.249 28.1 1.42 2.63 0.27 5.7 2.83 0.7 1.19 0.87
LG005 5.3243 32.662 6.61 148 0.47 3.33 1.59 1.25 1.2 1.39
LG007 2.608 36.9 2.53 1.96 0.38 4.39 2.11 1 1.16 1.11
LG008 2.308 39.7 2.39 1.23 0.3 293 1.33 0.79 1.17 0.84
LG009 1.532 27.3 2.69 1.64 0.44 4.66 1.76 1.16 137 1.25
LGO10 3.008 26.8 1.04 2.22 1.37 3.79 2.38 3.63 1 4.45

LGO11 3.201 32.7 1.22 1.92 0.55 3.46 2.06 1.46 1.03 1.73
LGO12 1.898 36.9 2.55 2.96 0.3 4.85 3.18 0.8 1.24 0.98
LGO13 0.516 35.7 3.65 0.71 0.65 1.3 0.77 1.74 0.86 1.83
LGO014 0.727 64.8 3.11 2.8 0.44 4.24 3.01 1.17 1.14 1.48
LGO15 0.374 54.9 2.53 1.75 0.25 247 1.88 0.66 1.56 0.83
LGO16 0.657 48.1 3.03 142 0.53 2.46 1.52 14 0.98 1.61

LGO017 0.668 43.0 2.68 2.76 0.53 4.87 297 14 1.15 1.56
LGO18 0.763 36.9 2.9 0.8 117 2.65 0.86 3.1 0.98 3.17
LGO019 1.336 35.1 242 2.16 0.53 4.71 2.32 139 1.05 1.65
LG020 1.373 42.6 3.37 2.33 0.69 5.81 2.51 1.83 1.09 2.09

LG021 1.830 42.6 2.89 14 0.53 3.2 1.5 1.4 1.05 1.53

LG022 1.628 43.5 3.41 1.29 0.6 3.08 1.39 1.59 0.94 1.64
LG023 8.282 31.2 1.26 243 0.16 3.02 2.61 0.44 1.01 0.52
LG024 1.275 47.6 4.45 1.23 0.53 2.17 1.33 1.4 1 1.51

LG025 2.961 34.5 17.55 2.01 0.3 3.31 2.16 0.79 0.82 0.95
LG026 2.534 42.5 7.33 2.05 0.48 3.87 2.21 1.27 1.1 147
LG027 2.672 39.6 4.38 1.22 0.49 1.99 1.31 1.29 1.11 1.48
LG028 3.186 39.5 3.45 1.11 0.29 1.8 1.2 0.77 0.83 0.84
LG029 4175 46.1 1.77 0.81 0.3 1.58 0.87 0.79 0.97 0.86
LG030 1.572 49.5 1.96 0.66 0.35 1.27 0.71 0.94 0.87 1.05

LG031 4.593 39.5 4.45 14 0.31 2.32 1.5 0.83 0.93 0.95

LG032 0.739 51.7 3.05 1.69 0.36 242 1.81 0.95 1.03 1.09
LG033 0.965 56.6 2.35 0.57 0.55 1.02 0.62 1.45 0.91 1.5

LG034 2.041 41.5 2.16 1.29 0.41 2.62 1.39 1.09 0.88 1.19
LGO35 2.025 47.6 245 1.07 0.35 1.91 1.14 0.94 0.99 1.1

LG036 4.013 39.5 212 1.24 0.28 242 133 0.74 0.9 0.84
LG037 9.616 240 0.62 2.01 0.24 3.87 2.15 0.64 1.07 0.77
LG038 2.756 34.6 1.7 1.6 0.35 2.6 1.72 0.92 1.08 1.08
LG039 1.297 34.7 1.13 1.72 0.41 3.23 1.85 1.1 0.99 1.25
LG040 1.125 30.0 2.05 2.83 0.22 4.68 3.04 0.58 1.2 0.75

LG041 2.947 35.2 335 1.59 0.88 3.27 1.7 2.34 1.05 2.73

LG042 1.942 29.9 0.89 1.88 0.21 2.49 2.02 0.56 1.03 0.69
LG043 1.786 32.3 2.47 1.18 0.45 211 1.27 1.19 1.06 1.26
Sample Ndsn/Ybsn Smsn/Ybsn Prsn/Smsy Lagn/Lasn™ Cesn/Cesn™ Prsn/Prsy™ Gdsn/Gdsn™ Eusn/Eusn™
LG001 0.41 0.85 0.72 0.77 0.87 1.1 1.29 0.93
LG002 0.66 0.93 0.78 0.86 0.97 1.02 1.16 1.18
LG003 0.96 0.79 1.18 1 1.07 0.97 1.3 1.56
LG004 1.36 1.34 1.03 1.28 1.15 0.93 1.25 148
LG005 0.79 0.75 1.03 1.35 1.19 0.92 1.39 2.23
LG007 1.05 1 1.06 1.08 1.13 0.94 1.45 1.79

