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a confined sea basin on continental margin and was influ-
enced by later complex geological processes.
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Introduction

Precambrian banded iron formation (BIF) is iron-rich min-
erals (mainly magnetite) and gangue minerals (mainly 
quartz) consisting of banded or striped formation chemi-
cal sedimentary rocks (James 1954, 1983), widely dis-
tributed around the world in Archean to Early Proterozoic 
(3.8–1.9 Ga) (Huston and Logan 2004), and develops well 
around 2.7–2.0 Ga (Isley 1995; James 1983; Klein 2005). It 
is an important part of the early crust, recorded much infor-
mation about the evolution of lithosphere, hydrosphere, 
atmosphere, and biosphere of the earth, reflecting geologi-
cal environment and crustal evolution characteristics at that 
time. According to the age and ore-bearing formation, the 
BIF is classified as Algoma type and Superior type (Gross 
1980). Algoma type is mainly produced in Archean, usu-
ally formed in island arc, back-arc basin or cratonic rift, 
and closely related with submarine volcanic activity. Supe-
rior type is mainly produced in Early Proterozoic, generally 
formed in shallow marine environment and closely related 
to sedimentation, with the deposition scale much larger 
than Algoma type (Gross 1980, 1983, 1996). Chinese geol-
ogists have been studying BIFs systematically since the 
1950s (Cheng 1957). It was shown that the Chinese BIFs 
mainly developed in the edge and rift zones of the North 
China Craton (NCC) from the Late Archean to Early Pro-
terozoic, with the primary characteristics of low-grade ore 
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and less rich ore. They almost all belong to Algoma-type 
deposits, such as Gongchangling, Waitoushan, Nanfen, 
and Qidashan iron deposit in Liaoning Province, and Shu-
ichang, Shirengou, and Sijiaying iron deposit in the east of 
Hebei Province. Only Yuanjiacun iron ore in Shanxi Prov-
ince is initially thought as Superior type (Zhai and Wind-
ley 1990; Zhai et al. 1990; Cheng 1998; Dai et al. 2012, 
2014; Wang et al. 2014; Zhang et al. 2011, 2012; Shen 
et al. 1994, 2006). In recent years, some researchers sug-
gest that the Huoqiu BIF is a sedimentary metamorphic ore 
deposit formed in back-arc basin with age of 2.75–2.55 Ga, 
and the origin for mineralization is mainly from seawater, 
submarine volcanic hydrothermal, and a small amount of 
terrigenous clastic materials (Liu and Yang 2015; Wan et al. 
2009; Yang et al. 2012, 2014). Based on the formation envi-
ronment, flysch-like structure of ore-bearing reservoirs and 
abundant occurrence of carbonate rocks in the Huoqiu iron 
area (Yang et al. 2012), Liu and Yang (2015) define it as the 
Superior-type BIF.

Most of the BIFs in NCC can be divided into quartz-
type (the oxide type) magnetite (or hematite) and silicate-
type magnetite (or hematite) according to the features 
of mineral assemblage. However, the Lilaozhuang BIF 
in the Huoqiu area contains not only these two types but 
also carbonate type. Besides, the Lilaozhuang iron deposit 
also occurs with magnesite deposit, which is also very rare 
compared with other BIFs in the world. By analyzing the 
major, trace elements of iron ore, magnesite and bedrock 
of the Lilaozhuang deposit at the Huoqiu area, as well as 
C–O isotopics of magnesites and carbonate mineral asso-
ciated with magnetites, this paper discusses the formation 

tectonic setting, sedimentary environment, and origin of the 
Lilaozhuang deposit.

Regional geology

The Precambrian Huoqiu BIF iron orefield is located in the 
southern margin of NCC. There are Zhouji, Zhangzhuang, 
Zhouyoufang, Wuji, Zhongxinji, Lilaozhuang, and other 
iron deposits from north to south (Fig. 1), The Huoqiu ore-
field is composed of more than 10 iron deposits with total 
proven reserves of ca. 23 × 108 t (contained Fe metal), 
and probable reserves of ca. 30 × 108 t, with average w 
(Fe) = 23.74 % (313 Geological Team 1995). Huoqiu 
iron orefield is located at the Changshanqiong fault-fold 
belt and situated in western Huoqiu County with north–
south extension about 40 km and west–east width about 
2.7 km. The east of Huoqiu orefield is Hefei depression 
(secondary structure—Huoqiu depression), and the west 
is Huangchuan depression in Henan Province (secondary 
structure—Gushi depressions), with Feizhong major fault 
as south boundary and Huainan synclinorium as northern 
neighbor.

The Precambrian metamorphic basement of Huoqiu 
iron orefield is part of Henan and Anhui partitions of North 
China tectonic zone and is composed of Neoarchean Huo-
qiu Group, Wuhe Group, and Early Proterozoic Fengyang 
Group. The regional stratigraphy develops Neoarchean—
Quaternary strata except for some missing Paleozoic strata. 
The Huoqiu iron orefield is mainly hosted in the Neoar-
chean Huoqiu Group, which is a set of metamorphic rocks 
which experienced Archean middle-high-grade metamor-
phism. According to the rock associations, the Huoqiu 
Group can be divided into two series and three succession 
formations, i.e., the Huayuan Fm., Wuji Fm., and Zhouji 
Fm. These three formations are all in conformable contacts. 
The total thickness of Huoqiu Group and iron-bearing layer 
in Huoqiu area is >1520 m, and they have all been covered 
by Quaternary sediments. The Huoqiu Group is character-
ized by both sedimentary and volcanic sedimentary forma-
tions. The protolith of Huoqiu Group is considered to be 
flysch-like nature formed by a basic volcanic–sedimentary 
cycle, that is, terrestrial clastic rocks–clay shale–carbonate 
rocks interbedded with ferrosilicon sedimentary formation. 
Yang et al. (2012) have presumed Huoqiu Group to be the 
sedimentary products deposited between island arc and 
continental margin. The BIF occurs in a north–south-trend-
ing trough in an east–west depression.

From the regional geological background, the Huoqiu 
Group consists of metamorphic volcanic–sedimentary rocks 
which have undergone migmatization. The mineral assem-
blage of hornblende + almandine + plagioclase + quartz 

