Available online at www.sciencedirect.com
-

“=.“ ScienceDirect

LITHOS

www.elsevier.com/locate/lithos

Lithos 95 (2007) 267278

Flat rare earth element patterns as an indicator of cumulate
processes in the Lesser Qinling carbonatites, China

Cheng Xu *"* Tan H. Campbell ®, Charlotte M. Allen °, Zhilong Huang ?,
Liang Qi ¢, Huan Zhang *, Guishan Zhang *

* Laboratory of Materials of the Earth's Interior and Geofluid Processes, Institute of Geochemistry, Chinese Academy of Sciences,
Guiyang 550002, China
b Research School of Earth Sciences, Australian National University, Canberra, Australia
¢ Department of Earth Sciences, University of Hong Kong, Hong Kong, China

Received 24 November 2005; accepted 14 July 2006
Available online 28 August 2006

Abstract

The Lesser Qinling carbonatite dykes are mainly composed of calcites. They are characterized by unusually high heavy rare earth
element concentrations (HREE; e.g. Yb>30 ppm) and flat to weakly light rare earth element (LREE) enriched chondrite-normalized
patterns (La/Yb,,=1.0-5.5), which is in marked contrast with all other published carbonatite data. The trace element contents of calcite
crystals were measured in situ by laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS). Some crystals show
reduced LREE from core to rim, whereas their HREE compositions are relatively constant. The total REE contents and chondrite-
normalized REE patterns from the cores of carbonate crystals are similar to those of the whole rock. The carbon and oxygen isotopic
compositions of calcites fall within the range of primary, mantle-derived carbonatites. The initial Sr isotopic compositions (0.70480—
0.70557) of calcites are consistent with an EM1 source or mixing between HIMU and EM1 mantle sources. However these sources
cannot produce carbonatite parental magmas with a flat or slightly LREE enrichment pattern by low degrees of partial melting.
Analyses of carbonates from other carbonatites show that carbonates have nearly flat REE pattern if they crystallize from a LREE
enriched carbonatite melt. This implies that when carbonates crystallize from a carbonatite melt the calcite/melt partition coefficients
(D) for HREE are much greater than the D for the LREE. The nearly flat REE patterns of the Lesser Qinling carbonatites can be
explained if they are carbonate cumulates that contain little trapped carbonatite melt. Strong enrichment of HREE in the carbonatites
may require their derivation by small degrees of melting from a garnet-poor source.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction cally characterized by very high concentrations of light rare
earth (LREE) and other highly incompatible trace elements
(e.g. Sr, Ba). The origin of carbonatites has been
extensively debated. There are three principal hypotheses:
(1) direct melting of a carbonate-bearing mantle source

(Harmer and Gittins, 1998; Harmer, 1999), (2) generation

Carbonatites are mantle-derived magmatic rocks that
intrude both continental and oceanic crusts. They are typi-
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as immiscible liquids from a CO,-rich silicate magmas
(Kjarsgaard and Hamilton, 1989; Lee and Wyllie, 1997a,b),
(3) products of extensive crystal fractionation from a CO,-
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rich silicate magma (Veksler et al., 1998a; Verhulst et al.,
2000). Although ample experiments have shown that
carbonatites can be produced in different ways, there are no
robust criteria that can be used to separate primary
carbonatitic melts from those produced by differentiation
of a parent silicate melt (Bell, 1998). In addition, most
carbonatites that are seen at crustal levels are end-products
of a complex evolution of primary mantle-derived melts
that may involve crystal cumulates and loss of fluids and
volatiles (Le Bas, 1989; Lee and Wyllie, 1998). Relating
observed upper crustal carbonatites to primary carbonatite
composition is not always straightforward.

