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Abstract

Kimberlites from West Greenland have Hf-Nd isotope as well as major and trace element compositions that are
similar to other Group I kimberlites, but that are distinctive in the spectrum of magmas sampled at Earth’s surface.
The West Greenland kimberlites have eng; that ranges from +1.6 to +3.1 and eyg; that ranges from —4.3 to +4.9.
The samples exhibit ubiquitous negative Acyg (deviation from the ocean island basalt eypeng reference line), ranging
from —1.8 to —11.2. The kimberlites are characterized by steep heavy rare earth element patterns, positive Ta-Nb
anomalies and negative Hf-Zr anomalies. These chemical signals are consistent with the presence of ancient, subducted
oceanic crust in the kimberlite source region. In the model we present, dewatering and possibly partial melting of rutile-
bearing oceanic crust during subduction results in characteristic trace element patterns in the residual crust. During
aging, the Hf-Nd isotopic composition of this dewatered/partially melted EMORB-type crust evolves to negative Aeyg
values. Metasomatic fluids derived from this ancient subducted oceanic crust infiltrate and impart their trace element
and isotopic signal on proximal peridotitic mantle. Melting of this metasomatized mantle peridotite results in kimberlite
magmas.
© 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Kimberlites erupt exclusively through ancient continen-
tal crust (Archean cratons and Proterozoic mobile belts)
and are inferred to originate at great depths in the mantle.
Because of this, kimberlites may uniquely sample mantle
source(s) that are not otherwise evident in continental or
oceanic magmatism. Kimberlites are classified into groups
based on petrographic and isotopic characteristics. ‘Group
I’ kimberlites have Sr—Nd-Pb isotopic characteristics simi-
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lar to those of ocean island basalts (OIB); these are de-
scribed as ‘basaltic’ on a petrographic basis (Dawson,
1967; Smith, 1983). In contrast, ‘Group II’ kimberlites,
which contain abundant phlogopite and therefore are de-
scribed as ‘micaceous’, have Sr and Nd isotope composi-
tions that indicate long-term incompatible element
enrichment in the mantle source (Dawson, 1967; Smith,
1983). “Transitional’ kimberlites have isotopic compositions
that fall between those of Group I and Group II. A wide
range of sources have been proposed for Group I kimberlite
magmas, including sub-continental lithospheric mantle
(SCLM) (e.g., le Roex et al., 2003; Becker and le Roex,
2006 and references therein), upper mantle (e.g., Smith,
1983), lower mantle (e.g., Haggerty, 1994), and ancient sub-
ducted oceanic crust (e.g., Sharp, 1974; Ringwood et al.,
1992; Nowell et al., 2004).
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Although Group I kimberlites have Sr—Nd-Pb isotope
compositions that suggest an affinity to mantle sources
sampled by OIBs, their major and trace element composi-
tions, as well as high volatile contents, present a point of
contrast to OIBs (e.g., Smith, 1983; Mitchell, 1995). Fur-
thermore, recent studies of Hf-Nd isotope compositions
show that some Group I kimberlites fall below the mantle
eng—¢pr array as defined by the composition of OIBs
erupted globally (Bizzarro et al., 2002; Schmidberger
et al., 2002; Nowell et al., 2004). However, the eng—éyr ar-
ray of crustal and mantle-derived rocks falls above the com-
position of bulk silicate Earth as determined from
chondrites, and this observation has been used to infer
the existence below the mantle array of a ‘missing mantle
reservoir’ necessary to provide closure in the eng—&pr mass
balance of bulk silicate Earth (Blichert-Toft and Albarede,
1997). Because of the distinctive Hf~Nd isotopic character-
istics of kimberlites, the existence of a component similar to
the source of kimberlites and associated alkalic magmas has
been proposed as a possible solution (Bizzarro et al., 2002;
Janney et al., 2002; Nowell et al., 2004) to the issue of a
‘missing mantle reservoir’ (Blichert-Toft and Albarede,
1997). However, this proposed solution assumes that the
properties of the few so-far analyzed kimberlite samples
represent those of a prevalent deep mantle component. If
the kimberlite mantle source is in fact the ‘missing reser-
voir’, then it is important to understand its entire geo-
graphic extent, as well as the range of time over which it
was sampled, to fully determine the processes by which this
reservoir forms.

To address these questions, we have undertaken a Hf-
Nd isotope, and major and trace element study of
~600 Ma kimberlites from the Sarfartoq region of West
Greenland (Larsen et al., 1983; Scott Smith, 1987; Nelson,
1989; Larsen and Rex, 1992; Bizzarro et al., 2002). This
region was recently deglaciated, and as a result, the kim-
berlite samples are remarkably fresh given their age. The
kimberlites erupted on the edge of the Archean craton,
and in the Proterozoic Nagssugtoqidian mobile belt, and
therefore provide the possibility of evaluating variability
in the kimberlite sources relative to the tectonic province.
The West Greenland kimberlites provide the opportunity
for comparison with other kimberlite occurrences of vari-
ous ages in South Africa and Canada, and therefore also
allow us to compare characteristics of kimberlite source
regions through time and over a wide geographic region.
Lastly, we discuss the implications of our results and inter-
pretations of kimberlite source regions in terms of the
enda—enr mass balance of bulk silicate Earth.

2. ANALYTICAL PROCEDURES

Samples for all analyses were rough-crushed with a
stainless steel mortar and pestle. Chips free of visible alter-
ation and identifiable xenolithic inclusions were picked for
isotopic analysis and powdered with an agate mortar and
pestle. Samples were digested at the Ecole Normale Supéri-
eure in Lyon (ENSL). Powders were spiked from the outset
with mixed '7°Lu—'8°Hf and '¥’Sm—'*"Nd tracer solutions
and dissolved in a ~10:1 mixture of concentrated HF—

HNOj; using steel-jacketed Teflon bombs placed in an oven
for one week at 155°C. Prior to final dissolution and
achievement of sample-spike equilibration in 6 M HCI,
samples were fumed with HCIO,4 to decompose fluorides.
The perchlorates were subsequently driven off by 6 M
HCI. Lutetium and Hf were separated at ENSL as de-
scribed by Blichert-Toft et al. (1997, 2002) and Blichert-
Toft (2001), and the light rare earth element (LREE) frac-
tions recovered from the Lu-Hf separation protocol were
processed further at University of Washington (UW) for
Sm and Nd purification. Separation of Nd and Sm from
the LREE fractions was carried out on columns with
HDEHP-coated teflon beads using 0.14 N and 0.5 N HCI
eluants.

Isotopic analyses of Hf and Lu were carried out on the
VG Plasma 54 MC-ICP-MS at ENSL following the proce-
dures of Blichert-Toft et al. (1997) for Hf and Blichert-Toft
et al. (2002) for Lu. '"Hf/'7"Hf was normalized for instru-
mental mass fractionation relative to 7’Hf/'7"Hf = 0.7325
using an exponential law. The JMC-475 Hf standard gave
TSHE/TTHF = 0.282160 + 0.000010 (26) (i.e., a reproduc-
ibility of 35 ppm) during the single run session of the pres-
ent samples and was measured systematically every second
sample to monitor instrument performance.