Please cite this article in press as: Tang, H.-S., et al., REE geochemistry of carbonates from the Guanmenshan Formation, Liaohe Group,
NE Sino-Korean Craton: Implications for seawater compositional change during the Great Oxidation Event. Precambrian Res. (2012),
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Sample Ndsn/Ybsn Smsn/Ybsy Prsn/Smsy Lasn/Lasn™ Cesn/Cesn™ Prn/Prsn® Gdsn/Gdsn™ Eusn/Eusn®
LG0O08 0.7 0.63 1.04 1.19 1.18 0.92 1.28 1.32
LG009 1.11 0.83 1.27 135 137 0.85 131 1.97
LGO10 0.9 113 0.88 0.84 0.94 1.03 2.29 7.55
LGO11 0.83 0.97 0.93 0.89 0.97 1.01 1.57 2.87
LG012 1.16 1.5 0.72 1.36 1.25 0.9 1.18 1.65
LGO13 0.31 0.36 1.23 0.5 0.76 1.19 1.32 2.86
LGO14 1.01 1.42 0.84 1.04 1.05 0.97 1.76 2.55
LGO15 0.59 0.89 0.61 1.46 1.59 0.79 1.84 1.42
LGO16 0.59 0.72 1.09 0.69 0.88 1.08 1.27 2.63
LGO17 1.16 14 0.93 1 1.07 0.96 1.15 2.52
LGO18 0.63 0.41 1.85 0.78 091 1.06 1.77 4.89
LGO19 1.12 1.1 1.15 1.07 0.98 1.01 131 2.73
LG020 1.38 1.19 1.23 1.1 1.04 0.98 1.46 3.41
LG021 0.76 0.71 1.08 1.03 1.02 0.99 1.59 2.44
LG022 0.73 0.66 1.32 0.78 0.86 1.09 1.44 2.55
LG023 0.72 1.23 0.43 1.95 1.2 0.94 1.19 0.85
LG024 0.52 0.63 0.8 112 0.98 1.01 1.19 2.4
LG025 0.79 1.02 0.78 0.96 0.8 1.11 1.37 1.61
LG026 0.92 1.04 0.93 112 1.05 0.97 1.46 2.42
LG027 0.47 0.62 0.82 1.11 1.06 0.97 14 2.42
LG028 0.43 0.57 0.73 0.69 0.83 1.09 1.15 134
LG029 0.38 0.41 0.74 1.9 1.08 0.97 1.49 1.36
LG030 0.3 0.34 0.87 1.1 0.87 1.07 1.25 1.69
LGO31 0.55 0.71 0.71 1.04 0.95 1.02 1.27 1.55
LG032 0.58 0.86 0.76 1.11 0.96 1.02 1.6 1.77
LGO033 0.24 0.29 1.06 0.8 0.82 1.12 135 2.33
LG034 0.62 0.66 1.06 0.89 0.83 1.1 111 1.89
LG035 0.46 0.54 0.93 1.02 0.93 1.04 1.36 1.82
LGO036 0.58 0.63 0.9 0.95 0.88 1.06 1.16 1.36
LGO037 0.92 1.02 0.94 0.93 1.03 0.98 135 1.29
LG038 0.62 0.81 0.61 1.61 1.2 0.93 1.33 1.78
LGO039 0.77 0.88 0.9 0.89 0.96 1.02 133 2.04
LG040 1.12 1.44 0.77 131 1.18 0.92 1.53 1.32
LG041 0.78 0.81 1.07 1.03 0.98 1.01 1.9 4.51
LG042 0.59 0.95 0.66 0.83 0.98 1.01 1.05 1.16
LG043 0.5 0.6 0.92 0.97 1 1 117 1.97

and Smgy/Ybsy =0.94 +0.27, except for samples LGOO1 and LG005
(Fig. 81). The rocks show variable Lagy/Lagy* (0.86-1.28) and slightly
positive Gdsn/Gdsy* (1.16-1.45) and Y anomalies (Table 1; Fig. 8I).
Sample LG001 is markedly silicified (Si0,=32.21%) and has the
lowest > REE value of 0.676 ppm. It shows a zigzag REY pattern
similar to those of the skeletal substrates (e.g., corals and clams)
from shallow reef framework cavities at Heron Reef, Great Barrier

Reef (Webb and Kamber, 2000), which have low content of REE
(near or below detection limit). Sample LG0OO5 is a light yellow,
recrystallized dolomite-marble with secondary chlorite veinlets
(Fig. 7A), just 5m north to a diabase dyke. It has higher REY con-
tent and positive Eu anomaly than other adjacent samples, and the
lowest 813C,,p, (3.5%.) and the fourth lowest 8180, (17.4%) in
all 42 samples (Tang et al., 2011).
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Fig. 5. Petro-chemostratigraphic variations of the Guanmenshan Formation, Liaohe Group.
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Fig. 6. Trace element chemostratigraphic variation of the Guanmenshan Formation.

Group Il includes 12 samples (LGO09-LG020) collected from the
Guanmenshan Mining area (Figs. 4-6) and characterized by pro-
nounced Eu and LREE enrichments in the smooth, shale-normalized
patterns (Fig. 8II). Their Eusy/Eugn™ values range from 1.42 to 7.55,
average 3.09 4 1.66, corresponding to Eucy/Eucy* of 0.84-4.45 with
an average of 1.89 + 1.00. They do not show obvious REY fraction-
ation, with Ndgn/Ybsy =0.9040.32, Prgy/Smgy=1.0640.33 and
Smgy/Ybsy =0.99 £0.37, respectively, but have a wide range of
> REE(0.374-3.201 ppm). Six samples of Group Il have high (>10%)

and variable SiO, contents ranging from 10.97 to 47.61%, and low
contents of Na,0O, MgO, Ca0, Li,O and Mg0/CaO ratio (Table 1,
Fig. 5). These six samples also show zigzag-shaped HREE pat-
terns and have low > REE contents (<0.800 ppm) that decrease
with the degree of silicification (Fig. 8II). Under the microscope,
hydrothermal quartz aggregates or veinlets and remarkable recrys-
tallization were observed in these samples (Fig. 7B), indicating
that they were hydrothermally altered and subjected to silicifica-
tion.

Fig. 7. Photomicrographs of samples from the Guanmenshan Formation, Liaohe Group. (A) Light yellow recrystallized dolomite-marble with secondary chlorite veinlets,
collected only 5 m north to a diabase dyke; sample LG005. (B) Intense silicification in dolomite, with quartz clustered into stripped assemblage replacing dolomite, whereas
the unreplaced carbonate is generally unrecrystallized and is mostly still dolomicrite. The sample (LG018) was collected from the Guanmenshan mining area. (C) Least
altered dolomicrite (sample LG031) without any notable silicification or recrystallization. (D) Local variegated dark gray dolomicrite (sample LG023). (E) Rock dominated
by marl/dolomite with limited microspar, and with no obvious secondary altered veins (sample LD037) (F) Gray variegated, severely recrystallized dolomite-marble with
veinlets (sample LG041) collected from the Xiaoxigou mining area. Mineral abbreviations: Cc: calcite; Chl: chlorite; Dol: dolomite; Qz: quartz.
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Table 2
The Eu and Ce anomalies and other REY parameters of worldwide chemical sediments of different ages (PAAS-normalized).

Name of strata Location Lithology N Ga Y/Ho average (range) Cesn/Cesn™ Eusn/Eusn™ Prsn/Smsn Ndsn/Ybsn Smsn/Ybsn Data sources

Isua Greenstone Belt Greenland BIF 7 3.7-3.8 39.7 £5.2(33.5-47.5) 124+029 2.17 +0.60 047 £0.19 027 £0.18 041 +0.23  Bolhar et al., 2004

Top/Bottom of Singeni S Africa BIF 8 ~2.9 36.5+25(314-398) 0.89+003 182+0.16 063+015 260+098 1.22+049 Alexander etal, 2008
Fm., Mozaan Gp.,
Pongola SGp.

Middle of Singeni Fm., S Africa BIF 8 ~2.9 46.7 £ 10.8(35.3-65.5) 0.95+0.09 1.84 £+ 0.21 080 +0.08 152+035 0.76 +£0.17  Alexander et al., 2008
Mozaan Gp., Pongola
SGp.