Fig. 1  Geological map of the Huoqiu ore deposit (313 Geologi-
cal Team 1991; Zhao et al. 2005). 1 Quaternary; 2 lower Cretaceous 
Xinzhuang formation; 3 upper Jurassic Heishidu formation; 4 upper 
Jurassic upper section of Maotan formation; 5 upper Jurassic lower 
section Maotan formation; 6 lower Cambrian Maozhuang formation; 
7 lower Cambrian system Mantou formation; 8 lower Cambrian sys-
tem Houjiashan formation; 9 Sinian system Fengtai formation; 10 
Sinian system upper section of Jiudingshan formation; 11 Sinian sys-
tem lower section of Jiudingshan formation; 12 Sinian system Niyuan 
formation; 13 Sinian system Sidingshan formation; 14 Sinian system 
Jiuliqiao formation; 15 Sinian system Sishilichangshan formation; 16 
Neoproterozoic (Qingbaikou system) Liulaobei formation; 17 Neo-
proterozoic (Qingbaikou System) Caodian formation; 18 Paleo-Pro-
terozoic Xiayan formation, Fengyang Group; 19 Neoarchean upper 
section of Zhouji formation, Huoqiu Group; 20 Neoarchean lower 
section of Zhouji formation, Huoqiu Group; 21 Neoarchean upper 
section of Wuji formation, Huoqiu Group; 22 Neoarchean lower sec-
tion of Wuji formation, Huoqiu Group; 23 Neoarchean Huayuan for-
mation, Huoqiu Group; 24 ore body; 25 granite porphyry; 26 diorite 
porphyrite; 27 measured-speculated geological boundaries; 28 spec-
ulated unconformity geological boundaries; 29 speculated normal 
faults; 30 speculated thrust fault; 31 indeterminacy fault and its serial 
number; 32 speculated fault; 33 attitude of stratum; 34 schistosity and 
inverted schistosity occurrence

◂
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may indicate low amphibolite facies of regional metamor-
phism during metallogenic stages in the Huoqiu orefield. 
In addition, local disseminated-type ore formation and 
the emergence of serpentine (e.g., Lilaozhuang deposit) 
shows that metallogenic stage had undergone hydrother-
mal metasomatism (Sun 2007), similar to those as reported 
for hydrothermal reformation in NCC. A small amount of 
carbonate magnetites occurs at Lilaozhuang area, which is 
accompanied by the emergence of a large amount of mag-
nesite. Lilaozhuang deposit is the representative of Huoqiu 
BIF mineralization belt, with bedrocks that occur in iron ore 
body contain large amounts of carbonate rocks and produce 
associated thick layered magnesite, which is featured by 
paragenetic association of iron–(iron) magnesite (Table 1).

Deposit geology

The Lilaozhuang iron–magnesite ore deposit in the east-
ern Huoqiu orefield was controlled by a syncline tectonic 
trending east–west direction, with proven reserves of iron 
ore resources ca. 64 × 106 t and magnesite reserves ca. 
33 × 105 t (Department of Land and Resources of Anhui 
Province 2004). The iron–magnesite ore bodies are hosted 
in meta-sedimentary rocks and marbles of the Wuji for-
mation in the Neoarchean Huoqiu Group. The lithology 
of the Lilaozhuang syncline core is the bottom section of 
Late Archean Zhouji formation, composed of banded mig-
matite and migmatized mica-plagiogneiss. Both limbs of 
the syncline are Wuji formation, but the dip angles of the 
limbs look different, with the south limb (20°–40°) is a lit-
tle steeper than the north limp (about 20°),the axial plane 
is smooth and leans to the south slightly. The upper part 
of the top section of Wuji formation contains magnetite-
bearing schist, migmatite layer, gneiss layer, and the lower 
part bears magnetite mixed with magnesium-rich carbon-
ate layer and gneiss layer. The bottom section is mainly 
homogeneous migmatite, with lithology chiefly biotite 
plagiogneiss, mica–quartz schist, magnetite sandwiched 

magnesite, magnesite, serpentinite, and actinolite schist 
(Sun 2007).

Ore body

The ore body is covered by Quaternary clay of 136–243 m 
thick, with length of 1187 m from east to west, and width 
of 286–1028 m from south to north (Fig. 2). The ore body 
is generally layered, stratiform-like, or lenticular, showing 
an overall trend of nearly east–westward with asymmetri-
cal wings. Along the strike and dip, the ore body displays 
diverse features, e.g., dilatation, striction, offset, recombi-
nation, and pinching out (Figs. 2, 3a). Two faults have been 
found in the mining area. F14 is about 1000 m, located in 
the eastern part of ore deposit showing a normal fault with 
the strike NW 317° and dip angle SW 65°. F15 is about 
1100 m, located in west showing a reverse fault, with the 
strike NE 34° and dip angle NW 65° (Fig. 2).

There coexist iron ores and magnesite ores in 
Lilaozhuang deposit. The iron ores in the Lilaozhuang 
deposit show mainly silicate, carbonate, and quartz type, 
among which silicate type is the most developed. The sili-
cate type consists of magnetite (or hematite), amphibole, 
and quartz, sometimes bearing small amounts of chlorite 
with banded structure (Fig. 4a, b). The carbonate type, 
occurs in the transition zone between the silicate-type iron 
ore and magnesite, is composed primarily of magnetite (or 
hematite), magnesite (iron–magnesite), and a small amount 
of siderite, containing a small amount of quartz with mas-
sive or disseminated structure, crystalloblastic texture 
(Fig. 4c, d). The quartz-type ore is less common in this 
region and locates at the top of the ore body. It is mainly 
comprised of magnetic (or hematite) and quartz, and pos-
sesses banded formation.

Magnesite ore bodies occur in the magnetite layer and 
magnesium-rich carbonate rocks at the top section of the 
Wuji Group. The ore bodies present as lenticular, and their 
dip and strike are consistent with the attitude of surround-
ing rocks, which is controlled by the Lilaozhuang syncline, 

Table 1  Ore types and their 
features at Huoqiu deposits

Ore type Mineral assemblage Texture and structure Occurrence locations

Silicate Hornblende–quartz–mag-
netite

Banded, striped structure and 
columnar, granular texture

Most parts of Huoqiu deposit

Iron amphibole–quartz–mag-
netite

Actinolite–quartz–magnetite

Quartz Quartz–magnetite Banded, striped structure and 
fine crystalloblastic texture

Zhouji, Zhouyoufang, and 
Zhongxinji deposits

Quartz–hematite/specularite Banded, striped structure and 
flake crystalloblastic texture

Carbonate Magnetite–magnesite Fine crystalloblastic texture Only at Lilaozhuang deposit

Magnetite–iron magnesite
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with strike is nearly EW and gradually becomes slow from 
bottom to top. The top and bottom of ore bodies are mainly 
dolomite marble, sandwiched mainly with serpentinite and 
magnesite dolomite marble. The ore is white or gray sparry 
magnesite (Fig. 4e), which is mainly composed of magne-
site, and contains a small amount of dolomite, serpentine, 
phlogopite, and magnetite (hematite). Magnesite ore has 
prismatic porphyroblastic texture, and metasomatic texture 
does not develop well (Fig. 4f). Some magnesite ore pre-
sents as veined metasomatic dolomite or enveloped coarse 
magnesite or metasomatic fine magnesite. Ore structures 
present mainly as block structure, with a few banded, fine 
veins, and crushed structure.

Wall rock

The roof and bottom of iron–magnesite ore bodies at the 
Lilaozhuang area mainly contain plagioclase-bearing bio-
tite quartz schist, and ore bodies are of the same occur-
rence. Their contacting boundary shows transition rela-
tionships because of containing magnetite. The interlayer 
substance of the ore bodies is mainly biotite quartz schist, 
biotite leptynite, and amphibolite rocks, secondly actinolite 

(Fe-bearing) schist, biotite plagioclase schist, hornblende 
plagioclase gneiss, magnesite-bearing dolomite mar-
ble. The surrounding rocks are generally lenticular, and a 
few are layered, with their dip and strike consistent with 
the attitude of the ore bodies. The contacting boundary 
between surrounding rocks and ore bodies is clear, except 
for a few presenting different transition relations due to the 
emergence of magnetite thin layer.