The Qinling orogenic belt separates the North China
block from the South China block, and is critical for
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unraveling the tectonic history of East Asia (Fig. 1). The
Lesser Qinling is located in the northernmost Qinling
orogenic belt. Three carbonatite dykes were intruded in
this area, which can potentially provide information
about the mantle that underlies this critical region in
China. However, the Lesser Qinling samples are not
typical carbonatites and do not strongly show LREE
enrichment. Their whole rock analyses are characterized
by high HREE contents and flat to slightly LREE
enrichment patterns, which requires either that they
formed by a mantle process that is different to other
carbonatites or that their geochemical characteristics are
not representative of the primary mantle-derived
carbonatite.
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Fig. 1. Geological sketch of the Qinling orogenic belt and detailed map of the Huayangchuan carbonatite dyke (modified after Yu, 1992; Xue etal., 1996).
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In this paper we report major and trace element
chemistry and C—O-Sr isotopic data for the Lesser
Qinling carbonatites. We show that the trace element
compositions of whole rock carbonatites, obtained by
solution ICPMS, are similar to that of the carbonate
minerals as determined in situ by LA-ICPMS. We argue
that this is only possible if the carbonatites are
cumulates so that the chemistry of the rocks is controlled
by the chemistry of the carbonate minerals and therefore
is not representative of the primary carbonate melt.

2. Geological setting and sampling

The Qinling orogenic belt is composed of four zones
separated by major faults (Xue et al., 1996). These are
called the Qinling zones: South, Central, North and Lesser.
The carbonatite dykes from the Lesser Qinling zone are
located at the central Shanxi Province, China, including the
towns of Huayangchuan (HYC), Qinlongtou (QLT) and
Huanglongpu (HLP). The area is situated at the boundary
between the Qinling orogenic belt and North China block
(Fig. 1). The detailed geological framework and tectonic
evolution of the Qinling region have been described by
Xue et al. (1996), Meng and Zhang (2000), and
Ratschbacher et al. (2003) but little work has been carried
out on the carbonatite dykes. Detailed geological maps of
the Qinlongtou and Huanglongpu are not available, but a
map of Huayangchuan is provided in Fig. 1.

The main outcrop of the Lesser Qinling carbonatites
occurs as dykes that cut a thrust pile of gneiss, quartzites
and slates of late Archaean to Mesoproterozoic age, which
are intruded by Mesozoic granites. A minor syenite is also
emplaced as a dyke, but fresh samples are difficult to find
because it is highly altered. The dyke is not shown in
Fig. 1. Fenitization and albitization are present at the
margins of the carbonatite dykes. The fenitized granites
display sap green with high aegirine—augite composi-
tion. Occasionally, pegmatitic acgirine—augite is found
in some of them. The only geochronology for the carbo-
natite dykes is from HYC, which gives a phlogopite K—
Ar age of 181 Ma (Yu, 1992). These carbonatite dykes
are mostly composed of coarse, generally euhedral grains
of calcite (>90%), with individual crystal typically 0.8—
2.6 mm in size (Fig. 2). Minor and accessory phases
include microcline, aegirine—augite, arfvedsonite, phlog-
opite, quartz, celestite, barite, magnetite, sulphides, bast-
naesite and apatite. At HLP, the rock contains minor
amounts of molybdenite, and calcite is pink. Rarely, ra-
dioactive minerals, such as liandratite and thorite, are
found in the HYC carbonatite dyke. At the three locations
very coarse quartz is irregularly distributed at the margin
of the carbonatite dyke. Field observation indicates that

Fig. 2. Photomicrographs of the Lesser Qinling carbonatites (plane-
polarized transmitted light; scale bar is 0.5 mm). Cc, calcite; A, sample
HYC-7; B, sample HLP-1; C, sample QLT-1.

the quartz mass was penetrated, broken and incorporated
by late emplacement of the carbonatite dyke.