Isotopic analyses of Sm and Nd were conducted at the
University of Washington on a Nu Instruments MC-ICP-
MS. A detailed protocol for these analyses at UW has
not been published previously, so we present the protocol
here. Measured Nd isotope ratios were corrected for instru-
mental mass fractionation using an exponential law and
146N d/1**Nd = 0.7219. Neodymium isotope analyses of
samples were bracketed with analyses of the laboratory
standard (Ames metal) and all sample analyses completed
in a day were normalized to the daily average standard va-
lue. During any daily session, the reproducibility of the
standard was 32-39 ppm (20), and between all daily ses-
sions the maximum variability among the daily means
was 24 ppm. Normalization was done by comparing the
measured value of the Ames metal to that measured by
thermal ionization mass spectrometry (VG Sector TIMS,
see Nelson (1995) for analytical details). The Ames metal
standard was tied to the La Jolla Nd standard by a series
of measurements on both TIMS and MC-ICP-MS. The
average La Jolla Nd measured by TIMS at UW is
MNd/"*Nd = 0.511843 + 0.000016 (20 =32 ppm; n=
93). The average La Jolla Nd measured by MC-ICP-MS
is "3Nd/"Nd = 0.511844 + 0.000020 (2¢ =40 ppm; n =
12) when normalized to the same Ames metal isotope com-
position. Both TIMS and MC-ICP-MS yield the same
isotopic offset between the La Jolla standard and the Ames
metal lab standard. The Nd isotope composition of samples
is calculated from the spiked sample by an iterative process
of spike subtraction. We monitor the "*Nd/'"*Nd of the
samples both as an additional check of accuracy, and to
verify the spike subtraction procedure. For all the samples
reported here, the average **Nd/"Nd = 0.348406 +
0.000011, which is within 32 ppm of the accepted value of
0.348417. Interference from '**Sm was measured on mass
147. In all cases corrections to **Nd were less than
14 ppm, and typically less than 10 ppm. Sample analyte
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concentrations (in 0.2 N HNOj3) were adjusted so that sam-
ple ion beam intensities were within 15% of that observed
for the standard. Samarium and Nd concentrations were
determined on samples spiked with enriched isotopes cali-
brated to Ames Nd and Sm ultrapure metal gravimetric
standards. Errors in concentration are <0.5%.

Major (XRF) and trace element (ICP-MS) analyses were
completed at the Washington State University GeoAnalyt-
ical lab, according to procedures given in Johnson et al.
(1999), and on the facility website (http://www.wsu.edu/
~ geolab/). With only a few exceptions, noted on Table 2,
major element concentrations in the samples did not exceed
concentrations in the standards by more than 20%. Analyt-
ical precision (20) is based upon repeat analyses of the
BCR-P standard, and is within 0.8% for major elements ex-
cept for MgO (2.8%), MnO (2.1%) and Na,O (6%) (John-
son et al., 1999). For ICP-MS trace element analyses,
precision is typically within 6% (20). Repeat analyses of
the present kimberlite samples were all well within the limits
of these quoted uncertainties. Several elements were ana-
lyzed by both XRF and ICP-MS (Ba, Rb, Sr, Zr, Y, Nb,
Pb, La, Ce, Th). Although the XRF analyses of these ele-
ments were included in the normalization of the XRF data
presented in Table 2 and plotted in the figures (major ele-
ments + trace elements + LOI = 100%), only the ICP-MS
analyses of these elements are listed in Table 2. All plots
of trace element data include only ICP-MS results.

3. RESULTS
3.1. Field relations and sample description

Kimberlites and associated carbonatites in the Sarfartoq
region of West Greenland erupted at ~600 Ma (Scott, 1981;
Larsen et al., 1983; Larsen and Rex, 1992; Bizzarro et al.,
2002). The kimberlites studied here erupted through the Ar-
chean craton as well as the Proterozoic Nagssugtoqidian
Orogen, which constitutes reworked Archean cratonic
material (van Gool et al., 2002). In the field, the kimberlites
are exposed as dark gray loose boulders or dikes. They ap-
pear exceptionally fresh in hand sample, reflecting the re-
cent deglaciation of the region. Sample locations are
shown in Fig. 1 and listed in Table 1.

The West Greenland kimberlites are classified as Group
I, on both a petrographic and isotopic basis. They are OIB-
like in their Nd-Sr—Pb isotopic compositions (this study;
Nelson, 1989), and though phlogopite is present in minor
amounts in some samples, it is not a dominant constituent
in all samples, as would be expected for Group II kimber-
lites. The dominant phenocryst phases in the studied kim-
berlites are olivine and ilmenite. It is likely that some of
the samples contain accumulated olivine, as its modal abun-
dance in some samples is up to 70%. Olivine ranges from
very fresh to serpentinized. Clinopyroxene and calcite are
also present as minor phases. Although some of the kimber-
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Fig. 1. Map of West Greenland, showing sample locations. Location of KIM 18 is approximate. Boundary between Archean craton and

Southern Nagssugtoqidian Orogen from van Gool et al. (2002).
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Table 1
Sample locations

Sample Latitude Longitude Location relative to craton
KIM 1 N 66° 24’ 11” W 50° 49’ 09” On
KIM 2 N 66° 23’ 25" W 50° 47 12" On
KIM 3 N 66° 23’ 34" W 50° 44’ 27" On
KIM 4 N 66° 23 53" W 50° 43" 58" On
KIM 5 N 66° 23 13" W 50° 42’ 42" On
KIM 6 N 66° 23’ 36" W 50° 42" 59" On
KIM 7 N 66° 23 21” W 50° 42’ 12" On
KIM 9 N 66° 27" 45" W 50° 54’ 01” On
KIM 10 N 66° 28’ 25" W 50° 56’ 30” On
KIM 11 N 66° 24’ 34" W 51° 49" 33" off
KIM 12 N 66° 22’ 43" W 51° 58 33" Off
KIM 13 N 66° 26' 24" W 51° 51" 07" Off
KIM 14 N 66° 24’ 49" W 51° 48 59" Off
KIM 15 N 66° 25’ 01”7 W 51° 48 26" off
KIM 16 N 66° 25" 32" W 51° 45 46" Ooff
KIM 17 N 66° 22" 33" W 50° 02" 59” On

lite occurrences contain xenolithic nodules, the analyzed
samples were examined to ascertain that they contain no
visible xenolithic fragments, and thin sections of the kim-
berlites were also confirmed to be free of xenolithic frag-
ments. The only petrographic evidence for possible
contamination of the kimberlites is the abundant olivine
present in some samples. Although accumulation of olivine
would affect the major element composition of a sample, its
only effect on the trace element compositions would be dilu-
tion, thus preserving the relative abundances of incompati-
ble trace elements. Isotopically, there is also minimal
evidence for contamination. The very high concentrations
of Nd and Hf in the kimberlites reduce the magnitude of
potential contamination effects. Because the Hf isotopic
composition of SCLM, the principal potential contami-
nant, is very radiogenic with respect to the mantle—crust ar-
ray, contamination of kimberlite magma by SCLM would
impart a radiogenic Hf isotopic composition, relative to
the Nd isotopic composition, on the kimberlite (Schmidber-
ger et al., 2002). However, as discussed in a later section,
the Hf isotopic compositions of our kimberlite samples
are unradiogenic relative to their Nd isotopic compositions.
Although it is not possible to completely rule out a compo-
nent of crustal contamination in these samples, the observa-
tions described above indicate that any contamination has
not made a significant contribution to the isotope or trace
element systematics of the kimberlites.

3.2. Major elements

The kimberlites as a whole are characterized by very
low SiO, (19-33 wt%) and very high MgO (18-34 wt%,
Fig. 2, Table 2). Alkalis are not well correlated with either
SiO, or MgO, and range from 0.2 to 1.8wt%
(K,0 + Na,0O). The samples also have high volatile con-
tents, as inferred from carbonate veins observed in some
samples, and as manifested by high loss-on-ignition (LOI,
10-20 wt%). There is no apparent correlation between sam-
ple location and major element composition. SiO, and
MgO are well-correlated, and SiO, also correlates well with

CaO and P,Os. Although olivine is the dominant pheno-
cryst in these samples, ilmenite is present in some of the
kimberlites, and this may account for their large variations
in TiO, contents (1.7-4.3 wt%). The kimberlites analyzed
in this study show a similar range in composition to other
kimberlites from the region, as well as similar trends of
compositional variation. Notable differences, which may
be related to differing proportions of accumulated olivine
and ilmenite, are that our suite of samples has slightly
higher SiO, and alkali contents, and slightly lower MgO
and TiO, contents relative to most other kimberlites from
the region (Scott Smith, 1987; Larsen and Rex, 1992; Niel-
sen and Jensen, 2005).