Biotite–quartz schist shows light brownish-black, often 
bearing chloritization features, with scaly granular crystal-
loblastic texture, and schistose structure. The rock has obvi-
ous schistosity and mainly consists of 60–65 wt% quartz, 
30–35 wt% biotite and hornblende, small amounts of 
other minerals (±5 wt%), and occasional parallel-aligned 
garnet, quartz, hornblende between biotite (Fig. 5a). Lep-
tynite shows brownish-black, chloritization develops obvi-
ously, with fine granular crystalloblastic texture and mas-
sive structure. The rock consists of 30–35 wt% quartz, 
50 wt% feldspar, biotite 15–20 wt% (mostly chloritization), 
and sometimes a small amount of muscovite and amphi-
bole (Fig. 5b). Plagioclase amphibolite shows dark green 
color, having columnar granular crystalloblastic texture 
and schistose structure, and some presenting sesame-like 

Fig. 2  Bedrocks geologi-
cal sketch of the Lilaozhuang 
deposit in Huoqiu region 
(Presinian system) (Sun 2007). 
1 Pegmatite; 2 ore body and 
its number; 3 speculated 
thrust fault and its number; 4 
speculated normal faults and its 
number; 5 section line number; 
6 migmatite gneiss in lower 
section of Zhouji formation; 7 
upper schist with magnetite in 
upper section of Wuji forma-
tion; 8 upper migmatite in upper 
section of Wuji formation; 9 
upper gneiss in upper section 
of Wuji formation; 10 lower 
magnetite with magnesium-
rich carbonate in upper section 
of Wuji formation; 11 lower 
gneiss in upper section of Wuji 
formation; 12 banded migmatite 
in lower section of the Wuji 
formation
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dot structure or massive structure. The main mineral com-
ponent is 50–85 wt% hornblende, 20–50 wt% plagioclase, 
and <5 wt% quartz (Fig. 5c, d).

Sample collection and analysis methods

All testing samples in this research are selected from drill 
core. Analysis on major elements, trace elements, as well 
as rare earth elements (REE), is performed on six iron ore 
samples, four magnesite samples, and seven wall-rock sam-
ples from Lilaozhuang deposit. In addition, C–O isotope 
measurements are taken on four magnesite samples and 
three carbonate rock samples of carbonate-type magnet-
ite ore. All the representative samples for further analysis 
are checked by thin section firstly, and only those with-
out cracks and veins filling are kept. Then, these qualified 
samples are ground to 200 mesh or less. The testing and 
analysis work on rock powers are done at Institute of Geol-
ogy and Geophysics, Chinese Academy of Sciences (IGG, 
CAS).

Major elements are measured by XRF-1500 X-ray fluo-
rescence spectrometer with RSD = 0.1–1 %, and the con-
tent of FeO is measured by potassium permanganate stand-
ard solution and direct titration method. Samples for trace 
element and rare earth element measurements are prepared 
by acid-leaching method and determined by inductively 

coupled plasma mass spectrometry (ICP-MS) (Element, 
Finnigan MAT) with RSD < 2.5 %. C–O isotopes are ana-
lyzed by gas isotope ratio mass spectrometer MAT-252 
with RSD < 0.2 ‰, the measurements are stable, and the 
test results are reproducible.

Results

Iron ore

The primary iron ore at the Lilaozhuang ore deposit is sili-
cate type and carbonate type, with a small amount of quartz 
type. Three silicate-type and three carbonate-type ores are 
selected in this study for major elements, trace elements, 
and REE analysis, and the results are listed in Table 2. The 
TFe2O3 (all iron as Fe3+) content in both silicate-type and 
carbonate-type iron ores is >30 wt% (30.51–61.49 wt%), 
with TFe2O3/FeO less ranging from 1.51 to 3.23, which 
indicates that both ores are primary ores. The P2O5 content 
is very low (0.01–0.07 wt%). The SiO2 content in silicate 
type is a bit higher (32.79–44.60 wt%), containing rela-
tively high TiO2 and Al2O3 contents, and those mixing with 
a small amount of magnesite bear higher levels of MgO. 
The carbonate type nearly does not contain TiO2, also 
with very low SiO2 content (0.27–0.49 wt%), but contains 
higher content of MnO, MgO, and CaO.

Fig. 3  Geological section of no. 4 exploration line in the 
Lilaozhuang deposit. 1 Quaternary; 2 dolomite marble with magne-
site; 3 plagioclase amphibolite; 4 actinolite schists; 5 plagioclase bio-
tite schist; 6 biotite quartz schist; 7 biotite plagioclase gneiss; 8 horn-

blende plagioclase gneiss; 9 migmatite; 10 magnesite; 11 quartz-type 
iron ore; 12 silicate-type iron ore; 13 carbonate-type iron ore; 14 rich 
iron ore body; 15 garnet, kyanite, and magnetite mineralization; 16 
geological boundary; 17 oxidized and primary ore boundaries
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The total rare earth elements and yttrium (ΣREY) 
content of the two types of ores at the Lilaozhuang ore 
deposit are low, with an average of 6.81 ppm (3.82–
8.46 ppm). After normalizing REY in iron ore (Fig. 6a) 
by Post-Archean Australian Shale (PAAS) (McLen-
nan 1989), the REE distribution pattern of the two types 
of ores is consistent, both showing enrichment in heavy 
rare earth elements, with (La/Yb)PAAS = 0. 12–0.36, 
and bearing distinctively positive anomalies in La (La/
La* = 1.44–2.42) and significant strong positive anoma-
lies in Eu (Eu/Eu* = 1.68–3.13) and Y (Y/Y* = 1.54–
2.11). Quantification of anomalies in shale-normalized 
(Post-Archean Australian Shale, PAAS, from McLennan 

1989) REY distribution patterns followed Bau and Dul-
ski (1996): La/La* = LaPAAS/(3PrPAAS − 2NdPAAS), Ce/
Ce* = 2CePAAS/(LaPAAS + PrPAAS) (Bau and Dulski 
1996), Eu/Eu* = EuPAAS/(0.67SmPAAS + 0.33TbPAAS), 
Y/Y* = 2YPAAS/(DyPAAS + HoPAAS), where PAAS indi-
cates normalized concentration.

The trace element contents and distribution pattern of 
the two types of iron ores are similar on primitive mantle-
normalized trace element partitioning map, showing strong 
negative anomalies in high field strength elements (HFSE) 
such as Nb, Ta, Zr, Hf, Ti (Fig. 6b), suggesting that metal-
logenic materials may be the same, which is typical of BIF 
sedimentary characteristics.