Campbellrand S Africa Carbonate 5 2.54 76.4 + 12.6 (55.6-100.2) 0.98 + 0.04 1.66 + 0.38 1.05+0.10 0.65+0.29 0.62+0.23 Kamber and Webb,

2001

Kuruman Fm., Transvaal S Africa BIF 13 2.46 451 £5.0(40.2-57.3) 1.04 £0.07 1.75 £ 0.50 0.65+0.08 024+0.05 0.32+0.05 Bau and Dulski, 1996
SGp.

Penge Fm., Transvaal SGp. S Africa BIF 6 2.46 524 +3.0(484-552) 1.09+0.08 1.95+0.19 079 £0.14 028 £0.05 0.33 +£0.07 Bauand Dulski, 1996

BIF, Atlantic City USA BIF 3 2.72-2.67 322 +2.0(31.1-345) 1.03+£0.05 245+ 041 0.68 £0.06 037 +0.04 0.50+0.02 Freietal., 2008

Nemo BIF, Black Hills USA BIF 14 2.89-2.56 43.5 +£8.2(34.1-64.6) 1.05+0.09 1.62 +£0.15 0.69 £0.18 0.50 +£0.27 0.68 +0.28  Frei et al., 2008

Benchmark BIF, Black Hills USA BIF 6 2.56-2.48 35.6 £9.2(26.7-46.3) 095+0.18 137 £0.21 069 +£0.15 076 £033 1.02+0.30 Freietal, 2008

Estes conglomerate, Black USA BIF 14 2.1-2.02 37.0+8.5(255-52.5) 1.16+0.18 134+ 0.31 0.62 +£0.13 0.72+032 1.09 + 046  Freietal, 2008
Hills

Beizi Gp. Greenstones, Henan, China Sediments 5 3.0-2.55 0.81 £ 0.19 1.99 £ 035 117 £ 025 226+144 223 +156 Chenand Zhao, 1997
NCC

Dangzehe Gp. Henan, China Chemical/ clastic 6 2.55-2.3 0.73 £0.14 2.36 +1.70 120+ 019 1.68 +0.86 1.76 +£0.96  Chen and Zhao, 1997
Greenstones, NCC sediments

Shuidigou Gp. khondalite Henan, China Chemical/ clastic 4 ~2.3 0.90 + 0.23 145+ 0.13 0.86 £ 021 091+0.24 1.11+0.17 Chen and Zhao, 1997
series, NCC sediments

Metamorphic sediments, Henan, China Chemical/ clastic 16 2.30-2.15 0.67 + 0.48 0.92 + 0.22 1.00 £ 038 1.52 £ 0.91 1.63 £ 0.81 Chen and Zhao, 1997
NCC sediments

Guanmenshan Fm., Liaohe Liaoning, China Dolomicrite 15 2.3-1.85 441 £ 5.7 (34.5-56.6) 0.93 + 0.09 1.93 + 045 090+ 0.17 0.56 +£0.19 0.65 + 0.27 This study
Gp., NCC

Canning Basin W Australia Reefal 11 0.365-0.36 45.0 + 1.8 (42.4-47.7) 0.73 £0.04 1.02 £ 0.02 0.70 £ 0.03 043 £0.02 0.58 £0.03  Nothdurft et al., 2004

carbonates
microbialites
Great Barrier Reef, Heron E Australia Holocene reefal 52 Morden 57.2 +£2.7(50.0-61.4) 0.81 £ 0.05 1.21 £ 0.08 0.60 £ 0.03 024 +£0.03 035+0.05 Webband Kamber,
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Fig. 8. The PAAS normalized REY patterns for samples from the Guanmenshan Formation. See text for further explanation on classification of the REY groups.

Group Il includes dolomicrite (Fig. 7C) samples of LGO21-LG037
located in the middle of the stratigraphic column and repre-
sents >600m thick strata (Figs. 4-6). Except for samples LG023
and LGO037, all the others show > REE contents ranging from
0.739 to 4.597 ppm with average of 2.414+1.181 ppm (n=15),
and seawater-like REY patterns (Fig. 8III; normalized to PAAS)
characterized by: (1) strong and uniform LREE depletion, with
Ndsn/Ybsn, Prsy/Smgy and Smgy/Ybsy ranging 0.24-0.92 (aver-
age 0.56+0.19), 0.71-1.32 (average 0.90+0.17) and 0.29-1.04
(average 0.65 £ 0.21), respectively; the ratios of the modern shal-
low seawater are 0.21-0.27, 0.52-0.63 and 0.26-0.38, respectively
(Alibo and Nozaki, 1999); (2) superchondritic Y/Ho ratios, rang-
ing from 34.5 to 56.6 with average of 44.1 +5.7 (Table 2), higher
than those of the chondrite (24.7) and the upper continental crust
(27.5) (Taylor and McLennan, 1985); (3) notable positive Y anoma-
lies (Fig. 8I1I); (4) slightly positive La-anomalies ranging 0.69-1.90
with average of 1.04 £0.27 (Table 1). These features are remark-
ably consistent with those of the 2.10-2.02 Ga South Dakota BIF
(Frei et al., 2008) and most Archean samples (Fig. 9A), and are obvi-
ously lower than those of the modern seawater (3.47-4.24; Alibo
and Nozaki, 1999); and (5) consistently positive Gd-anomalies
(Gdsn/Gdsn* =1.05-2.32, with average of 1.64 +0.40), which are

similar to most ancient marine sediments (Fig. 9B) and slightly
higher than those of the modern seawater (Gdsy/Gdsy*=1.08-1.19;
Alibo and Nozaki, 1999). In addition, the rocks also show weak
negative Ce-anomalies (Cegy/Cesn*=0.93 £0.09). Sample LG023
(Figs. 5, 6, 7D, 8III) is characterized by a roof-shaped REY pat-
tern (Prsy/Smgsy =0.43, Smgy/Ybsy =1.23) with the highest P05
(0.478%) and Zr (10.273 ppm) contents among all the samples, and
high > REE (8.282ppm), Al,03 (0.93%), Th (0.496 ppm) and Hf
(0.225 ppm) abundances, but relatively low Y/Ho ratio (31.2). Its
Lagn/Lasn™, Cesn/Cesn™ and Gdgn/Gdsy™ values are 1.95, 1.20 and
1.26 (Table 1), respectively, showing positive anomalies (Fig. 8III),
but Eusn/Eusn® (=0.85 or Eucn/Eucn®=0.52) is the lowest. Sam-
ple LGO37 (Figs. 5, 6, 7E, 8II I) has a flat REY pattern and the
highest > REE (9.616 ppm), Al,03 (1.18%), Th (0.678 ppm) and
Hf (0.248 ppm) contents. The Zr content of this sample is rela-
tively high (9.282 ppm), but the Y/Ho ratio is the lowest (24.0). It
shows no clear La- and Ce-anomalies, with Lagy/Lasy™=0.93 and
Cesn/Cesn™ =1.03, respectively.