3. Analytical methods

The major elements of whole rock samples were
determined by wet chemical methods at the Institute of
Geochemistry, Chinese Academy of Sciences. Representative
calcite major element compositions of samples HYC-7,
13 were measured on C-coated polished section by JEOL
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Table 1

Major and trace element compositions of carbonatites and calcites

Sample  HYC-5 HYC-7 # calcite  HYC-9 HYC-10 HYC-13  #calcite HYC-14 HYC-20 Calciocarbonatite (range)
Main elements (wt.%)

SiO, 1.12 0.70 0.02 0.61 1.37 0.71 0.03 1.45 0.0-8.93
TiO, 0.07 0.06 0.03 0.11 0.05 0.12 0.0-1.09
ALO; 1.56 2.10 0.03 0.68 2.52 0.38 0.05 3.62 0.01-6.89
FeO* 0.73 0.81 0.26 0.80 0.57 0.38 0.0-13.98
Fe,0; 0.85 0.66

MnO 0.35 0.88 1.67 0.38 0.58 1.33 1.61 0.23 0.0-2.57
MgO 0.41 0.40 0.52 0.10 0.42 0.34 0.33 0.18 0.0-8.11
CaO 53.10 5296 49.25 55.09 52.62 53.72  49.78 51.17 39.24-55.40
Na,O 0.70 0.09 0.06 0.30 0.20 0.05 0.03 0.28 0.0-1.73
K,O0 0.08 0.06 0.16 0.03 0.09 0.02 0.09 0.06 0.0-1.47
P,0s 0.03 0.02 0.03 0.04 0.02 0.03 0.0-10.41
CO, 41.57 41.77 42.14 40.96 42.60 42.14 11.02-47.83
Total 99.72 99.85 99.65 99.71 99.79 99.66

Trace elements (ppm)

Rb 1.14 2.33 0.19 1.36 0.76 0.37 0.50 4-35
Ba 247 832 275 3269 551 2379 1227 0-45000
Th 0.94 0.14 0.91 1.14 0.11 0.24 0.46 5-168
U 0.58 0.13 242 0.94 0.20 0.75 0.79 0.3-29
Nb 1.71 0.67 1.62 3.24 0.66 0.65 3.39 1-15000
Ta 0.39 0.29 0.22 0.17 0.15 0.14 0.18

Pb 115 101 107 120 103 111 129 30-108
Sr 6430 8209 10960 7436 8531 7045 7608 0-28000
Zr 2.05 0.21 0.25 2.57 0.33 0.59 0.36 4-2320
Hf 0.43 0.45 0.29 0.36 0.23 0.31 0.42

Y 411 581 447 345 374 378 484 25-346
La 186 143 143 231 107 262 187 90-1600
Ce 522 478 545 581 401 694 571 744152
Pr 61.1 61.6 59.1 62.1 42.0 75.1 66.4 50-389
Nd 266 289 278 244 193 332 308 190-1550
Sm 62.9 74.7 68.7 49.6 455 69.3 78.3 95-164
Eu 17.9 21.3 18.5 14.6 12.3 19.7 21.8 29-48
Gd 58.5 68.5 58.6 52.7 41.8 61.7 66.1 91-119
Tb 9.24 11.6 8.35 7.62 6.36 8.32 11.1 9-10
Dy 539 71.8 46.1 435 38.4 449 63.9 22-46
Ho 11.7 15.5 9.64 9.20 8.69 10.2 13.1 3-9

Er 37.4 51.3 29.1 29.2 27.5 36.7 425

Tm 5.99 8.28 4.36 4.96 4.43 5.90 6.64

Yb 38.3 493 28.0 33.6 31.4 36.1 40.9 1.5-12
Lu 6.11 8.28 3.90 5.67 4.74 5.52 6.31

La/Yb, 3.31 1.97 3.45 4.66 2.32 4.93 3.11

Gd/Yb, 1.24 1.12 1.69 1.27 1.08 1.38 1.31

dCe 1.18 1.23 1.44 1.17 1.44 1.20 1.24

JEu 0.90 0.91 0.89 0.87 0.86 0.92 0.93

Sample HLP-1 HLP-2 HLP-3 HLP-4 HLP-5 HLP-6 QLT-1
Main elements (wt.%)

Si0, 1.18 1.56 1.07 1.27 4.26
TiO, 0.08 0.10 0.09 0.07 0.18
ALO; 2.10 2.24 1.54 1.25 6.36