Fig. 4  Hand specimens and microscopic characteristics of the ore in Lilaozhuang deposit. a Banded iron ore, b silicate-type iron ore (−), c car-
bonate-type iron ore, d carbonate-type iron ore (−), e magnesite and f magnesite (−). Qtz quartz, Hbl hornblende, Mt magnetite, Mgs magnesite
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Magnesite ore

The magnesite ore at the Lilaozhuang ore deposit is associ-
ated with a small amount of siderite. The results of major 
and trace element analysis of four magnesite samples are 
listed in Table 3. It shows that the major oxide components 
in the magnesite are MgO and TFe2O3, which range from 
40.87 to 44.15 wt% and 6.36 to 9.90 wt%, respectively. 
The iron occurs majorly in the form of Fe2+. In addition to 
MgO and TFe2O3, the content of other oxides is very low. 
SiO2 and CaO of most samples are <1 wt%, MnO of most 
samples ranges from 0.28 to 0.46 wt%, and other oxides 
are almost zero (TiO2, Al2O3, Na2O, K2O, and P2O5). What 
is worth mentioning is that all of the magnesite ore samples 
have high losses on ignition (LOI) (more than 47 wt%).

The total REE content of magnesite is low with 
ΣREE = 5.20–5.78 ppm, showing positive anomalies 
in Eu (Eu/Eu* = 1.44–3.67) and Y (Y/Y* = 1.67–2.55) 
on PAAS-normalized REE distribution patterns. Light 
and heavy REEs show no clear fractionation with (La/
Yb)PAAS = 1.05–1.92 (Fig. 6c). Magnesite shows strong 
negative anomalies in HFSE (Nb, Ta, Zr, Hf, Ti) and posi-
tive anomalies in large-ion lithophile elements (LILE) (K, 
Rb, Sr, Ba) on primitive mantle-normalized trace element 
partitioning map (Fig. 6d).

The results of C–O isotope measurement on pure mag-
nesite and magnesite associated with magnetite are listed 
in Table 4. δ13C in magnesite ranges between −1.362 and 
−2.159 ‰, which is higher than that of magnesite associ-
ated with magnetite (−5.30 to −10.66 ‰). δ18O in magne-
site varies in the range of 10.98–11.25 ‰, which is slightly 
lower than that of magnesite associated with magnetite 
(12.49–15.43 ‰). δ13C and δ18O values in all samples devi-
ate from their normal values in marine carbonate.

Wall rock

The surrounding rock of the Lilaozhuang ore deposit is 
mainly biotite–quartz schist, leptynite, plagioclase amphi-
bolite, and the major and trace element analysis results are 
shown in Table 5.

All of the biotite–quartz schist shows high contents 
of SiO2 (more than 70 wt%), with Al2O3 is about 9 wt%, 
TFe2O3 is about 7 wt%, and very low content of other 
oxides (such as TiO2, Al2O3, MgO, CaO, Na2O, K2O, and 
P2O5). The SiO2 content in leptynite is about 60 wt%, 
Al2O3 is about 17 wt%, TFe2O3 ranges from 5.96 to 
8.33 wt%, and the total content of other oxides is slightly 
higher than that in biotite quartz schist. The major oxide 
components in amphibolite are SiO2 (about 40 wt%), 

Fig. 5  Hand specimens and microscopic characteristics of the wall rocks in the Lilaozhuang deposit. a Biotite quartz schist (−), b Leptynite 
(+), c amphibolite; and d amphibolite (−). Qtz quartz; Bt biotite; Pl plagioclase, Hbl hornblende, Mt magnetite, Mgs magnesite
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TFe2O3 (about 19 wt%), Al2O3 (about 13–14 wt%), and 
CaO (about 10 wt%), the other oxide contents, such as 
MgO, K2O, Na2O, P2O5, and TiO2, are generally low.

The average of total REE (ΣREE) content in biotite–quartz 
schist is 89.58 ppm, with average of (La/Yb)N being 24.58. 
There is a significant enrichment in light rare earth elements 
(LREE) on chondrite-normalized REE distribution patterns 
(Fig. 6e). The total content of REE (ΣREE) in leptynite var-
ies from 72.16 to 122.27 ppm, with an average of 97.44 ppm, 
and (La/Yb) N varies from 8.46 to 25.78, with an average of 
16.09, showing significantly enrichment in LREE. The aver-
age of total content of REE in amphibolite is 56.13 ppm, and 

differentiation of LREE is not obvious (Fig. 6e). All samples 
do not show distinct anomaly in Ce and Eu.

Biotite quartz schist is strongly depleted of Ba, Nb, Ta, 
Ti, Ce, Sr on the primitive mantle-normalized pattern map, 
but enriched in U, La, Pb, Nd, Cs, Gd, LREE. Leptynite is 
depleted of Th, Nb, Ta, Ce, P, Ti, enriched in Ba, U, La, Pb, 
Sr, Nd, Gd, LREE. Both show clastic sediment features. 
Plagioclase amphibolite shows depletion of Th, U, Nb, Sr, 
enrichment of Rb, Ta, Pb, Nd, Cs (Fig. 6f), which is typical 
of volcanic sediment.

Judging from the diagram for protolith reconstruc-
tion (Fig. 7), the protolith of biotite quartz schist at the 

Table 2  Major (wt%) and trace (ppm) element contents of iron ores

La/La* = LaPAAS/(3PrPAAS − 2NdPAAS); Ce/Ce* = 2CePAAS/(LaPAAS + PrPAAS) (Bau and Dulski 1996); Eu/Eu* = EuPAAS/
(0.67SmPAAS + 0.33TbPAAS) (Bau and Dulski 1996); Y/Y* = 2YPAAS/(DyPAAS + HoPAAS); standardized data are cited from McLennan (1989)

Sample no. LLZ-3 LLZ-7 LLZ-8 LLZ-11 LLZ-13 LLZ3-2 Sample Id LLZ-3 LLZ-7 LLZ-8 LLZ-11 LLZ-13 LLZ3-2

Sample types Silicate type Carbonate type Sample types Silicate type Carbonate type