3.3. Trace elements

The rare earth element (REE) patterns of the kimberlites
show very strong enrichments in LREE relative to heavy
(H)REE, and (La/Yb)y ~ 80-280 (Fig. 3, Table 2). Spider
diagrams of primitive mantle-normalized (Sun and
McDonough, 1989) incompatible trace elements also show
very strong enrichments in the most incompatible elements,
and depletions in HREE, consistent with residual garnet in
the magma source. Notable depletions in K, Sr, Hf and Zr
are common in these samples (Fig. 4a) and contrast with
enrichments in Ta, and, to a lesser extent, Nb. The trace cle-
ment patterns are similar to those observed in kimberlites
from West Greenland (Nielsen and Jensen, 2005; average
composition shown in Fig. 4) as well as other regions (Na-
mibia—Spriggs, 1988; Finland—O’Brien and Tyni, 1998; S.
Africa—Ile Roex et al., 2003). Several samples lack distinc-
tive Hf-Zr depletions (Fig. 4b; primitive mantle-normalized
ratios of Sm/Zr, Sm/Hf > 1.85 is considered ‘depletion’),
but otherwise have trace element patterns similar to the rest
of the kimberlites. Two samples show exceptions to these
patterns (Fig. 4b). KIM 15 has no (or a slightly positive)
Hf-Zr anomaly, and no Ta-Nb or K anomalies. KIM 17,
which is geographically the most isolated sample, also
shows no (or only a slightly positive) Hf-Zr anomaly, as
well as no Sr anomaly. There is no specific distinction in



2824

a 40
© 00
< S
30 1 S @ o
<& %D <o 0%@
o
> 20 A °
o
107 6 this study
0 < other W. Greenland kimberlites
15 20 25 30 35
Sio,
C s
SRS 8 ©
4 4 < R
6()% 00
~ 3 o < 00 oo O
= R 0. ®
o
24¢ > oo> OO
1 4
0 T T T
15 20 25 30 35
Sio,
€04
16}
0.3 1 [¢)
Qo21, ° 3
= (¢ O S )
o
0.1
0.0 T T T
15 20 25 30 35
Sio,
g2.0 S
1.6 1
O:1 2 1 .
* 081 &o .0
g VI
0.4 1 <§><x><> Oo &O
S
0.0 . . 2
15 20 25 30 35
Sio,

A.M. Gaffney et al. / Geochimica et Cosmochimica Acta 71 (2007) 2820-2836

b 4
Lol
31 o S
. |© &% o
0,2 ° © )
<
| , fatge o0
0 :
15 20 25 30 35
SiO,
d 25
20
"‘%15' ° © %&0
*10q, o §§§§%§§§5 00
5.
0 . . :
15 20 25 30 35
Sio,
f o5
0]
20 -
<&
15 -
(@) o>
S 10 - %g@%b
o B8,
5 & e
0 . . :
15 20 25 30 35
Sio,
hso
25 ©
o
o |
N 2016 o0 © oo
+ 1.5
o, 1) 0@30@ .
S 1.01 ° ® o0 Vg
0.5 O@
o g’
0.0 . . .

15 20 25 30 35

Fig. 2. Major element compositions of West Greenland kimberlites. Oxides given in weight percent. FeO* represents all Fe as FeO.
Compositions plotted are normalized to 100% (LOI 4+ major and trace element by XRF). The correlations and relative range of data do not
change significantly if data are plotted on a volatile-free basis. Also shown for comparison are other kimberlites from the region (diamond
symbols, Scott Smith, 1987; Larsen and Rex, 1992; Nielsen and Jensen, 2005).

trace element composition between the samples that
erupted on and off the craton.

3.4. Hf-Nd isotopes
For analyzed kimberlites, ey ranges from +4.9 to —4.3,

compared to &ng; values that range from +3.1 to +1.6
(Fig. 5, Table 3). Although no ages were obtained for the

particular kimberlite samples that we analyzed, ages have
been determined for many kimberlites and associated car-
bonatites from the Sarfartoq region. Most dated samples
fall within the age range of 584-621 Ma (n = 16), and two
additional samples have older ages, 690 and 706 Ma (Scott,
1981; Larsen et al., 1983; Larsen and Rex, 1992; Bizzarro
et al., 2002). We assume here an age of 600 Ma for the kim-
berlites. The effect of the uncertainty of this age on the cal-



Table 2

Major and trace element data

KIM1 KIM2 KIM3 KIM4 KIMS KIM6 KIM7 KIM9 KIM10 KIM11 KIM12 KIM13 KIM14 KIM15 KIM16 KIM17
XRF
LOI (%) 10.52 12.37 16.58 17.30 18.62 11.40 14.34 12.56 11.48 11.88 13.73 15.02 16.96 11.72 13.07 20.04
SiO, 28.79 30.90 24.54 24.76 24.11 32.83 32.06 27.83 30.42 31.06 23.93 29.24 24.79 24.20 29.94 18.44
AlLO; 231 1.42 1.63 1.51 1.62 1.45 1.28 1.47 2.63 1.95 2.87 1.48 2.13 1.27 1.98 2.02
TiO, 2.036 4.33 2.258 2.596 43.07 2.081 1.701 2.193 2.622 43.02 2.692 1.813 13.12 43.56 1322 43.07
FeO* 12.00 12.05 11.96 #12.23 12.04 10.12 9.89 12.10 11.64 12.81 #15.26 11.20 11.16 19.12 13.13 #12.33
MnO 0.221 0.209 40.23 40.24 0.199 0.173 0.176 0.212 40.23 0.201 40.30 0.189 0.187 40.35 0.208 0.22
CaO 11.30 5.86 #15.08 11.40 #15.27 6.49 5.62 11.26 7.11 9.41 13.89 8.70 12.91 8.64 10.10 422.77
MgO 30.03 31.17 25.35 28.18 22.64 33.66 33.44 29.83 31.23 27.62 24.45 29.99 25.48 29.55 26.46 17.74
K,O 1.434 1.063 0.834 0.571 0.894 0.948 0.673 1.183 1.763 1.040 1.343 1.126 1.672 0.199 0.984 0.850
Na,O 0.047 0.075 0.027 0.028 n.d. 0.076 0.075 0.056 0.047 0.142 0.056 0.341 0.046 0.038 0.084 n.d.
P>0s 0.710 0.102 0.928 0.621 0.975 0.254 0.261 0.714 0.245 0.424 0.848 0.421 0.953 0.806 0.365 1.87
Ni 1026 1155 826 927 798 1423 1492 1102 1135 1052 402 1155 807 443 966 325
Cr 1434 1595 1401 1685 1084 1937 1865 1700 1725 1379 1290 1672 1247 921 1560 546
Sc 20 13 11 12 5 9 8 9 23 12 21 12 12 42 17 9
v 149 177 193 196 169 122 100 131 136 188 201 102 145 209 200 176
Ga 7 8 8 11 6 6 7 8 7 9 14 6 7 9 9 11
Cu 75 14 75 27 64 64 52 51 105 99 69 55 95 27 99 111
Zn 70 69 76 79 74 57 56 71 67 71 99 71 69 119 73 74
ICP-MS
La 122.3 96.0 146.6 132.7 129.4 73.7 59.2 111.7 65.0 50.6 183.8 56.2 187.2 99.9 58.6 200.7
Ce 237.5 177.4 265.9 275.5 251.3 138.0 109.7 222.2 128.8 104.8 371.4 115.3 365.6 183.7 123.3 352.8
Pr 25.8 18.9 27.7 29.5 27.6 14.5 11.5 243 13.9 12.2 40.4 12.8 38.7 19.9 14.3 35.6
Nd 92.7 68.7 97.8 102.0 103.3 51.8 41.6 89.7 50.4 47.5 146.9 47.8 138.3 74.4 56.5 125.8
Sm 13.6 10.5 14.0 12.9 16.4 7.5 6.2 13.4 7.2 8.2 20.3 6.8 21.0 11.8 9.4 18.7
Eu 3.52 2.82 3.59 3.03 4.39 1.93 1.63 3.50 1.82 2.27 493 1.72 5.40 3.12 2.60 5.09
Gd 8.05 6.58 8.52 6.69 10.55 432 3.77 8.23 4.15 5.59 11.47 4.08 13.16 7.86 6.41 12.10
Tb 0.87 0.74 0.92 0.65 1.19 0.46 0.40 0.89 0.44 0.62 1.16 0.41 1.38 0.87 0.70 1.31
Dy 3.53 3.12 3.78 2.46 5.17 1.90 1.71 3.64 1.78 2.70 4.68 1.65 5.61 3.79 3.00 5.55
Ho 0.50 0.45 0.55 0.33 0.75 0.27 0.24 0.52 0.25 0.40 0.66 0.23 0.79 0.56 0.43 0.78
Er 0.94 0.85 1.08 0.61 1.48 0.51 0.47 1.00 0.49 0.79 1.27 0.42 1.42 1.12 0.84 1.46
Tm 0.10 0.08 0.12 0.07 0.15 0.06 0.05 0.11 0.06 0.08 0.13 0.04 0.15 0.12 0.09 0.15
Yb 0.47 0.41 0.59 0.32 0.73 0.31 0.27 0.49 0.28 0.43 0.62 0.20 0.70 0.60 0.44 0.73
Lu 0.06 0.05 0.08 0.04 0.10 0.04 0.04 0.06 0.04 0.06 0.09 0.03 0.09 0.08 0.06 0.10
Ba 1022 541 882 461 742 495 390 751 1215 316 1425 333 999 1432 312 1052
Th 11.8 9.6 12.4 15.5 12.3 10.9 9.1 10.6 7.0 4.4 28.5 5.7 21.9 13.5 5.5 21.3
Nb 184 158 185 151 185 102 89 138 168 87 231 81 207 108 94 315
Y 11.45 9.21 13.78 7.89 18.31 6.13 5.57 12.52 5.81 9.10 15.05 5.14 18.86 13.79 9.69 18.80
Hf 5.67 2.70 5.30 3.51 5.80 2.06 222 1.91 3.92 5.04 6.09 2.45 5.30 12.83 5.32 9.60
Ta 12.5 13.4 13.2 14.3 11.9 9.0 7.1 12.0 11.5 8.2 20.8 8.9 14.4 6.9 9.2 14.8