Group IV includes samples LG038-LG043 collected from the
uppermost portion of the stratigraphic column, and represents ca.
300 m thick strata (Figs. 4-6). These samples consist of gray varie-
gated, severely recrystallized and veinlet-filled dolomite-marbles
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(Fig. 7F), and were collected from a fracture zone south of the Xiaox-
igou Pb-Zn Mine (Fig. 4). These rocks have relatively high contents
of MnO and Fe, 03 (Fig. 5) and variable REY patterns (Fig. 8IV), but
most (LG039, LG041 and LG043) preserve similar REE abundances
and REY patterns as to those of Group II.

5. Discussion
5.1. Constraints on REY in the Guanmenshan Formation

To utilize REY as a tool for tracing the features of the
input sources, sedimentary processes as well as environment
changes, the geochemical behavior of REY during deposition
and post-depositional geological processes must be properly
understood. The sediment compositions are commonly controlled
by source compositions, diagenetic processes and sedimen-
tary environments (Chen, 1996; Chen and Zhao, 1997; Nozaki
et al, 1997). Compositional features of detrital sediments
are mainly controlled by the source rock properties and the
weathering-transportation-deposition processes. The element
geochemistry of modern shales mainly reflects the weathering
degree of the source rocks (Nesbitt et al., 1990), because the impact
of transportation, deposition, diagenesis and subsequent metamor-
phism on REY is very weak (Bhatia, 1983; Bhatia and Crook, 1986;
Taylor and McLennan, 1985). Consequently, the geochemistry of
elements (e.g., REY, Th, Sc, Hf, Co and several major elements)
in clastic rocks is extensively utilized to trace input sources and
tectonic settings of basins (Bhatia, 1983; Bhatia and Crook, 1986;
Girty et al., 1994). However, the geochemistry of marine chemical
sediments (e.g., carbonates) is mostly controlled by depositional
environment (Chen, 1996; Chen and Zhao, 1997; Nothdurft et al.,
2004; Bolhar and Van Kranendonk, 2007). The REY in the Guanmen-
shan Formation might be affected by (i) the geochemical behavior
of REY in seawater, (ii) syndepositional contamination of various
inputs, and (iii) post-depositional diagenesis and metamorphism.

5.1.1. Fundamental REY geochemistry in seawater and chemical
sediments

Many studies in the past (e.g., Webb and Kamber, 2000; Kamber
and Webb, 2001; Bolhar et al., 2004; Nothdurft et al., 2004; Bolhar
and Van Kranendonk, 2007) have summarized modern seawater

or chemical sediment REY patterns (normalized to a shale stan-
dard) and show the following salient features: (1) positive Lagy
anomaly, which reflects enhanced stability of La in solution and
may be related to the absence of inner 4f electrons (De Baar et al.,
1985; Bolhar et al., 2004); (2) negative Cesy anomaly caused by
the oxidation of Ce(Ill) into less soluble Ce(IV) in modern oxic
ocean system and then scavenged by suspended particles that settle
through the water column (Sholkovitz et al., 1994; Bau and Dulski,
1996). A conspicuous positive Cesy anomaly is observed in alkaline
waters (e.g., the Lake Van, Turkey, pH 9.6; Méller and Bau, 1993),
which is probably due to the stabilization of polycarbonato-Ce(IV)
complexes in solution. Most Archean chemical sediments lack obvi-
ous Cegy anomalies (positive or negative), suggesting that the fO,
was low in the surficial environment at that time (Bau and Dulski,
1996; Frei et al., 2008; Alexander et al., 2008); (3) positive Gdgsy
anomaly due to lower surface complexation stability, which weak-
ens the particle stability and subsequent scavenging, and makes
Gd enriched in solution relative to its neighbors in the REE series
(De Baar et al., 1985; Lee and Byrne, 1992); (4) high Y/Ho ratio
(44-74; Byrne and Lee, 1993; Bau, 1996; Nozaki et al., 1997) that
results from both the preferential sorption of Ho relative to Y on
the scavenging Fe-Mn particles (Bau, 1999) and the fractionation
during crustal weathering and transportation because of easier sur-
face complexation behaviour or higher solubility of Y relative to
Ho-phosphates (Nozaki et al., 1997). The Y/Ho ratios of continental
clasts and volcanic debris are constant at ~28 (Bau, 1996) and sim-
ilar to those of the chondrite (24.7; Taylor and McLennan, 1985);
and (5) LREE and MREE depletions relative to HREE (Smgy/Ybsy < 1;
Ndsn/Ybsy < 1); due to the lanthanide contraction effect, as particles
settle through the water column, LREE and MREE are being pref-
erentially adsorbed while the HREE are preferentially retained in
solution (Chen and Zhao, 1997). The preference to form carbonate
complexes increases from La to Lu, thereby enhancing the HREE
enrichment (Tu et al., 1985; Chen and Fu, 1991; Lee and Byrne,
1992; Sholkovitz et al., 1994).

The REY concentration in modern seawater is controlled primar-
ily by the “scavenging” of certain particles (Erel and Stolper, 1993)
that absorb and precipitate the REY, and result in the extremely
low REY abundances in seawater. On the basis of the intimate
association between Fe-rich colloids and REY, Derry and Jacobsen
(1990) suggested that Fe—oxyhydroxide particles dominated REY
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Fig. 10. Correlation of REY with other elements The poor correlations of Th with Al,03 content (A), and of Y/Ho with Zr and Th concentrations (B and C) as well as the
low contents of Zr and Th suggest that terrestrial debris had not contaminated the chemical sedimentation of the Guanmenshan Formation. Plot of Al content vs. LREE
depletion (Ndsn/Ybsy) in the Guanmenshan Formation samples show poor overall correlation and suggest that LREE depletion is affected by parameters other than shale
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scavenging during the formation of ancient metalliferous sedi-
ments. Experiments demonstrated that the adsorption/desorption
is notably faster than the particles residence time in an oxic water
column and the particle-surface/solution REY exchange equilib-
rium occurs within minutes (Bau, 1999). Bau et al. (1998) pointed
out that very similar fractionation is observed between mod-
ern marine hydrogenetic ferromanganese crusts and terrestrial
spring-water precipitates. The striking difference between these
precipitates (Y/Ho=12.9-17.6; n=2) and fluids (Y/Ho=52.3-59.2;
n=7) displays negative Y anomalies in sediments. This Y-Ho frac-
tionation is due to the preferential adsorption of Ho over Y on

Fe-oxyhydroxides particles (Bau et al., 1996, 1998; Bau, 1999). The
significantly higher Y/Ho ratios in BIFs of different ages (Table 2)
than those of the Fe-oxyhydroxide particles (Bau et al., 1996)
strongly suggests that the scavenged REY could not be at or
near exchange equilibria with ambient seawater (Bau and Dulski,
1996).