Fe* 0.37 0.51 0.41 0.48 0.35
MnO 1.00 2.59 1.47 1.29 1.20
MgO 0.40 0.44 0.42 0.41 0.33
CaO 53.35 51.39 53.01 53.03 48.41
Na,O 0.08 0.15 0.08 0.09 0.18
K>,0 0.18 0.06 0.04 0.02 1.03
P,0s 0.04 0.05 0.03 0.03 0.05




C. Xu et al. / Lithos 95 (2007) 267-278 271
Table 1 (continued )
Sample HLP-1 HLP-2 HLP-3 HLP-4 HLP-5 HLP-6 QLT-1
Main elements (wt.%)
CO, 40.94 40.65 41.48 41.67 37.37
Total 99.71 99.74 99.63 99.61 99.72
Trace elements (ppm)
Rb 2.98 13.4 0.90 0.38 0.31 5.83 1.84
Ba 912 2607 154 184 197 510 625
Th 0.77 0.41 0.24 0.05 0.17 0.58 0.55
U 0.64 0.13 0.95 0.29 0.86 0.22 3.24
Nb 1.23 1.05 0.48 0.36 0.85 0.43 2.36
Ta 0.19 0.17 0.36 0.31 0.30 0.21 1.10
Pb 66.1 125 70.2 75.7 71.6 69.4 455
Sr 7753 9065 6938 8441 7096 7957 9408
Zr 0.43 36.8 0.38 0.28 0.21 29.3 1.31
Hf 0.22 1.0 0.46 0.29 0.36 0.82 0.24
Y 365 339 841 426 589 421 224
La 220 147 130 279 140 186 58.8
Ce 516 466 445 764 516 527 150
Pr 47.9 46.0 46.1 76.9 53.2 52.4 20.4
Nd 200 199 210 336 240 230 94.0
Sm 41.7 429 58.2 71.9 60.1 50.9 243
Eu 11.3 11.3 17.9 18.6 17.2 13.5 8.08
Gd 38.0 389 61.2 60.7 56.8 455 242
Tb 5.72 5.59 11.3 8.80 9.48 6.84 421
Dy 343 33.5 77.4 49.6 59.7 41.6 28.0
Ho 8.28 7.92 19.2 10.9 13.6 9.73 6.50
Er 28.6 26.3 67.3 342 449 329 253
Tm 4.86 4.48 11.8 5.23 7.52 5.47 4.62
Yb 353 323 86.0 34.7 53.0 37.9 319
Lu 5.55 5.02 13.3 4.82 8.11 5.61 5.43
La/Yb, 424 3.09 1.03 5.46 1.79 3.34 1.25
Gd/Yb, 0.87 0.97 0.58 1.4 0.87 0.97 0.61
d6Ce 1.22 1.37 1.39 1.26 1.45 1.29 1.04
S6Eu 0.86 0.85 0.91 0.86 0.90 0.85 1.01

HYC, Huanyangchuan; HLP, Huanglongpu; QLT, Qinlongtou. FeO* =total Fe calculated as FeO. #=repeatedly analyzed by electron probe. The

range of calciocarbonatite is from Woolley and Kempe (1989).

6400 electron probe at the Australian National University
using an accelerating voltage of 15 kVand a beam current
of20 nA. Whole rock trace elements (REE included) were
analyzed by solution ICPMS (VG PQ-ExCell) at the
University of Hong Kong. Details are given in Qi et al.
(2000). The analytical precision for most elements is
generally better than 10%. In situ LA-ICPMS (HP7500
Agilent) analyses of calcite on polished thin section were
performed at the Australian National University. The
diameter of the ablation spot varied between 54 and
86 um. NIST 610 glass was used as a calibration standard
for all samples, with **Ca as an internal standard for
quantitative analysis. Detection limits were calculated
after Longerich et al. (1996). Analytical precision is <5%
at the ppm level. In-run signal intensity for indicative trace
elements was monitored during analysis to make sure that
the laser beam stayed within the phase selected and did
not penetrate inclusions.