SiO2 32.79 40.29 44.60 0.49 0.31 0.27 Pr 0.13 0.22 0.12 0.20 0.10 0.07

TiO2 0.01 0.04 0.01 0.00 0.00 0.00 Nd 0.58 0.95 0.60 0.99 0.43 0.32

Al2O3 0.10 0.33 0.28 0.23 0.00 0.00 Sm 0.13 0.19 0.15 0.20 0.11 0.07

MnO 0.23 0.04 0.04 0.88 0.70 0.91 Eu 0.07 0.11 0.12 0.08 0.06 0.05

MgO 24.86 2.43 2.69 14.92 28.21 20.04 Gd 0.19 0.25 0.23 0.25 0.20 0.10

CaO 0.63 1.68 1.95 1.64 0.51 0.47 Tb 0.04 0.04 0.04 0.04 0.05 0.02

Na2O 0.02 0.41 0.36 0.24 0.24 0.24 Dy 0.24 0.30 0.28 0.30 0.38 0.16

K2O 0.01 0.04 0.04 0.00 0.04 0.00 Y 2.30 2.85 3.67 3.38 4.35 1.82

P2O5 0.01 0.07 0.04 0.07 0.04 0.04 Ho 0.05 0.07 0.07 0.09 0.10 0.04

FeO 13.12 18.14 17.10 24.09 20.80 14.93 Er 0.15 0.22 0.21 0.29 0.31 0.15

TFe2O3 30.51 55.79 51.96 61.49 31.44 48.26 Tm 0.02 0.03 0.03 0.04 0.04 0.02

LOI 10.81 −1.02 −1.56 20.36 39.34 29.92 Yb 0.18 0.24 0.21 0.34 0.30 0.19

TOTAL 99.98 100.08 100.41 100.32 100.83 100.15 Lu 0.04 0.04 0.03 0.06 0.05 0.03

Li 8.94 1.81 3.39 0.18 0.09 0.20 Hf 0.01 0.04 0.02 0.02 0.01 0.02

Be 0.54 0.15 0.41 0.03 0.05 0.02 Ta 0.01 0.00 0.00 0.00 0.01 0.00

Sc 24.34 25.13 18.14 0.21 32.65 0.21 Tl 0.00 0.00 0.00 0.00 0.00 0.02

V 5.39 8.79 6.17 2.35 6.10 1.84 Pb 0.23 1.08 4.96 0.17 0.11 0.65

Cr 168.62 307.09 283.05 12.00 342.30 45.98 Bi 0.01 0.02 0.02 0.02 0.01 0.11

Co 4.26 4.80 4.04 0.65 5.64 1.82 Th 0.07 0.19 0.06 0.04 0.04 0.08

Ni 94.04 89.09 98.01 4.03 158.31 15.38 U 0.11 0.08 0.04 0.05 0.03 0.20

Cu 1.34 0.70 3.12 1.24 0.42 4.65 Ti 67.29 235.60 58.83 0.00 0.00 0.00

Zn 15.62 8.71 21.56 3.92 1.74 5.89 ∑REY 5.49 8.31 7.12 8.46 7.66 3.82

Ga 2.28 0.74 1.15 0.63 7.37 0.20 Y/Ho 43.64 39.12 53.40 38.40 42.17 42.15

Rb 0.78 0.68 0.79 0.11 0.33 0.20 La/La* 1.50 1.67 1.75 2.42 1.44 1.69

Sr 7.61 14.98 8.37 2.10 2.71 1.65 Pr/Pr* 1.02 1.00 0.98 1.01 1.18 1.04

Zr 0.43 1.06 0.29 1.10 0.31 1.10 Ce/Ce* 0.81 0.78 0.84 0.67 0.55 0.71

Nb 0.26 0.10 0.30 0.08 0.28 0.07 Eu/Eu* 2.14 2.53 3.13 1.75 1.68 3.13

Cs 1.16 0.40 0.04 0.03 0.04 0.03 Y/Y* 1.65 1.54 2.11 1.64 1.73 1.73

Ba 1.55 1.27 1.10 0.23 0.69 1.85 (La/Yb)PAAS 0.20 0.36 0.16 0.20 0.12 0.13

La 0.50 1.13 0.47 0.93 0.48 0.32 Sr/Ba 4.92 11.79 7.58 9.10 3.93 0.89

Ce 0.88 1.68 0.88 1.26 0.70 0.46 Ti/V 12.49 26.81 9.54 0.00 0.00 0.00
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Fig. 6  PAAS, chondrite, and primitive mantle-normalized REE and 
trace elements patterns of iron ores, magnesites, and wall rocks in the 
Huoqiu iron deposit. PAAS normalization values are from McLen-
nan (1989). The values of the chondrite are after Taylor and McLen-

nan (1985). Primitive mantle normalization values are from Sun 
and McDonough (1989). NPDW—seawater at 2500 m in the North 
Pacific; South Pacific—average values at 0, 9, and 30 m in South 
Pacific (Bau and Dulski 1999)
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Lilaozhuang orefield is clay rock or mud shale, the proto-
lith of leptynite is sandy rock or graywacke, and the proto-
lith of amphibolite should be tholeiitic basalt.

Discussion

Material sources

According to Sang et al. (1981), most Huoqiu BIF sam-
ples have initial 87Sr/86Sr values between 0.704 and 0.707, 
which are a little higher than that of the initial value of 
upper mantle (0.703) and above the continental crust 
growth curve. This indicates that the original substances of 
metamorphic rocks of the Huoqiu Group is not from upper 
mantle directly, but has been affected by continental crust. 
However, because the initial 87Sr/86Sr value is less than 
that of normal continental crust (0.719), this shows that the 
protolith is not entirely from sialic continental crust rocks. 
These features indicate neither the ore deposit is simply 

Table 3  Major (wt%) and trace (ppm) element contents of magnesites

La/La* = LaPAAS/(3PrPAAS − 2NdPAAS); Ce/Ce* = 2CePAAS/(LaPAAS + PrPAAS) (Bau and Dulski 1996); Eu/Eu* = EuPAAS/
(0.67SmPAAS + 0.33TbPAAS) (Bau and Dulski 1996); Y/Y* = 2YPAAS/(DyPAAS + HoPAAS); standardized data are cited from McLennan (1989)

Sample no. 13LLZ-9 13LLZ-12 13LLZ-16 13LLZ-24 Sample no. 13LLZ-9 13LLZ-12 13LLZ-16 13LLZ-24