(continued on next page)
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Table 2 (continued)

KIM17

4.5

KIM16
1.5

2.4
40.5

KIM15

2.7
5.5

KIM14
5.8
4.7

KIM13

KIM12
5.6
6.9

KIM11
1.1

2.4

KIM10

2.2

KIM9
32
4.9

KIM7

0.9
2.4

KIM6

2.0

KIMS5

4.9

KIM4
35
7.3

KIM3
39
9.4
44.6

KIM2
2.2
29

KIM1
32
5.2
62.5

1.3
2.1

3.5
41.0

3.7
77.5

3.7
36.0

4.8

Pb
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47.7 50.1 63.6 38.4 77.0 134
2.20

27.5

41.6

22.5

44.1

Rb

0.38
2408

1.67
712

1.69
973

2.32
1118
17.8
206

3.59
909

1.18
1361
27.8
227

0.16 0.41 0.69 0.38 0.63 0.70
579 457 692

1209

13.1

0.35
1299
16.5
216

0.62

456

0.56

Cs

661

1328
11.9

70

1638
15.2
222

1278
21.1

227

Sr
Sc

29.1
457

16.2
213

39.5
495

11.2

88

15.9
198

21.9

13.0
83

13.3
75

13.0

90
Major elements given as weight percent of oxide. FeO" is total Fe as FeO. n.d., not detected. Trace elements given as ppm. XRF major and trace element analyses normalized to 100% — LOI.

122

136

Zr

% denotes values >120% of the highest standard.

culated initial eyr and eng (assuming an age range of 584—
621 Ma) is minor; the uncertainty resulting from the age
correction is slightly larger than the Hf analytical uncer-
tainty (<40 ppm compared to 35 ppm external reproduc-
ibility), and is smaller than Nd analytical uncertainty.
Using an age of 600 vs. 700 Ma in calculating the initial iso-
topic compositions of the kimberlites does not result in a
significantly different relationship of the kimberlites to the
OIB epp-¢eng array discussed below.

Fig. 5 shows eyg vs. engj for the West Greenland kimber-
lite samples. For comparison, we show other published Hf-
Nd isotope data for Group I kimberlites: from South Africa
(Nowell et al., 2004), West Greenland (Bizzarro et al.,
2002), and Canada (Schmidberger et al., 2001, 2002; Bizzar-
ro et al., 2002). These samples have eruption ages that span
nearly 1.2 b.y. Vervoort and Blichert-Toft (1999) showed
that ey and eng; compositions of juvenile rocks of ages
ranging from Proterozoic to Mesozoic define an array of
similar slope, but offset to slightly lower eyy, as the array
of OIBs, defined as: eygr=1.33 * gng +3.19 (Vervoort
et al., 1999). Thus, because the location of the p-eng man-
tle array has not changed significantly since Archean time,
we compare these samples to each other based on their ini-
tial eggr and eng compositions. The two previously published
analyses of Sarfartoq kimberlite samples (Bizzarro et al.,
2002) have egp—eng; values within the range of our new
data. The South Africa kimberlites also have a similar
range in eyg values as the West Greenland kimberlites,
although a greater proportion of the South Africa samples
extend to negative ¢y values and they also extend to lower
engi values than the Greenland samples. In contrast, one
Canada kimberlite sample has the highest eng;, while having
eps in the range of the Greenland and South Africa kimber-
lites, whereas the other two Canada samples fall closer to
the range of the West Greenland and South Africa kimber-
lites. Two additional Canada kimberlite samples have much
higher eyg values, +17.0 and +21.1 (Schmidberger et al.,
2002), than any of the kimberlites discussed here, and are
presumed to be contaminated by xenocrystic garnet (Sch-
midberger et al., 2002). The Aeyg parameter describes the
deviation of a sample from the OIB array in the y-axis
direction. Most West Greenland samples fall within the
range of Aeyz=—1.8 to —4.7, but one sample (KIM 7)
has Aepyg = —11.2 (Fig. 6). Neither the West Greenland
nor the South Africa kimberlites show any distinction in
Hf-Nd isotopic composition relative to the geographic
location of sample eruption (Archean craton vs. Protero-
zoic mobile belt).

4. DISCUSSION

A wide variety of sources has been proposed for kimber-
lite magmas. These include: sub-continental lithospheric
mantle (SCLM) (le Roex et al., 2003; Becker and le Roex,
2006), upper mantle (Smith, 1983), lower mantle (Haggerty,
1994), and ancient subducted oceanic crust (Sharp, 1974;
Ringwood et al., 1992; Nowell et al., 2004), all of which
may be modified by metasomatic processes (e.g., Mitchell,
1986). The presence of diamonds in many kimberlites con-
strains the depth of kimberlite magma generation to
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Fig. 3. Rare earth element compositions of West Greenland
kimberlites. Element concentrations are normalized to CI chon-
drite (Sun and McDonough, 1989).

>150 km (e.g., Dawson, 1980), and the observation of syn-
genetic majorite garnet inclusions in diamonds from a
South Africa kimberlite (Moore and Gurney, 1985) indi-
cates even greater depths of origin (=400 km) for some
kimberlite magmas (Irifune et al., 1989). Based on experi-
mental phase relationships, Ringwood et al. (1992) postu-
lated that kimberlites derive from yet greater depths in
the mantle, namely the transition zone (400-650 km).