Fresh calcite samples were selected from carbonatites
for isotopic analyses. The mineral samples were crushed
down to grains of 1 mm in size, sieved and washed, then
handpicked for analyses. The carbon and oxygen isotopic
compositions of the calcites were measured at the Institute
of Geochemistry, Chinese Academy of Sciences using a
continuous-flow isotope ratio mass spectrometer (Iso-
Prime). Analytical error is £0.1%o for both carbon and
oxygen, and the results are expressed conventionally as
the per mille (%o) variation relative to SMOW and PDB,
respectively. For Sr isotopic analyses, fresh calcite moun-
ted in a polished epoxy mount with calcite core exposed.
The analyses were performed with a Neptune LA-MC-
ICPMS at the Australian National University. Two or three
calcite grains from the same whole rock were repeatedly
measured. The spot diameters used to measure these
samples and standard were 178 and 233 um, respectively.
The average ®’Sr/*°Sr ratio obtained for the Tridacna
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standard was 0.70913, whose accepted value within the
laboratory is 0.70917.

4. Results
4.1. Element geochemistry

Concentrations of major and trace elements of
carbonatites from HYC, QLT and HLP are summarized
in Table 1 and plotted on a primitive mantle normalized
diagram in Fig. 3. Results of the LA-ICPMS analyses
are given in Table 2. Fig. 4 shows the chondrite-
normalized solution ICP REE patterns for whole rock
and laser ICP-MS analyses of calcite crystals.

The carbonatites from the three locations contain low
alkalis, and are typical calciocarbonatites (Woolley and
Kempe, 1989), with CaO/(CaO+MgO+FeO+MnO)
ratios of 93.6—98.7%.

General features of the geochemistry of the carbonatite
dykes from Fig. 3 are similar, with relative enrichment in
Ba, U, Pb, Sr and depletion in Zr and Hf relative to
adjacent elements on the mantle normalized plot. They are
characterized by lower Rb and Nb, higher Y and Yb and
similar Sr, and Ba, LREE (La—Nd; except for the QLT
sample) contents with respect to the compositions of
typical calciocarbonatites (Woolley and Kempe, 1989).
Note that the HREE contents of these carbonatite samples
are high (e.g. Yb>30 ppm), much higher than any
previously analyzed sample from a carbonatite (Figs. 3,
4A). They have flat to slightly LREE enriched patterns
with La/Yb,=2.0-4.9, 1.0-5.5, 1.3 for HYC, HLP and
QLT, respectively and negligible Eu anomalies (Fig. 4). A
review of the REE in carbonatites is given by Cullers and
Graf (1984), who point out that carbonatites contain the
highest contents of REE and highest LREE/HREE ratios
of any igneous rocks. This conclusion is supported by
almost all research on carbonatites (Nelson et al., 1988;

Hornig-Kjarsgaard, 1998; and references therein). It is
obvious that the REE geochemical characteristics of these
carbonatite dykes from the Lesser Qinling are unique in
that they do not show the expected LREE enrichment.
The Zr, Nb, Ta, Th and U contents from the calcite
crystals in these carbonatite samples are below detection
limits of the LA-ICPMS. They have lower Rb, Ba, but
similar Sr, Y, Pb concentrations to the whole rocks. Syste-
matic differences between core and rim compositions have
been noted, especially in HYC. The LREE contents
gradually decrease from core to rim, but the HREE abun-
dances are constant. There are no systematic changes for Sr
orY from core to rim (Table 2 online). Importantly, the core
shows similar REE concentration and pattern to the whole
rock (Fig. 4). The calcite crystal analyses show smooth LA-
ICPMS profiles for the REE, with no sign of inclusions.

4.2. C-0 and Sr isotopic geochemistry

Data for carbon, oxygen and strontium isotopic ana-
lyses are given in Table 3. The carbon isotopic compo-
sition of calcite lies within a narrow range between —6.75
and —7.01%o 6'°C, and the oxygen isotopic composition
varies slightly between 7.61 and 9.48%o 6'®0. These
values lie within the primary, mantle-derived carbonatite
field as defined by Keller and Hoefs (1995).