Sample types Magnesite Sample types Magnesite

SiO2 0.44 0.85 1.02 0.82 Ba 2.19 0.68 0.41 0.28

TiO2 0.00 0.01 0.00 0.00 La 1.06 0.70 0.87 0.93

Al2O3 0.01 0.04 0.08 0.02 Ce 1.63 1.29 1.41 1.65

MnO 0.28 0.45 0.46 0.34 Pr 0.19 0.15 0.16 0.18

MgO 44.15 41.26 40.87 42.12 Nd 0.69 0.60 0.60 0.65

CaO 0.87 0.88 0.87 0.87 Sm 0.13 0.14 0.10 0.10

Na2O 0.00 0.00 0.00 0.00 Eu 0.09 0.05 0.05 0.07

K2O 0.01 0.01 0.01 0.01 Gd 0.15 0.09 0.07 0.05

P2O5 0.01 0.01 0.01 0.01 Tb 0.02 0.02 0.02 0.01

FeO 4.95 7.86 7.81 5.20 Dy 0.11 0.12 0.19 0.08

TFe2O3 6.36 9.90 9.87 7.62 Ho 0.02 0.03 0.04 0.02

LOI 48.54 47.36 47.26 48.47 Er 0.06 0.09 0.09 0.07

TOTAL 100.68 100.77 100.45 100.28 Tm 0.01 0.01 0.01 0.01

Li 1.34 1.07 1.68 1.65 Yb 0.04 0.07 0.09 0.05

Be 0.07 0.07 0.08 0.06 Lu 0.01 0.01 0.01 0.01

Sc 0.08 0.03 0.33 0.44 Hf 0.00 0.00 0.00 0.01

V 0.17 0.06 0.08 0.20 Ta 0.00 0.00 0.01 0.00

Cr 8.33 7.11 7.31 8.37 Tl 0.00 0.00 0.00 0.00

Co 27.36 28.13 25.40 28.21 Pb 0.27 0.13 0.17 0.18

Ni 7.48 6.28 2.42 2.19 Bi 0.01 0.01 0.00 0.00

Cu 0.98 0.49 1.16 1.71 Th 0.05 0.02 0.01 0.01

Zn 2.25 9.14 3.51 4.29 U 0.07 0.03 0.02 0.02

Ga 0.28 0.35 0.22 0.21 ΣREY 4.21 3.35 3.71 3.89

Rb 0.26 0.15 0.10 0.13 Pr/Pr* 1.03 1.00 1.01 1.03

Sr 35.46 49.53 28.60 31.20 Ce/Ce* 0.84 0.92 0.87 0.92

Y 1.58 1.83 1.85 1.33 La/La* 1.22 1.18 1.23 1.06

Zr 0.12 0.20 0.51 0.40 (La/Yb)PAAS 1.92 1.05 1.08 1.33

Nb 0.02 0.02 0.01 0.01 Eu/Eu* 3.58 1.44 1.70 3.67

Cs 0.05 0.02 0.01 0.02 Y/Y* 2.45 2.46 1.67 2.55

Table 4  Results of C–O isotopes of magnesites

Sample no. Rock/mineral δ13C ‰ (PDB) δ18O ‰ SMOW

LLZ-11 Carbonate −10.66 14.52

LLZ-13 −5.30 12.49

LLZ3-2 −6.76 15.43

13LLZ-9 Magnesite −1.35 10.98

13LLZ-12 −2.04 11.25

13LLZ-16 −1.36 11.11

13LLZ-24 −2.16 11.24
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formed by volcanic processes, nor is from terrestrial sen-
timent, but is from both and has a volcanic sedimentary 
genesis.

The TiO2 and Al2O3 contents of iron ore are low within 
the range of 0–0.37 wt% and have an average of 0.17 wt%. 
The HFSE shows strong depletion on trace element spider 
diagram (Fig. 6b) and implies small amount of terrestrial 

materials is added in the BIF deposition process (Basta 
et al. 2011; Lan et al. 2014; Pecoits et al. 2009).

Modern oxidized seawater is characterized by posi-
tive anomaly in La, Gd, and Y, and negative anomaly in 
Ce. Compared with HREE, LREE and MREE are rela-
tive depleted (Fig. 6a, c). When compared to the low-
temperature hydrothermal fluid (<250 °C), the seafloor 

Fig. 7  Diagrams for protolith reconstruction. a, b Discriminant 
diagram of La/Yb −ΣREE, after Zhao (1997). c Discriminant dia-
gram of A–C–F. A = Al2O3 + Fe2O3

− (Na2O + K2O), C = CaO, 
F = FeO + MgO + MnO, A + C + F = 100, I—aluminum-rich 
clays and shales, II—clays and shales (including 0–35 % carbon-
ate content), III—graywacke, IV—marl (including 35–65 % car-
bonate), V—basaltic rocks and andesitic rocks, VI—ultramafic 
rocks. d Discriminant diagram of A–C–FM. A = Al2O3/Σ × 100, 
C = CaO/Σ × 100, F = (FeO + 2Fe2O3)/Σ × 100, 

M = MgO/Σ × 100, Σ = Al2O3 + CaO + FeO + 2Fe2O3 + M
gO, A + C + F + M = 100, I—clay and acidic volcanic rock, 
IIA—feldspathic sandstone, IIB—neutral–acidic volcanic rocks, 
IIC—neutral–acidic volcanic rocks and graywacke, IID—clay rocks 
and graywacke, IIIA—lime silicate and quartzite, IIIB—mafic vol-
canic rocks and magnesia dolomitic marl, IIIC—tuffaceous siltstone, 
IVA—calcium carbonates, IVB—ultrabasic rocks, IVC—ferrosilicon 
sedimentary rocks + ultrabasic rocks
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high-temperature hydrothermal (>250 °C) has obvious 
positive anomaly in Eu (Eu/EuPAAS* > 1) and large (Sm/
Yb)PAAS (Bau and Dulski 1999; Bolhar et al. 2004; Bol-
har and Van Kranendonk 2007). Alibo and Nozaki (1999) 
also suggested that modern seawater shows characteristics 
of enrichment in HREE, and positive anomaly in La and Y 
on PAAS-standardized REE distribution patterns. The posi-
tive anomaly in Eu characterizes the seafloor hydrothermal 
activity (Bau and Dulski 1996; Danielson et al. 1992; Dou-
ville et al. 1999) and is often considered as signs of par-
ticipation of high-temperature hydrothermal fluids (Murray 
et al. 1991).

REEs are one of the most useful geochemical tools 
when studying the source of BIFs with the assumption that 
there is minimal fractionation of REEs during the precipita-
tion of ferric iron oxides and oxyhydroxides (Bekker et al. 
2010). Bau (1993) indicated that Precambrian BIFs were 
generally not affected by relatively low degrees of meta-
morphism and low fluid/rock conditions during metamor-
phism. The Y/Ho ratio value of seawater is about 44–74 and 
decreases with increasing depth, while terrestrial rocks and 
chondrites have a constant Y/Ho value of 26. In addition, 
the ratio of ocean ridge hydrothermal fluids ranges from 28 
to 39 (Bau and Dulski 1999; Bolhar et al. 2004). The Sr/Ba 
ratio value of volcanic rocks and marine sediments is >1, 
while terrigenous sedimentary is <1 (Shen et al. 2009).

The Lilaozhuang BIF underwent low amphibolite facies 
metamorphism (Yang et al. 2014) and shows REE + Y pat-
terns (Fig. 6a) similar to those of scarcely metamorphosed 
Precambrian BIFs (e.g., Alexander et al. 2008; Planavsky 
et al. 2010). Hence, the Lilaozhuang BIF likely preserves 
the original REE signatures of ambient seawater at the site 
of iron precipitation. Specifically, the PAAS-normalized 

REE + Y patterns of the Lilaozhuang BIF are depleted 
in LREEs with positive La and Y anomalies (Fig. 6a) and 
super chondritic Y/Ho ratios (38.40–53.40), which is con-
sistent with the REE features of modern seawater (Alibo 
and Nozaki 1999) and suggests its deposition in seawater. In 
addition, a striking feature for all of the REE + Y patterns 
is that they display strongly positive Eu anomalies (Eu/
Eu* = 1.68–3.13), which can be attributed to the spreading-
related high-temperature hydrothermal solutions expelled at 
the seafloor (Bau and Dulski 1999; Douville et al. 1999). It 
is generally assumed that Fe and REEs do not fractionate 
during transport from spreading or other exhalative centers 
(Bekker et al. 2010). The average of Sr/Ba is 6.37, suggest-
ing mineralization at Lilaozhuang is related with volcan-
ism and BIF iron ore is deposited from mixed solutions 
Alibert and McCulloch 1993; Bau et al. 1997; Khan et al. 
1996. Combining with the chemical signatures commonly 
observed in the Precambrian BIFs (Bau and Dulski 1999; 
Bekker et al. 2010; Bolhar et al. 2005; Klein 2005), we pro-
pose that the Lilaozhuang BIF was precipitated from marine 
seawater with high-temperature hydrothermal fluids. Fur-
thermore, Alexander et al. (2008) introduced a two-compo-
nent mixing model to detect the proportion of seawater and 
high-temperature hydrothermal fluids in the original mix-
ture. According to the Sm/Yb–Eu/Sm diagram, extremely 
small quantities of high-temperature hydrothermal fluids 
(<0.1 %) were sufficient to yield strongly positive Eu anom-
alies in the Lilaozhuang BIF (Fig. 8a, b).