The relatively recent observations of apparently ubiqui-
tous negative Aeyy in kimberlites from regions as geograph-
ically distant as West Greenland (this study, Bizzarro et al.,
2002), South Africa (Nowell et al., 2004), and Canada
(Dowall et al., 2000; Bizzarro et al., 2002; Schmidberger
et al., 2002) can be used to rule out several of the postulated
kimberlite source regions. The majority of samples of
SCLM, in the form of eclogite and peridotite xenoliths,
have positive Agyg, and thus SCLM is not a reasonable
kimberlite source (Schmidberger et al., 2002; Nowell

Rb Th K Nb Ce Sr Sm Zr Ti Tb Ho Er Yb
Ba U Ta La Pr Nd Hf Eu Gd Dy Y Tm Lu
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Fig. 4. Incompatible element ‘spider diagrams’. Element concentrations are normalized to Primitive Mantle (Sun and McDonough, 1989).
Data are shown in two panels to more clearly illustrate the variation represented by the set of samples as a whole. (a) shows samples with Hf—
Zr depletion. (b) shows samples lacking pronounced Hf-Zr depletion. For comparison, the average composition of other kimberlites from the
region is also plotted (dashed line with diamond symbols, Nielsen and Jensen, 2005).
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Fig. 5. (a) epp-eéng; compositions of West Greenland kimberlites.
Initial isotopic compositions calculated at 0.6 Ga. OIB array:
enr = 1.33 * eng 1+ 3.19 (Vervoort et al., 1999). Error bar shows 2o
analytical uncertainty. Also shown are South Africa Group 1
kimberlites (Nowell et al., 2004), Canada kimberlites (Schmidber-
ger et al, 2001, 2002; Bizzarro et al., 2002), and previously
published West Greenland kimberlites (Bizzarro et al., 2002). Data
reported by Schmidberger et al. (2002) and interpreted to be
contaminated by crustal material are not plotted. (b) engi—Aéns
variation in kimberlites. Aeyg notation defines deviation in the y-
axis direction of a given sample from the OIB reference line.

et al., 2004; Ionov et al., 2005). The high (up to 25 R,;
Tachibana et al., 2006) *He/*He compositions of the Green-
land kimberlites also rule out SCLM, which is characterized
by low *He/*He (Dunai and Porcelli, 2002; Day et al.,
2005), as a kimberlite source. Primitive sources in the upper
and lower mantle further can be excluded based on their
Hf-Nd isotope compositions. Although OIB-source mantle
is consistent with Sr—-Nd-Pb isotope compositions, no
known OIBs have negative Aeyy values of a magnitude sim-
ilar to those observed in some kimberlite samples. Although
HIMU-type OIBs are characterized by negative Aeyg val-
ues, they still fall within the lower extremity of the broad
enr—eng array defined by a global sampling of OIBs (e.g.,
Lassiter et al., 2003; Nelson and Blichert-Toft, 2004). The
carbonate fractions of some carbonatites from East Africa
have strongly negative Aeyg values, but this has been shown
to reflect a relatively short-lived source component related
to initial melting in an ascending plume, rather than char-
acterize a wide-spread, long-lived mantle component (Bizi-
mis et al., 2003). The remaining two plausible mantle

sources that are consistent with negative Aeyyg are: (a) an-
cient, subducted oceanic crust or (b) ancient perovskite-
bearing material separated during the crystallization of a
magma ocean (Kato et al., 1988, 1996).

4.1. Perovskite-bearing kimberlite mantle source

An ancient Mg-perovskite-bearing mantle source would
have negative Aeyy as required for the kimberlite source re-
gion. Such a source may have formed as a perovskite-bear-
ing residue from ancient deep-mantle melting (Blichert-Toft
and Albarede, 1997). Alternatively, it could be a perovskite-
rich cumulate from an early magma ocean (Kato et al.,
1988, 1996; Salters and White, 1998; Corgne et al., 2005).
Mg-perovskite has Dsg,, > Dng and Dp, < Dyr (Corgne
et al., 2005), such that a Mg-perovskite-rich reservoir will
evolve to negative Aeyy values. In contrast, Ca-perovskite
has Dg, > Dng and Dy, > Dyy. Although a perovskite-rich
layer may have formed in early Earth history, there is little
evidence to suggest that a large perovskite-rich layer sur-
vived past the first few 100s of m.y. of its existence (Kato
et al., 1988; Corgne et al., 2005). Based on chondritic pro-
portions of refractory lithophile elements in mantle-derived
rocks, any perovskite fractionation from an early magma
ocean must have been either minimal in extent or effectively
re-homogenized with the remainder of the mantle (Corgne
et al.,, 2005). Furthermore, observations of chondritic
6H{/17THf in >4.0 Ga zircons likewise indicate that any
perovskite fractionation that accompanied crystallization
of an early magma ocean must have been re-homogenized
within a few 100s of million years, that is, prior to forma-
tion of the zircons (Kato et al., 1988; Kinny et al., 1991;
Amelin et al., 1999). The recent expansion of the database
of 7SHf/'7"Hf measurements in >4.0 Ga zircons show a
range in ey extending from positive to negative values that
is consistent with early formation of crust and mantle do-
mains (Harrison et al., 2005). Thus, although a perov-
skite-rich layer in the mantle may have formed early in
Earth’s history, there is little evidence to uniquely indicate
that it has been or is a persistent feature of the mantle,
and therefore not a viable possibility as a source for the
kimberlites.

4.2. Ancient oceanic crust in the kimberlite source

Ancient subducted oceanic crust is predicted to have
negative Aggyr values and, based on this characteristic, has
been proposed as a source component for kimberlites
(Nowell et al., 2004) as well as HIMU-type OIB (Salters
and White, 1998). However, important isotopic and major
and trace element differences between HIMU-type OIBs
and kimberlites indicate that kimberlites and OIBs result
from fundamentally different processes of magma genesis.
Kimberlites show greater negative deviation from the ey
eng OIB reference line than HIMU basalts which, though
characterized by negative Aeye, generally fall within the
enr—éng field defined by a global sampling of OIBs. Further-
more, kimberlite magmas have much higher volatile con-
tents, dominantly CO, as reflected by the typical presence
of primary carbonate, and they are far more alkaline in nat-



Table 3

Lu-Hf and Sm-Nd isotope data

Sample [Luf [HfF 76w/ 7HE NS (VA § 1d + enr(0.6)° [SmJ [Nd] 1479 m /144N d? BN d/MNdE + na(0.6)°
Kim 1 0.06 5.33 0.00155 0.282494 8 2.8 12.292 94.68 0.0785 0.512306 7 2.6
Kim 2 0.05 2.92 0.00241 0.282544 8 4.2 10.052 74.06 0.0821 0.512315 7 2.5
Kim 3 0.08 5.79 0.00200 0.282473 7 1.8 14.328 114.29 0.0758 0.512292 4 2.5
Kim 4 0.05 3.87 0.00174 0.282506 6 3.1 12.302 110.45 0.0674 0.512211 6 1.6
Kim 5 0.09 4.78 0.00262 0.282530 6 3.6 17.240 124.40 0.0838 0.512319 6 2.4
Kim 6 0.04 2.00 0.00272 0.282518 6 3.2 6.475 51.12 0.0766 0.512294 5 2.5
Kim 7 0.04 2.38 0.00214 0.282302 7 43 6.088 45.27 0.0813 0.512327 5 2.8
Kim 9 0.06 1.66 0.00492 0.282563 12 3.9 11.483 85.71 0.0810 0.512321 5 2.7
Kim 9 r¢ 0.06 2.12 0.00408 0.282564 11 4.2