5.1.2. Contamination

The REY features of the chemical sediments might be masked
due to contamination. Such contamination must be ruled out in
order to interpret REY data properly. Possibly significant sources
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the REE patterns of the Guanmenshan Formation were affected by parameters other than diagenesis.

of contamination include terrestrial detritus, Fe- or/and Mn-oxide,
sulfide and phosphate.

Terrestrial particulate matter (e.g., shale) is a major input
source for marine REY, but has high REY concentration with dis-
tinctly non-seawater-like pattern (Goldstein and Jacobsen, 1988;
Elderfield et al., 1990). A small quantity (e.g., 1-2%) of shale
would sharply reduce the Lasy and Cesy anomalies and abruptly
decrease the degree of LREE depletion (Nothdurft et al., 2004).
Notable shale contamination can thoroughly change the seawater-
like REY patterns of carbonate into shale-like REY patterns with
pronounced high Y REE values (Nothdurft et al., 2004); and
the abundances of lithophile elements (e.g., Al, Ti, Th, Hf, Zr)
intimately related to terrigenous detritus will greatly increase
and show a strong positive correlation with increased Al con-
centration (Bolhar et al., 2004; Bolhar and Van Kranendonk,
2007; Alexander et al., 2008). For instance, Bau and Dulski
(1996) noticed that the REY patterns of shale contaminated sam-
ples (Al;03>0.5% and/or Sc>0.43 ppm) from the 2.46Ga Penge
BIFs, Transvaal Supergroup, South Africa altered significantly,
while the pure chemical sedimentary BIFs (e.g., Sc<0.43 ppm,
Th<0.1 ppm, and Hf<0.1 ppm) retained seawater-like REY pat-
terns. The terrestrial material (i.e. felsic and basaltic crust) and
chondrite have constant Y/Ho ratios of 26-28 (Webb and Kamber,
2000; Bolhar et al., 2004), and therefore, a small admixture of
any contaminant will reduce the Y/Ho ratios of seawater or
marine chemical sediments (Bau et al., 1996; Webb and Kamber,
2000).

The siderophile elements (e.g., Ni and Sc) are preferen-
tially enriched in the sediments contaminated with Fe- and/or
Mn-oxides, though they incorporate REE disproportionately and
unpredictably (Bau et al., 1996), and have negative correlation with
Y/Ho ratios or Cesy/Cesy™ (Bolhar and Van Kranendonk, 2007). The
chalcophile elements (e.g., Pb, Zn and Cu) in the sediments can
be enriched by sulfide contamination and have negative corre-
lations with Y/Ho ratios (Nothdurft et al., 2004; Bolhar and Van
Kranendonk, 2007). The phosphates have a high affinity for REY in
diagenetic fluids and in some cases show non-uniform incorpora-
tion across the REE mass range (Byrne et al., 1996; Shields and Stille,
2001).

In summary, a small admixture of any contaminants can notably
reduce the Y/Ho ratios of marine chemical sediments and enhance
co-variations between Y/Ho, Cegyn/Cesy ™ (in modern seawater prox-
ies), Prsn/Ybsy, Lagn/Lasy™ and abundances of identifying elements

of terrestrial crust, such as Al, Ti, Zr, Hf, Th and Sc (Bolhar et al.,
2004; Bolhar and Van Kranendonk, 2007).

Shale has not been observed in the Guanmenshan Forma-
tion in the Guanmenshan area. Chlorite and other secondary
minerals are not also observed in petrographic study. Except
for the fractured and recrystallized dolomite-marbles of the
Guanmenshan Formation (Fig. 7F), the alteration and weather-
ing of the samples are very weak. The concentrations of Zr
(0.278-4.360 ppm), Th (0.007-0.207 ppm), Hf (0.002-0.103 ppm)
and Sc (0.115-0.963 ppm) of the samples (except LG023 and
LGO037, as discussed below) are generally low (Table 1). The Al,03
concentrations are 0.36-0.87%, consistent with those of the Pale-
oproterozoic dolostone (Al;03=0.70 4 0.49%; Veizer et al., 1992).
The poor correlations of Th with Al,O03 content (Fig. 10A), and
of Y/Ho with Zr and Th concentrations (Fig. 10B and C), as well
as the low contents of Zr and Th suggest that terrestrial debris
did not contaminate the chemical sedimentation of the Guanmen-
shan Formation. Plots of Al contents vs. Ndsy/Ybsy ratios in the
Guanmenshan Formation show poor correlation and suggest that
the LREE depletion is unlikely affected by detrital contamination
(Fig. 10D). As mentioned above, sample LG023 has a convex REY
pattern that is usually observed in phosphates (Shields and Stille,
2001), suggesting that the sedimentary environment was oxic and
prosperous with biological activity. This is supported by the far
higher P,05 content than the other samples and high  "REE con-
tent in sample LG023 (Figs. 5, 6, 10E). The P,05 contents in other
samples are very low and do not correlate with > REE (Fig. 10E),
and do not suggest any phosphate impact on REY patterns. Fe-oxide
contamination to the sedimentation of the Guanmenshan Forma-
tion can be ruled out due to low contents of Ni and Cu and their poor
correlations with the Y/Ho ratios (Fig. 10F and G). Moreover, Pb
and Sc contents are also very low and are not correlated with Y/Ho
(Fig. 10H and I), excluding the possibility of sulfide contamination.
On the other hand, fractured and recrystallized dolomite-marbles
at the Xiaoxigou Pb-Zn mine area, have relatively high Pb contents,
likely contaminated by sulfides (Fig. 10H).

Sample LG037 is dominated by marl/dolomite with limited
microspar (Fig. 7E), and has flat shale-normalized REY pattern
(Fig. 8III). It is obviously richer in terrigenous detritus-intimate
incompatible elements (e.g., Al, Ti, Th, Hf, Zr, Sc) as compared
to the other samples (Table 1, Fig. 10), and is also richer than
the recognized shale-contaminated samples (Al,03 >0.5% and/or
Sc>0.43 ppm) from the 2.46 Ga Penge BIFs, Transvaal Supergroup,
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South Africa (Bau and Dulski, 1996). These features show that the
strata represented by sample LG0O37 were contaminated by shale
or terrigenous detritus.