Depositional environment

Metasedimentary rock series can be used to judge sedi-
mentary environment. There are two types of metamorphic 

Fig. 8  Y/Ho–Eu/Sm (a), Sm/Yb–Eu/Sm (b) diagrams of iron ores and magnesites (Alexander et al. 2008)
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rocks coexisting at the Lilaozhuang ore deposit. Ortho-
metamorphite, mainly consists of amphibolite transformed 
from metamorphic basalt, is dominated by plagioclase 
amphibolite. Parametamorphite is primarily composed of 
mica–quartz schist converted from argillaceous and sandy 
rock, as well as leptynite, gneiss that metamorphosed from 
psammite and graywacke; and secondly comprised of dolo-
mitic marble transformed from dolomitic limestone. The 
discrimination on tectonic environment of biotite quartz 
schist and leptynite indicates that the Lilaozhuang ore 
deposit is formed on continental margin that is close to the 
deep ocean (Fig. 9a), and the discrimination on plagioclase 
amphibolite shows its formation environment is related to 
volcanic activity (Fig. 9b). Yang et al. (2014), Liu and Yang 
(2015) suggest that Huoqiu orefield is in the back-arc basin 
that located among Dangshan ancient land and Yinxianji 
volcanic island arc. There exist a lot of clastic and argil-
laceous materials accumulated in the back-arc basin that 
is close to the continental margin, which may provide 
sedimentary sources for the Lilaozhuang ore deposit, and 
later convert into biotite quartz schist, plagioclase amphi-
bolite schist, gneiss, or leptynite. Our study is consist-
ent with their conclusions, and the authors infer that the 
Lilaozhuang ore deposit may form on the active zone of 
back-arc basin close to the edge of the shallow sea.

Studies have shown that rock formed in mid-oceanic 
ridge and deep-sea plain is depleted in LREE, while rock 
formed in basin rifting phase and residual sea stage has 
rather obvious characteristics of LREE enrichment because 
it is close to the continent and hence strongly influenced 
by terrestrial sources (Armstrong et al. 1999). All the sur-
rounding rock samples do not show apparent Ce anomaly 

(Ce/Ce* = 0.86–0.94, average is 0.90) and Eu anomaly 
(Eu/Eu* = 0.8–1.19, average is 0.97). Chondrite-normal-
ized REE distribution patterns of biotite quartz schist and 
leptynite show significant LREE enrichment, but pla-
gioclase amphibolite does not have significant LREE 
and HREE differentiation characteristics. These suggest 
Lilaozhuang ore deposit forms in rift basin or residual 
basin that is close to continental margin.

The Lilaozhuang ore deposit contains great amounts of 
magnesite and magnesium-rich carbonate rocks. Carbon-
ate deposition distributes mainly in low-latitude shallow 
marine continental shelf and littoral regions without river 
filling. Carbonate deposition suffers from exclusion and 
disturbance in shallow basins with terrestrial input, and 
forms impure muddy and sandy carbonate rocks. Magne-
sium-rich carbonates and dolomites always form in barrier 
lagoons and bays because of the concentration of Mg2+ in 
seawater. In addition, the iron ore body centers on magne-
site (magnesium-rich carbonate rock section) with some 
symmetry in the up and down direction. Meanwhile, there 
also exists phase transition relationship among magnesia 
marble–plagioclase amphibolite (actinolite–iron-bearing 
schist), mica schist, and leptynite (gneiss) in three-dimen-
sional space. Though the thickness of rock sections var-
ies widely, the layers are relatively stable and continuous 
(Fig. 3b). Therefore, the occurrence environment of the 
Lilaozhuang ore deposit may be sedimentary basin, with 
evolution features of changing from magnetite sub-facies to 
magnesium-rich carbonate sub-facies from the basin edge 
to the center. Magnetite sub-facies turn into magnetite and 
magnesium-rich carbonate sub-facies firstly, and then mag-
netite disappears and magnesium-rich carbonate sub-facies 

Fig. 9  Diagrams for discriminating tectonic environment. a Tec-
tonic environment of biotite quartz schist and leptynite (Murray et al. 
1991). b Tectonic environment of amphibolite (A within-plate alka-

line basalts, B within-plate alkaline basalts, and within-plate tholei-
ites, C E-type MORB, D within-plate tholeiites and volcanic-arc 
basalts, E N-type MORB and volcanic-arc basalts) (Meschede 1986)
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form in iron–magnesite monomineralic rock. Correspond-
ingly, the iron content in iron magnetite becomes depleted, 
while magnesium enriched. According to the location of 
the sedimentary facies in the basin, this distribution pattern 
is related with the water depth of the basin, which causes 
different redox conditions, and carbonate abundance in 
different parts of the basin. The oxidation potential in the 
basin edge is higher than that in the center, while carbonate 
is relatively enriched in the center, which may be the prod-
uct of lagoon or semi-enclosed basin.

TFe2O3/FeO of iron ore at the Lilaozhuang deposit is 
<3.5, in the range of 2.6–3.19, and the ferrous iron content 
in various types of surrounding rocks is very high, about 
75 % in the total iron. In addition, it does not show negative 
Ce anomaly (Fig. 10) in the Pr/Pr* − Ce/Ce* discrimina-
tion diagram, indicating that the deposit formation environ-
ment is relatively lacking oxygen (Alibo and Nozaki 1999; 
Bau 1995; Zhang and Nozaki 1996). Hence, it can be con-
cluded that the Lilaozhuang ore deposit is formed in low-
oxygen fugacity reducing environment.

In summary, this paper speculates that the Lilaozhuang 
ore deposit may originate from a closed or semi-enclosed 
anoxic limitary marine back-arc basin that is close to the 
continental margin, which is likely to be a semi-enclosed 
basin.