Kim 10 0.04 4.64 0.00132 0.282522 13 3.9 7.200 57.63 0.0756 0.512257 6 1.9
Kim 11 0.06 5.48 0.00152 0.282540 7 4.4 8.030 53.46 0.0908 0.512382 6 3.1
Kim 12 0.09 6.16 0.00197 0.282485 7 2.3 18.295 150.11 0.0737 0.512261 6 2.1
Kim 13 0.03 2.38 0.00152 0.282507 10 3.2 6.595 52.10 0.0766 0.512275 5 2.1
Kim 14 0.09 5.45 0.00229 0.282529 8 3.7 20.827 157.27 0.0801 0.512328 5 2.9
Kim 15 0.09 16.57 0.00079 0.282547 6 4.9 12.352 89.80 0.0832 0.512338 6 2.9
Kim 16 0.06 5.74 0.00148 0.282542 6 4.5 9.199 61.67 0.0902 0.512368 6 2.9
Kim 17 0.09 9.54 0.00139 0.282515 7 3.6 21.283 166.60 0.0773 0.512323 8 3.0
Kim 18 0.12 5.72 0.00285 0.282538 7 3.8 12.174 90.84 0.0811 0.512302 6 2.3

 Elemental concentrations are given in ppm. Uncertainties for Lu, Hf, Sm and Nd concentrations, '"Lu/'7"Hf and *’Sm/"*Nd are <0.5%.
b 1761 /17THf corrected for mass fractionation to °Hf/'77Hf = 0.7325. IMC-475 Hf standard gave 761 £/V7THE = (0.28216 =4 0.00001. Analytical uncertainties reported are in the last decimal

place, and are 20/+/n, where n is the number of measured isotope ratios.

¢ 3NJ/'*Nd corrected for mass fractionation to **Nd/'**Nd = 0.7219. See text for details of '*Nd/'**Nd normalization procedure. Analytical uncertainties reported are in the last decimal

place, and are 20/+/n, where n is the number of measured isotope ratios.

9 epr and eng values calculated at 0.6 Ga, using '"Hf/'""Hfcuureo) = 0.282772, "SLu/""Hfcuuro) = 0.0332, "*Nd/"*Ndcpuro) = 0.512638, "Sm/'"*“Ndepur() = 0.1967, 2

70 u=1.865x 107"yl and 1 ¥Sm = 6.54 x 10712 y~1,
¢ Duplicate dissolution and analysis.
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Fig. 6. Comparison of West Greenland kimberlite incompatible trace element compositions to HIMU-type OIBs. HIMU data from Willbold
and Stracke (2006). Compositions normalized to primitive mantle (Sun and McDonough, 1989).

ure. Additionally, kimberlites have Hf-Zr depletions and
Ta-Nb enrichments in primitive-mantle normalized spider
diagrams. In comparison, HIMU-type OIBs are character-
ized by Zr (and sometimes Hf) enrichments, along with flat
Ta-Nb patterns (Fig. 6). Kimberlites also show a much
stronger depletion in HREE than HIMU-type OIBs.
Lastly, HIMU lavas are characterized by *He/*He similar
to or lower than MORB values, consistent with the inter-
pretation of their source as ancient oceanic crust (~5—
7 Ra; Moreira and Kurz, 2001), whereas the Greenland
kimberlites have *He/*He that range from lower than
MORB-like values (6 Rp) to very ‘primitive’ values
(25 Ra) (Tachibana et al., 2006).

Dewatering as well as melting of oceanic crust during
subduction should generate distinctive trace element fracti-
onations. Phase transitions resulting from dewatering and
melting reactions in the downgoing slab are complex and
depend upon the composition and alteration history of
the oceanic crust as well as the thermal regime of the sub-
duction zone. However, a few generalizations can be made.
Dewatering accompanies the transition of hydrothermally
altered basalt/amphibolite to eclogite, and takes place over
a large pressure range, up to ~6 GPa in some subduction
zones (Poli and Schmidt, 1995; Schmidt and Poli, 1998).
Slab melting may begin at P > 1.5 GPa, within the stability
range of both garnet and rutile in the slab (carbonated:
Yaxley and Green, 1994; carbonate-free: Xiong et al.,
2005). In hotter mantle regimes characteristic of earlier
Earth history, slab melting may have been much more pre-
valent than today (Defant and Drummond, 1990; Ley-
bourne et al., 1999).

The presence of residual rutile generates distinctive high
field strength element (HFSE) patterns during both dewa-
tering and melting of oceanic crust in the subduction zone,
which would be expected to be evident in the trace element
patterns of the kimberlites. Experiments on trace-element
partitioning between fluid and residual clinopyrox-

ene + garnet + rutile assemblages show that the presence
or absence of rutile has a significant effect on the partition-
ing behavior of HFSEs (Stalder et al., 1998). During rutile-
absent dewatering, HFSEs have DM9-s°ld greater than one
to slightly less than one. With rutile present in the residue,
HFSEs are generally retained in the residual assemblage,
and thus the dewatering residue should have a positive
Hf-Zr anomaly, opposite to what is observed in the kim-
berlites. Distinctive partitioning of HFSEs are also ob-
served in  melting experiments of rutile-bearing
amphibolite and eclogite. These show that melting residues
have Nb enrichment but slight Zr—Hf depletion (Foley
et al., 2000; Barth et al., 2002a). These results are consistent
with observations of eclogite xenoliths inferred to be the
residues of subduction zone processing of oceanic crust
(Barth et al., 2001; Barth et al., 2002b) and are also similar
to characteristics observed in the West Greenland kimber-
lites. The similarity of these trace element patterns, as well
as their uniqueness, present additional support for the pres-
ence of recycled oceanic crust, from which a small amount
of melt has been extracted, in the kimberlite mantle source.

Lutetium—Hf fractionation also results from dewatering
or melting of a garnet + rutile bearing assemblage, such as
is stable in subducted oceanic crust at P> 1.5 GPa. How-
ever, in the model presented in Fig. 7, we show that the ef-
fects of dewatering and melting on the eyr—éeng evolution of
subducted oceanic crust are minor. For the phase propor-
tions gt:cpx:rt 0.475:0.475:0.05, and using partition coeffi-
cients from Barth et al. (2001), Foley et al. (2000), and
Stalder et al. (1998) (tabulated in the caption of Fig. 7),
Dy, and Dyy are >1 for both dewatering and melting. Also,
for both dewatering and melting, Dy./Dyr and Dsy/Dng
are >1, so Lu/Hf and Sm/Nd of the residues of melting
or dewatering are slightly greater than the starting compo-
sitions of MORB. In this calculation, the small amounts of
melt or fluid generated from the downgoing slab are as-
sumed to be efficiently extracted and separated from the
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Fig. 7. eyr—eng evolution of subducted oceanic crust. Circle symbols are West Greenland kimberlites. Curves represent isotopic composition
at 0.6 Ga of oceanic crust formed and subducted at 1, 2, and 3 Ga. Right-hand set of curves represents evolution of NMORB, and left-hand
set of curves represents evolution of EMORB (Sun and McDonough, 1989). Individual curves are for evolution of solid residues of 1% and 5%
subduction zone dewatering, and 1% and 5% subduction zone melting (batch melting). For clarity, evolution curves for unmelted and un-
dewatered NMORB and EMORB are not plotted, but they closely coincide with the curves for the melting and dewatering residues for
F =0.05. Partition coefficients used in the melting calculations are, for Sm, Nd, Lu and Hf, respectively: 0.582, 0.2, 9, 0.47 for garnet; 0.84,
0.396, 1.3, 0.53 for clinopyroxene; and 0.0164, 0.0085, 0.0142, 4.97 for rutile. Partition coefficients used in dewatering calculations are, for Sm,
Nd, Hf and Lu, respectively: 0.64, 0.51, 34.48, 3.45 for garnet; 0.91, 0.73, 0.91, 8.33 for bulk clinopyroxene and rutile, in 9:1 proportions.
Partition coefficients are from Barth et al. (2001), Foley et al. (2000), and Stalder et al. (1998); values for Nd and Lu in dewatering calculation

are interpolated from values for neighboring REE.

residual slab. We determined the '**Nd/"**Nd and
YSHE/1TTHE composition of MORB at 3, 2, and 1Ga,
assuming that the depleted MORB source formed from
chondritic mantle at 4 Ga. The modern composition of this
depleted mantle reservoir is '**Nd/'"Nd =0.513150,
CHf/'"Hf = 0.283200,  '¥Sm/'**Nd =0.216,  and
76 u/V"Hf = 0.0387. The calculated effects on the ey
eng composition of the residual oceanic crust at 0.6 Ga (¢
of the kimberlites) assume Lu/Hf and Sm/Nd of NMORB
and EMORB (Sun and McDonough, 1989) and 1% and 5%
dewatering and 1% and 5% melting (Fig. 7). This recycled
crust component does not include sedimentary material,
which is not predicted to have the appropriate Hf~Nd iso-
topic characteristics to be a source component of the kim-
berlites (e.g., Blichert-Toft et al., 1999).