The present day Sr isotopic ratios for the calcite
samples are considered to approximate initial ratios
because of the relatively young age of the carbonatite
(181 Ma) and very low Rb/Sr ratios (Tables 2 and 3). The
87Sr/%°Sr ratios from the three locations are similar
(0.70495-0.70530, 0.70480-0.70557, 0.70546 for
HYC, HLP and QLT, respectively). These values are
close to the value expected for EM 1 mantle composition.
The high Sr contents and low Rb/Sr ratios of the calcites
make it likely that the Sr isotopic values of the calcites
accurately reflect the composition of the carbonatite

. 3 8
REE

-
(=1

Sample/Primary mantle

e
=

0.01

—+—HYC(mean) —&—HLP(mean) —a— QLT [_]Calciocarbonatite(range)

Ab Ba Th U Nb Ta La Ce Pb Pr

Sr Nd Sm Zr Hf Eu Gd Tb Dy Y Ho Er Tm Yb Lu

Fig. 3. Primitive mantle-normalized trace element abundances of carbonatites. U content of HY C-9 was omitted for calculating the mean. The data for
calciocarbonatite are from Woolley and Kempe (1989). Normalization values from Sun and McDonough (1989).
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Fig. 4. Chondrite-normalized REE concentrations of carbonatite whole rocks and calcite cores. A, carbonatite whole rocks only; B, C, D, E, F, G, H, I,
J, representative calcite cores and whole rock for the same sample. The data for calciocarbonatite are from Woolley and Kempe (1989). Normalization
values from McDonough and Sun (1995).



Table 3

C, O and Sr isotopic contents of calcites

HYC-14 HYC-20 HLP-1 HLP-2 HLP-3 HLP-5 QLT-1

—7.01
7.61

HYC-10 HYC-13

-7.0
7.85

HYC-7

Sample

-6.93
8.99

-6.76
8.81

-6.75
8.69

—6.81
9.48

-6.92

9.27

—6.78
8.44

—6.86
8.04

-6.84
8.33

" Cppp (%o)

6" 0smow (%o)

8731308y

0.70536+2 0.70489+2 0.70496+2 0.70524+2 0.70475+6 0.70498+3 0.70571+2 0.70509+2 0.70548+2
0.70527+2 0.70555+2

0.70525+2

0.70496+2

0.70545+20

0.70503+4 0.70544+2

0.70483+4

0.70494+2

0.70512+2

0.70496+2

0.70513+3
0.70505
0.0040

0.70481+33

0.70480
0.0011

0.70546
0.0006

0.70532

0.0001

0.70557
0.0004

0.70525
0.0002

0.70530 0.70501 0.70495
0.0003 0.0001

0.0005

0.70496
0.0008

Mean

8TRb/A%Sr

0.70530 0.70501 0.70495 0.70525 0.70480 0.70504 0.70557 0.70532 0.70546

0.70496

7St/%°Sr),

87Rb/%Sr ratio was calculated using the Rb and Sr abundances measured by solution ICPMS. Initial *’Sr/*®Sr ratio was calculated assuming emplacement age of 180 Ma.
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magma, which in turn the composition of the carbonatite
mantle source.