5.1.3. Impact from post-depositional processes

Diagenesis, metamorphism and fluid flow are three commonly
considered geological processes which affect the REY geochemi-
cal signatures of the chemical sediments. Based on the study of
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BIFs in Hamersley (Western Australia), Broomstock (Zimbabwe),
and Kuruman and Penge (South Africa), Bau (1993) showed that
REY could not be mobilized during diagenesis. Banner and Hanson
(1990) studied the dolomites of the Mississippian Burlington-
Keokuk Formation and showed that during diagenetic water-rock
interaction the C and Nd isotope ratios and REE contents did not
show notable change when the fluid/rock ratio (on a weight basis)
is below 1000, although the 87Sr/86Sr ratios increased, and the
8180 values and Sr contents decreased. In general, hydrothermal
processes reduced Sr concentration and increased Mn, Fe and Rb
concentrations in carbonate rocks (Brand and Veizer, 1980; Veizer,
1983; Veizer et al., 1999; Jacobsen and Kaufman, 1999; Melezhik
etal.,,2001a,b, 2005, 2006, 2008; Bekker et al., 2001, 2003a,b, 2005).

Metamorphism has little effect on REY mobility; however,
intense hydrothermal alteration associated with metamorphic pro-
cesses could result in LREE depletions and negative Eu anomalies in
carbonate rocks (Bau, 1993). For instance, the high-grade metamor-
phosed BIFs in the 3.7 Ga Isua Supergroup (Greenland) do not show
Eu- or LREE-depletion, and similar detritus-free BIFs in other areas
display similar REY patterns regardless of the metamorphic grade
(Bau, 1991, 1993). Accordingly, the REY geochemical characteristics
of very low-grade metamorphosed Guanmenshan Formation can-
not be related to metamorphism, but indicates local hydrothermal
alteration of the rocks.

In Fig. 11A, the fractured and recrystallized dolomite-marble
samples from the Xiaoxigou Mine (Fig. 7F) cluster in a recrystalliza-
tion trend. They have low SiO, contents (<5%), lower 5180 values
than the other samples of the Guanmenshan Formation, and vari-
able REY patterns (Fig. 81V), suggesting the effects of hydrothermal
alteration. The samples from the Lidigou area (Fig. 4) mainly cluster
in a silicification trend (Fig. 11A), with high 880 ratios, which can
be interpreted as the “seal” protection of the carbonate O-isotope
systems because quartz formed from diagenetic silication generally
has high 8180 (Bau et al., 1999).

The most intensely silicified samples have the lowest REY
concentrations, accompanied by the decrease in other main com-
ponents (Table 1; Figs. 5 and 6), but they still have REY patterns
similar to the other dolostones in adjacent strata (Fig. 8II). The
Fe,03T contents in the carbonates of the Guanmenshan Forma-
tion are not higher than 1.32% (Table 1), and slightly lower than
the worldwide Paleoproterozoic carbonates (Fe, 03T = 1.61 + 0.44%;
Veizer et al., 1992). However, they show increase with silicification
(Fig. 11B), particularly as displayed by sample LGO05 which was
affected by the diabase dyke intrusion (Figs. 4 and 7A). The MnO
contents show similar increasing trend (Table 1), companied with
the 8180, decrease (Fig. 11B) possibly caused by hydrothermal
alteration (Tang et al., 2009, 2011). The poor correlation of Fe; 03T
contents with ZREE (Fig. 11C) suggests that the REY patterns of
the Guanmenshan Formation are affected by factors other than
diagenesis.

Fifteen samples from the Guanmenshan and Xiaoxigou mining
areas (Fig. 81l and IV) have consistent REY patterns, character-
ized by pronounced Eugy enrichments in shale-normalized trace
element patterns, with Eucy/Eucy®=0.83-4.45 and average of
1.56+0.95. In modern marine environments, the pronounced
positive Eu anomalies are only observed in high-temperature
(>250°C) hydrothermal systems typically developed at mid-ocean
ridges and back-arc spreading centers, where alteration of seafloor
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Fig. 12. PAAS-normalized REY diagrams for seawater proxies and Guanmenshan
Fm. (A) Samples of the Guanmenshan, modern seawater (depth <500 m, Pacific
seawater, data cited from Alibo and Nozaki, 1999) and high-T (>350°C) marine
hydrothermal fluids (Bau and Dulski, 1999); (B) averages of Archaean to Paleopro-
terozoic carbonates and banded iron formations (BIF), data sources: 3.7 Ga Isua BIF
(Bolhar et al., 2004); 2.9 Ga Pongola BIF (Alexander et al., 2008); 2.52 Ga Campbell-
rand stromatolites (Kamber and Webb, 2001); 2.46 Ga Kuruman and Penge BIFs
(Bau and Dulski, 1996); 2.10-1.87 Ga South Dakota BIF (Frei et al., 2008). Devonian
reef carbonates (375-360 Ma; Nothdurft et al., 2004); and recent microbialites from
Great Barrier Reef (Webb and Kamber, 2000).

basalts or mafic rocks contribute both REY, together with Fe2* and
Mn?2* to the hydrothermal systems (Bau and Dulski, 1996, 1999).
High-temperature (>250°C) hydrothermal systems have higher
(Eu/Eu*)cny (>1) and (Sm/Yb)cy ratios than the low-temperature
(<250°C) ones (Pichler et al., 1999; Wheat et al., 2002), but both
have positive eyg values (Bau and Méller, 1993).

The homogenization temperatures of fluid inclusions in
dolomite at the Guanmenshan and Xiaoxigou mining areas range
from 141 to 341°C, and mainly fall in the region of 170-260°C,
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than high-T hydrothermal fluids.

and the homogenization temperatures of fluid inclusions in
quartz show a range of 87-320°C (Rui et al., 1991). These
results clearly show that the carbonate strata at the Guan-
menshan and Xiaoxigou mining areas strongly interacted with
high-temperature hydrothermal fluids. Therefore, the REY pat-
terns of those 15 samples mentioned above, similar to modern
seafloor high-temperature hydrothermal systems, cannot record
the seawater REY features, but suggest that the ore-hosting
strata might have been altered by high-temperature hydrothermal
fluids, or contaminated by syn-depositional seafloor hydrother-
mal sedimentation. In addition, the REY patterns of silicified
dolomites shown in Fig. 8I, possibly record the REY signatures
of locally low-temperature hydrothermal activity (Wheat et al.,
2002).

5.2. Paleoproterozoic seawater composition

As discussed above, part of the samples of the Guanmenshan
Formation dolostones record the REY compositions and changes in
Paleoproterozoic seawater. The dolomicrite rocks from the mid-
dle of the stratigraphic column of the Guanmenshan Formation
have the most consistent seawater-like shale-normalized REY pat-
terns, with LREE depletions and positive La, Gd, and Y anomalies
(Fig. 8111), and similar to those of the worldwide chemical sediments
of different ages (Fig. 12), suggesting that these samples preserve
robust REY geochemical signatures of contemporaneous seawater,
and thereby can be used to trace the nature of the 2.33-2.06 Ga
hydrosphere-atmosphere system.