The first-order observation is that neither dewatering
nor melting significantly alters the direction of the eypreng
evolutionary trajectory of MORB, compared to the un-
melted/un-dewatered composition. Both ancient NMORB
and EMORB have negative Aeyg; however, ancient
NMORB has é&ng; higher than observed in kimberlites.
While different degrees of melting (1% vs. 5%) create slight
differences in the evolutionary trajectories of the residues,
different degrees of dewatering have no effect. Although it
is expected that neither dewatering nor melting will cause
significant fractionation of Sm/Nd, Lu and Hf are each
compatible in one of the phases involved. Because Lu is
compatible in residual garnet, and Hf is compatible in resid-
ual rutile, there is less fractionation of Lu/Hf during dewa-
tering or melting than would be expected if rutile were

absent. These calculations indicate that the kimberlite
eHr-Eng COmpositions are consistent with ancient subducted
oceanic crust in their mantle source.

Recent studies of terrestrial magmas by Boyet and Carl-
son (2005, 2006) have resolved small (0.2 ¢ unit), near-con-
stant, positive deviations from the chondritic g4ong value,
and present a discussion of the geologic meaning of a chon-
dritic reference point for mantle-derived magmas. Assum-
ing that bulk silicate Earth has chondritic abundances of
refractory, lithophile elements, Boyet and Carlson (2005,
2006) conclude that the supra-chondritic €4ong Values in
mantle-derived magmas reflect early, global differentiation
of Earth into an enriched reservoir, which has never been
sampled and remains hidden in the mantle, and a depleted
reservoir, which is the source for all magmas erupted at
Earth’s surface. Several of the kimberlite samples from
our study were also analyzed by Boyet and Carlson
(2006) and all were found to have supra-chondritic &;4on4
values. It is conceivable that these kimberlites tap a primi-
tive remnant of the ‘early depleted reservoir’, which had es-
caped differentiation into depleted mantle and crust
components as they are known today. Although the Sm/
Nd ratio of the early depleted reservoir is quantifiable,
the ways in which global differentiation may have affected
the Lu/Hf ratio of the early depleted reservoir remain un-
clear. Boyet and Carlson (2006) estimated the composition
of the early depleted reservoir at 3 Ga (egr=+4 and
endg = 12.7) and at present (egr= +12.2 and eng = +4.9).
The estimated modern composition has a positive Aeyg va-
lue, and therefore is not a suitable source for the kimber-
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lites. Furthermore, the trace element characteristics of the
kimberlites are not consistent with a source in the ‘primi-
tive’ depleted mantle. However, using the Boyet and Carl-
son (2006) 3 Ga mantle composition as the starting point
for depleted mantle evolution in our model for aged oceanic
crust generates oceanic crust evolutionary trajectories that
are nearly identical to those presented in Fig. 7. Thus, the
conclusions drawn from our model are independent of
whether the oceanic crust was extracted from depleted man-
tle that originated from chondritic mantle at 4 Ga or the
‘early depleted reservoir’ at 3 Ga.

4.3. A model for kimberlite formation

The trace element and isotopic observations and calcula-
tions presented in the previous section provide a framework
to infer processes of subduction, storage, metasomatism,
and source melting involved in kimberlite magma genera-
tion. During subduction, hydrothermally altered basaltic
oceanic crust dehydrates and also melts to a small degree.
This small-degree melt is lost from the system in the sub-
duction zone. Rutile remains as a residual phase during this
process, thus imparting the ‘rutile signature’ on the partially
melted crust. Carbonate in the oceanic crust, formed during
hydrothermal alteration of the crust at the mid-ocean ridge,
remains stable through subduction and thus accompanies
the oceanic crust into the mantle (Yaxley and Green,
1994; Hammouda, 2003; Dasgupta et al., 2004). As the
crust subducts to greater depths in the mantle, rutile breaks
down as Ti is partitioned into garnet (Ringwood, 1990).
Subducted oceanic crust is stored in the mantle for times
on the order of 1-3 b.y., possibly remaining physically asso-
ciated with the Archean craton beneath which it subducted.
Melting begins with a first stage of very small-degree melt
of the now rutile-free ancient subducted oceanic crust. This
carbonate- and incompatible element-rich melt, carrying
the HFSE signature of rutile, percolates into and ‘fertilizes’
proximal peridotitic mantle. The metasomatized peridotitic
mantle subsequently melts to give rise to carbonate-rich
kimberlites, which have the isotopic and trace element sig-
natures of the ancient subducted oceanic crust.

The models presented here show that a kimberlite source
component of ancient oceanic crust that has undergone
subduction zone dewatering and possibly small amounts
of partial melting is consistent with the eyr—eng Systematics
that we observe. According to our calculations, an
EMORB-type starting composition for the oceanic crust,
combined with storage times on the order of 1-3 b.y., are
required to produce the eng—énr compositions of the kim-
berlites. Although NMORB-type compositions also result
in negative Agyyg values, the eng; compositions are too high.
Mixing of ancient NMORB with local peridotitic mantle,
which probably is similar in composition to that sampled
by ocean island basalts, and thus ranges from moderately
depleted to ‘primitive’ in its isotopic composition (e.g.,
Smith, 1983; le Roex, 1986), may result in eng—&xp cOMpo-
sitions similar to those of the kimberlites. However, as recy-
cled oceanic crust dominates the trace element signatures of
the kimberlites, this scenario is unlikely. Regardless, the
combination of starting composition of the oceanic crust

and the storage time exerts a much greater control on the
ear—éng evolution than the dewatering or partial melting
that oceanic crust experiences as it subducts.

We favor a model with long storage times of subducted
oceanic crust as a mechanism to incorporate both ‘unde-
gassed’ and ‘degassed” *He/*He signatures into the kimber-
lite source region. Subducted oceanic crust should have
very low (<8R,) *He/*He (e.g., Moreira and Kurz,
2001). Although low *He/*He compositions are observed
in two kimberlite samples, the other three samples have var-
jable and high (18-27 R,) 3He/*He compositions. Helium
has a high diffusivity relative to incompatible trace ele-
ments: Dy ~ 1071°-1078 em?/s in olivine and pyroxene,
at T=965-1170 °C (Trull and Kurz, 1993), compared to
Dng ~ 10772107 cm?/s in clinopyroxene at 7= 1050—
1300 °C (Van Orman et al., 2001). Thus, if low->He/*He
subducted crust is stored in high-*He/*He mantle, it will
only retain its low-*He/*He signature if the subducted crust
domain is sufficiently large and storage time is sufficiently
short (Hanyu and Kaneoka, 1997, Hanyu and Kaneoka,
1998). Thus, we propose that long storage times and vari-
able amounts of diffusion result in the widely variable
3He/*He compositions preserved in the kimberlites today.