5. Discussion

Why do the Lesser Qinling carbonatites show flat to
slightly LREE enrichment patterns, and especially why do
they have unusually high HREE concentrations, in contrast
with all other carbonatites? Do these carbonatite dykes
represent melts derived directly from the mantle, are they
the products of fractional crystallization or are they an
immiscible liquid from that separated a carbonated silicate
melt? The C and O isotopic compositions are consistent
with primary mantle-derived carbonatites, and there is no
evidence to suggest that they have been affected by
secondary hydrothermal alteration of a type that may have
led to loss of LREE. It is generally accepted that carbonatite
parental magmas are generated by extremely low degrees
of partial melting of a carbonated peridotitic or eclogitic
source and that they are therefore likely to have high
abundances of incompatible trace elements. Their strong
LREE enrichment relative to HREE is generally attributed
to gamet remaining in the source region following
melting. Table 4 shows the estimates for La and Yb of
bulk peridotite or eclogite/carbonatite partition coeffi-
cients (lherzolite with and without garnet and/or amphi-
bole). The higher partition coefficients for Yb than for La
and Dy, , ranging from 21 to 158 mean that moderate to
extreme fractionation of La from YD is expected to occur
if carbonatites form by low degrees of partial melting of
lherzolite or eclogite, respectively. Besides, primary
carbonatites are characterized by elevated Mg-numbers
(Sweeney, 1994), high Mg+Fe/Ca ratios, moderate
amounts of alkalis (Eggler, 1989) and must have
compositions dominated by calcic dolomite (Lee and
Wyllie, 1998). The experimental evidence suggests that
calciocarbonatites can be generated through the reaction
of primary, mantle-derived Mg-rich carbonatite melts
with harzburgitic or lherzolitic assemblages at pressures
that are lower than the carbonatite source region (Dalton
and Wood, 1993). This will inevitably lead to further
fractionation of LREE to HREE because Yb is more
compatible than La (Table 4). Reaction of a primary
carbonatite melt with harzburgite or lherzolite cannot
therefore explain the low La/Yb,, ratios seen in the Lesser
Qinling samples. Similarly, trace element partitioning
between immiscible silicate—carbonate liquid systems
cannot be the answer because LREE partition into the
carbonate liquid, whereas HREE partition preferentially
into the silicate melt (Veksler et al., 1998a,b). Finally,
typically fractional crystallization-derived calciocarbona-
tites like those from Kovdor, Kola Peninsular, Russia, also
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Table 4
Average partition coefficients for olivine, clinopyroxene, orthopyroxene, garet, amphibole in equilibrium with a carbonatite melt, and calculated
bulk partition coefficients for a carbonatite source

Mineral Ol Cpx Opx Gar Amph  Bulk D gar. lherz  Bulk D sp. Lherz ~ Bulk D amph. Lherz ~ Bulk D eclogite
Dy, - 0.051  0.005 0.0014 0.01 0.007 0.010 0.008 0.026

Dy, 003 1.0 0073 7.2 0.16 0.447 0.214 0.165 4.1

Dypra 63.8 21.4 20.6 158

Ol, olivine; cpx, clinopyroxene; opx, orthopyroxene; gar, garnet; amp, amphibole. Data source: Adam and Green (2001), Blundy and Dalton (2000;
experiment DC15), Salters et al. (2002; experiment RD1097-8), Bizimis et al. (2003). Because of the scarcity of La partition coefficient in
orthopyroxene, Ce is used is as a proxy for La. A dash (—) denotes below detection. Mineral modes are estimated from Bizimis et al. (2003) and
Yaxley and Brey (2004): garnet lherzolite: 01=0.60, opx=0.20, cpx=0.12, gar=0.04, amph=0.04; spinel lherzolite: 01=0.60, opx=0.22, cpx=0.18,

gar=0, amph=0; amphibole—spinel lherzolite: 01=0.60, opx=0.20, cpx=0.12, gar=0, amph=0.08; eclogite: cpx=0.50, gar=0.50.

have steep REE patterns (La/Yb,>40; Verhulst et al.,
2000). There, the crystallization sequence of the carbo-
natite complex, form a concentric zonation with cross-
cutting pods and dykes of calciocarbonatite. No such rock
complex was observed in the Qinling dykes, but this may
be the result of the present exposure level.

The calcites from the Lesser Qinling carbonatite dykes
show similar Sr isotopic compositions to EM1, but their
REE patterns are obviously different to that of EMI
derived magmas, which are LREE enriched (Hofmann,
1997). The combined Sr, Nd and Pb isotopic composi-
tions from the East African Rift suggest mixing between a
HIMU- and EM1-type mantle components play a major
role in the genesis of carbonatites and related silicate rocks
in this region (e.g. Bell and Blenkinsop, 1987; Bell and
Simonetti, 1996). Bell and Tilton (2001) suggest that the
EMI1-HIMU mixing reflects the heterogeneous nature of
a mantle plume that carries both these components from
deep in the mantle. However, the available partition coef-
ficients between peridotite/eclogite and carbonatite melt
(Table 4) cannot generate the flat to slightly LREE
enrichment carbonatite from a normal mantle source that
includes components of EM1- and HIMU-type mantles.
Both are thought to be enriched in LREE relative to the
primary mantle (Hofmann, 1997). The DMM (N-type
MORB mantle), characterized by depletion of LREE, is
an alternative source for the primary carbonatite magmas,
but is likely to be dolomitic. More importantly, the
relatively radiogenic initial Sr isotopic compositions of
these calcites can be used to rule out a significant DMM
component in the Lesser Qinling source region.