In general, the >2.3Ga chemical sediments are enriched in
Eu, with Eucny/Eucn™>1 (Fig. 13) which is a common REY feature
of Archean sediments (Derry and Jacobsen, 1990), and suggests
that the seafloor high-temperature hydrothermal fluids were
quite active in Archean, and/or, the fO, was low in Archean
atmosphere-hydrosphere system (Chen and Fu, 1991; Chen and
Zhao, 1997). The REY features of the Guanmenshan Formation
dolomicrite are characterized by Eucy/Eucn ™~ 1(or slightly >1) and
Smen/Yben > 1, distinctly different from those of the >2.3 Ga chem-
ical sediments (Fig. 13), suggesting that the formation of theses
rocks did not occur in >2.3 Ga anoxic environment.

Modeling calculation for two-endmember mixing system shows
that the Eu/Sm ratios of the Guanmenshan Formation could be
accounted by a 1% contribution of high-T fluids to the modern sea-
water (Fig. 14A; Bau and Moller, 1993), but the Y/Ho and Sm/Yb
ratios must be matched up by a >5% contribution of high-T flu-
ids (Fig. 14B). This discrepancy in mixing ratios (Fig. 14C) shows

that the REY signatures of the Guanmenshan Formation cannot
be explained by synsedimentary hydrothermal fluid mixing, sug-
gesting that the composition of Paleoproterozoic seawater was
different from the modern seawater and its mixing with hydrother-
mal fluids.

The river water is another possible contributor to REY in the
Guanmenshan Formation. The samples from the top and bottom
of the 2.9 Ga Pongola BIF-containing sequence have notable higher
Smcn/Ybey ratios than those from the middle section of the Pon-
gola sequence and other Arhean BIFs (Fig. 13), which is linked
to the input of river water during sedimentation of the Pongola
BIF (Alexander et al., 2008). Elderfield et al. (1990) reported REY
data for five coastal seas (salinity > 20%.), and six estuarine waters
(salinity < 10%.) as well as 15 rivers that have Smcy/Yben ratios
of 0.7-1.24, 0.63-4.74 and 0.93-4.74, respectively, and deduced
that the colloidal particles in river water might be enriched in
the MREE (shale-normalized) relative to the light and heavy REY.
Studies of the Kalix River in Sweden demonstrated that the Fe-
and C-rich colloidal particles (Andersson et al., 2006), are enriched
in MREE and HREE, and the Fe-rich organic colloids are gener-
ally enriched in MREE (Sholkovitz and Szymczak, 2000; Hannigan
and Sholkovitz, 2001). These results can help in understanding
the formation of BIFs in the shallowest sea, and can be employed
to interpret the slight MREE enrichment in the Guanmenshan
dolostone.

In summary, as indicated by the REY in the Guanmenshan
Formation, the 2.3-2.06 Ga seawater was unique in composition,
compared to Archean and Phanerozoic.

5.3. Paleoproterozoic environment change: the Lomagundi Event

Carbonate and BIF are two important chemical sediments which
can be used to trace the nature and evolution of the Earth’s
hydrosphere-atmosphere system (Chen, 1996; Huston and Logan,
2004; and references therein). The application to BIFs has been well
documented (Table 2, Fig. 15; Huston and Logan, 2004; Frei et al.,
2008). Precambrian BIFs are generally divided into the Algoma-
and Superior-types (Gross, 1983) and mainly formed in Paleopro-
terozoic when the fO, in seawater was high enough to oxidize
Fe2* into Fe3* (Fig. 15) to form voluminous BIFs (Huston and
Logan, 2004). The pre-2.33 Ga BIFs are mainly Algoma-type (domi-
nated by F304) associated with greenstone belts (e.g., Zhang et al.,
2011); whereas the post-2.06 Ga BIFs are dominated by Superior-
type (dominated by Fe,03) associated with the stable sedimentary
basins and cratonic margins. The size of Superior-type BIF Fe

doi:10.1016/j.precamres.2012.02.005

Please cite this article in press as: Tang, H.-S., et al., REE geochemistry of carbonates from the Guanmenshan Formation, Liaohe Group,
NE Sino-Korean Craton: Implications for seawater compositional change during the Great Oxidation Event. Precambrian Res. (2012),



dx.doi.org/10.1016/j.precamres.2012.02.005

G Model
PRECAM-3518; No.of Pages21

H.-S. Tang et al. / Precambrian Research xxx (2012) XxX—xXx 17
100
|REYGroups: Al «1l Ol <>|v| (] o — 2.33-2.06 Ga
80 A 4+ o A
seawater ¢, 0.1% hydrothemal fluid -
60 @) °. 1% hydrothemal - === This study
fluid 0 o < Data in Table 2
a0 A @® * 5% hydrothemal 3 E|:t| O Huston & Logan (2004)
]c:> & . o fluid I O Algoma-type BIF
>.. | OA&A b = B ¢ ¢ A Superior-type BIF
28 'y * = o
high-T Wb o C o -
20 hydrothemal fluids [m[m] ?}
163k e OB - R EEE R L PR T R
Hydrogenetic Fe-Mn crust A O-%O & 3
+3.7GalsuaBIF <
= 2.9Ga Pongola BIF 1F o <&
v 2.46Ga Kuuman BIF
10 01 . E— '; = e ‘10 L | L | L | L | L | L | L | 1
’ Eu/Sm 40 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
100
L 3.0
8o |
1% hydrothemal luid B B
B seawater Ps | o
60 | 2.5
A <
40 | 2.0
o .
T 5 <
~ i O
> a8 f o . > 1.5f ©
) high-T = o
20 | hydrothemal fluids Z 1.0F )
Hydrogenetic Fe-Mn crust <<>> <&
0.5 4 pe <
10 1 L cd 9 <r
0.2 20 10 OO 1 1 1 | 1 1 1 1 1 | 1 1 1 1 1
Sm/Yb 40 35 30 25 20 15 1.0 05 0.0
30 Age (Ga)
- c
high-T Fig. 15. Chemical sedimentary Eusy/Eusy™ and Ndsn/Ybsy and their change with
ok hydrothemal fluids geologic time. Data from Huston and Logan (2004) (n=158) and Table 2 (n=205).
o [ 1.08, with average of 0.93 +£0.09, more negative than those of
?E- F o AR 5% hydrothormal the Archean gamples, but the valugs markedly less_ than those
w | o ! fluid of Phanerozoic seawater and marine sediments (Figs. 9A, 12;
& A Table 2). The Eusy/Eugy™ ratios of the Guanmenshan Formation
1k %%f 1% hydrothemal fluid range 1.34-2.55, corresponding to Eucy/Eucy®=0.84-1.64, just
i £s right around Eugy/Eusy*=1.53 or Eucn/Euen®=1, clearly lower
F =& N than those of most pre-2.33 Ga chemical sediments (Fig. 15A;
sl jseawater  + 0 RIVEPTEMAHS Table 2), which suggests that the Guanmenshan Formation devel-
K 10 oped at the turning point of the Earth’s surface environmental

1
Eu/Sm

Fig. 14. Plots for Eu/Sm, Sm/Yb and Y/Ho and conservative two-component mixing
lines. (A) Y/Ho vs. Eu/Sm; (B) Y/Ho vs. Sm/Yb; (C) Sm/Yb as a function of Eu/Sm. Data
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deposits generally range 10°-108 Mt, far larger than the Algoma-
type of 103-107 Mt (Huston and Logan, 2004). The development
time and geological characteristics of these two contrasting types
of BIFs strongly demonstrate that the hydrosphere-atmosphere
system was rapidly oxidized during 2.33-2.06 Ga.