Ore‑forming processes

Combining with previous researches, this paper sum-
marizes the characteristics of Lilaozhuang deposit. First, 
the iron ore and magnesite ore occur simultaneously, and 
appear with carbonate-type BIF. Second, the ore bodies are 
mainly stratiform-like, and some is lenticular. The stable 

layers have a conformable and clear contact with surround-
ing rocks, and their occurrence is identical. Third, there 
are a large amount of magnesium-rich carbonate rocks, 
mainly in the form of dolomitic marble, probably includ-
ing some ferrodolomite. Fourth, the mineral and chemi-
cal composition of the iron ore and magnesite is relatively 
simple. Finally, the surrounding rocks are roughly equiva-
lent to transgressive deposits of clast, clay, iron, and mag-
nesium carbonate rock, magnesium-rich carbonate, which 
experience regional metamorphism that metamorphoses 
the whole set of rocks. The representative essential compo-
nents of metamorphic rocks are biotite, hornblende, micro-
cline, quartz, and a small amount of distinctive minerals in 
metamorphic process (e.g., garnet), indicating that the min-
eralization stage has undergone low-amphibolite-facies-
equivalent regional metamorphism. The metamorphism in 
ore deposit is evident, such as bending schistosity, folding 
metamorphic bands, crushed, stretched, and differentially 
orientated minerals. According to these characteristics, we 
suggest that the Lilaozhuang deposit is sedimentary and 
metamorphic.

Diagenesis, metamorphism, and hydrothermal alteration 
after carbonate sedimentation all cause isotope fractiona-
tion, usually result in decreasing δ13C and δ18O (Banner 
and Hanson 1990; Bekker et al. 2001, 2005; Chen et al. 
2000; Jiang et al. 2004; Ray et al. 2003; Veizer et al. 1999), 
with δ18O changes more than δ13C (Banner and Hanson 
1990). Veizer et al. (1999) suggest that after carbonate pre-
cipitation, diagenesis can lead to decrease in δ18O by an 
average of about 2 ‰. Schidlowski et al. (1975) hold that 
δ18O value of metamorphosed or recrystallized carbonate 
rocks is lower than non-metamorphosed by 2–3 ‰, and 
there also exists isotope exchange between carbonates and 
organic materials during metamorphic process, resulting in 
lower δ13C in carbonates and relative higher δ13C in organic 
materials. Studies have shown that carbon and oxygen iso-
tope values have inverse relation with metamorphic level. 
There is still minor 13C in amphibolite facies carbonate, but 
none in granulite facies. Compared with amphibolite facies, 
the average δ13C is lower by 5 ‰ or more, and reduction 
of δ18O is >10 ‰ (Baker and Fallick 1989a, b; Melezhik 
et al. 2001a, b). Wada and Suzuki (1983) and Schidlowski 
(1988) found that metamorphism can lead to the reduction 
of δ13C by greater than 3 ‰ when the temperature is higher 
than 650 °C.

To sum up, δ13C and δ18O values generally are decreasing 
in carbonate rocks in later geological processes (e.g., diagen-
esis and metamorphism). The average δ18O in carbonate for-
mations during global 2.33–2.06 Ga period is about 22 ‰, 
and in Precambrian dolomite (Archean and Paleoprotero-
zoic) is 26 ± 2 ‰ (Veizer et al. 1992), so δ18O in protolith of 
carbonate before Paleoproterozoic should be >22 ‰.

Fig. 10  Ce/Ce* versus Pr/Pr* discrimination diagram of iron ores 
and magnesites (Bau and Dulski 1996)
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The δ18O value in the Lilaozhuang magnesite sample is 
around 11 ‰, and δ18O in carbonate associated with mag-
netite sample varies between 12.49 and 15.43 ‰, with an 
average of 14.15 ‰, showing strong depletion. It is far 
lower than δ18O in general Precambrian marine carbonate 
(22 ‰) and is equivalent to amphibolite facies–granulite 
facies metamorphic grade. δ13C and δ18O values decrease 
simultaneously, δ13C in magnesite sample, with an aver-
age of −1.73 ‰, is in the range of −2.16 to −1.35 ‰, 
while in carbonate associated with magnetite sample, aver-
aged at −7.57 ‰, is −10.66 to −5.30 ‰. Both of them 
are lower than the average 0.5 ‰ of marine carbonate rocks 
(Schidlowski 1998), showing distinct negative anomalies. 
Because metamorphic grade at the entire Huoqiu orefield 
is low amphibolite facies (Yang et al. 2014), the decrease 
in δ18O at the Lilaozhuang orefield cannot be sufficiently 
explained by metamorphism, and the impacts of hydrother-
mal fluids must be considered. Hydrothermal carbonates 
encompass a large array of value in δ13C, but more straight 
in δ18O (Stakes and O’Neil 1982). Some indications have 
shown involvement of hydrothermal in metamorphic pro-
cess of the ore deposits. Eu value presents significantly 
enrichment in ore, and followed by hydrothermal alteration 
features, such as K-feldsparization of plagioclase, biotiti-
zation of amphibole, cummingtonitization of hornblende, 
dissolution of siliceous strip, and the sequential metaso-
matic change in dolomite–magnesium siderite–iron mag-
nesite–magnesite ore in carbonate rocks. The generation 
of disseminated ore and the emergence of serpentine also 
indicate that there exists gas–liquid metasomatic metamor-
phism in mineralization stage. Thin magnetite veins inter-
spersed in the marble and magnesite also can be seen in the 
orefield. It does not form ore bodies with industrial signifi-
cance; however, it is a sign of the participation of hydro-
thermal activities. Hence, hydrothermal fluid modification 
is one of the important reasons that change the C–O isotope 

system of magnesite and carbonate in Lilaozhuang besides 
later diagenesis and metamorphism.

The δ13C and δ18O of magnesite and carbonate asso-
ciated with magnetite at Lilaozhuang are concentrated 
on two different ranges (Fig. 11). The δ13C in carbonate 
symbiosis with magnetite is obviously lower than that in 
magnesite, while δ18O is relatively higher, indicating their 
different forming mechanisms. This maybe because both 
of them have experienced the same metamorphism in 
their formation stage, but the formation of magnetite has 
clearly undergone more intense hydrothermal transform-
ing effect.

In addition, the Lilaozhuang iron-bearing formation is 
located in the upper part of volcanic–sedimentary cycles 
of the Huoqiu Group. Based on the rock association, it 
is inferred that the deposit was formed at the stage when 
volcanism ended and normal sedimentation began. It can 
also be clearly shown from profile diagram (Fig. 3b) that 
the formation of iron and magnesite at the Lilaozhuang is 
mainly from sedimentation, with volcanic materials as min-
erogenetic basis and deposition material supplied primarily 
from terrestrial sources. It experiences diagenesis, meta-
morphism, and fluid reformation after deposition of rock-
forming and ore-forming materials.

Conclusions

Based on regional and ore geologies, combining micro-
scopic characteristics and geochemical characteristics of 
the ores and wall rocks, the author draws the following 
conclusions: (1) The protolith of surrounding rocks at the 
Lilaozhuang deposit is mainly composed of argillaceous, 
carbonate rocks, and a small amount of volcanic rocks. (2) 
The Lilaozhuang magnetite–magnesite deposit is formed in 
a semi-enclosed basin with low-oxygen and reducing envi-
ronment related to the continental margin. The ore-forming 
materials are derived mainly from mixed solution of seawa-
ter and seafloor hydrothermal. (3) The Lilaozhuang deposit 
experiences complex evolution processes. The iron ores 
and magnesium-rich carbonates are deposited firstly in sub-
marine setting and then are transformed by metamorphic 
fluids during regional metamorphism.
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