It is difficult to reconcile the nearly flat REE patterns of
the Lesser Qinling carbonatites with a primary magmatic
origin. Their CaCO; content is too high to represent a
calciocarbonatite magma generated after metasomatism
of wall rock lherzolite, which produce carbonate liquids
containing no more than 75-87% CaCOj; (Dalton and
Wood, 1993; Wyllie and Lee, 1998). Furthermore, con-
centrations of all of the REE in the bulk rock and calcite

are similar. The carbonatite compositions can only repre-
sent the parental magma if the calcite/melt partition
coefficients (D) of all REE are ~ 1 for, which is unlikely.

An alternative explanation is that the carbonatite dykes
represent calcite-rich cumulate that has crystallized from a
carbonatite melt. Calcite crystals are known to sink rapidly
and separate from their low viscosity host carbonate magma
(Wyllie and Tuttle, 1960). More likely, in the case of the
Lesser Qinling carbonatite dykes, the carbonate crystals
grew inward from the walls of a flowing carbonatite dyke.
The carbonates have a high modal abundance of calcite
with high REE contents (Table 3), and it is apparent that
their REE content controls the REE abundance in the bulk
rock. Analyses of carbonates by LA-ICPMS from other
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Fig. 5. Chondrite-normalized REE concentrations of carbonatites and
cores in calcite crystals from Miaoya and Shaxiongdong in China. The
data are not published. Normalization values from McDonough and
Sun (1995).
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calciocarbonatites also show essentially flat to slightly
LREE enrichment patterns, even though the associated
carbonatite is strongly LREE enriched (Fig. 5). This
requires the calcite/melt D across REE vary systematically
with ionic radius such that the D decrease with increasing
ionic radius so that calcite/melt D for HREE are higher than
for the LREE. Thus, a LREE enriched carbonatite can
crystallize carbonates with approximately flat patterns, and
a carbonate cumulate can have a flat REE pattern if it
contains little trapped liquid. Variation in the slope of REE
patterns in carbonatites, between chondritic and strongly
LREE enriched, can be produced by mixing variable
amounts of melts and carbonate crystals.

Many researchers consider that carbonatites were deri-
ved by small degrees of melting (< = 1%) of a garnet-rich
eclogitic source (Nelson et al., 1988; Hoernle et al., 2002;
Yaxley and Brey, 2004), for example CO,- and volatile-rich
subducted oceanic crust (eclogite). Under these cir-
cumstances, the extreme LREE enrichment and low
HREE abundances of carbonatites may be a primary
magmatic feature. However, the model is not feasible for
the Lesser Qinling carbonatites, which have high HREE
contents that imply the primary magma contained similar or
higher HREE abundances. The Dy, for a garnet-rich
source is 0.447—4.1 (Table 4). A garnet-rich source region
can only produce a carbonatite melt with Yb>30 ppm if it
contained Yb>12. No known mantle source region con-
tains this much Yb (e.g. McDonough and Sun, 1995). The
nature of the mantle source region for the Lesser Qinling
carbonatites is not well-constrained but it may have been
garnet-poor.

6. Conclusions

The following conclusions can be drawn from this
work:

1. The REE distribution in the Qinling carbonatites is
controlled by that of calcites because of their high
modal amounts. These rocks show flat to slightly
LREE enriched chondrite-normalized patterns,
which do not represent the compositions of the
carbonatite parental magmas. They formed by the
accumulation of calcites along the walls of a conduit
through which a carbonatite magma was moving.

2. The Qinling carbonatites may evolve from a garnet-poor
source region, which led to their HREE enrichment.
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