The carbonate strata have a relatively simple process of origin
and are widely developed in the Paleoproterozoic, and can there-
fore serve as a fingerprint to trace Paleoproterozoic environmental
change. As indicated by the REY signature, the Guanmenshan For-
mation records the environmental change during 2.3-2.06 Ga. The
samples of the Guanmenshan Formation differ from the Archean
or Phanerozoic chemical sediments by lower positive La anoma-
lies, but are in accordance with those of the 2.10-2.02 Ga South
Dakota BIF (Frei et al., 2008; Fig. 9A). The Cesy/Cesn™ values
of the Guanmenshan Formation dolomicrite range from 0.80 to

evolution.

To explain the positive-to-negative transition of the sedimen-
tary Eucn/Eucn® anomalies and the decrease of the Ndsy/Ybsy
(Fig. 15B) or (LREE/HREE )y, several geochemical models have been
proposed (e.g., Taylor and McLennan, 1985; Fryer, 1977; Condie,
1997).

On the basis of the SHAB theory (Dai, 1987), Chen and Zhao
(1997) discussed the mechanism of the change in Eu anomalies
at around 2.3 Ga. Eu?* and Eu3* are the two natural states of the
element Eu. The Eu3*/Eu?* is affected by fO,; when fO, is low, the
aqueous anions will prevail as soft bases such as HS—, S2=, SCN,
S,032-, CO, CHy; and the value of Eu3*/Eu?* is low; thus Eu is
dominated by Eu?*. As a kind of acid, low valence Eu?* is softer
than R3* (trivalent REE ions, including Eu3*) which are all typi-
cal hard acids. Eu?* is easier than R3* to combine with soft bases
into stable complexes and to precipitate from water, whereas R3*
prefers to stay in water as ion. Thus sediment deposition in the
reducing environment would be characterized by low Y REE and
positive Eu-anomaly. On the contrary, when fO, is high, Eu is dom-
inated by Eu3* and the anions will be hard bases such as OH-,
CO32-, S042~ and NO3~. As hard acids, Eu3* and other R3* tend
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to be combined with the hard bases (particularly OH™) into sta-
ble complexes and precipitate, and Eu?* is likely to stay in water.
Consequently, the sediments deposited under oxidizing conditions
would be characterized by high > "REE and Eu-depletion. Similarly,
compared with LR3*, the HR3* are harder acids with smaller ionic
radii. The LR3* /HR3* ratios will be high in the reducing environment
and low under oxidizing conditions. Therefore, Eugy/Eusy*>1.53
and high Ndgy/Ybsy ratios of the chemical sediments indicate that
the depositional environment is reducing whereas those chemi-
cal sediments with Eugn/Eugy™ < 1.53 and low Ndgy/Ybsy ratios are
deposited in an oxidizing environment.

In the light of the mechanism discussed above and the REY pat-
terns of the worldwide chemical sediments of different ages, we
can confirm that the surficial environment changed from reduc-
ing to oxidizing during 2.33-2.06 Ga and a rapid oxidation began
at ~2.33Ga, which is also be supported by the mass develop-
ment of the evaporite deposits, Superior-type BIF, REE deposits,
red beds, carbonates strata, phosphates, stromatolites, graphite
deposits and other important changes after 2.3 Ga (Tu et al., 1985;
Chen, 1990, 1996; Chen et al., 1991, 1994; Bekker et al., 2003a,b).
These inferences are also consistent with about the data from
the Lamagundi/Jatulian Event (Schidlowski et al., 1975; Karhu and
Holland, 1996; Melezhik et al., 1999).

6. Concluding remarks

(1) The major and trace element geochemical features indicate
that the samples examined in this study from the Guanmenshan
Formation are typical pure marine chemical sediments. The least
altered dolomicrite samples (>600m strata) have  REE content
0f 0.739-4.175 ppm (2.414 + 1.184 ppm, n=15), similar to those of
the contemporaneous marine chemical sediments in the world.
Their Lagny/Lasn™, Gdsn/Gdsn™, Y/Ho and Ndgyn/Ybsy are 0.69-1.90
(1.04+£0.27), 1.11-1.60 (1.35+0.16), 34.5-56.6 (44.1+5.7) and
0.24-0.92(0.56 £ 0.19), respectively, consistent with marine chem-
ical sediments and similar to modern sea water, suggesting that
the sea water REY patterns of the Lomagundi period (2.33-2.06 Ga)
have been preserved.

(2) The 15 (silicified) dolomicrite samples from the Guanmen-
shan mining camp and three intensely recrystallized dolomicrite
samples with veinlets from the Xiaoxigou mining campus show REY
patterns (Eucn/Eucn* ranging 0.83-4.45, and averaging 1.56 £ 0.95;
n=15) similar to the high-temperature hydrothermal fluids
(>250°C). They are characterized by flat pattern with striking pos-
itive Eu anomalies, suggesting that part of dolostone stratum was
metasomatized by high-temperature hydrothermal fluids. These
REY patterns record the properties of mineralized fluids.

(3) The Smcyn/Ybeny (>1) of the Guanmenshan Formation are
higher than those of the Archean (>2.33 Ga) chemical sediments
(Smen/Yben < 1), and suggest that the seafloor hydrothermal fluid
had no notable contribution to the REY patterns of the carbonates
in the Guanmenshn Formation. The average Eugy/Eusy™ of dolomi-
crite samples is 1.93 +£0.45 (n=15), or Eucn/Euen®~1(1.204+0.29),
and the average Cegn/Cesn ™ is 0.93 4 0.09, indicating that the Guan-
menshan Formation was deposited at a critical turning point in the
Earth history when the atmosphere-hydrosphere system sharply
changed from reducing to oxidizing with a marked increase in the
fO, of sea water.
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