Many studies on trace element systematics in kimberlites
have concluded that elevated trace element abundances in
kimberlites are not consistent with a single-stage melting
event of primitive garnet lherzolite (e.g., Mitchell, 1995),
and therefore propose that kimberlites form from a stage
of metasomatism, to enrich the kimberlite source in incom-
patible trace elements and volatiles, followed by a stage of
melting, to produce the kimberlite magmas (e.g., Ringwood
et al., 1992). As discussed in the preceding section, oceanic
crust from which a small-degree melt was extracted in the
subduction zone displays HFSE characteristics of kimber-
lites. After deep subduction and storage of this crust in
the mantle, an additional event of small-degree melting of
this crust generates a metasomatic melt that transfers the
trace element characteristics of the subducted crust to local
peridotitic mantle. This melting event, as well as subsequent
melting of the fertilized peridotite, take place in the pres-
ence of residual garnet. These stages of garnet-residual
melting (with large proportions of garnet involved in the
first stage) produce the very steep HREE patterns charac-
teristic of kimberlites, with depletion relative to primitive
mantle in the heaviest REEs in some of the samples (Fig. 3).

The generation of metasomatic agents by very small de-
grees of melting of the subducted oceanic crust may also
serve to enhance the negative Aeyg signature of the kimber-
lite source. Small-degree, disequilibrium melting has been
proposed as a mechanism operating in the source of a
MORB suite from the Mid-Atlantic Ridge north of Iceland
that falls to the high-eyr side of the mantle eyp—eng array.
Blichert-Toft et al. (2005) suggested the possibility that
these high ey values could result from disequilibrium melt-
ing of a garnet-bearing lithology in the mantle source. In
this scenario, Hf is in isotopic disequilibrium among the
various phases in the basalt source, because of the inferred
very low diffusivity of Hf compared to REEs (Van Orman
et al., 1998, 2001; Blichert-Toft et al., 2005). Thus, the Hf
budget of the melt is dominated by the radiogenic Hf con-
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tained by garnet, which is preferentially consumed in the
melting reaction at low pressures. Because the garnet stabil-
ity field increases at greater pressures, small-degree melts of
MORB-like bulk compositions at the high pressures in-
ferred for kimberlite melting preferentially sample clinopy-
roxene rather than garnet (Yasuda et al., 1994; Kogiso
et al., 2003; Dasgupta et al., 2006), and thus may be char-
acterized by negative Aeyyg values.

Arguments have been made for metasomatism of the
kimberlite source occurring contemporaneously with the
melting event that generates the kimberlites (Becker and
le Roex, 2006), as well as for metasomatism occurring
100s of m.y. to b.y. prior to kimberlite formation (Ring-
wood et al., 1992). However, metasomatized peridotites
have been shown to develop very radiogenic &gy in relatively
short amounts of time (<100 m.y., Salters and Zindler,
1995). Because all of the kimberlites show negative Aeyg
compositions, we infer that the metasomatic event must oc-
cur shortly before, or, possibly contemporaneously with,
the melting event that gives rise to the kimberlite magma.

Although the processes proposed for the formation of
the kimberlite source are similar to those proposed for for-
mation of HIMU-type OIB mantle sources, the differences
in composition between kimberlites and HIMU-type OIBs
require some additional contrasts in the magma-generation
processes. HIMU-source ancient oceanic crust may have
subducted at a later stage in Earth’s history, during a cooler
mantle regime which would have led to dewatering of the
slab, but not to melting during subduction. This could gen-
erate less-pronounced Ta—Nb enrichments along with Hf-
Zr enrichments in the HIMU mantle source relative to
the kimberlite mantle source (Fig. 6). Alternatively (or
additionally), HIMU-source subducted oceanic crust may
physically mix in the solid state with plume-source mantle
prior to or contemporaneously with ascent in the plume.
This would serve to dilute, but not eradicate, the ‘recycled’
chemical signatures in the HIMU OIBs. Interestingly, one
of the kimberlites with low *He/*He (KIM 15) is most sim-
ilar to HIMU in its HFSE compositions (Fig. 6), support-
ing a link to a HIMU-type source in the kimberlite
source region, in addition to the ‘undegassed’ source.

4.4, Implications for kimberlite mantle sources and mantle
Hf-Nd mass balance

West Greenland kimberlites erupt along the eastern
margin of a province of ultramafic, alkaline magmatism
that extends to the west throughout the Canadian Shield
(Heaman et al., 2004; Tappe et al., 2006). Kimberlite mag-
matism in this province has occurred episodically from
~1200 to ~45 Ma, including several episodes inferred to
be related to the opening of the Iapetus Ocean (Heaman
et al., 2004; Tappe et al., 2006). Although Hf-Nd isotopic
data have been published for only a few kimberlite intru-
sions from this province (this study, Dowall et al., 2000;
Schmidberger et al., 2002), at least some samples from each
kimberlite intrusion show the negative Aeyg values that also
characterize kimberlites from South Africa (Nowell et al.,
2004). This suggests the possibility that this isotopic signa-
ture is characteristic of kimberlite mantle sources through-

out the North Atlantic kimberlite provinces, or perhaps
even globally.

It has been suggested previously that the kimberlite
mantle source may represent a ‘hidden mantle reservoir’
apparently required by eypréng mantle—crust mass balance.
The existence of this reservoir is indicated by the eypr—eng ar-
ray of mantle-derived rocks, which falls above the eyr—eng
composition of bulk silicate Earth, as determined from
chondrites (Fig. 4; Blichert-Toft and Albarede, 1997). How-
ever, this inferred missing reservoir is based upon the
assumption of a chondritic bulk silicate Earth. Boyet and
Carlson (2005, 2006) showed that the mantle as sampled
by a variety of magmas (including kimberlites) has had su-
pra-chondritic Sm/Nd since very early in Earth’s history
(>4.53 Ga); whether Lu/Hf of the mantle was different from
chondritic at this time is unclear. However, constraining the
Lu/Hf ratio of the very early mantle requires, in part, accu-
rately establishing the Hf isotopic mass balance of the var-
ious geochemical reservoirs in the crust and mantle. The
kimberlites represent a distinctive mantle reservoir, charac-
terized by negative Agyy, that is not widely sampled by lavas
that erupt at the Earth’s surface. Thus it is important to
establish the geographic extent and therefore the relative
size of the kimberlite mantle source reservoir, and any rela-
tionship between the episodes of kimberlite magmatism in
the Canadian and Greenland Shields and the isotopic evo-
lution of kimberlite mantle sources. Although the limited
data set precludes definitive answers to these issues, it is
conceivable that the kimberlite mantle source is volumetri-
cally underrepresented by magmas erupted and preserved at
Earth’s surface, and thus may play an important role in the
eHr—&ng Mass balance of silicate Earth.

5. CONCLUSIONS

All analyzed West Greenland kimberlites have negative
Aéeyg compositions. This characteristic is shared by kimber-
lites from other geographic regions (South Africa, Canada),
as well as by HIMU-type ocean island basalt. Tantalum—
Nb enrichments, Hf-Zr depletions, and HREE depletions
also characterize the West Greenland kimberlites. These
trace element features are common in kimberlites from
other regions, but are not typically observed in HIMU-type
OIBs. Our favored model for kimberlite formation involves
ancient subducted oceanic crust. We postulate that
EMORB-type oceanic crust dewaters and partially melts
as it subducts, and is stored in the mantle for lengths of time
on the order of 1-3 b.y. Variable and high (6-27 R) He
isotopic compositions in the kimberlites are consistent with
long periods of storage. Kimberlite magma generation be-
gins with an episode of metasomatism, in which small-de-
gree melts of the ancient oceanic crust transfer the trace
element and isotopic signature of the subducted oceanic
crust, along with subducted carbonate, to proximal ‘primi-
tive’ or ‘OIB-type’ mantle peridotite. Disequilibrium melt-
ing during the generation of this metasomatic agent may
further enhance the negative Aeyy values of the kimberlite
source. The fertilized mantle peridotite subsequently melts
to generate kimberlite magmas. The constancy of trace ele-
ment and Hf-Nd isotopic characteristics of kimberlites
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erupted globally suggests that the processes of kimberlite
source formation and magma generation are reproducible
on a large scale. All so-far analyzed kimberlites are consis-
tent with the possibility that the kimberlite mantle source
may provide mass-balance closure to the Earth’s crust—
mantle system.
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